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MICRO-WEAR MECHANISM FOR CARBON FILMS
UNDER DYNAMIC SLIDING CONTACT
Sungae Lee, Chang-Dong Yeo
Department of Mechanical Engineering
Texas Tech University
Lubbock, TX 79409

material temperature and the lower clearance value (i.e.,
increasing susceptibility of HDI contact).
To analyze the contact and wear behavior in HDI,
researchers have developed outstanding contact models
(Stanley, et al., 1990 and Lee, et al., 2005). They have
extended the Greenwood-Williamson contact model (GW
model) accounting for the effects of sub-boundary
lubrication and plastic deformation of surface asperities
during contact. The GW model considers asperity
deformation only without substrate deformation and
asperity interactions. However, for the case of HDI, since
a harder carbon film is applied onto a softer magnetic
layer with roughness of sub-nanometer, the actual contact
behavior is greatly affected by the deformation of
underlying magnetic layer and asperity interactions. In
order to accurately estimate the contact behavior of such
multi-layered films (i.e., harder film on softer substrate)
with extremely smooth surface, an improved contact
model was developed accounting for substrate
deformation and asperity interactions during contact (Yeo,
et al., 2009, and Yeo et al., 2010), which thus will be used
to analyze the HDI contact in this study.
Considering that the high speed sliding contact in
HDI can significantly increase the interface temperature
due to frictional heat generation, the higher ABS
temperature and lower clearance value under thermal
actuation technology can make negative effects on HDI
wear. To the best of author’s knowledge, there has been
no theoretical and systematic study for HDI contact/wear
in regards to frictional heat and ABS temperature. In this
study, the contact pressure and temperature distribution on
a head carbon film during the sliding contact will be
evaluated using actual system parameters, whose results
are used to analyze the HDI wear behavior.

ABSTRACT
Micro-wear mechanism of carbon films used in head
disk interface (HDI) of head disk drive (HDD) is
investigated using the improved HDI contact model and
theory of frictional heat generation. Dynamic contact
parameters of HDI such as material properties, sliding
velocity, and surface interference are based on actual HDI
design and operation. The resulting contact pressure and
temperature distribution show that the micro-wear on the
carbon film of a head slider would be significantly
attributed to the degradation of carbon material caused by
frictional heat generation during sliding contact.
NOMENCLATURE
𝐸𝑎,𝑏
𝑃
𝑅
𝑐𝑝
𝑘
𝑝𝑜
𝑟𝑏
𝛿
𝛿𝑎
𝜅
𝜉

ν𝑎,𝑏

= Elastic modulus, a = asperity, b = substrate
= Contact force
= Asperity radius
= Specific heat capacity
= Thermal conductivity
= Maximum contact pressure
= Half width of an asperity
= Applied normal displacement
= Asperity deformation
= Physical index parameter
= Geometrical index parameter
= Poisson’s ratio, a = asperity, b = substrate

INTRODUCTION
The physical spacing between the read/write elements
of a head slider and the surface of a rotating disk (i.e.,
HDI clearance) is one of the key design parameters to
increase data capacity of hard disk drive (HDD). Recently
in order to adaptively control the HDI clearance target,
thermal actuation of magnetic recording transducer has
been widely applied to the head design, where a microheater makes read/write elements thermally protruded to
the air-bearing-surface (ABS).
Even though the
technology of thermal actuation contributes to the
improvement of magnetic performance in HDD, it can be
critical to the reliability of HDI because of the higher

MODELING OF HDI CONTACT
Contact between Spherical Disk Defect and Head
Carbon Film
Based on the Hertzian contact solution of spherical
bodies (K. L. Johnson, 1985), the semi-contact width (a)
and the maximum contact pressure (po) are given by a =
(Rδ)1/2 and po = 3P/(2πa2), respectively. The general

1

1

Hertzian contact pressure is determined by
𝑝(𝑟) = 𝑝𝑜 �1 − (𝑟/𝑎)2
(1)
These equations of the Hertzian spherical contact
were applied to the extended GW contact models, where
the applied normal displacement (δ) is same as the
asperity deformation (δa) because the models consider
asperity deformation only. However, in the improved
contact model (Yeo, et al., 2009, and Yeo et al., 2010),
since the contact is supported by both asperity and
substrate deformation, δa is expressed as a function of δ
like
𝛿𝑎 = 𝛿/ �1 + 𝜅𝜉 �𝛿/�1 + 𝜅𝜉�𝛿/(1 + 𝜅)��,

SIMULATION RESULTS
For comparison, the contact pressure and surface
flash temperature were obtained from the Hertzian
solution of spherical contact and the improved contact
model, where representative design parameters (δ = 2 nm,
rb = 235 nm, R = 2 µm, V = 31.7 m/s) were applied. As
seen in Fig. 2, since the improved contact model accounts
for the deformation of spherical disk defect and the
underlying softer magnetic layer, the semi-contact width
(a) and the maximum contact pressure (po) is much
smaller than those from the Hertzian contact solution.
If applying the results in Fig. 2 to the equations of
frictional heat generation in Eqs. (3) – (5), the surface
flash temperature of the head carbon film could be
determined as seen in Fig. 3. It was observed that the
maximum flash temperature from the Hertzian contact
solution was 579 °C, while it was 390 °C from the
improved model. Considering that the glass-transition
temperature of magnetic materials is usually around 700
°C (Inoube, et al., 2003), the Hertzian solution seems to
overestimate the surface temperature rise, which is
consistent with the findings of author’s previous works
(Yeo, et al., 2009).
Figure 4 shows the maximum surface flash
temperature of head carbon film with respect to the four
key design parameters.
For the convenience of
explanation, a simple design parameter (λ) was
introduced, i.e., 𝜆 = 𝑙𝑛�δ4 𝑉 3 𝑟𝑏 /𝑅�. It was observed that
the temperature of head carbon film was proportional to
the design parameter λ; the temperature was the highest
value of 516.3 °C when 𝛿 is 3nm, whereas it was the
lowest value of 211.2 °C when 𝛿 is 0.5 nm.

(2)

where 𝜅 and 𝜉 are geometric parameters given by
𝜅 = 𝐸𝑎 /𝐸𝑏 and 𝜉 = 3√𝑅/2𝑟𝑏 , respectively. Therefore,
the HDI contact in this study is determined from the
corrected asperity deformation in Eq. (2).
Surface Flash Temperature during Sliding Contact
During the sliding contact of solid materials, the heat
flux (q) generated by the friction is proportional to sliding
velocity (V), contact pressure (p), and friction coefficient
(µ, 0.1 used in this study) and simply given by q = µpV.
The heat flux leads to flash temperature rise on the
contacting surfaces.
The magnitude of surface
temperature rise (∆θ) is dependent of the Peclet number
Pe = Va/2α, where α is the thermal diffusivity of
materials, and ∆θ is given by (Bhushan, B., 1995)
Pe ≤ 0.1:
∆𝜃 = 3𝜋𝑞𝑎/8𝑘
(3)
0.1< Pe ≤ 10:
∆𝜃 = 2.32𝑞𝑎/�𝑘�𝜋(1.234 + 𝑃𝑒 )� (4)
(5)
Pe > 10:
∆𝜃 = 2.32𝑞𝑎/�𝑘 �𝜋𝑃𝑒 �
Numerical Simulation: HDI Sliding Contact

DISCUSSION OF HDI WEAR

Geometrical parameters used in this simulation were
based on a typical disk defect in contact with a head slider
as shown in Fig. 1. The material properties of the defect
(asperity) and the underlying magnetic material (substrate)
were given as Ea = 168 GPa, νa = 0.24, Eb = 110 GPa, νb
= 0.3, respectively. Since the technology of thermal
actuation is applied to control the clearance value, the
ABS temperature (i.e., initial temperature of the carbon
film) was given to be 100°C.
Considering that surface flash temperature during
HDI sliding contact is determined by the surface geometry
and system dynamics, four key design parameters were
taken into account in this simulation: radius (𝑟𝑏 ) of a
contact area, maximum displacement of the contacting
surface (𝛿), radius of disk defect (𝑅), and sliding velocity
(V). For the purpose of parametric study, three level
values of individual design parameters were applied in the
simulations, which were based on actual HDI contact
conditions. 𝑟𝑏 are 100nm, 235 nm, 400 nm, 𝛿 are 0.5 nm,
1 nm, 3 nm, 𝑅 are 0.5 μm, 2 μm, 5 μm, V are 21.8 m/s ,
31.7 m/s, 47.5 m/s.

The requirements of the lower clearance value and
the higher ABS temperature in HDD design give critical
concerns on the tribological performance of HDI. Figure
5 shows a representative wear behavior (white scratch
lines) on the carbon film of a head slider caused by
contacts with a disk defect. Assuming that the Tabor’s
factor is 3.0 and the hardness of a carbon film is ~ 20 GPa,
a carbon film will start material yielding at the contact
pressure of ~11.1 GPa (Johnson, K. L., 1985). However,
based on the parametric simulation results, the maximum
contact pressure was 2.2 GPa, which is much below the
yield criterion. This indicates that the wear of the carbon
film in Fig. 5 would not be caused by the contact stress
itself but by some other factors during the sliding contact.
Researchers have studied the stability of diamond like
carbon film and found that a graphitization of carbon
material is initiated at the temperature above 250 °C
(Tallant, et al., 1995). Considering that the carbon film
has temperature rise above 500 °C during the HDI sliding
contact as seen in Fig. 4, it could be deduced that the

2

2

severe wear of the carbon film in Fig. 5 would be
significantly attributed to the degradation of carbon
material caused by frictional heat generation during the
sliding contact.

Normal pressure[Gpa]

2

CONCLUSION
The contact pressure and surface flash temperature
rise during HDI sliding contact were obtained from the
improved contact model and the theory of frictional heat
generation. Based on parametric simulation results using
four key design parameters, it was observed that the
maximum contact pressure is ~ 2.2 GPa and the maximum
surface flash temperature is 516.3 °C. Examining the
contact pressure and the temperature rise on the carbon
film in relate to HDI wear, it could be concluded that the
severe HDI wear would be attributed to the degradation of
carbon material during the sliding contact.
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In fact, when flexing the shoulder from 0-90°, a load of 1
kg in the hand was seen to increase shoulder muscle
activity by 14-35%. The muscles that stabilize and rotate
the shoulder are also relatively small for the size of loads
that can be created. Analysis commonly shows the
shoulder strength as the limiting factor in the performance
of many workplace tasks (Smets et al., 2009).
Research has shown (Smets et al., 2009) that the
strength in the shoulder can be affected by both
concurrent hand gripping and increased mental effort.
Both these negatively influenced the maximum arm force
created. This decrease can be anywhere from 17.9% to
25.5%. This can have implications on hand tools, handle
design for manual materials handlings, and safety
thresholds developed to decrease the risk of injury. The
thresholds will need to be revised if arm forces are created
concurrently with a gripping task and mental effort due to
the speed and accuracy requirements of the tasks, and the
interface between the human and the tasks, i.e., the
handle. The hand and wrist are of importance as well
because it is likely that forces created in the wrist will
affect those created in the shoulder.
Immediate use containers for carrying and pouring
liquid come in a large variety of shapes, sizes, and
designs. They are common in activities of daily livings
and many workplace environments. Unfortunately, the
containers’ handles are often designed for aesthetic
purposes (Woodson & Conover, 1964). Okunribido &
Haslegrave (2003) have shown that while pouring liquid
out of a pot, handle design had an influence on the
kinematics of the pouring task. They found that vertical or
sloped handles were better than curved handles for grip
strength. A vertical handle was better for lifting a filled

ABSTRACT
Immediate use containers for carrying and pouring
liquids come in a large variety of shapes, sizes, and
designs. Research has shown that the handle design on
these products have considerable impacts on the users.
Unfortunately, handles on immediate use containers are
often designed for aesthetic purposes. This is an important
consideration as the handle can greatly affect the comfort
and safety of a user. The purpose of this investigation is to
see which handle parameter has an effect on muscle
activity and joint postures during a pouring task. The
results showed that a larger handle allowed participants to
generate higher forces when grasping the container. The
higher handle attachment height caused lower forearm
muscle activity but increased shoulder abduction, flexion,
and increased shoulder muscle activity. A sloped handle
caused greater shoulder abduction during the lifting phase
but decreased the forearm muscle activity during the
pouring phase.
INTRODUCTION
The speed and accuracy trade-off of upper extremities
are critical considerations in the stress and performance of
many workplace tasks. Workers must often execute
repetitive upper arm, arm, and hand exertions during the
manipulation of objects, like in the use of hand tools or
during manual materials handling. Unfortunately, the
shoulder is particularly susceptible to injury because of its
high mobility. Due to large lever arms, small loads at the
hand can create extremely large moments at the shoulder.
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pot than a sloped or curved handle (Okunribido &
Haslegrave, 2003). Diameter is also important in the
design of the handle. The optimal handle diameter is one
in which the center tips of all the fingers line up along the
major axis of the handle and there is full contact between
the handle surface and hand. Normal force is decreased
when a smaller handle is used possibly because there is
less contact area for the hand to work with. Another
theory is that when gripping a smaller handle, the fingers
muscles are not at their optimal length to produce
maximum force. When the diameter increases past the
optimal diameter, the fingers are producing less and less
force against the palm and instead are working against
each other (Seo, Armstrong, & Arbor, 2008).
Though little other research could be found directly
relating to liquid container handles, much work has been
done on handle design in hand tools and in manual
materials handling situations. In general, having a handle
will provide increased comfort and performance compared
to not having a handle. The handle will reduce the risk of
dropping the object and will also increase the amount of
force a user can exert (C G Drury, 1980). The handle can
also be used to reduce the potential for high forces or
awkward postures (C. G. Drury, Begbie, Ulate, & Deeb,
1985).

Testing Apparatus
A modular liquid container with changeable handles
was fabricated for the experiment (Figure 1). Kinematic
data were collected using an Optotrak Certus system
(Waterloo, Ontario, Canada). These data were sampled at
100Hz. Muscle activity was measured using
TeleMyo2400, a system from Noraxon (Scottsdale, AZ).
Data were collected at 1000Hz; with a 1st order 10Hz
high-pass filter and an 8th order Butterworth low-pass
filter.
Independent Variables
The independent variables include handle position,
shape, and diameter (Table 1). Handle position is defined
as high or medium; shape is defined as vertical or sloped;
diameter is defined as 19, 24, and 32 mm. The 19 and 24
mm represent equivalent diameters found in bottles
currently on the market. 19 mm is the diameter of the
smallest bottle handle. 24 mm is the most common
diameter found on bottle handles. Based on research by
Khalil (1973) (as reported by Grant et al., 1992), a 32 mm
diameter required the least effort when resisting several
levels of torque in a static loading task.
Dependent Variables
The dependent variables are average muscle activity
and peak joint angular posture. The muscles of interest
include the anterior deltoid (AD), middle deltoid (MD),
posterior deltoid (PD), trapezius (TR), biceps brachii
(BB), extensor carpi ulnaris (ECR), and flexor carpi
radialis (FCR). The EMG data collected during the trials
will be normalized by a reference contraction. The joints
to be analyzed are the shoulder (in abduction and flexion)
and the wrist (in ulnar deviation). The peak angular
displacements of these joints will be of interest. Research
has shown a significant effect of handle design on
shoulder abduction, shoulder flexion, and wrist flexion
(Okunribido & Haslegrave, 2003). These will be derived
from the coordinate positions of specific joints.
The task was divided into three main phases. The first
phase (lifting phase) began with the grasping of the handle
and continued as the hand lifted the pot and brought it
toward the cup. The second phase (pouring phase) was
during the pour. The third phase (lowering phase) began
when the cup was finished pouring and began its
movement back toward the start position. Because of this,
the average muscle activity and peak joint posture per
phase was recorded. The third phase was not studied due
to its symmetry with the first.

METHODS
Participants
Twenty subjects (10 males and 10 females) were
recruited from the local population. Participants had an
average age of 34.6 (SD=14.3) years. Prior to testing, all
subjects were screened based on the inform consent
procedure, approved by both North Carolina State
University and Liberty Mutual Research Institute for
Safety, to make sure they had no previous history of upper
extremity or back injury.
Task
Participants were instructed to pick up the container,
pour a specified amount of liquid into a cup
(approximately 8 ounces), and set the container back
down. Participants used their dominant hand and set their
own pace for the task. Their foot position was marked at
the beginning of the experiment and they were instructed
to go back to this position before every trial. They were
also directed to maintain a natural stance without moving
their feet during the trials and to avoid making contact
with the cup and the spout of the container. The cup and
container were set a shoulder width apart for each subject
and the height of the table was adjusted to approximately
1 to 2 inches below elbow height (Konz, 1967). The nondominant hand stayed at the participant’s side without any
contact to the workstation, or altering the postural
stability.

Procedure
After obtaining informed consent, surface electrodes
were placed over seven muscles in the upper extremity of
the dominant hand. They were led through the reference
voluntary contraction (RVC) tasks. After, markers for

2

5

motion tracking were placed on the participant. Markers
were placed on the lower back (between the iliac crests),
C7 vertebra, upper arm, lower arm, hand (between the 3rd
and 4th metacarpals), and container. Once all the markers
had been placed, the participant was given a chance to
practice the task.
The task was performed three consecutive times per
handle configuration. The presentation of the different
conditions was randomized. Breaks were given between
trials to prevent fatigue. Between trails, the cup was
emptied back into the container and the cup and container
positions were replaced to their original starting positions.

flexion with the 32 mm handle were significantly different
from the 18 and 24 mm handles, which were not shown to
differ significantly. Height was shown to have a
significant effect on shoulder abduction and flexion. The
high handle attachment caused greater shoulder abduction
and flexion. Slope was shown to have a significant effect
on shoulder abduction and wrist ulnar deviation. The
sloped handle caused greater shoulder abduction and wrist
ulnar deviation.
All joint postures were significantly affected by the
interaction of diameter with height and diameter with
slope. A three way interaction had a significant effect on
wrist ulnar deviation.

Data Processing

Pouring Phase

EMG data were rectified by taking the root mean
square with a 5 ms averaging constant. The data were then
smoothed using a 4th order Butterworth low-pass filter and
then normalized. The following equation was used for the
normalization:
EMGtask – EMGrest
Normalized EMG =
EMGRVC – EMGrest
Motion tracking data were smoothed using a 4th order
Butterworth low-pass filter (MATLAB 2010).

Diameter was shown to have a significant effect on
the muscle activity of all the muscles except the TR and
FCR. The AD activity decreased as diameter increased
while the rest increased with increasing diameter. Tukey’s
test showed muscle activity in the three deltoid muscles
with the 32 mm handle were significantly different from
the 18 and 24 mm handles, which were not shown to be
significantly different from each other. Muscle activity
was significantly different for all levels of diameter for the
BB and ECR. A significant effect of height was seen on
all muscles except the TR. A high handle placement
produced greater muscle activity in the AD, MD, and TR.
Slope had a significant effect on muscle activity on all
muscles except the FCR. A sloped handle caused greater
muscle activity in all the muscles except the BB and ECR.
The interaction of height and slope significantly
affected the muscle activity of the MD, PD, TR, BB, and
FCR. A three way interaction had a significant effect on
the muscle activity of the BB.
A significant effect of diameter was seen on shoulder
abduction. The 32 mm diameter handle caused the
greatest shoulder abduction. Tukey’s test showed shoulder
abduction with the 32 mm handle to be significantly
different from the 18 and 24 mm handles, which were not
significantly different from each other. Height had a
significant effect on the amount of shoulder flexion. A
high handle attachment caused greater shoulder flexion.
The sloped handle caused significantly higher shoulder
flexion compared to the vertical handle.
A significant interaction effect of diameter and height
was seen on the amount of wrist ulnar deviation. The
interaction of diameter and slope significantly affected the
amount of shoulder abduction. The height and slope
interaction significantly affected shoulder flexion.
Mean responses for the main effects are summarized
in Tables 2-5.

Data Analysis
Using a multivariate analysis of variance (SAS V9.2),
average muscle activity and peak joint postures were
tested for main effects and interactions. Tukey’s HSD
(honestly significant difference) tests were performed as a
post-hoc analysis to further evaluate any significant
effects.
RESULTS
Lifting Phase
A significant effect of diameter was seen on the BB
and ECR. For both these muscles, as diameter increased,
muscle activity increased. Tukey’s test revealed average
muscle activity was significantly different under all levels
of handle diameter. A significant effect of height was seen
on all the muscles. The high handle placement produced
more muscle activity in the AD, MD, PD, and TR. Slope
had a significant effect on the anterior, middle, and PD,
TR, and BB. The sloped handle caused more muscle
activity in all the muscles except the BB.
A significant interaction effect of diameter and slope
was seen in the AD, BB, ECR, and FCR. The interaction
of height and slope was significant for all muscles except
the TR.
Diameter had a significant effect on shoulder
abduction and shoulder flexion. As diameter increased,
shoulder flexion decreased. No trend was seen in shoulder
abduction. Tukey’s test showed shoulder abduction and

DISCUSSION
The results of this study showed that diameter did not
have the expected result of decreasing muscle activity, as
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seen in previous studies. In fact, total muscle activity
increased as handle diameter increased, despite the two
smaller handles being much smaller than what was found
to be optimal in previous studies (Ayoub & LoPresti,
1971; Khalil, 1973). This could be due to the fact that the
smaller handles did not allow for proper hand-handle
coupling. As the handle size increased, the participants
were able to get a better grip and thus could generate more
force, leading to greater muscle activity.
Handle height caused greater shoulder abduction and
flexion through both phases of the task. This is most likely
due to the participant having to reach higher to initially
grasp the handle. This in turn caused the greater muscle
activity in the shoulder muscles (AD, MD, PD, and TR).
In both phases, the high handle height produces less
forearm muscle activity (in the ECR and FCR). This is
most likely due to the change in the location of the center
of gravity of the bottle relative to the pivot point (i.e. the
wrist). The nature of the task is that the action of the
forearm muscles is to resist the torque caused by the
weight of the bottle until it is at the needed angle for
liquid to pour out. When the handle is in the high position,
the center of gravity is lower relative to the pivot point
(i.e. the wrist). The lever arm (created by connecting a
line between the center of gravity of the bottle and the
pivot point) would be at an angle such that the weight of
the bottle would have a smaller component of its force
creating torque on the wrist, which would allow the task
to be performed exerting a smaller amount of force.
Though not significant, the sloped handle had the
expected effect of increasing total forearm activity in the
lifting phase. A study by Drury et al. (1985) saw that
muscle activity in finger flexor muscles was significantly
higher when the wrist was deviated 15° or more in the
ulnar direction. In the pouring phase, however, the
forearm muscle activity was relatively higher for the
vertical handle. This could possibly be due to the
participants rotating the container during the lifting phase
so that the handle is completely vertical. This would put
the container at more of a tilt in the pouring phase and
would reduce the need to further tilt the container to
initiate the pour. The sloped handle had a negative effect
on the amount of shoulder abduction in the lifting phase.
Previous studies have shown that people will often abduct
their shoulder in an effort to relieve stresses resulting from
extreme wrist deviations (Chaffin, Andersson, & Martin,
2006).
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The diameter, height of attachment, and slope have
significant effects on the mechanics of a pouring task. It is
important for designers to take these parameters into
consideration when designing immediate use containers as
they can greatly affect the comfort and the safety of a
user.
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FIGURES AND TABLES

Attachment
Height
Angle
Slope
High
Vertical
Slope
Low
Vertical

Diameter (mm)
18
24
32
xxxxx
xxxxx
xxxxx
xxxxx
xxxxx
xxxxx
xxxxx
xxxxx
xxxxx
xxxxx
xxxxx
xxxxx

Table 1 - Independent variables

Figure 1 - Modular liquid container

AD
MD
PD
TR
BB
ECR
FCR

18
0.40
0.16
0.16
1.14
1.96
2.13
1.11

Diameter
24
0.40
0.16
0.17
1.13
2.07
2.25
1.11

Height
32 High
Low
0.39
0.42
0.16
0.17
0.17
0.18
1.11
1.22
2.19
1.94
2.40
2.18
1.05
1.05

Slope
Slope
Vertical
0.37
0.41
0.38
0.15
0.17
0.15
0.16
0.18
0.15
1.04
1.22
1.04
2.21
1.93
2.22
2.34
2.29
2.23
1.14
1.08
1.10

Table 2 - Main effects on muscle activity (Lifting Phase)

Shoulder Abduction
Shoulder Flexion
Wrist Ulnar Deviation

18
30.21
14.65
38.29

Diameter
24
29.82
14.35
38.50

Height
Slope
32 High
Low
Slope
Vertical
31.59
31.26
29.82
32.40
28.68
13.35
15.31
12.93
14.90
13.33
38.26
37.97
38.72
36.47
40.23

Table 3 - Main effects on joint posture (Lifting Phase)
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AD
MD
PD
TR
BB
ECR
FCR

18
0.41
0.30
0.59
1.43
1.65
1.83
0.98

Diameter
24
0.41
0.31
0.61
1.44
1.73
2.00
1.00

Height
32 High
Low
0.38
0.44
0.32
0.34
0.64
0.62
1.45
1.47
1.85
1.52
2.10
1.72
0.97
0.94

Slope
Slope
Vertical
0.36
0.43
0.37
0.28
0.35
0.27
0.60
0.68
0.55
1.41
1.48
1.40
1.96
1.58
1.90
2.24
1.81
2.15
1.03
0.98
0.99

Table 4 - Main effects on muscle activity (Pouring Phase)

Shoulder Abduction
Shoulder Flexion
Wrist Ulnar Deviation

18
35.77
19.82
14.99

Height
Slope
32 High
Low
Slope
Vertical
37.16
36.46
35.84
36.68
35.62
20.13
22.00
17.85
22.12
17.73
13.91
15.27
13.82
14.71
14.37

Diameter
24
35.52
19.82
14.73

Table 5 - Main effects on joint posture (Pouring Phase)
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Motivation

ABSTRACT

The motivation for this study is anchored on: need to
predict and mitigate gearbox failure (Smolders et al.,
2010); lack of data (Guo et al., 2009); impact of
uncertainties; measurement error, environment effects;
material & geometrical parameters, applied loads; and
reduction in cost of energy.

A recent study used data collected on more than
1,500 turbines with approximately 350 MW and
performed a comprehensive comparison of component
reliability through time. It was shown that gearbox
failures result in the second highest down time per failure.
In another study focusing on the downtime hours
accumulated in a four year period for wind turbines
operating in Germany, it was demonstrated that the
gearbox was most responsible for the downtime. As
performance requirements increase, the need to predict
and mitigate the gearbox failure becomes urgent. Efforts
that contribute to addressing gearbox failure include: gear
design, gearbox design process, failure and fracture
analysis, experimental studies, probabilistic modeling, and
condition monitoring. These approaches will be discussed
in the presentation. Specific results will be presented on
new gear designs, specifically gears with asymmetric
teeth. Furthermore, results on experimental studies will
also be presented. Lastly, a comprehensive approach will
be proposed that can be used for uncertainty of gearbox
failure of wind turbines. This will contribute to the
predication and mitigation of gearbox failure.

Objective
These approaches will be discussed in the
presentation. Specific results will be presented on new
gear designs, specifically gears with asymmetric teeth.
Furthermore, results on experimental studies will also be
presented. Lastly, a comprehensive approach will be
proposed that can be used for uncertainty of gearbox
failure of wind turbines. This will contribute to the
predication and mitigation of gearbox failure.
BACKGROUND
Gearbox Failure
There are several hypotheses that have been proposed
to explain gearbox failure (Oyague, 2009), namely, (1)
absence of some load cases relevant to design process, (2)
transfer nontorsional loads between components in
drivetrain, (3) no standardization of bearing-life
calculations, and (4) poor communication between wind
turbine designers, gearbox suppliers, bearing providers.
When considering gearbox failure, the two
components often cited are gears and bearings. the gear
failure modes include: wear, abrasion, tip root
interference, surface fatigue, micropitting, macropitting,
spalling, crushing, plastic flow, fracture (Oyague, 2009).
While the bearings failure modes include lubrication
failures, surface fatigue failure. It has been noted that
gearbox-design maturation has been achieved in industry
(Oyague, 2009), so the main driving failure mechanism is
surface fatigue failure of bearing.
Fig. 1 depicts the main causes of gearbox failure.
These causes include design, measurements, procedures,
environment, equipment, and people (Morgan and
Brinkworth, 2008).

INTRODUCTION
Introduction
A recent study used data collected on more than
1,500 turbines with approximately 350 MW and
performed a comprehensive comparison of component
reliability through time. It was shown that gearbox
failures result in the second highest down time per failure.
In another study focusing on the downtime hours
accumulated in a four year period for wind turbines
operating in Germany, it was demonstrated that the
gearbox was most responsible for the downtime. As
performance requirements increase, the need to predict
and mitigate the gearbox failure becomes urgent. Efforts
that contribute to addressing gearbox failure include: gear
design, gearbox design process, failure and fracture
analysis, experimental studies, probabilistic modeling, and
condition monitoring.
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only uni-directional loading. In this instance, the geometry
of the drive side does not have to be symmetric to the
coast side. This allows for the design of gears with
asymmetric teeth. In previous studies, related to bending
stress and load capacity, high performance has been
achieved for gears with asymmetric teeth. These gears
provide flexibility to designers due to their non-standard
design. If they are correctly designed, they can make
important contributions to the improvement of designs of
gears in wind turbine industry (Karpat and Ekwaro-Osire,
2008b, Karpat et al., 2008a, Karpat et al., 2007b, Litvin et
al., 2000). An asymmetric tooth is shaped using different
pressure angles on the drive side and coast side of the
tooth (see Fig. 2).
In the last several years, the author and coinvestigators have performed extensive theoretical work
on asymmetric gears (Karpat and Ekwaro-Osire, 2006,
Karpat and Ekwaro-Osire, 2007, Karpat and EkwaroOsire, 2008a, Karpat and Ekwaro-Osire, 2008b, Karpat et
al., 2007a, Karpat et al., 2008a, Karpat et al., 2007b,
Karpat et al., 2006, Karpat et al., 2008b). To obtain the
majority of these results, a computer program, which
saved time and provided a means to carry out a parametric
study using gear parameters, was developed using the
language MatLab. This program generated batch files for
input into the finite element program ANSYS. When this
file was executed in ANSYS, the general procedure of
finite element analysis was automatically executed.
In their study (Karpat et al., 2008a) offered
preliminary results to designers for understanding
dynamic behavior of spur gears with asymmetric teeth. It
was proven that the asymmetric tooth design can be
optimized with the objective of minimizing the dynamic
loads. In another study (Karpat and Ekwaro-Osire,
2008b) numerically investigated the impact of tip relief
modification and pressure angle on the wear of spur gears
with asymmetric teeth. It was also shown that with an
increase in tip relief, the dynamic load decreases. The
author and co-investigator (Karpat and Ekwaro-Osire,
2008a) unified the separate benefits of a high-contactratio gear and asymmetric teeth into a spur gear with
asymmetric teeth. It was demonstrated that high-contactratio spur gears with asymmetric teeth do provide a
marked advantage compared to the conventional spur
gears with symmetric teeth. In a study on wear, (Karpat
and Ekwaro-Osire, 2006) analyzed the influence of tooth
wear on the dynamic behavior of involute spur gears with
asymmetric teeth. In their study, the author and coinvestigators (Karpat et al., 2008b) performed for the first
time a reliability analysis on gears with asymmetric teeth.
The objective of this study was to investigate the
feasibility of using asymmetric gears for micro electro
mechanical systems devices while accounting for
uncertainty.

Design
Generally there are two types of design processes
followed in industry, namely, vertically integrated design
process and non-vertically integrated design process
(Oyague, 2009). In the vertically integrated design
process, the Wind turbine manufacturer owns the gearbox
design. While in the non-vertically integrated design
process, the wind turbine manufacturer is a customer of
the gearbox manufacturer. To also address the issue of
gearbox failure, designs around the problem have been
proposed, such as the pure torque system (Puigcorbe and
de-Beaumont, 2010). In this design, the rotor supported
directly by a cast frame, the deflection loads are
transmitted directly to the tower, and the torque is
transmitted to the gearbox.
Modeling
Multi-body modeling has also been applied in wind
turbines (Lethe et al., 2009), namely, (1) To optimize the
design of wind turbines (Lethe et al., 2009); (2) To predict
the loads that different components need to transmit; (3)
To capture the dynamic behavior of the overall system;
(4) To assess the structural reliability of components; and
(5) To make sure they resist the extreme and
unpredictable loads from the wind for a reasonable
lifetime.
Data
Failure and fracture analysis is currently being
practiced for gearboxes. Most of the data is proprietary
(Walford, 2006), which includes records of failure, and
records of warranty claims and associated downtime.
Often operators may not have information on the root
cause of the failure. For this an independent assessment of
root cause is needed (Walford, 2006) which involves
operational
restriction,
metallurgical
generally
manufacturing improvement, and design improvement.
Recommending maintenance decisions based on the
data collected through condition monitoring is referred to
as condition-based maintenance. Jardine et al. (Jardine et
al., 2006) presents a concise review of literature on
condition-based maintenance. Begg et al. modeled a
gearbox rotor/bearing-foundation system and outlined it’s
relevance to diagnostics and prognostics (Begg et al.,
2000).
COMPREHENSIVE APPROACH
Design
Lately, there has been a lot of research activity on
spur gears with asymmetric teeth. New gear designs are
needed because of the increasing performance
requirements placed on wind turbines, such as high load
capacity, high endurance, low cost, long life, and high
speed. In wind turbine gearboxes, the gears experience
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field data, lab experiments, probabilistic modeling, and
design process. In this approach, uncertainty is captured
and the data passed between the four components is
probabilistic. This approach has the potential to contribute
to the predication and mitigation of gearbox failure.

Data
Condition monitoring (Crabtree et al., 2010) is an
essential element of this comprehensive approach. Here
the goal will be to detect incipient wind turbine gearbox
failure. Furthermore, the gearbox can be designed
monitored such that it acts as sensor for rotor. This will
minimize damage accumulation rather than maximize
performance.
Effective data mining (Ribrant and Bertling, 2007)
will be conducted. Expert failure analysis and forensics
also have to be performed. This will yield mean time to
repair of the different modules. An experimental set-up
has been constructed (Ekwaro-Osire and Karpat, 2010)
(see Fig. 3)
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Theory
Consider a rod with a strength, R, experiencing a
stress, S, resulting from a load, F (see Fig. 4). Consider
that the strength, R, and stress, S, are random variables
with probability density functions, whose relationship is
shown in Fig. 5. For this case, limit state function or gfunction can be defined as
g ( X )= R − S
(1)
The probability of failure then is
=
p f p [ g ( X ) ≤ 0]

p f = ∫ f X ( x)dx

(2)

Ω

where reliability can be cast as
(3)
R= 1− pf
The limit state or failure surface can be depicted as in Fig.
6 (Haldar and Mahadevan, 2000).
Probabilistic sensitivity analysis is the Quantification
of the impact of uncertainties in random variables on the
uncertainty in the model response (see Fig. 7). Sensitivity
analysis has to accompany a probabilistic analysis.
Approach
The comprehensive approach is summarized in Fig. 8.
In this approach, the uncertainty is accounted for at each
step. Specifically, the field data used in the lab
experiments, probabilistic modeling, and design process,
accounts for uncertainty. Likewise, the data passed
between design and probabilistic modeling captures
uncertainty. Also the data passed between lab experiments
and probabilistic modeling captures uncertainty. This
comprehensive approach accounts for uncertainty in
gearbox failure of wind turbines. Thus has a potential for
Prediction and mitigation of gearbox failure.
CONCLUSION
A comprehensive approach is proposed that can be
used for uncertainty of gearbox failure of wind turbines.
The approach consists of four main components, namely,
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Fig. 3 Experimental Setup
Fig. 1 Causes of gearbox failure

Fig. 2 Asymmetric gear tooth
Fig. 4 Casting the strength, R, and stress, S, as random
variables for a structure
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Fig. 7 Probabilistic sensitivity analysis

Fig. 5 Relationship of probability distributions of strength,
R, and stress, S

Fig. 8 Comprehensive approach
Fig. 6 Limit state
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ABSTRACT
The motivation for this paper is to demonstrate the
versatility of design notebooks in capstone design
instruction. The study involved senior undergraduate
students in capstone sequence courses. The paper will also
include a review of previous results of the authors,
stretching over a four-year period. Their research shows
that well formulated design notebooks have pedagogical
and cognitive benefits. In order to reap these benefits,
however, it is essential to instruct the students on how to
complete an effective design notebook. The researchers
implemented a certain routine. At the beginning of the
semester, the students were provided with (a) clear
instructions on how to document entries in the design
notebook, (b) a rubric on the grading scheme, and (c)
examples of useful design notebook entries. The projects
the students worked on consisted of four types of design
projects, namely: projects for design competitions, student
initiated projects, industry supported projects, and faculty
projects. The results presented in this paper reveal the
versatility of design notebooks in capstone design
instruction.
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monitoring, and communication. First, an overall
description of the functional organization of the software
is provided. The task architecture then describes how the
functional subsystems are coordinated by the control and
monitoring software system. Following a brief description
of the results of the GLACIER project, concluding
remarks are given.

ABSTRACT
The General Laboratory Active Cryogenic ISS
Experiment Refrigerator (GLACIER) is a cryogenic
freezer system that provides a generic interface to
accommodate multiple biological sample types and
volumes that require thermal control between +4 C and –
160 C. This paper describes the software architecture of
the GLACIER control and monitoring system, which
provides three top-level functions: control, monitoring,
and communications. To date, the GLACIER has flown
successfully on eight International Space Station (ISS)
expeditions, and has been essential in research on the
effects of space radiation and microgravity on p53regulated genes and the phototropism response in plant
life.

FUNCTIONAL ORGANIZATION
At the topmost level, the GLACIER control and
monitoring software performs three functions: control,
monitoring, and communications. These top level
functions provide overall groups of the seven functional
areas (Figure 4):
• Temperature Control Subsystem
• Air Management Subsystem
• Supervisory Subsystem
• Data Logger Subsystem
• Communications Interface
• Local Command and Control Interface
• Remote Command and Control

INTRODUCTION
Several experiments performed on the International
Space Station (ISS) require the use of a cold volume (e.g.
protein crystal growth in microgravity). Although a
variety of cold storage systems have been developed for
the ISS, a need existed for a system capable of reaching
cryogenic temperatures (-150°C).
The Center for Biophysical Science and Engineering
(CBSE) General Laboratory Active Cryogenic ISS
Experiment Refrigerator (GLACIER), shown in Figure 1,
is a cryogenic freezer system that provides a generic
interface to accommodate multiple biological sample
types and volumes requiring thermal control between
+4°C and -160°C. Figure 2 depicts a GLACIER unit as
installed in an EXPRESS rack. An overall concept map
depicting GLACIER and several key subsystems is shown
in Figure 3.
This paper is part of a series of papers describing
components of the GLACIER, and emphasizes the toplevel embedded software architecture used for control,

GLACIER software subsystems and interfaces are
conceptual components that describe major software
functions in order to provide the reader a high level
overview of the GLACIER software. In most cases, there
are actual software tasks that execute these functions.
Temperature Control Subsystem
The temperature control subsystem is responsible for
maintaining the temperature of the sample volume at a
selectable set point between +4°C and -160°C. Hardware
components controlled by this subsystem include
cryocooler Stirling engines, heaters, cold volume fan, and
an external Avionics Air Assembly (AAA) cooling fan.
Cooling of the cold volume atmosphere is accomplished
by controlling the Stirling engine stroke length/power
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using a CBSE fuzzy logic control algorithm optimized for
GLACIER. This subsystem monitors cold volume
temperature sensors, cold head temperature, Stirling
engine stroke length, external AAA air temperature,
inlet/outlet water loop temperatures, and electrical current
and voltage.

Local Command and Control Interface
The local command and control interface is
responsible for provision of a visual, push button, physical
interface for GLACIER in order for the crew to view
health and status conditions and change system input
parameters from an LCD visual display.

Air Management Subsystem

Remote Command and Control Interface

Before cooling begins, the atmosphere inside the
Glacier is monitored to verify that it is dry enough to
prevent icing of the cold heads. Air is pumped from the
cold volume to a humidity sensor, then through a
desiccant, then to another humidity sensor before being
returned to the cold volume. This circulation is repeated
intermittently until the humidity of the air leaving the
volume is below a configurable value.

The remote command and control interface is
responsible for providing a remote operator the capability
to command GLACIER and observe health and status of
GLACIER from a network-enabled host such as a
personal computer, workstation, or laptop computer. The
International Space Station EXPRESS Rack uses a
TCP/IP interface to communicate with the GLACIER.

Supervisory Subsystem

TASK ARCHITECTURE

The supervisory subsystem is responsible for the
accumulation of GLACIER health and status data from
other subsystems for transmission to the EXPRESS Rack
Interface Controller (RIC), the local command and control
interface and the remote command and control interface.
This data will also be stored in binary files. Health and
status will include lift temperature, set point temperature,
cold volume temperature, heat exchanger temperature, air
cooling, water cooling, temperatures, currents, voltages,
and other operational and safety related parameters.

The GLACIER software tasks are the foundation of
the GLACIER payload software architecture. They
executed as separate threads of execution, written in the
C++ (Embedded C++) language [1,2]. These tasks are
divided into payload generic and payload specific
components. Distinguishing these task types enables clear
identification and understanding of GLACIER properties
and functions. Each of these task classifications are
represented within the GLACIER system and will be
described in this section. The GLACIER Task
Architecture is summarized in Figure 5.
Generic tasks perform work that is applicable for any
payload (e.g. the fulfillment of external communications
responsibilities.)
Payload specific tasks perform work that is unique to a
specific payload. These payload specific tasks can be
viewed as work tasks. Work tasks are the fundamental
component of the payload. They share a common internal
communications and event processing structure. They are
also similar semantically in that they can all be described
as performing a definite job that can be traced back to
functional requirements.
The generic BASE PAYLOAD task has the
responsibility of starting all other (payload specific) tasks.
The BASE PAYLOAD itself is started by an application
specific MAIN task. MAIN also starts the
COMMUNICATIONS tasks that are responsible for
receiving external commands and delivering telemetry.
A special singleton object, DISPATCH, resides within
MAIN. Other tasks register the commands they are
capable of responding to with the DISPATCH object.
These might include requests to Change Logging Level,
as well as others. MAIN creates its own
MISCELLANEOUS task for the purpose of registering
and processing these commands.
The COMMUNICATIONS task(s) can have multiple
instances. This task is the external interface for incoming

Data Logger Subsystem
The data logger subsystem is responsible for logging
temperature sensor data and other health and status
parameters. Because the GLACIER must monitor and log
these parameters even during a power outage, this
subsystem is controlled by a microcontroller with battery
power backup.
Communications Interface
The communications interface is responsible for
communications of remotely sent commands, transmission
of GLACIER telemetry, and unsolicited time requests
from the EXPRESS Rack Interface Controller (RIC). This
interface maintains availability during all times that
GLACIER is powered. Actual transmission of data or
reception of commands depends upon RIC availability,
ISS
network
availability,
and
uplink/downlink
availability. This subsystem is also responsible for
managing system and engineering data files and preparing
these files for transmission by segmenting them into preordered transmission packets that may be used by a
ground system to recreate the original file and for
reassembly and deployment of files uplinked to the
GLACIER.
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or outgoing packets as implemented by TCP/IP sockets or
whatever physical interface is required.
GLACIER payload specific work tasks include the
following:
• Air Management monitors cold volume
humidity and displaces cold volume
atmosphere with dry air
• Temperature Control handles Fuzzy Logic
controlled cryocooling and Heating functions
• Front Panel handles the physical front panel
display and system parameter inputs
• Sensors handles sensor data collection not
associated with any other specific payload
task
• Miscellaneous
performs
command
registration, command processing, and health
and status processing of non-payload specific
commands and status parameters
• Supervisor performs overall software
supervisory functions such as reboot
recovery, system state monitoring, and
watchdog / restart functions

radiation and microgravity on p53-regulated genes and the
phototropism response in plant life.
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RESULTS AND DISCUSSIONS
The GLACIER has been successfully flown on eight
ISS expeditions through September 2010, and is
scheduled to be part of ISS expeditions 29 and 30 (late
2011). When on the ISS it has demonstrated the capability
for remote commanding and data downlink. To date the
only in-flight anomaly that could be related to the
software is an unexplained reboot. This could have been
due to the Watchdog Timer function, or to a radiationinduced Single Event Effect.
The GLACIER played a crucial role in the first life
science experiments on the ISS [3], which studied the
effects of space radiation and micro-gravity on p53regulated genes [4,5]. Experiments on the effects of
microgravity in the phototropism of plant life have also
used GLACIER [6].
CONCLUSION
The GLACIER control software consists of three toplevel conceptual units: hardware control, data logging and
supervision, and system and user control interfaces.
Hardware control comprises the temperature control and
air management subsystems. The supervisory and data
logger subsystems make up the data logging and
supervision conceptual area. System and user control are
provided by the communications interface, local
command and control, and remote command and control
subsystems.
To date, the GLACIER has flown successfully on
eight International Space Station (ISS) expeditions, and
has been essential in research on the effects of space
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FIGURES AND TABLES

Fig. 1 Isometric view of the General Laboratory Active
Cryogenic ISS Experiment Refrigerator (GLACIER)

Fig. 2 GLACIER unit within EXPRESS Rack 6 in the U.S.
Laboratory Destiny, during Expedition 18.

Fig. 3 GLACIER System Overview as a Concept Map
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Fig. 4 GLACIER Software Functional Organization
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Fig. 5 GLACIER Software Task Architecture
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reason of specific trait. Classical statistical methods (i.e
logistics regression etc.) don‘t show a good performance
finding interactions between genes that appear. Especially,
these methods are not good at identifying multi-locus
effects in relatively small samples. Therefore
analysts have tried to use data mining methods in these
kinds of researches. At this stage, the most widely
used method is Multifactor Dimensionality Reduction
(MDR). MDR method is useful for detecting and
characterizing high-order gene-gene and geneenvironment interactions in case-control and discordantsib-pair studies with relatively small samples.
(Ritchie,2001). The main aim of MDR method is induce
multi-locus genetic combinations of a set of genetic
markers (e.g. single nucleotidepolymorphisms or SNPs) to
two levels (i.e. high risk and low risk) of a new variable.
(Junghyun Namkung et.al, 2009)

ABSTRACT
In recent years, using machine learning (ML) methods on
genetic data sets is very popular. Since we do not need
any assumptions. In addition to this, results of these
methods generally outperform the classical statistical
methods. (i.e: logistic, linear regression etc.). In this study,
we proposed a new approach of finding SNPSNP interactions. We combined three ML methods. One
of them is the most widely used method for finding
interactions: Multifactor Dimensionality Reduction
(MDR), the second method is Random Forest (RF) and
the third method is Boosted Classification Tree (BCT)
method. We generated eight different data sets. (Number
of individuals between: 100-1000 and number of SNPs:
50K and 100K) We have compared two different
approaches: a) analyze data with ―only MDR‖, b) analyze
data with RF or BCT and find candidate SNPs then use
MDR. For the first approach we determined the high level
rules with MDR. At the second approach, we added one
extra step for RF or BCT before using MDR and finding
candidate SNPs than using MDR. Because using -only
MDR- needs more time and sometimes miss important
interactions. Once we compared the candidate SNPs and
interaction models of first approach, we found very
similar SNPs. This is the most important result because
we extract candidate SNPs which are in interaction rules.
Random Forest method outperforms BCT within
scenarios. Especially, medium sample sizes (250
individuals and 50K SNPs). In conclusion, we compared
two different approaches. We proved the importance of
candidate SNPs selection before MDR.

Several methods have been proposed to analyze gene–
gene interactions in genetic association studies. Examples
include logistic regressions (Cordell, 2002), the recursive
partitioning method (Zhang and Bonney, 2000), logic
regressions (Kooperberg and Ruczinski, 2005), neural
networks (Sherriff and Ott, 2001), the multifactor
dimensionality reduction (MDR) method (Ritchie et al.,
2001), focused interaction testing framework (FITF)
(Millstein et al., 2006) and grammatical evolution neural
network (GENN) (Motsinger-Reif et al., 2008).
interactions in a number of common diseases. After
many studies researchers have found MDR method to
be more advantageous than the other methods.
In spite of all of its advantages, MDR has two main
disadvantages: First, cells in high-dimensional tables will
often be empty; these cells cannot be labeled based on the
cases/control ratio. Second, the binary assignment (highrisk/low-risk) is highly unstable when the proportions of
cases and controls are similar. (Hua He,2009)

INTRODUCTION
In recent years, scientific researches have focused on to
finding genetic factors that caused complex traits. The
main aim is to find a gene or gene interaction which is the
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In summary, MDR explained with following steps:

Objective
The purpose of this study was to determine the SNPSNP interactions faster than MDR with a new hybrid
approach. As noted earlier, MDR is used to find multidimensional SNP interaction models. On the other hand,
the most common problem of MDR is that the analysis
are getting harder with the increased number of SNPs in
interaction models. The most important reason is the
computational problems. Analysis of a data set size
of 2000 individual
and 100 SNPs with normal PC
takes a long time. If the number of SNPs in the
interaction models high,
this problem is
becoming complicated.
Many genetic research centers
have a ―High Performance Computing‖ facility. But the
main problem is effective use of these facilities by
researchers. They need to know candidate SNPs as soon
as possible.

1.

2.

3.

To solve this issue and improve the classification
performance of MDR models, we have determined
candidate SNPs with RF and BCT. Afterwards, we
analyzed these SNPs with MDR.
Because in our
experience, SNPs which are located in high level models
of MDR are almost same with first 10 or 15 candidate
SNPs of RF and BCT. At the final stage we compared the
results of ―only MDR‖ and ―MDR with RF or BCT‖
approaches.

4.

METHODS
MULTIFACTOR DIMENSIONALITY REDUCTION
Fueled by rapid technological advancement, research in
the area of genetic epidemiology has exploded, creating a
wealth of high-dimensional data and new analytical
challenges for identifying genetic risk factors for disease.
(Winham, et al., 2011) In addition, much evidence
suggests that common, complex diseases may be the result
of a complex interplay between multiple genetic and
environmental factors and that gene-gene and geneenvironment interactions, or epistasis, may play an
important role in the etiology of these types of diseases
[Moore 2003]. One of the most commonly used datamining approaches to evaluatepotential gene-gene
interactions is Multifactor Dimensionality Reduction
(MDR),designed specifically to select potentially
interacting genetic variables that are most associated with
disease in case/control studies [Ritchie, et al. 2001].,
MDR has been successful in identifying a number of
interactions in real data applications, including multiple
sclerosis [Brassat, et al. 2006; Motsinger, et al. 2007],
breast cancer [Nordgard, et al. 2007], and HIV
immunogenetics [Haas, et al. 2006].

MDR randomly splits the data into k folds, for use in
k-fold cross-validation. Cross validation (CV)
functions optimally between 5 and 10 intervals, with
lower values of k optimized for computation time.
In k – 1/k of the data, the ratios of cases/controls at
all multilocus genotypes within a combination of loci
are established.
The multilocus genotype combinations are combined
to form one binary variable summarizing risk for each
multilocus comparison; such that all high risk
genotypes are one group and low risk genotypes form
the second group. Balanced Accuracy (BA) or
(sensitivity + specificity)/2, where sensitivity is true
positives/total sample size and specificity is true
negatives/total sample size, is computed and used to
select models from each order of comparison, or
number of loci, for testing.The model with the highest
BA is tested in the remaining 1/k of the data to
determine the model‘s ability to predict outcomes in
independent datasets. For k CV intervals, k models
will be tested in test sets.
This procedure is repeated k times. Maximized
average predicted BA and maximized crossvalidation consistency over the k-fold crossvalidation procedure are used to select the final
model. Among all models with the highest observed
CV consistency, the highest BA is the tiebreaker. If
these two criteria support different models, then the
model with fewest loci is selected, according to the
principle of statistical parsimony. (Todd L. Edwards,
2009)

RANDOM FOREST
RFR is an effective nonparametric statistical technique for
high-dimensional analysis. Random Forests are a
combination of tree predictors such that each tree depends
on the values of a random vector sampled independently
and with the same distribution for all trees in the forest.
The tree methods exhaustively break down cases into a
branched, tree-like form until the splitting of the data is
statistically meaningful, with unnecessary branches
pruned using other test cases to avoid over-fitting (Choi
and Lee, 2010). The generalization error for forests
converges to a limit as the number of trees in the forest
becomes large, and depends on the strength of the
individual trees in the forest and the correlation between
them (Breiman, 2001). Each tree in the forest is grown to
the largest extent possible without pruning. To classify a
new object, each tree in the forest gives a classification,
which is interpreted as the tree voting‗ for that class. The
final classification of the object is determined by majority
votes among the classes decided by the forest of trees
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(Chen and Liu, 2005). RF algorithm additionally uses a
bootstrap-based cross validation approach to improve
performance and prevent overfitting (Cabrera, 2009).

datasets for population-based, case/control studies. This
function is largely intended as a convenience function for
generating data to prototype new methods, comparing the
power of different approaches, etc, rather than
producing realistic whole genome data. Critically, all
SNPs simulated are unlinked and in linkage equilibrium.

BOOSTED CLASSIFICATION TREE
Boosting originated in the machine learning community
with the introduction of AdaBoost (Freund and Schapire
1996), an algorithm that classiﬁes binary
responses. The basic idea is to combine the predictions
from a collection of weak classiﬁers (high PE) in such a
way that the averaged predictions form a strong classiﬁer
(low PE). One such weak classiﬁer often used in
AdaBoost is a single-split classiﬁcation tree.

We have simulated data sets under 8 different scenarios.
(Table.1) For all scenario sample sizes are equal for casescontrols. (500, 250, 100 individuals). For every data
set, PLINK would generate between 50K and 100K SNPs
with no association with the disease. Each SNP would
have its own population allele frequency, generated as a
uniform number between, in this case, 0.00 and 1.00. In
addition, 250 extra SNPs that are associated with disease
will be simulated (population odds ratio of 2.00).
(Plink, http://pngu.mgh.harvard.edu/~purcell/plink)

The base classifiers are constructed on weighted
examples. At the first step, equal weights to all SNPs are
used. For the next step, the weights are increased for the
SNPs misclassified by the first decision stump and
decreased for the examples correctly classified by the first
decision stump. For this reason, the second decision stump
focuses on the samples misclassified by the first stump.
Algorithm is repeated this process for several times until a
defined number of stumps have been created. In the
boosted model, each member of model has its own
specialty arising from its special training. For instance, the
second member‘s specialty is to decrease the first
member‘s mistake, the third member‘s specialty is to
correct the second member‘s mistake. This continues until
end of analysis.

Afterwards, we performed a selection of SNPs at a certain
p value cutoff using association analysis in PLINK, an
approach similar to that taken in (Wei et al., 2009). We
used the top set of SNPs (according to p-value) in set sizes
between 100. We chose to use set size (number of
markers), rather than p-value threshold as in Wei et al.,
2009. We performed MDR, RF and BCT with this preselected 100 SNPs.
The genotype frequencies of all SNPs were
tested for Hardy–Weinberg equilibrium in controls (P >
0.05) using PLINK. Random Forest and Boosted
Classification Tree (BRT) were implemented using [R].
We used the gbm package for BRT, the randomForest
package for RFR. (http://www.r-project.org). We
performed these analysis on PC under Windows 7- Intel
i5-750 @ CPU 2.67 GHz,6 GB memory.

Additive models (Hastie and Tibshirani 1990, Hastie et al.
2001) express f (x) as a sum of basis functions
as follows: (Glenn De‘ath, 2007)

RESULTS AND DISCUSSIONS
The MDR algorithm provides a nonparametric and genetic
model-free alternative to logistic regression and is useful
for detecting and characterizing nonlinear interactions
among discrete genetic and environmental factors (Hahn
et al. 2003; Moore and Ritchie 2004; Ritchie et al. 2001).
With this approach we used data mining to identify new
genetic factors and so-called case and control groups from
rough data. We have implemented MDR algorithm using
a hybrid multistep approach to identify genetic
interactions on different scenarios. These scenarios are
depends on sample size and number of SNPs. We chose
this approach because these parameters are the best
choose for exploring the impact of pre-using of data
mining techniques.
In another study, Hsieh Ai-Ru et.al. (2011), studied on
haplotype-based approaches for finding haplotypehaplotype interactions.When the SNPs are in strong

For further information Glenn De‘ath, 2007.
SIMULATION STUDY
Our study focused on SNP data. A SNP is a small genetic
change or variation, that can occur within a person's DNA
sequence. The genetic code is specified by the
four nucleotide "letters" A (adenine), C (cytosine), T
(thymine), and G (guanine). SNP variation occurs when a
single nucleotide, such as an A, replaces one of the other
three nucleotide letters—C, G, or T. (National Center for
Biotechnology Information) (Figure.1). In recent years,
forward-time population simulations have been developed
including simPOP, popGen. (Dudek, 2003). We have used
basic ―Plink‖ for SNP data simulation. Because,
PLINK provides an interface to a very simplistic SNP
simulation routine, designed to generate large SNP
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linkage disequilibrium with the risk locus. They reported
that MDR had higher power than CART, but MDR gave a
slightly higher type I error. This results support our
findings. It means that if you use data mining techniques
alone, your performance is not better than only-MDR. In
the study of Gui.J.et.al.,(2011), they proposed a Robust
Multifactor Dimensionality Reduction (RMDR) method
that performs constructive induction using a Fisher's Exact
Test rather than a predetermined threshold. They reported
the advantage of their approach is that only statistically
significant genotype combinations are considered in the
MDR analysis. They demonstrated that their approach will
increase the success rate of MDR when there are only a
few genotype combinations that are significantly
associated with case-control status. This method is very
similar to our start point. Because we proposed that,
probably a small subset of genotype data which selected
by RF and BRT will be interacted in more accurate way.

from these results,
we
have achieved a
level interaction models in a very short time.

higher-

CONCLUSION
According to the findings, SNPs obtained by the in the
interaction models of MDR method are very similar to
candidate SNPs obtained by RF and BCT. This result is
very important for users who are trying to find candidate
SNPs with machine learning methods. Our proposal
method obtained has more accurate high level SNPs
interaction rules than ―only MDR‖ for all scenarios. This
means, we are able to find different interactions which are
missed by ―only MDR‖. In other words, if researchers use
candidate SNPs of RF and BRT in MDR algorithm, before
using all SNPs, they are going to find more accurate
models in a short time. Because they improved their
predictive performance. By the way, researchers will also
save time. On the other hand increasing sample sizes
caused to decrease similarity percentage of SNPs between
―only MDR‖ and candidate SNPs of RF and BCT.

Another comparison study of MDR and data mining
methods is: V. De Luca et.al, (2010), first of all they
confirmed that MDR analysis approach is as valid as
traditional Gene x Gene approach for the analysis of
sychopharmacogenetic phenotypes. Despite the several
data
available,
no
combination
of
common
polymorphisms has been found to predict the response to
antipsychotic response. This is very important because
nobody knows the best way of finding best sub-set of
SNPs for different data sets. The main aim of their study
is to assess the presence of significant interaction in
serotonergic system genes using the neural network
analysis on using binary phenotype (responders/nonresponders), they compare methods with using include
only genetic factors to test the reliability of neural
network analysis in gene-gene interaction analysis
compared to other methods (i.e. MDR).

Further studies, we have a plan to use
different simulation programs (simPOP, popGen) and
simulate data under different scenarios. (i.e: un-equal
sample size, more SNPs.) We think that other machine
learning methods will be useful in finding high level
interaction models. This study is just a beginning of
complex trait analysis with genomic data.
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Scenario
Number

SAMPLE SIZE
FOR CASECONTROLS

NUMBER OF
SNPs

1

1000CASES-1000
CONTROLS

100.000

2

1000 CASES-1000
CONTROLS

50.000

3

500 CASES-500
CONTROLS

100.000

4

500 CASES-500
CONTROLS

50.000

5

250 CASES-250
CONTROLS

100.000

6

250 CASES-250
CONTROLS

50.000

7

100 CASES-100
CONTROLS

100.000

8

100 CASES-100
CONTROLS

50.000

TABLE.1 SIMULATION SCENARIOS
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FIGURE.1. WHAT IS SNP? (HTTP://CPMC.CORIELL.ORG)

FIGURE.2 MODEL PIPELINE OF PROPOSAL METHOD
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Random Forest
ID

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Importance

Random Forest

BCT
ID

Importance

SNP_58

1,000000

SNP_242

1,000000

SNP_224

0,914098

SNP_73

0,991561

SNP_145

0,890408

SNP_114

0,988655

SNP_162

0,873541

SNP_186

0,983341

SNP_104

0,847678

SNP_136

0,978889

SNP_132

0,846393

SNP_239

0,976462

SNP_55

0,836521

SNP_194

0,970431

SNP_57

0,831684

SNP_228

0,969648

SNP_136

0,826468

SNP_113

0,968381

SNP_72

0,814842

SNP_72

0,956059

SNP_239

0,812089

SNP_71

0,954805

SNP_192

0,797318

SNP_201

0,953194

SNP_38

0,796608

SNP_15

0,951194

SNP_11

0,789908

SNP_58

0,945934

SNP_114

0,788248

SNP_116

0,939558

SNP_177

0,786630

SNP_78

0,937297

SNP_66

0,768789

SNP_142

0,930251

SNP_23

0,766007

SNP_162

0,928728

SNP_223

0,758617

SNP_14

0,927156

SNP_124

0,753781

SNP_230

0,926499

SNP_168

0,752260

SNP_235

0,923336

SNP_174

0,747466

SNP_98

0,918217

SNP_116

0,744754

SNP_20

0,917470

SNP_81

0,738201

SNP_215

0,915637

SNP_214

0,737715

SNP_106

0,901022

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

BCT

ID

Importance

ID

Importance

SNP_168

1,000000

SNP_29

1,000000

SNP_110

0,975997

SNP_203

0,988653

SNP_55

0,969439

SNP_196

0,970571

SNP_138

0,940204

SNP_49

0,957107

SNP_133

0,936060

SNP_117

0,954703

SNP_243

0,928845

SNP_94

0,952849

SNP_32

0,927161

SNP_52

0,948148

SNP_117

0,911127

SNP_141

0,941713

SNP_53

0,880937

SNP_164

0,940006

SNP_63

0,870707

SNP_89

0,937367

SNP_39

0,864022

SNP_193

0,933106

SNP_164

0,858036

SNP_167

0,932262

SNP_114

0,855557

SNP_212

0,929730

SNP_204

0,854621

SNP_146

0,928384

SNP_214

0,848016

SNP_5

0,924393

SNP_3

0,847823

SNP_188

0,919397

SNP_37

0,826779

SNP_190

0,915334

SNP_198

0,825730

SNP_60

0,913317

SNP_58

0,824414

SNP_134

0,913162

SNP_128

0,820020

SNP_66

0,912218

SNP_66

0,807884

SNP_125

0,907463

SNP_137

0,804695

SNP_142

0,907026

SNP_82

0,803882

SNP_198

0,903786

SNP_248

0,802961

SNP_194

0,897217

SNP_196

0,801841

SNP_138

0,896797

TABLE 4. CANDIDATE SNPS OF RF AND
BCT FOR SCENARIO-2

TABLE 3. CANDIDATE SNPS OF RF AND
BCT FOR SCENARIO-1
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Random Forest

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

BCT

ID

Importance

ID

Importance

SNP_55

1,000000

SNP_162

1,000000

SNP_122

0,981684

SNP_32

0,988141

SNP_65

0,941252

SNP_208

0,975591

SNP_234

0,934037

SNP_73

0,964664

SNP_12

0,918491

SNP_82

0,940357

SNP_127

0,912612

SNP_55

0,939895

SNP_162

0,886872

SNP_234

0,933798

SNP_82

0,870037

SNP_159

0,930454

SNP_206

0,852398

SNP_146

0,916957

SNP_52

0,845899

SNP_201

0,915959

SNP_203

0,840457

SNP_225

0,915955

SNP_28

0,833931

SNP_45

0,915557

SNP_33

0,829479

SNP_109

0,914432

SNP_243

0,827988

SNP_179

0,913796

SNP_126

0,807092

SNP_122

0,909728

SNP_11

0,803668

SNP_54

0,906596

SNP_109

0,787126

SNP_182

0,904730

SNP_44

0,782515

SNP_112

0,901729

SNP_114

0,777987

SNP_117

0,890111

SNP_41

0,774939

SNP_33

0,889008

SNP_32

0,768130

SNP_181

0,888039

SNP_95

0,767266

SNP_139

0,881643

SNP_181

0,763061

SNP_65

0,880969

SNP_179

0,762316

SNP_2

0,879936

SNP_178

0,758349

SNP_101

0,871455

Random Forest

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

BCT

ID

Importance

ID

Importance

SNP_192

1,000000

SNP_55

1,000000

SNP_209

0,893047

SNP_9

0,997210

SNP_237

0,863267

SNP_237

0,978312

SNP_48

0,821545

SNP_179

0,955956

SNP_84

0,808474

SNP_248

0,951700

SNP_109

0,801283

SNP_197

0,925797

SNP_117

0,791302

SNP_160

0,924897

SNP_114

0,782066

SNP_126

0,921577

SNP_176

0,768793

SNP_51

0,920514

SNP_179

0,767582

SNP_27

0,916935

SNP_191

0,766161

SNP_39

0,913837

SNP_173

0,756176

SNP_207

0,912369

SNP_126

0,753730

SNP_191

0,899211

SNP_232

0,741239

SNP_93

0,898987

SNP_50

0,734126

SNP_141

0,888709

SNP_51

0,728536

SNP_109

0,887507

SNP_27

0,726513

SNP_152

0,884841

SNP_180

0,725058

SNP_175

0,884139

SNP_246

0,718852

SNP_97

0,883145

SNP_76

0,712416

SNP_121

0,877396

SNP_248

0,709986

SNP_220

0,871747

SNP_149

0,698610

SNP_165

0,864697

SNP_169

0,697740

SNP_112

0,861576

SNP_197

0,695042

SNP_62

0,859511

SNP_228

0,687709

SNP_139

0,849392

TABLE 6. CANDIDATE SNPS OF RF AND
BCT FOR SCENARIO-4

TABLE 5. CANDIDATE SNPS OF RF AND
BCT FOR SCENARIO-3
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Random Forest

BCT
Random Forest

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

ID

Importance

ID

Importance

SNP_11

1,000000

SNP_70

1,000000

SNP_201

0,949811

SNP_153

0,974120

SNP_94

0,872233

SNP_205

0,950896

SNP_70

0,859832

SNP_102

0,943200

SNP_65

0,848290

SNP_246

0,930222

SNP_183

0,844200

SNP_203

0,918532

SNP_109

0,842769

SNP_96

0,916731

SNP_102

0,833246

SNP_178

0,916509

SNP_92

0,808293

SNP_74

0,894151

SNP_193

0,800399

SNP_109

0,889533

SNP_43

0,796304

SNP_160

0,886587

SNP_72

0,790664

SNP_135

0,881401

SNP_227

0,763785

SNP_77

0,880411

SNP_237

0,752423

SNP_80

0,873486

SNP_2

0,749156

SNP_39

0,872218

SNP_222

0,738785

SNP_89

0,868884

SNP_203

0,728110

SNP_151

0,864424

SNP_75

0,726361

SNP_177

0,852546

SNP_89

0,703671

SNP_11

0,850007

SNP_17

0,701898

SNP_166

0,849658

SNP_231

0,697243

SNP_188

0,847968

SNP_163

0,688844

SNP_193

0,841519

SNP_32

0,684740

SNP_68

0,836976

SNP_154

0,676353

SNP_215

0,834842

SNP_50

0,676201

SNP_194

0,827539

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

BCT

ID

Importance

ID

Importance

SNP_91

1,000000

SNP_199

1,000000

SNP_118

0,992817

SNP_194

0,985507

SNP_83

0,875436

SNP_82

0,971885

SNP_42

0,847452

SNP_168

0,941254

SNP_204

0,817658

SNP_159

0,932401

SNP_248

0,816969

SNP_239

0,931674

SNP_195

0,795890

SNP_231

0,929869

SNP_56

0,794459

SNP_93

0,929426

SNP_156

0,789508

SNP_216

0,928586

SNP_34

0,787466

SNP_121

0,925814

SNP_13

0,786718

SNP_109

0,922491

SNP_93

0,772294

SNP_49

0,915771

SNP_89

0,762397

SNP_130

0,911018

SNP_109

0,759209

SNP_56

0,905027

SNP_168

0,755241

SNP_23

0,888424

SNP_0

0,752866

SNP_156

0,875187

SNP_82

0,747431

SNP_204

0,869048

SNP_43

0,744559

SNP_38

0,854383

SNP_224

0,742970

SNP_189

0,848215

SNP_85

0,742700

SNP_167

0,847991

SNP_5

0,741342

SNP_116

0,844425

SNP_38

0,730775

SNP_115

0,829575

SNP_18

0,723806

SNP_48

0,823699

SNP_216

0,721967

SNP_10

0,822091

SNP_190

0,713494

SNP_117

0,821916

TABLE 8. CANDIDATE SNPS OF RF AND
BCT FOR SCENARIO-6

TABLE 7. CANDIDATE SNPS OF RF AND
BCT FOR SCENARIO-5
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Random Forest

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

BCT

ID

Importance

ID

Importance

SNP_136

1,000000

SNP_78

1,000000

SNP_34

0,970996

SNP_228

0,954355

SNP_78

0,858562

SNP_16

0,853067

SNP_57

0,811046

SNP_219

0,834136

SNP_155

0,809965

SNP_49

0,808122

SNP_139

0,784620

SNP_224

0,795456

SNP_219

0,770745

SNP_67

0,788563

SNP_22

0,696499

SNP_29

0,763834

SNP_121

0,693134

SNP_65

0,748984

SNP_248

0,678791

SNP_40

0,744792

SNP_89

0,673995

SNP_249

0,743867

SNP_107

0,657710

SNP_194

0,718713

SNP_76

0,648942

SNP_192

0,717142

SNP_207

0,632734

SNP_176

0,714120

SNP_192

0,632529

SNP_52

0,697850

SNP_176

0,624305

SNP_213

0,694604

SNP_109

0,621962

SNP_65

0,693114

SNP_224

0,603076

SNP_89

0,681244

SNP_223

0,584964

SNP_82

0,677971

SNP_249

0,567088

SNP_136

0,677724

SNP_56

0,563972

SNP_1849

0,666769

SNP_243

0,548853

SNP_139

0,659742

SNP_40

0,542401

SNP_227

0,656433

SNP_15

0,539152

SNP_199

0,653855

SNP_129

0,538303

SNP_92

0,648533

Random Forest

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

BCT

ID

Importance

ID

Importance

SNP_49

1,000000

SNP_15

1,000000

SNP_99

0,913036

SNP_168

0,978900

SNP_53

0,869040

SNP_177

0,952397

SNP_11

0,865413

SNP_38

0,893463

SNP_43

0,865356

SNP_184

0,880865

SNP_16

0,844197

SNP_99

0,874185

SNP_123

0,838766

SNP_58

0,857972

SNP_243

0,830758

SNP_113

0,835637

SNP_202

0,802597

SNP_14

0,835027

SNP_12

0,775888

SNP_79

0,799738

SNP_79

0,773715

SNP_206

0,798254

SNP_71

0,757014

SNP_247

0,790897

SNP_31

0,753188

SNP_73

0,789675

SNP_236

0,726661

SNP_42

0,789574

SNP_48

0,720638

SNP_37

0,775183

SNP_162

0,712210

SNP_243

0,769739

SNP_206

0,711227

SNP_91

0,765846

SNP_57

0,710998

SNP_5

0,765255

SNP_39

0,696643

SNP_45

0,763953

SNP_165

0,683374

SNP_7

0,760406

SNP_32

0,678151

SNP_71

0,757044

SNP_156

0,669771

SNP_28

0,752918

SNP_184

0,668575

SNP_16

0,748239

SNP_18

0,667693

SNP_53

0,738087

SNP_168

0,667632

SNP_18

0,734283

TABLE 10. CANDIDATE SNPS OF RF AND
BCT FOR SCENARIO-8

TABLE 9. CANDIDATE SNPS OF RF AND
BCT FOR SCENARIO-7
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Table.11.
RESULTS OF ONLY-MDR
Scenario1

Testing Acc.

CV Consistency

SNP192

0,6262

0,6015

8/10

SNP57* SNP114

0,6762

0,6460

4/10

SNP114* SNP132* SNP192

0,7168

0,6940

8/10

0,7352

0,6956

5/10

Testing Acc.

CV Consistency

SNP114*SNP192*SNP132*SNP136
Scenario2

TrainingAcc.

Training Acc.

SNP198

0,6290

0,5925

7/10

SNP196* SNP141

0,6757

0,6300

5/10

SNP198* SNP66* SNP164

0,7089

0,6585

2/10

0,7156

0,6638

2/10

Testing Acc.

CV Consistency

SNP198*SNP117*SNP196*SNP66
Scenario3

Training Acc.

SNP179

0,6490

0,6180

7/10

SNP55* SNP65

0,7030

0,6660

7/10

SNP33* SNP55* SNP65

0,7382

0,6600

3/10

0,7539

0,6720

3/10

Testing Acc.

CV Consistency

SNP33* SNP179* SNP65*SNP181
Scenario4

Training Acc.

SNP248

0,6404

0,5780

5/10

SNP176* SNP228

0,7051

0,6450

3/10

SNP51* SNP176* SNP237

0,7483

0,7170

6/10

SNP51*SNP176* SNP237*SNP197

0,7524

0,7120

5/10

Testing Acc.

CV Consistency

Scenario5

Training Acc.

SNP70

0,6740

0,6480

9/10

SNP70* SNP102

0,7253

0,6720

3/10

SNP11* SNP70* SNP102

0,7727

0,6720

3/10

0,7758

0,6925

3/10

Testing Acc.

CV Consistency

SNP11* SNP70*SNP89*SNP203
Scenario6

Training Acc.

SNP82

0,6478

0,5600

3/10

SNP18* SNP204

0,7136

0,6360

4/10

SNP18* SNP82* SNP204

0,7591

0,6120

5/10

0,7641

0,6230

6/10

Testing Acc.

CV Consistency

SNP18*SNP204*SNP82*SNP156
Scenario7

Training Acc.

SNP78

0,6822

0,5400

4/10

SNP57105* SNP223

0,7606

0,6200

4/10

SNP89506* SNP57105* SNP223

0,8239

0,6200

6/10

0,8725

0,6325

5/10

SNP89506*SNP57105*SNP40*SNP56
Scenario8

Testing Acc.

CV Consistency

SNP99

Training Acc.
0,6872

0,6450

9/10

SNP156* SNP168

0,7717

0,6550

5/10

SNP9* SNP184* SNP206

0,8294

0,6050

6/10

SNP9* SNP184* SNP206*SNP71

0,8879

0,6180

7/10
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Table.12.Results RF and BCT Based MDR for 8 Scenario
Scenario1-RF

Training Bal.Acc.

Testing Acc

CV
Consistency

SNP192

0,6135

0,6025

8/10

SNP57* SNP114

0,6912

0,6638

7/10

SNP114* SNP132* SNP192

0,7167

0,7125

10/10

SNP114* SNP132*

0,7458

0,7340

9/10

0,7818

0,6840

6/10

0,8321

0,6835

6/10

SNP192*SNP136
SNP38* SNP114* SNP116*
SNP162* SNP239
SNP38* SNP72* SNP114*
SNP132* SNP192* SNP239
Scenario1-BCT

Training Bal.Acc.

Testing Acc

CV
Consistency

SNP201

0,6261

0,6065

9/10

SNP71* SNP186

0,6759

0,6560

7/10

SNP71* SNP186* SNP194

0,7119

0,6765

4/10

SNP71* SNP114* SNP186*

0,7443

0,6765

6/10

0,7840

0,6845

6/10

0,8372

0,6565

7/10

Testing Acc

CV

SNP194
SNP15* SNP58* SNP73*
SNP230* SNP239
SNP14* SNP58* SNP78*
SNP186* SNP194* SNP228
Scenario2-RF

Training Bal.Acc.

Consistency
SNP133

0,6213

0,5845

7/10

SNP32* SNP164

0,6667

0,6010

3/10

SNP82* SNP204*248

0,7034

0,6595

5/10

SNP39* SNP53* SNP133*

0,7338

0,6705

3/10

0,7723

0,6655

6/10

0,8283

0,6515

5/10

Testing Acc

CV

SNP196
SNP32* SNP110* SNP117*
SNP133* SNP168
SNP110* SNP117* SNP137*
SNP138* SNP168* SNP198
Scenario2-BCT

Training Bal.Acc.

Consistency
SNP141

0,6184

0,5745

3/10

SNP117* SNP141

0,6744

0,6655

9/10

SNP5* SNP134* SNP167

0,7042

0,6510

5/10

SNP66* SNP141* SNP198*

0,7367

0,6570

6/10

0,7743

0,6580

5/10

0,8283

0,6385

6/10

SNP203
SNP117* SNP134* SNP141*
SNP167* SNP203
SNP117* SNP138* SNP167*
SNP188* SNP193* SNP212
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Scenario3-RF

Training Acc.

Testing Acc

CV

SNP179

0,6490

0,6180

7/10

SNP55* SNP65

0,7020

0,6910

9/10

Consistency

SNP33* SNP55* SNP65*

0,7358

0,6910

6/10

SNP33* SNP52* SNP55* SNP179

0,7728

0,6950

3/10

SNP12* SNP65* SNP122*

0,8231

0,6970

5/10

0,8856

0,6690

7/10

Training Acc.

Testing Acc

SNP179* SNP181
SNP12* SNP82* SNP122*
SNP126* SNP179* SNP206
Scenario3-BCT

CV
Consistency

SNP179

0,6490

0,6180

7/10

SNP65* SNP55

0,7020

0,6910

9/10

SNP55* SNP65* SNP182

0,7370

0,6820

3/10

SNP2* SNP122* SNP146*

0,7774

0,6840

3/10

0,8263

0,6700

5/10

0,8912

0,6600

6/10

Training Acc.

Testing Acc.

SNP179*
SNP45* SNP112* SNP122*
SNP162* SNP234
SNP32* SNP45* SNP82*
SNP112* SNP122* SNP201
Scenario4-RF

CV
Consistency

SNP248

0,6388

0,5990

7/10

SNP176* SNP228

0,7028

0,6790

6/10

SNP84* SNP176* SNP248

0,7438

0,6490

3/10

SNP27* SNP176* SNP192*

0,7814

0,7170

5/10

0,8270

0,6830

7/10

0,8880

0,6420

6/10

Training Acc.

Testing Acc

CV

SNP237
SNP27* SNP149* SNP176*
SNP232* SNP237
SNP27* SNP51* SNP169*
SNP176* SNP179* SNP237
Scenario4-BCT

Consistency
SNP248

0,6399

0,5810

5/10

SNP55* SNP237

0,6991

0,6800

9/10

SNP55* SNP97* SNP141

0,7364

0,6770

5/10

SNP126* SNP152* SNP237*

0,7743

0,6610

6/10

0,8250

0,6600

7/10

0,8919

0,6580

6/10

SNP248*
SNP51* SNP109* SNP126*
SNP152* SNP191
SNP51* SNP121* SNP160*
SNP179* SNP191* SNP220
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Scenario5-RF

Training Acc

Testing Acc

CV
Consistency

SNP70

0,6700

0,6700

10/10

SNP70* SNP154

0,7242

0,6900

5/10

SNP11* SNP70* SNP102

0,7707

0,7560

9/10

SNP11* SNP32* SNP70* SNP102

0,8127

0,7120

4/10

SNP32* SNP70* SNP102*

0,8716

0,7720

10/10

0,9284

0,6140

5/10

SNP109* SNP193
SNP32* SNP70* SNP89* SNP92*
SNP102* SNP193
Scenario5-BCT

Training Acc.

Testing Acc

CV
Consistency

SNP70

0,6700

0,6700

10/10

SNP70* SNP102

0,7227

0,6780

6/10

SNP11* SNP70* SNP102

0,7713

0,7320

8/10

SNP11* SNP70* SNP102*

0,8122

0,6820

5/10

0,8693

0,6640

6/10

0,9331

0,6360

7/10

SNP153
SNP70* SNP74* SNP153*
SNP166* SNP178
SNP70* SNP74* SNP77* SNP80*
SNP96* SNP153
Scenario6-RF

Training Acc.

Testing Acc

CV
Consistency

SNP82

0,6456

0,6100

5/10

SNP18* SNP204

0,7102

0,6700

7/10

SNP18* SNP82* SNP204

0,7580

0,6320

5/10

SNP18* SNP82* SNP109*

0,8107

0,6980

9/10

0,8711

0,7100

6/10

0,9316

0,5440

5/10

Testing Acc

CV

SNP204
SNP18* SNP82* SNP93*
SNP109* SNP204
SNP38* SNP56* SNP109*
SNP156* SNP168* SNP195
Scenario6-BCT

Training Acc.

Consistency
SNP216

0,6464

0,5900

5/10

SNP38* SNP216

0,7031

0,6540

8/10

SNP38* SNP117* SNP156

0,7513

0,6400

3/10

SNP93* SNP121* SNP189*

0,8002

0,6640

6/10

0,8629

0,6000

5/10

0,9228

0,5820

5/10

SNP216
SNP38* SNP93* SNP121*
SNP156* SNP216
SNP23* SNP56* SNP109*
SNP156* SNP189* SNP216
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Scenario7-RF

Training Acc.

Testing Acc

CV
Consistency

SNP78

0,6772

0,5650

4/10

SNP223* SNP57105

0,7572

0,6550

4/10

SNP109* SNP219* SNP223

0,8122

0,660

4/10

SNP40* SNP192* SNP224*

0,8772

0,6500

2/10

0,9467

0,8750

5/10

0,9911

0,8923

6/10

Testing Acc

CV

SNP243
SNP40* SNP78* SNP155*
SNP249* SNP22
SNP40* SNP78* SNP155*
SNP219* SNP224* SNP22
Scenario7-BCT

Training Acc.

Consistency
SNP16

0,6811

0,5600

6/10

SNP16* SNP194

0,7433

0,6400

6/10

SNP16* SNP65* SNP249

0,8033

0,6200

3/10

SNP136* SNP176* SNP194*

0,8717

0,6350

5/10

0,9439

0,6150

6/10

0,9906

0,5450

5/10

Testing Acc

CV

SNP199
SNP40* SNP136* SNP194*
SNP224* SNP228
SNP16* SNP40* SNP192*
SNP219* SNP224* SNP29
Scenario8-RF

Training Acc.

Consistency
SNP9

0,6767

0,5700

7/10

SNP156* SNP168

0,7650

0,7650

10/10

SNP53* SNP123* SNP168

0,8194

0,6350

4/10

SNP9* SNP71* SNP168* SNP206

0,8811

0,7050

5/10

SNP39* SNP49* SNP79*

0,9489

0,6000

6/10

0,9933

0,6750

7/10

Testing Acc

CV

SNP156* SNP168
SNP39* SNP48* SNP49* SNP71*
SNP12* SNP31
Scenario8-BCT

Training Acc.

Consistency
SNP18

0,6789

0,5450

3/10

SNP18* SNP53

0,7400

0,5900

5/10

SNP7* SNP58* SNP168

0,8117

0,7450

8/10

SNP7* SNP58* SNP99* SNP168

0,8767

0,6500

4/10

SNP7* SNP53* SNP71* SNP99*

0,9422

0,5950

6/10

0,9861

0,5550

7/10

SNP168
SNP7* SNP14* SNP53* SNP71*
SNP168* SNP243
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There are two sets of features and each was used to build a
support vector machines (SVM) model (Vapnik, 2000).

ABSTRACT

Marc Johannes et.al,(2011) introduced a [R] package
called “pathClass”. This package aims at providing the
user with comprehensive implementations of these
methods in a unified framework in order to allow easy and
transparent benchmarking. It is the first package
implementing several SVM-based algorithms that are
capable of incorporating network knowledge into the
classification process. These tool and packages are useful
for analyzing data. But none of them focused on genetic
data or genetic issues.

With technological improvements, we have a chance to
collect and save high dimensional genetic data. These
advantages arise with a potential difficulty of analyzing.
Many methods are useful to solve this problem. Main
issue is which method has robust and unbiased results. We
proposed a new tool which has a four different “subanalyze” steps: Dimension reduction, generalization,
classification and clustering. Users are able to choose
different combinations of methods and change their
parameters easily. In this way, they are going to find best
approaches for analyzing data. We have developed an
Java tool named “Gene E3” which is essential to genetic
research with data mining methods. Our tool is running R
scripts using RServe package.

OBJECTIVE
We aimed to create a tool that include all necessary
methods for analyzing high dimensional genetic data. Our
tool has four sub-dimension.
1. Dimension Reduction
2. Generalization
3. Classification
4. Clustering

INTRODUCTION
Analyzing high-dimensional data (i.e: microarray gene
expression, Single-Nucleotide Polymorphism (SNP)) is a
common problem for biologist. In recent years many tools
and packages was proposed from scientist. Some of them
focused on limited analysis ( only dimension reduction /
only clustering/ only classification) or some of them are
very hard to use from users whose backround is biology or
medicine.

We tried to create a tool on [R] software. Because [R]
increasingly provides a powerful platform for data mining.
(Graham J Williams,2009)
METHODS
All analysis share two user interface functions: bootstrap
and cross validation. Our tool currently supports two
dimension reduction methods, five classification methods,
two clustering methods,

One of the most important [R] tool for data mining is
“rattle”. “rattle” brings together a multitude of R
packages that are essential for the data miner but often not
easy for the novice to use. (Graham J Williams,2009).
“rattle” includes many analysis. (i.e: impute, rescale,
transform, decision tree analysis).

Dimension Reduction Methods:
“fastICA” Independent Component Analysis provided by
package fastICA.
“princomp” Principal Component Analysis provided by
package princomp-{stat}

In recent published paper,Yuanwei Zhang et.al (2011),
they developed a novel machine-learning tool with [R]
software, named miRD (microRNA Detection) for
accurate and efficient detection of novel pre-microRNAs.

1
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Classification Methods:

track the progress. Also the progress bar shows the status
and stage of the current run. The output data is currently
stored in a rdata file to be used later on R. On the other
hand summary of each method is printed to the results text
box in the interface.

"neural network analysis”, provided by package
AMORE (Therneau et al., 2009).
"svm" Support vector machines, “naiveBayes” naïve
bayes classification,
provided by package e1071
(Dimitriadou et al., 2009).
"randomForest" random forest analysis, provided by
package randomForest.

RServe
Our tool is running R scripts using RServe package by
Simon Urbanek [1]. RServe is a TCP/IP server which
allows creating remote R sessions. Each connection to
RServe has a separate workspace and can be linked
against R libraries which then be used by client-side
implementations.
This
approach simplifies
the
communication between R and programming languages
(Java, C, PHP). Simplicity of communication enables the
implementation of many tools. Thus, users can run
complex R scripts without editing R code or even having
any R knowledge.

Clustering Methods:
“kmeans” K-means clustering, provided by package kmeans-{stat}
“som” Self Organizing Map clustering, provided by
package Kohonen
APPLICATION

CONCLUSION

We have developed an Java tool which is essential to
genetic research with data mining methods. SWT
(Standard Widget Toolkit) (Steve Northover and Mike
Wilson,2004) is used to create a graphical user interface
(GUI) in Java. GUI abstracts the statistical background
and gives user the opportunity to use combinations of
statistical analysis methods without profound knowledge
of how these algorithms are implemented. User can
perform several steps to analyze genetic data such as,
Dimension reduction, generalization, classification and
clustering methods. These steps can executed optionally,
depending on whether they are necessary or not for the
specific case user trying to analyze.

Proposal tool is specific to genetic researches. Due to the
nature of this kind of data analysis, dimension reduction is
mandatory step. For this reason we have integrated
dimension reduction step to our tool. Whether or not using
this reduction step, users have many “analysis tracks”. We
have 32 different combinations. This optional usage has
many advantages. For instance you are not limited to use
“only clustering” or “only classification”. Some genetic
studies have highly correlated genes. Therefore dimension
reduction step is not enough to find best prediction model.
Probably extra clustering step solve this problem. In other
words “curse of dimensionality” is not valid belief for our
tool.

For each step, several methods can be used by user and
each of their performance can be observed. Provided
methods can be seen in the table X. Diversity of methods
gives the ability to compare lots of combinations (48
combinations) to analyze genetic data. Without a GUI
user must spend effort to combine all of the algorithms in
R scripts which would take a long time to implement and
require tough nerves to organize each of them. By using
our tool user can recreate and try each combination
limitless times without all of the effort.

Our the tool can run several methods and gives the ability
to run statistical analysis methods on genetic databases.
However estimating the best method selection and
optimum arguments for each method must be found by
running the tool a number of times. We will implement
two optimization tools, for method selection and argument
optimization respectively. With method selection
optimization, user can select more than one method in any
step. Each of the combinations will be run, results will be
given in separate files and performance of each method
can be compared by summaries on the GUI. Argument
optimization will be done by specifying intervals for
several arguments of methods. Results of each run will be
printed ordered by their performance. These optimization
methods will facilitate the analysis of genetic data.
Another future plan is not the only an interface though.
We are working on a [R] package without using the “Gene
E3” Java GUI. Our implementation is weak in terms
of graphics. We are working on graphical interface for all
“tracking of methods”.

Methods can be customized to fit genetic data by using the
button next to the method selection drop-down menu.
Important arguments of the R methods are listed in the
pop-up window. RF, SVM, ICA methods’ arguments can
be seen in Figure 2-3-4. These customizations give the
ability to test different settings and almost complete R
functionality. This is very important to find the optimal
parameters of methods. Users are able to find different
combinations of parameters. Standard outputs of R
methods are printed throughout the run time of analysis to
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Method Category

Methods

Dimension
ICA
Reduction Method PCA
Generalization
Method

Bootstrapping
Cross Validation

Classification

SVM
Random Forest
Naive Bayes
Neural Network

Clustering

K-Means
Kohonen

TABLE 1. METHODS AND THEIR CATEGORY
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ABSTRACT
With recent healthcare legislation in the United States
mandating the move to electronic healthcare records, the
healthcare industry will need the scalable solutions
provided by cloud computing. At the same time,
healthcare providers could move their data to semantic
systems to enable efficient knowledge reengineering and
integration of patient data to improve patient care and
support evidence based medicine. However, healthcare
organizations have a conflicting legal and ethical
requirement of keeping strict control of the personal
health information. Therefore, to effectively secure
semantically linked patient data in the cloud, identifiable
literal values must be encrypted. Multi-user access and the
minimum access principle requires a key storage strategy
as dynamic as the semantically linked data itself. We
propose a 4-service architecture for securing semantic
data: application service, data service, key storage service,
and authentication service. If properly implemented, the
code for this architecture can be open-source, and also
satisfy all the requirements of healthcare organizations.
INTRODUCTION
Recent healthcare legislation in the United States
promotes the use of electronic healthcare records (EHR),
as well as imposing penalties for failing to use them [1].
Many healthcare providers are looking to cloud-based
architectures to support their compliance with new EHR
requirements, rather than make costly and continual
investments in informatics infrastructure.
Simultaneously, the dynamic environment and
frequent repurposing of data for a variety of applications
has led to an increased awareness of knowledge
reengineering [2]. As an example, consider the frequent
use of healthcare records, originally gathered in clinical
settings, in bioinformatics research. Semantic web, or
linked data, technologies allow on-the-fly reengineering
of healthcare knowledge to support new applications, e.g.
[3].
Although both advanced knowledge reengineering
tools based in the semantic web [4] and techniques for
securing electronic patient data in the cloud [5] exist, no

1

current architectures provide a framework for addressing
these concerns together. This paper presents such an
architecture.
We propose a 4-service architecture for securing
semantic data: application service, data service, key
storage service, and authentication service. In this
architecture, each service is accessed via a Uniform
Resource Locator (URL), with an end users client
interface providing the linkage between the services. Data
security is provided by encryption of all protected literal
values in the semantic web of healthcare data; access
control is achieved by encrypting each literal value with a
unique key.
First, we provide a background overview of cloud
computing, data security in the cloud, and the semantic
web. After outlining our proposed architecture, we
provide comments on each component in detail.
Following a discussion of these results, concluding
remarks are given.
PROBLEM DECOMPOSITION USING CONCEPT
MAPS
The problem of securing linked patient data is
fundamentally transdisciplinary in nature, falling between
the disciplines of the semantic web and data security. As
is often the case in such discipline spanning problems,
very little existing research, and no existing solutions, can
be found. Using techniques developed for such
unstructured problems [6], an initial decomposition of the
problem space was created (Fig. 1).
Decomposing the design space identified four key
areas that must be addressed: data storage, key storage,
application code, and authentication. Additionally, the
concept of linked data requires the ability to share the data
without compromising its security
CLOUD COMPUTING AND DATA SECURITY
Cloud computing is a term used to describe a wide
variety of services, technologies, and approaches to
computing. Fundamentally, cloud computing involves a
separation of application and infrastructure; applications
and their users need not know the underlying physical
hardware on which they are running. In many cases, cloud
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computing simply involves the purchase of automatically
scaling computing power, data storage, and network
bandwidth from a third-party.
Cloud Architectures
Cloud computing services generally fall into three
categories: Software as a Service (SaaS), Platform as a
Service (PaaS), and Infrastructure as a Service (IaaS) [7].
SaaS represents cloud-based applications. These
applications may be strictly web-based, such as Google
Docs, or may also have installable clients, such as
Mendeley. Web based applications have the advantage of
a high degree of platform independence, while installable
clients provide applications the ability to perform tasks
generally forbidden to web based applications (e.g., local
file creation).
PaaS provides a platform, such as the Linux, Apache,
MySQL, PHP (LAMP) stack for a developer to build their
own application on. Microsoft’s Azure cloud framework
represents another example of PaaS; Azure allows
applications to access additional resources and scale as
needed, while minimizing infrastructure costs during
periods of low demand.
At the lowest level, IaaS simply provides either
virtual servers or virtual file systems, leaving both the
platform and application layers to the client. IaaS allows
clients to migrate their current platform and application
layers into a more scalable environment. Virtual file
systems, in particular, can be used for storage of very
large data sets, while allowing a client to only pay for the
capacity used.

However, to ensure maximum protection against
information security breaches, we propose that a higherlevel framework than exists in most cloud services is
required.
THE SEMANTIC WEB OF LINKED DATA
Linked Data Formats
A given entity must meet two requirements to be a
part of the semantic web: it must have a Uniform
Resource Identifier (URI), and it must be part of at least
one triple. The first requirement allows the entity to be
uniquely identified, while the second provides the linkage
to the rest of the semantic web.
A triple comprises three parts: subject, predicate, and
object. Objects may be literal values. The W3C standard
Resource Description Framework (RDF) provides the
language for describing such triples. To assign particular
meaning to entities within the triples, to constrain the set
of “legal” triples, and to enable the capture of higher-level
metadata, W3C provides RDF Schema (RDFS) and Web
Ontology Language (OWL).
Knowledge Reengineering

When encrypting data within a database management
system (DBMS), the encryption can take place either
within the DBMS, at the application layer, or in a middle
tier [8]. The number of encryption keys required must also
be determined, along with a method for storing and
controlling access to the keys.
The best protection of keys is achieved by storing
them in a separate, encrypted database. In most scenarios,
these keys should never be accessible by users of the data.
Current schemes for accomplishing this make use of a
three-tiered architecture (e.g., KERBEROS, InCommon).

Although the field of knowledge engineering has
provided longstanding methodological guidance in the
acquisition and representation knowledge in a formal
language, the expansion of the semantic web and the
frequent re-use of knowledge has led to an increasing
need for knowledge re-engineering [2].
Traditional, relational database management systems
provide little support for effective knowledge reengineering. Before a new application can make use of
data stored in such a format, it must discover or be
provided with the database schema, which describes the
relationship between the various elements of data. When
the owner of the data changes the schema, applications
using the data are likely to break.
Data stored in the semantic web alleviates these
issues by allowing relationships between data elements to
be readily modified and discovered by applications. At the
same time, the semantic web allows an application to
easily describe its own perceived relationships between
external data elements.

Security Standards Compliance

Simple Sloppy Semantic Database

Compliance with information security standards, such
as HIPAA [9] or GLB [10], requires both a degree of duediligence on the part of cloud services clients and
potentially a contractual arrangement transferring
culpability to the cloud service provider in case of a
breach. Many cloud service providers use a two-tier
model to ensure data security: encryption of data-in-transit
and data-at-rest, and a principle of least-access model
when assisting clients with their service instances [5].

The Simply, Sloppy, Semantic Database (S3DB) is a
conceptual framework developed to provide two additions
to the semantic web: separation of domain and
instantiation, and a flexible permission system [4].
Separation of domain from instantiation is provided
by the S3DB core model (Fig. 2 of [4]). Briefly, the core
model allows the abstraction of items, or particular
instances of data, into collections, which are similar
conceptually to “classes” or “types”. Statements represent
triples, comprising an item as subject, and item or literal
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as object, and a rule or item as the predicate. Rules are
simply statements used as the predicate of another
statement.
As an example, consider two collections: Students
and Schools. As we add items, they instantiate the
collections: Ravi and Victoria are instances of Students;
Columbia High and Stratholme Elementary are instances
of Schools. A rule is constructed, stating “Students attend
Schools.” Instances of this rule would represent
statements: “Ravi attends Columbia High” and “Victoria
attends Stratholme Elementary”.
The S3DB prototype’s (http://www.s3db.org)
permission system allows users to receive or be denied
permission to view, edit, or use at either the domain
(collections and rules) or instantiation level (items and
statements). For instance, one user could be given
permission to see the collection of Schools, and would
thus be allowed to view all items belonging to that
collection. The same user could be denied permission to
view a particular item, Stratholme Elementary, and thus
would be able to see only the other items in the collection
of schools.
ARCHITECTURE FOR SECURING THE
SEMANTIC WEB
Architectural Overview

5. Fax numbers
6. Email addresses
7. Social security numbers
8. Medical record numbers
9. Health plan beneficiary numbers
10. Account numbers
11. Certificate/license numbers
12. Vehicle identifiers and serial numbers
13. Device identifiers and serial numbers
14. Biometric identifiers
15. URLS
16. IP addresses
17. Full-face photographic images
18. Any other identifying numbers
The literal value for any of these items is the portion of
the triple that must be encrypted.
Since S3DB provides permission resolution down to
the individual triple level, and only those users with
correct permission should be able to decrypt a given literal
value. This requirement necessitates the key store
maintaining the same level of flexibility in permission and
separation of domain from instantiation as the data store.
Additionally, ensuring that a given user can only decrypt
as little as a single literal value requires that each literal
value have a unique key.
CONCLUSION

Our proposed architecture for securing the semantic
web comprises four service tiers (Fig. 1): key storage, data
storage, authentication, and application code. Each of
these elements is identified with a Uniform Resource
Identifier (URI).
Both the key and data storage are marked in Fig. 1 as
instances of S3DB data stores. The S3DB framework is
necessary here to provide the robust and flexible access
control required for medical data applications.
In this architecture, the client, or user, of an
application, acquires the application code from the
application code service. The application, running on the
client’s machine, requests the authentication provider to
authenticate the client with the data store, and then
requests data from the data store. For any encrypted
values that need to be returned to the client, the data store
requests the keys from a key store. The key store, after
authenticating the client, provides the keys to the data
store, which in turn decrypts the data in memory and
returns the requested values to the client.
Encryption Strategy
Our architecture calls for the encryption of all
identifiers, as defined by HIPAA [9]:
1. Names
2. Geographic subdivisions smaller than a state
3. Elements of dates (except year) related to the
individual (e.g. birth date, appointment date)
4. Telephone numbers

3

To effectively secure semantically linked patient data,
identifiable literal values must be encrypted. Multi-user
access and the minimum access principle require a key
storage strategy as dynamic as the semantically linked
data itself. We propose a 4-service architecture for
securing semantic data: application service, data service,
key storage service, and authentication service. If properly
implemented, the source code for this architecture can be
open-source, enabling maximum scrutiny.
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surviving the fittest defines the rule for every living being.
Through the long evolutionary process, living creatures
gain the best scheme to survive. Learning from the
evolution process, researcher designed bio-inspired
systems to extract the interesting features from living
creatures. In circuit design area, evolvable hardware is
such a branch of bio-inspired systems design.
However, evolvable hardware is a relatively young
research area. It has been actively researched in the early
1990s. There are generally two kinds of evolvable
hardware research. One is evolutionary circuit design, the
other is adaptive circuit design. The advantages lie in
several aspects: 1) Circuit design for layman is made
possible. One person doesn’t have to have detailed circuit
design knowledge to design circuits. The “smart”
evolutionary algorithm could do the job; 2) EHW could
find solutions by exploring the search space. This means
for certain kind of problems it find solutions easily 3) Real
design automation is possible. This means by only giving
the inputs and outputs of the circuit, the circuit is
automatically generated; 4) Evolvable hardware could
adapt to the new environment by changing its own
structure, therefore self-repair circuit becomes possible.
In other words, evolvable hardware is a new bioinspired technique which uses evolutionary algorithms
(EA) to auto-configure and optimize circuits. By
exploring a large search space, EHW may find solutions
for a task which is unsolvable or difficult to solve. In
some cases, the method may find better solutions than
those found using the traditional design methods. Instead
of manually designing a circuit, only input/output
relations are specified. The circuit is automatically
designed using an adaptive algorithm inspired from
natural evolution. Circuit structures and parameters are
encoded as chromosomes using one of several predefined
encoding methods. EA generates random bit-sequences as

ABSTRACT
This paper explores an approach in which
cardiovascular system is modeled by digital logic circuit
based on ECG and ABP signal samples as input and
output respectively. In our exploratory experiments, three
combinational circuits were extrinsically evolved using
genetic programming as the evolutionary algorithm and
mutual information as the fitness function. In our
experiments using MATLAB, we demonstrated that the
proposed method could fit the input-output relationship as
recorded samples piece-wisely in which each piece
contains monotonic input data. The model we proposed is
a self reconfigurable digital circuit model based on input
and output information. It’s safe to conclude that the
model is adaptive to changes based on different patient’s
unique ECG and ABP signals since the I/O information is
also changed.
INTRODUCTION
The purpose of this paper is to build an adaptive
digital circuit model for cardiovascular system based on
ECG and ABP signal samples as input and output
respectively. More specifically, we applied information
theory concepts to the evolvable hardware (EHW)
(Garrison 2006) field to build a combinational logic
circuit model. The mutual information is used as fitness
function design, and genetic programming is used as the
evolutionary algorithm. We will start with the explanation
of the technique followed by the ECG-ABP application.
Evolvable Hardware (EHW)
Living creatures have successfully survived on earth
during the past four billion years. Mother Nature by
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and GP tree structure makes GP an appropriate
evolutionary algorithm for this work. In addition, the
approach was applied to model an adaptive cardiovascular
system based on ECG and ABP signal samples as input
and output respectively.
The paper is organized as follows. Section II describes
the fitness function design, the GP application to circuit
design, and the experiments of evolutionary circuit design.
Section III presented the cardiovascular system based on
ECG and ABP signals. Section IV shows the design and
implementation of the combinational logic circuit model
of the cardiovascular system. Section V discusses the
results. Section VI concludes the paper.

chromosomes for circuit configuration. A fitness value is
then calculated and used to guide the evolutionary
process. Fitness is an indicator of the quality of the
solution expressed by a particular chromosome. The
process is shown in Fig.1.
Evolutionary algorithm uses simple encoding
techniques to represent different structures. Different
encoding method, selection strategy and genetic operators
constitute different evolutionary algorithms. Genetic
Algorithm
(GA),
Genetic
Programming
(GP),
Evolutionary Programming (EP), and Evolutionary
Strategy (ES) are four EAs that are commonly used in
EHW. All Algorithms have a common design flow as
shown in Fig.2.
A more detailed example to illustrate the EHW
concept is shown in Fig.16. The example is to design a
simple combinational logic circuit y(a, b, c d) = a OR b
OR c OR d. In this example, the configuration strings
generate a circuit based on the predefined encoding
method, a fitness value is calculated then, which is 14, but
for a 4 input circuit, the fitness value should be 16, so EA
operators such as mutation is applied to the configuration
strings. After mutation, a new circuit is generated, and the
fitness value is recalculated, which is 16. The right circuit
is generated.
GP (Koza 1992) can be viewed as a variant of the GA
in the form of parameterized topology. Traditionally, GP
evolves computer programs using the representation of
tree structures. The programming tree is composed of
terminal sets and function sets. Every tree node has an
operator function, and every terminal node has an
operand, making mathematical expressions easy to evolve
and evaluate. The main operators used in GP are crossover
and mutation. Crossover exchanges the parts of two
parents at a chosen node while the rest remain the same.
Mutation replaces the subtree with a randomly generated
new tree from a random node.
The reason for using information theory as the basis
for the fitness function design is the stochastic nature of
the evolutionary process. Cook and collaborators (Cook
1973) have shown that the entropy of a logical network is
sensitive to types of gates, number of inputs, outputs, and
connections. Consider the evolution process of a logic
circuit in terms of a truth table; the start point can be
represented as the entropy of the target function T, H(T).
As the process continues, the candidate solutions could be
estimated by the conditional entropy of target function T
and candidate solution output C, H(T|C). Let’s think of
generations of the candidate solutions, Ci,i>=0, we have
H(T)>H(T|C1)>…>H(T|C)=0, where H(T|C) =0 is the
solution found by EA.

MODEL FORMULATION
In the digital IC design field, the chip size shrinks
while the number of transistors on a single chip increases.
It is less important but desirable to design circuits with a
minimum number of components. One purpose of this
paper is to design the target combinational logic circuits
with a minimum number of gates, or a minimum number
of MOSFETS using an evolutionary approach by applying
information theory.
Information Theory
The foundations of information theory are uncertainty
and the measure of uncertainty. Shannon’s Entropy is the
most commonly used measure of information. The
entropy, or average information, is a measure of
information content or the uncertainty of an event.
Entropy reflects the amount of disorder of a system. The
Shannon entropy of a variable x is
1
(1)
H ( x ) = ∑ p ( x ) log 2
[ p ( x )]
where p(x) is the probability that x is in the state of x.
The conditional entropy describes the entropy of a
probability distribution for the random variable y
conditioned on a probability distribution for the random
variable x
1
(2)
H ( y | x ) = ∑ ∑ p ( x , y j ) log
p
(
y
i
j
j / xi )
which describes the entropy of a probability distribution
for the random variable y conditional on a probability
distribution for the random variable x. The joint entropy is
as below:
1
(3)
H ( x , y ) = ∑ ∑ p ( x , y j ) log
p( xi , y j )
i
j
which measures how much entropy is contained in a
joint system of two random variables. Mutual information
is the information shared between a transmitter (T) and a
receiver (R) of a communication channel as below:
MI(T,R) = H(T) + H(R) – H(T,R) = H(T)-H(T/R)
(4)

Objective
This paper evolves combinational logic circuits with
pure GP structure using mutual information as the fitness
function. The similarity of the circuit synthesis network
2
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• Population size: 100
• Crossover rate: 0.7
• Mutation rate: 0.3
• Generation: 200
The experiment was repeated 10 times. Each time GP
found a solution within minutes.
The experimental results are compared with previous
work in Table 4.

Fitness Function Design
Mutual information is employed for the fitness
function in this paper. Here is an example of mutual
information concepts that apply to this paper. If T is the
target output of the circuit to be designed (seen as a
vector), and C is the output of any solution found by GP,
both T and C are columns of the truth table, then in (4)
above the fitness is the maximum of the mutual
information of T and C,
MI(T,C)=H(T)-H(T|C)
(5)
where H(T) is a constant since the target is already
known. The fitness function (5) is equivalent to finding
the minimum of conditional entropy H(T|C). For example,
if GP found a solution, C=T, the conditional entropy
H(T|C)=0. The mutual information increases when the
evolved circuit output approaches the target circuit output.

CARDIOVASCULAR SYSTEM BASED ON ECG
AND ABP SIGNAL
Many patients’ ECG (Electrocardiogram) and ABP
(Arterial Blood Pressure) signal samples were
synchronously recorded and provided to us by
collaborating research personnel in the liver transplant
center at Mayo Clinic. The Fourier series analysis of the
ECG and ABP signals has been studied and the research
discoveries of the energy patterns of the ECG and ABP’s
essential harmonics have been published in (Ebenal et al.,
2007a) and (Ebenal et al., 2007b).
Building on our previous works (Xiong 2011), this
paper investigates the feasibility of creating a digital
system model for cardiovascular system. This is based on
the understanding that ABP (Arterial Blood Pressure)
waveforms are the cardiovascular system responses of the
heart pumping impulses (ECG is the close representation
of them). A digital filter model of cardiovascular system
based on the ECG input and ABP output and its Pole-Zero
plot display has been studied in (Vasana & Rivera, 2009).
The approach described in the paper attempts to use a
digital combinational logic circuits to have a “black-box”
model of the heart and the cardiovascular system of a
patient. This digital system break down an ECG signal to
monotonic pieces which model going through the
different stages of the heart pumping process and
generates the outputs which match with the corresponding
ABP signal. This model also can be used to gain insights
about human heart function and cardiovascular system in
further modeling.
The electrical activity in a human heart is assumed as
a periodic cycle that starts with the trigger of the sinoatrial
(SA) node and ends with the spreading of electric charge
across the ventricles. The associated mechanical functions
of the heart facilitate the recycling of blood through the
lungs and the rest of the body through periodic
contractions and relaxations of different compartments of
the heart analogous to the relevant electrical signal
activity. This synchronized work cycle of a human heart is
illustrated in an ECG simulation in Fig. 21.

GP Algorithm
The GP algorithm used in the experiments is described
below.
Initial population: For EAs, the size of the population
plays an important role in the search space. The
population size chosen in this paper is based on previous
work and experiments.
Representation: The circuit is represented as trees with
Boolean operators. The function set is AND, OR, XOR,
NOR, and NAND gates. The terminal set is the variables
specified in the expression. Crossover:
Crossover points are randomly chosen. One example of
crossover operation is shown in Fig.3.
Mutation: Mutation is carried out with relatively low
probability.

Experimental Environment and Setup
One experiment is implemented in MATLAB to
demonstrate the proposed method. We evolved a random
minterm expression to find an optimal design as an
alternative to the traditional K-MAP design method.

Experiment Results
The random 4 input minterm expression circuit
F(A,B,C,D)=∑(0,1,2,3,4,6,8,9,12) was easily evolved in
the demonstration experiment. The circuit designed using
the traditional K-map method is shown in Fig.4, and the
circuit with evolutionary design is shown in Fig.5(in order
to comply with conventional schematic structure, we
rotate the tree structure to draw the schematics). The
evolutionary design used only 6 gates compared to 13
gates for the traditional design. The GP operators of this
experiment were as follows
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We carried out an experiment to build an
evolutionary combinational logic circuit for the proposed
system. The particular evolutionary method has been
reported (Xiong 2011). As the waveform shows, the
waveforms look like analog signals, in order to digitalize
the signals for the analysis. We adopted A/D, and D/A
converting techniques. The design flow diagram is shown
in Fig.17.
The signals are assumed as periodic signals. The ECG
signal is naturally difficult to digitalize compared to ABP
signals. One cycle of the signals is shown in Fig.7.
In order to check the feasibility of our method, the
first ¼ cycle of the signal was sampled to carry out the
experiment. After 16 level digitalizing, we obtained a
truth table of the two signals. The truth table is shown in
Table 1.
This is a multiple outputs system with 4 inputs and 4
outputs. After observing the truth table, the problem could
be reduced to a 4 inputs, 2 outputs problem, since outputs
Y2, Y3, and Y4 are the same. The evolved circuit is
shown in Fig.8. The simulation of the circuit is shown in
Fig.18.
From the experimental results, we can conclude that
the approach is feasible, but as expected, the result is
relatively coarse. We wanted to come up with a more
accurate model; therefore we employed a “divide and
conquer” method to tackle the problem. The waveform is
divided into small segments and evolved separately. After
applying the incremental evolution approach, the model is
made more accurate. In fact, in principle we can make the
model as accurate as desired. We sampled the QRS
complex to carry out the other experiments. The
waveform is shown in Fig.19. The first half and the
second half of the waveform were evolved separately. The
first half of the QRS signal is shown in detail in Fig.10
and 13. We also obtained the truth table, which is shown
in Table 2.
After observing the truth table, the problem could be
reduced to a 4 inputs, 3 outputs problem, since outputs Y2
and Y4 are the same. The evolved circuit is shown in Fig.
12. The simulation result is shown in Fig.19.
Similar appraoch was applied to the second half of the
QRS signal. The second half of the QRS is shown in
Fig.13 and Fig.14. The truth table is shown in Table 3.
The problem was reduced to a 4 inputs, 2 outputs
problem, since outputs Y1, Y3, and Y4 are the same. The
evolved circuit is shown in Fig. 15. The simulation result
is shown in Fig. 20.

Electrocardiogram (ECG) waveforms
All this activity produces electrical waves we can
measure. The measurement is typically represented as a
graph called an electrocardiogram (ECG). Here is a
typical example of three heartbeats from an ECG (Fig.22).
As observed in the simulation of the ECG waveform
from Fig.22, the electrical signal response of the heart’s
activities can be broken into three major waves; the Pwave, the QRS-complex and the T-wave. A healthy
human heart must, in most cases, be able to generate an
ECG waveform with all three of these waves with
consistency. Any variations in their sizes beyond a certain
threshold or any variations in the time periods of the Pwave, the QRS-complex and the T-wave or between two
waves are not desirable. Hence, any such observations are
potential detections of heart defects or diseases. Each part
of the trace is identified as an individual wave:
1) P wave - coincides with the spread of electrical
activity over the atria and the beginning of its
contraction.
2) QRS complex - coincides with the spread of
electrical activity over the ventricles and the
beginning of its contraction.
3) T wave - coincides with the recovery phase of the
ventricles.

Arterial Blood Pressure (ABP) waveforms
ABP waveform, on the other hand, provides
mechanical information on cardiovascular circulation. It
is related to the systolic wave, the tidal wave and the
diastolic wave, or can be broken down into systolic and
diastolic pressure points, as well as the dicrotic notch.
Fig.23 shows a typical ABP signal waveforms.
This research focuses on analyzing and modeling the
cardiovascular
system,
using
raw
ECG
(Electrocardiogram) and its corresponding ABP (Arterial
Blood Pressure) signals. The analog information, ABP
and ECG signals, were captured and converted into digital
data that could be analyzed and modeled using digital
devices. The two signals become data streams sampled
simultaneously so that they can be modeled for an input
output relationship. Then digital circuits were designed
which piece wisely fit with the input-output relationship.
Using digital circuit model be loaded onto a Xilinx Vertex
II Pro FPGA, we can see how closely the device can
emulate the ABP output based on a know ECG input.

DIGITAL CIRCUIT MODEL FOR THE
CARDIOVASCULAR SYSTEM

DISCUSSION AND FUTURE WORK
As we can see from the experimental results, the
evolved circuit has very interesting structures (use NAND
as inverter), which is quite different from human designs.
The advantage of the method in this paper is that the
doctors or medical personals do not have to know circuit

In this paper, we explored the evolutionary design
approach to build a self-reconfigurable and self-adaptive
analysis model for ECG and ABP signals. A sample ECG
and ABP waveform sample is shown in Fig.6.
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design knowledge to come up with the circuit model, the
“smart” evolutionary algorithm does the job for them.
Also, this is a self-reconfigurable digital circuit model. By
giving only inputs and outputs, the circuit is automatically
generated. This feature is especially useful for medical
simulation purposes for personalized applications. .
There are tradeoffs between accuracy and
implementation cost. If we want a more accurate model,
we need to use a higher level of A/D and D/A. The
implementation cost could be increased or unchanged if
integrated into a IC.
As we noticed that the range of ABP signal is quite
close, and in order to get a higher accuracy, we have to
use higher level of A/D and D/A. If we stick with
combinational logic circuit, that would result a huge truth
table. Sequential logic circuit could be a good alternative
solution. In addition, the state transition nature of a
sequential logic circuit may be designed accordingly with
the pumping states of the cardiovascular system. And the
assumed periodic feature of ECG and ABP also matches
well with sequential logic circuit features.
The experiments done in the paper is still coarse,
more levels of A/D and D/A samples will be tested and
verified in the future. We will also consider sequential
logic circuit modeling.

CONCLUSION
We proposed a method to evolve combinational logic
circuits by applying information theory. From the
demonstration experiment, we can support previous
research that applying information theory to circuit autodesign is promising.
Furthermore, we applied the proposed approach to
model an adaptive cardiovascular system based on ECG
and ABP signal samples as input and output respectively.
We also employed a “divide and conquer” method to get a
more accurate piece-wise model. Experimental results
show that the method is feasible scalable, and promising
as a personalized medical simulation tool..
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Fig. 4 Schematic of F(A,B,C,D)=∑(0,1,2,3,4,6,8,9,12)
circuit designed with K-map simplification
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Table 1 Sampled truth table for the ¼ cycle ECG and ABP
signals
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Fig. 5 Evolutionary solution for
F(A,B,C,D)=∑(0,1,2,3,4,6,8,9,12) circuit
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Fig. 8 Evolved circuits of the ¼ cycle of sample signals
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Fig. 12 Evolved circuit of the first half of the QRS signal
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Fig. 13 Second half of the QRS signal
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Table 3 Truth table for the second half of the QRS signal
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Fig. 15 Evolved circuit for the second half of the QRS signal
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Fig. 16 An EHW example (Credit to Sekanina)

Table 6 Comparison of the design results for F(A,B,C,D)=∑(0,1,2,3,4,6,8,9,12) circuit

Results

Our approach

Expressions
Features

F=((AC)A+((BD)’+(C+D)’)’)’
GN=6,DN=3

ECG
signal

A/D

ECG
digital
signal

Evolutionary
circuit design

A.H.Aguirre (A.H.Aguirre
2003)
6 muxs
Equivalent circuit: GN=24

ABP
digital

Human Design

F=A’B’+C’D’+A’CD’+AB’C’
GN=13, DN=5

D/A

ABP
signal

Fig. 17 Design Flow of the cardiovascular system digital circuit model

Fig. 18 Simulation results of the ¼ cycle of the sample signal

Fig. 19 Simulation results of the first half of the QRS signal
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Fig. 20 Simulation results of the second half of the QRS signal

Fig. 21 Simulation of a standard ECG output waveform for a human heart(Credit to Davita inc., UK. ).
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Fig. 22 The Location of P wave, T wave and QRS complex (Credit to Howstuffworks, Inc)

Fig. 23 Typical ABP Signal (Credit to Gardner 1981)
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(SDM) technique. SDM is a technology that extracts
knowledge, spatial relationships, trends or other
interesting patterns not explicitly stored in spatial
databases (Han and Micheline, 2001).
The data related to crop cultivation environments
such as are its location and region, the physical and
chemical properties of soil, elevation, rainfall, wind speed,
amount of sunshine, distance to water, and so on are
consisted of both spatial and nonspatial data.
To be used these heterogeneous data as the suitable
learning dataset of SDM, spatial neighborhood
relationships between nonspatial data as well as spatial
data have to be calculated before and stored into a
separated storage (Ester, et al., 2001). Especially, to apply
these heterogeneous data including spatial data like crop
cultivation environments to SDM, the integrating
procedure that reflects spatial relationships between
attribute data and integrates them through data converting
is required. However, this integrating procedure that
collects distributed data and integrates them using data
conversion tools such as EAI (Enterprise Application
Integration) (Scheibler, et al., 2008) and ETL (Extraction,
Transformation, and Loading) (Huamin and Zhiwei, 2010)
is a very time-consuming task.
Service Oriented Architecture (SOA) is a loosely
coupled software architecture whose components exist as
a form of distributed objects and communicate via
messages between them (Tomas, 2005). Using this SOA,
one can manage heterogeneous data by service units and
provide a unified service-based interface to support
connections between service units through Enterprise
Service Bus (ESB) (Roy, 2005). Based on these SOA
features, one can convert datasets generated by the
combination of these service units into learning datasets of
SDM. Additionally, since it can be managed by a unified
service-based interface, the data integrating procedure is
simple and more extensible for more data acquisition.
In this paper, we suggest a SOA-based data
integration framework that can effectively integrate
distributed heterogeneous data by treating each data

ABSTRACT
Recently, the concern of Agriculture-IT convergence
technology that combines information technology and
agriculture is increasing rapidly. Especially, the crop
cultivation related prediction services by spatial data
mining (SDM) could be applied in reducing the damage of
natural disaster and enhancing crop productivity. However,
the data conversion and integration procedure to acquire
the learning dataset of SDM for the prediction service
need a lot of effort and time, because of their
heterogeneity between distributed data. In addition, the
complicated calculation procedure for large datasets is
required in calculating spatial neighborhood relationships
between spatial and nonspatial data. In this paper, we
suggest a SOA-based data integration framework that can
effectively integrate distributed heterogeneous data by
treating each data source as a service unit and support to
find the optimal prediction service by improving
productivity of learning datasets for SDM. In our
experiment, we confirmed that our framework can be
effectively applied to find the optimal prediction service
of the frost damage area, by considering the case of peach
crop cultivation in the Icheon-si in Korea.
INTRODUCTION
The concern of Agriculture-IT convergence
technology that combines information technology and
agriculture to cope with crop failures by worldwide
anomaly climate and the food shortage problem around
the world is currently more increasing (Reddy and
Ankaiah, 2005). Especially, to improve crop cultivation
productivity, this emphasizes the necessity of developing
prediction services that can analyze and predict various
environmental elements such as the crop damage area by
anomaly climate and the crop growth change by ecology
conditions (Fraisse, et al., 2006).
These prediction services reflecting spatial
information can be obtained using spatial data mining
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source as a service unit and support to find the optimal
prediction service by improving productivity of learning
datasets for SDM. Since the proposed framework treats
each data source as a separated service unit, one can
derive a new service from predefined service units
through a unified service-based interface. Additionally,
various datasets for SDM can be effectively generated by
this unified interface and these datasets can support
finding the optimal prediction service.

SOA-BASED DATA INTEGRATION FRAMEWORK
In this chapter, we design a SOA-based data
integration framework and suggest a data integration
management service (DIMS) model for data integration.
The proposed framework manages distributed data by
service units and also provides the preprocessing and
integrating procedure for learning datasets of SDM by
service units similarly.
Framework

RELATED WORKS

To effectively support a preprocessing task such as
extracting spatial neighborhood relationships between
heterogeneous
data
including
crop
cultivation
environment information, we suggest a SOA-based data
integration framework as presented in Figure 1.
As shown in Figure 1, the framework is logically
composed of four layers: data source layer to provide
basic data and internal data buses, data adapter layer to
provide a unified interface, data integration, and service
layer to support a preprocessing-integration process and
application service layer to provide an application service
such as a prediction service. The detailed description of
each layer is following.
Data Source Layer – A layer provides both basic data
and internal databases to integrate data for SDM. For
nonspatial data required for the analysis, there are services
such as weather information service (WI), frost damage
information service (FDI), crop criterion information
service (CCI), and so on. In addition, to acquire more data
for the analysis, legacy systems, services, and databases
can be also included into this layer.
Spatial data consist of map services, including Web
Mapping Service (WMS), Web Features Service (WFS),
and Web Coverage Service (WCS) of Open Geospatial
Consortium (OGC), geographic information systems
(GIS) services like Google Map API Service and internal
spatial databases.
Data Adapter Layer – It provides a unified interface
for various data provided by Data Source Layer and plays
an important role connecting so that layers between Data
Integration Service Layer and Data Source Layer can be
integrated. It supports loosely coupling through Enterprise
Service Bus (ESB) and guarantees its flexibility and
agility.
Data Integration Service Layer – This layer provides
the DIMS model (see Figure 2) that effectively supports
the preprocessing task for SDM through the combination
of services provided by Data Adapter Layer. DIMS can
generate and manage a variety of suitable learning
datasets for SDM. As shown in this figure, the model
contains four main modules: analysis data management
module (ADM), data preprocessing module (DP),
orchestration management module (OM) and data convert
module (DC). ADM generates a dataset for a service
request and sets up a new services combination and data

SOA-based Data Integration
Because a SOA-based Web service can be reused
through the concept of a service, one can create a new
service through the combination of existing services.
Furthermore, it can realize the integration between
internal and external services by loosely coupling among
existing services. By using this advantage of SOA, the
data integration can be easily simplified (Xu, et al., 2009).
Sha and Xie (Sha and Xie, 2010) design the SOA to
support WebGIS application services by integrating
different spatial data sources physically distributed at
different locations. According to Sha and Xie, they
integrate data by use of both data provider services to
spatial data sources and data integration module. In
addition, the integrated data like that used to provide
backend services that support WebGIS application
services through data provider services.
Haitao, et al (Haitao, et al., 2008) propose a
framework for data mining system design for exploring
the advantage of service-based data mining services. The
framework preprocesses the collected data of entity class
of data level by using the software components of
component level. Software services of service level
provide data mining services by using data preprocessed
via software components and the analyzed information
can be presented through a user interface of interface level.
Spatial Data Mining
As a process to extract patterns in databases, the data
mining provides a variety of functionalities such as
association rules, classification and prediction, clustering,
trend analysis, and so on (Han and Micheline, 2001).
Recently, data mining technologies have been
progressively researched to easily apply the technologies
to various applications (Han and Kim, 2008; Hu and
Tseng, 2009; Peng, et al., 2008). SDM demands an
integration of data mining with a large amount of spacerelated data. It can be used for understanding spatial data,
discovering spatial relationships and relationships
between spatial and nonspatial data, and so on. In this
paper, we use the classification feature to generate
decision models, and especially we adopt the neural
network and decision tree algorithm (Witten, et al., 2011).
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conversion rule. DP offers the data converting function
fitted to the analysis criteria via ADM. OM provides the
integrated data generated by the combination of internal
services for data preprocessing. The role of DC is to
convert the integrated dataset generated by OM into the
specifically formatted dataset for the learning dataset of
SDM.
Application Service Layer – It is a layer that provides
the application services such as the prediction services, by
applying the integrated data preprocessed via DIMS to the
analysis systems including data mining tool, data mining
service, data mining application, expert system, and so on.

case that the data exists, it responds to the request
for its service after customizing to the format
requested by the user.
3) In the case that an internal database for the
requested data does not exist, it can generate a
new service for the requested data if any data
providing service does not exist.
4) In the case that a data providing service exists, it
creates the requested data through the
combination of internal services by the OM
module of DIMS. The OM module generates a
new data corresponding to the conversion
conditions via the DP module. In the case that
converts a large of dataset, however, the
connection of the data service can be halted. The
method to solve this kind of problem is to make
it so that can be re-started from the halted point
when the service was re-started, by considering
the success or failure of the conversion for data
service and its ordering.
5) The converted data is stored in the internal
database and the user requesting formatted
dataset are provided via the DC module of DIMS
to the user.

Data Integration Management Process
Since the traditional data converting and integrating
techniques such as EAI and ETL tools take their own
proprietary methods, the solutions for data integration
must be essentially customized to user’s requirements.
Also, through the integration with legacy systems, since
the transmitting and loading procedure to the target
system is performed via the data extracting and converting
procedure, a data warehouse must be built for this.
Building data warehouse needs a lot of assumptions
and assertions and data for the analysis must be collected
without affecting the overall system performance. This
data collecting procedure for the analysis requires a lot of
efforts and time because different operating systems,
databases, hardware platforms and network environments
must be taken into account. In this paper, the data
integration management process of our framework,
without building any data warehouse using EAI and ETL,
manages the preprocessing and integrating procedure by
service-based interface and effectively provides data for
the analysis with accordance to user’s requirements.
Additionally, it also can generate a new analytic service
through the combination of internal data service units.
To integrate data being managed by service units for
the analysis, the proposed framework connects service
units through Data Adapter Layer. The service units
connected to Data Adapter Layer can be reused to derive a
new service for the analysis through DIMS. Also, DIMS
can generate various datasets for learning datasets of SDM
using different data converting criteria (dcc). This dcc can
be determined by users. Especially, to integrate
association relationships between spatial and nonspatial
for SDM, the converting procedure using GIS services is
performed. This repeated data converting procedure can
generate various learnable datasets for SDM by
differentiating dcc.
The preprocessing and integrating procedure of
converted data in our framework is shown in Figure 2.
1) Service users of Application Service Layer
request own necessary data to the ADM module
of DIMS.
2) The ADM module decides if there exists an
internal database for the requested data. In the

The proposed framework benefits as follows.
· It is easy to perform the data integration and
extension because heterogeneous data are
managed by internal services of DIMS through
the unified interface.
· It is possible to easily perform the conversion
task without data conversion tools via services
provided by DIMS of our proposed framework.
· Instead of preforming the complex task that
converts spatial association relationships between
spatial and nonspatial data into proper form, one
can acquire the suitable dataset by simple setting
of data services of DIMS, easily add, and change
the conversion procedure.
· One can easily generate a variety of data for the
analysis by reusing data conversion services of
DIMS.
· One can be provided data services regardless of
platforms because data services are based on web
services.

RESULTS AND DISCUSSIONS
The proposed framework can effectively generate a
variety of suitable datasets for SDM using the DIMS
procedure. That is, a variety of suitable datasets from the
predefined services of DIMS can be generated and these
various datasets can be treated as learning datasets of
SDM and a comparative analysis between them can be
performed. It also means that, according to the dcc, a
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sequence of data integrating and extracting procedure of
DIMS can be reused. Using this feature, our proposed
framework can support finding influential attributes for
the prediction incurring high performance.
The proposed framework was applied to the
prediction service of the frost damage area, by considering
the case of peach crop cultivation in the Icheon-si in
Korea.
Figure 3 shows the data integration sequence diagram
of DIMS. From this figure, it can be observed that the
framework is connected to FDI, CCI, WI, and GIS service
units to acquire suitable datasets to predict the peach frost
damage area. Additionally, the service to the data
integrating and extracting procedure for the prediction of
the frost damage area was added and set to be responded
for the user requests through internal data buses as
presented in Figure 3.
According to a user request for an analysis dataset of
the peach frost damage area, the DIMS procedure requests
the frost damage area information to the FDI service. FDI
requests the coordinates for addresses of the frost damage
area to GIS services and delivers the results converted into
the coordinates to DIMS. Next, DIMS requests the crop
criterion information to the CCI service. The results
responded by the CCI service contain the domain
knowledge for SDM. This DIMS procedure, using both
the crop criterion information returned by the CCI service
and the coordinates for the frost damage area, normalizes
spatial attributes including water and mountain areas of
neighbor area, soil-series and the frost damage area and
the elevation of damaged area. This preprocessed dataset
is sent to the service requester after that is customized into
a proper data type.
The dataset obtained by DIMS has 808 instances and
10 attributes as presented in Table 1. Here, Frost_damage
is selected as the class attribute.
The candidate attributes generated by DIMS are listed
in Table 2. Here, Elevation, Soil_Series, Wind_Speed,
Max_Wind_Speed, and Rainfall attributes were
heuristically derived. However, Mountain_Count,
Mountain_Area, Water_Count, and Water_Area are
attributes that cannot be obtained from domain knowledge.
In this case that any domain knowledge cannot be utilized,
our proposed framework can be more effectively applied.
That is, by simply differentiating dcc of ADM, arbitrary
suitable datasets without an additional preprocessing task
can be variously generated.
These datasets obtained by DIMS can be treated as
learning datasets for SDM and thus applied to develop the
prediction service for the frost damage area using the data
mining tool of Application Service Layer of our proposed
framework, the Weka 3.6.4 (Witten, et al., 2011). Weka is
a tool for performing a collection of machine learning
algorithms for data mining tasks.
To compare its predictive performance for different
datasets obtained by DIMS, we obtained two different

datasets, Dataset A (500m) and Dataset B (1000m), by
applying two different radius values (500m and 1000m)
for water and mountain to four attributes including
Mountain_Count, Mountain_Area, Water_Count and
Water_Area as presented in Table 2. Additionally, the
predictive performance of the SDM algorithms is also
affected by the attributes in data. Thus, it is important to
choose influential attributes for the prediction incurring
high performance. However, again several attributes
presented in Table 2 were just heuristically chosen, and
the usefulness could not give proof. Also, even though the
influential attributes were chosen, it is difficult to
determine its thresholds for the attributes. Thus, we utilize
the theoretic method, decision-tree algorithm. We select
theoretically influential attributes from the decision-tree
algorithm (see Figure 4). From this figure it is noted that
two attributes, Max_Wind_Speed and Rainfall, were
vanished. It means the fact that these two attributes can be
considered as non-influential ones for the frost damage. In
this paper, to better compare the various algorithms to the
different datasets, we also experiment an additional
algorithm taking into account this feature.
For these two datasets generated by DIMS, Dataset A
(500m) and Dataset B (1000m), we use decision-tree
(C4.5, J4.8 algorithm in the Weka), neural network
(MultilayerPerceptron in the Weka), and combined data
mining algorithm as candidate data mining algorithms in
our experimentation. Combined data mining algorithm is
adapting to neural network with only outputted attributes
of decision-tree, which is the dataset for selected attributes.
Table 3 shows the average misclassification rate of
three data mining algorithms, obtained through 10 datasets,
for Dataset A and Dataset B, respectively. In this
experiment, we repeatedly adapt with 10 datasets the
tenfold cross-validation process 10 times, thus obtain the
average misclassification rate, as shown in Table 3. Again
in Table 3, Test is that each dataset is split into one-third
of the data for testing and the remaining two-thirds for
training and the misclassification rates on the three
algorithms for 10 different datasets generated by 10
different random seeds are averaged to yield an overall
error rate, respectively.
Table 3 shows that the combined data mining
algorithm on Dataset A results in the best performance.
From this result, we can derive an optimal prediction
service using various datasets generated by DIMS and
integrate it into our framework. This integrated prediction
service for the frost damage can be easily applied to that
of other area by simply adding the corresponding WI, FDI,
CCI data sources of that area into our framework.
Finally, the datasets generated by DIMS can be used
on another dimension through the visualization of that
dataset and its effectiveness examination. Figure 5
visualizes a suitable dataset obtained by DIMS, for the
visual prediction of peach frost damage area by using
Google Maps API. Through location searching, one can
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identify the attribute information for the frost damage area.
Additionally, it can be applied to the multidimensional
analysis, by visualizing the distribution for the frost
damage area and the neighborhood environments.
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CONCLUSION
In this paper, we suggested a SOA-based data
integration framework that provides an effective
preprocessing task and integration environment for SDM.
The proposed framework can effectively generate various
suitable datasets through the combination of internal
services of the DIMS model. These generated datasets can
be used to the SDM to compare its predictive performance
and applied to support to find a data mining service
providing the best predictive performance. This mining
service can be extended into a prediction service of other
area by adding only the basic data sources into our
framework. Also, since the dataset generated by DIMS is
provided as a form of a service, it can be also used on
another dimension through the visualization of that dataset
and its effectiveness examination.
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Fig. 1 Data integration framework based on SOA
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Fig. 4 Generated decision-tree
Fig. 2 Data integration management process
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Table 3 Misclassification rate of each data mining algorithm

1: Service Request
1.1: Freezing injury
1.2: Coordinate Request
1.3: Coordinate Request

Decision Tree

Neural Network

Combined

0.1658415

0.1633663

0.1606436

Average

0.1698182

0.1516365

0.1516364

Std. Dev.

2.17

1.98

1.46

0.1803218

0.1780941

0.1788366

Average

0.1872727

0.1876364

0.1887272

Std. Dev.

1.57

1.51

1.79

1.4: Freezing injury

10 fold CV
Dataset A
(500m)

2: Peach information
3: Peach information

Test

4: Weather Request
5: Weather Request

Dataset B
(1000m)

6: Area of water
7: Area of water

10 fold CV
Test

8: Area of mountain
9: Area of mountain
10. Soil series
11. Soil series

12. Elevation
13. Elevation
14: Service Request

Fig. 3 Data integration sequence diagram

Table 1 Experimental data
Number of arguments
10

Argument Type

Class

Samples

real

2(yes/no)

808(646/162)

Table 2 Candidate attributes
The Name of Attribute
Elevation
Soil_Series
Mountain_Count
Mountain_Area
Water_Count
Water_ Area
Wind_Speed
Max_Wind_Speed
Rainfall
Frost_damage

Contents
Elevation of peach cultivation area
The frost damage rate by soil-series distribution of
peach cultivation area
The number of mountains of peach cultivation area
within the predetermined radius
Total area of mountains of peach cultivation area
within the predetermined radius
The number of rivers of peach cultivation area
within the predetermined radius
Total area of rivers of peach cultivation area
within the predetermined radius
The average wind speed of peach cultivation area
Maximum wind speed of peach cultivation area
Rainfall of peach cultivation area
Class attribute of yes or no

Fig. 5 Data visualization based on DIMS
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we will apply clustering algorithms (fuzzy c-means, kmeans, k-medoids, Kohonen) on our data set. Finally
clustering method’s performance will be evaluated by
Random Forest algorithm.

ABSTRACT
Remote sensing is acquiring information from regions on
earth, especially gathered by satellites or aircrafts. There
many applications and studies on remote sensing imaging.
Image analysis, feature extraction and information
retrieval are some of the main approaches in this research
area. This study’s aim is evaluate aerial images’ clustering
performance by classification algorithm(s). We divided a
large scale aerial image and applied some image analysis
techniques. Afterwards we used K-Means, Fuzzy CMeans, Kohonen Self Organizing Map and K-Medoids
algorithms with the features extracted from histogram of
oriented gradients (HOG) and landscape patch metrics.
Clustering performances of these algorithms are evaluated
by Random Forest algorithm.

METHODS
Image Analysis and Feature Extraction
For this study we are using image tiles that are 3100x3100
pixels representing a size of 1,750m on a side. The tiles
are tessellated into 256×256 pixel segments. We use two
groups of features to perform clustering on our data.
These are histogram of oriented gradient (HOG) bins and
landscape patch metrics. Feature extraction phase of our
method is implemented in Matlab 2009b. We use 80
percent of the samples to train random forest algorithm
and 20 percent for testing.

INTRODUCTION

HOG features:

Image processing techniques are widely used in remote
sensing applications for extracting information. City
planning (Dai, 1996) and social structure’s effect on city
growth (Aydın et al., 2009), inappropriate use of forests
(Silva et al. 2008), cultivation suitability of soil (Leite et
al. 2011) and evaluation of ecological factors (Seaquist et
al., 2003) etc. are examples that can be easily done
effectively through images taken by satellite or aerial
vehicles.

Histogram of oriented gradients (HOG) is found by
counting the occurrences of gradient orientation in
localized portions of an image (Dalal et al., 2005).
Gradient points are the increase rate in a defined direction.
To compute the HOG, first we find the gradients in x and
y direction. We compute the gradients using gradient
operators of canny edge detection algorithm (Canny,
1986). Then we calculate the gradient orientation of a
pixel by as equation 1:

Features obtained by using image analyzing methods are
used for machine learning methods - image classification
and clustering purposes (Yang, 2010- Euripides, 1997).
The most important case is (especially if data set features
are not defined by an expert) finding the best
representative and meaningful features for clustering
stage.

(1)
Gx is gradient in x direction and Gy is the gradient in Y
direction in point (x,y). The orientation values are
typically in the range 0 to 360 degree. We divided this
range into uniform bins and compute the histogram into
20 bins. First bin of the histogram correspond the number
of orientations degrees between 0 and 18. The motivation
for this is that man-made structures generally have regular
edge features oriented in only a few directions while
natural image regions have randomly oriented edges as
illustrated in figure 1.

In this study, we will evaluate effects of extracted features
from aerial images on performance of clustering. Firstly
we’ll define a model, and give brief information about
tools we used. Afterwards we will explain extracted
feature’s properties (image analysis, normalization); then
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2.

Landscape Patch Metrics:
Our second group of features is Landscape patch metrics
(Silva et al. 2008). In the Landscape-ecology theory a
landscape is defined as an area of land containing a
mosaic of patches. It considers that land patterns strongly
influence ecological processes and proposes metrics for
the geometrical and spatial properties of patches. Patch
metrics refers to the spatial character and arrangement,
position, or orientation of patches within the landscape.
To determine patch metrics firstly we applied Otsu
method (Otsu 1979) on the patch images. After applying
threshold to image, we took the complement of the
thresholded images. All patch metrics were calculated by
using complement image. Original image and complement
of the thresholded image is shown in figure 2. Then
connected component analysis is operated on the
threshold images. We used the following patch metrics:

3.
4.

K-means algorithm uses different methods to calculate
distance between samples and cluster centers. The best
known of these methods are Euclidean, Manhattan and
Chebychev distances.
Fuzzy C-Means:
Fuzzy C-means algorithm is the best known and widely
used Fuzzy Clustering technique in common. Fuzzy Cmeans algorithm put forth by Dunn in 1973 and developed
by Bezdek in 1981. Fuzzy C-Means algorithm allows a
sample to become member of two or more cluster In
accordance with the principles of fuzzy logic each sample
assigned to a cluster with a membership degree with range
0 to 1. Sum of membership degrees of a sample should be
1 and the largest membership degree of a sample is
belonged to the cluster that is closest to him.

Perimeter: Perimeter of a landscape object including every
internal hole. For our method perimeter is the sum of
perimeters of components in the patch.
Area: Internal area of the landscape object. For our method
area is the sum of area of all components in the patch
Para: Perimeter-Area Ratio. Simple measure of shape
complexity
Shape: Shape compactness index, calculated by the patch
perimeter divided by minimum perimeter possible for a
maximally compact patch of the matching patch area. It is
equal to 1 when the region is a square and grows
according to the region’s irregularity
Frac: fractal dimension index for measuring shape
complexity, which approaches 1 for shapes with simple
perimeters such as squares, and approaches 2 for complex
shapes. Frac value is calculated with the equation 2:

Fuzzy C-Means algorithm attempts to minimize objective
function that is shown in equation 3 with iterations. This
objective function is also a generalization of least squares
method.
∑

∑

‖

‖

(3)

In here, uij statements the membership degree of the
sample xi to the cluster centered with cj. C indicates
number of clusters, N indicates number of samples and m
indicates the fuzziness in the clusters.
Algorithm starts with determining number of clusters and
initialization of membership function randomly. New
cluster centers are calculated with equation 4. As can be
seen in the equation, the clusters centers are calculated
with membership degree weighted averages of their
members.

(2)
We normalized both of Hog features and landscape
features before clustering to prevent biasness.
Normalization method is dividing all values in a column
to maximum value in this column.

∑

K-means Algorithm:

(4)

∑

K-means algorithm is the most well known unsupervised
classification algorithm. K-means algorithm was proposed
by J.B. MacQueen first in 1967. The goal of the algorithm
is assigning feature extraction allocated n data points to k
clusters. As a result of clustering, most intra-cluster
similarity and least inter-cluster similarity are provided.
In K-means algorithm each data point is only allowed to
belong to one cluster. The algorithm basically consists of
4 steps, these steps are given below:
1.

Assigning all subjects to the cluster closest to
them
Re-determination of the cluster centers
Repeat steps 2 and 3 until there is no change in
the cluster centers between consecutive steps.

After calculation of new cluster centers, u membership
matrix is updated by using Equation 5.

∑

{

‖

‖

‖

‖

⁄

(5)

}

Finally, new membership matrix is compared with the
membership matrix calculated in the previous steps. If the
difference is smaller than a specified ε value, the

Determination of the cluster centers
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algorithm terminates. The Fuzzy C-Means algorithm
produces more stable results; however it works more
slowly according to K-means algorithm.

RESULTS
We have used four different clustering algorithm before
evaluates classification performance of RF with
classification accuracy (CA) and area under curve (AUC)
values. We chose these two parameters because of their
popularity and comparability with other studies. We put
together all approaches’ confusion matrix in Table1-Table
4.

K-Medoids:
K-medoids algorithm is derived from K-Means algorithm.
Best known k-medoids algorithm is defined by Kaufman
and Rousseew in 1987. A medoid is the closest point to
center of the cluster. Steps of the k-medoids algorithm are
shown below:
1.
2.
3.
4.
5.

In addition to CA and AUC values (Table.5) ROC curves
are very important to show classification performances of
RF. (Figure3- Figure 6) ROC curves also proved useful
for the evaluation of machine learning techniques. The
first application of ROC in machine learning was by
Spackman who demonstrated the value of ROC curves in
comparing and evaluating different classification
algorithms (Spackman, 1989).

Select n points from data set as medoids
Assign each data point to nearest medoid
For each non-medoid point , swap with a medoid
and calculate the total cost
Calculate lowest-cost configuration
Repeat by beginning from step 2 until there is no
change in the medoids.

According to our findings (Table 5) in regards of all
classification performance criteria Fuzzy C-Means based
classification reached best results. Other interesting point
is: Kohonen SOM result is the second order on both AUC
and CA. This means that, grid-based clustering
approaches are suitable for clustering-based classification.

It is more robust than K-means algorithm once data has
outliers/ extreme values.
Random Forest:
Random Forests are a combination of tree predictors such
that each tree depends on the values of a random vector
sampled independently and with the same distribution for
all trees in the forest. The generalization error for forests
converges a.s. to a limit as the number of trees in the
forest becomes large. The generalization error of a forest
of tree classifiers depends on the strength of the individual
trees in the forest and the correlation between them
(Breiman, 2001).

Another finding is: K-Means and K-Medoid methods’
results are similar. This shows that our data set does not
need any statistical pre-processing steps. (for instance:
outlier, extreme value detection etc.). It has very
homogenous distribution. As we mentioned that before
and proved in table 5 K-Medoids approach gives more
accurate results.

Algorithm: (Fig. 3)

In this study, we evaluated accuracy of classes, which are
found after clustering, by using random forest algorithm.
Obtained classification results show that extracted
(defined) features are contributes clustering performance.
Segmentation of high resolution aerial images or
consistency check of features on manually classified data
can be done by this approach.

CONCLUSION

1. Draw a bootstrap sample from the data. Call
those not in the bootstrap sample the "out-of-bag"
data.
2. Grow a "random" tree, where at each node, the
best split is chosen among m randomly selected
variables. The tree is grown to maximum size and
not pruned back.
3. Use the tree to predict out-of-bag data.
4. Use the predictions on out-of-bag data to form
majority votes.
5. Repeat, N times and collected an ensemble of N
trees. Prediction of test data is done by majority
votes from predictions from the ensemble of trees.
(Emir, 2009)

We’ll widen our studies on tagging large scale aerial data
with the aid of graphs, and train system with smaller
patches. Each element of graph will be associated with
neighbors and we’ll try to made classification result
better.
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Fig.1 Sample images and histogram of oriented
gradients

Fig.2 Sample images and result of thresholding
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Fig.3 Random Forest Training Procedure

TABLE.3 Kohonen confusion matrix
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TABLE.1 K-means confusion matrix

TABLE.4 K-medoids confusion matrix
Prediction
CA

AUC
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TABLE.5 Classification accuracy (CA) and area under
curve (AUC) values of methods.

TABLE.2 FCM confusion matrix
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Fig.5 ROC Curves for Kohonen results (4 clusters)
Fig.3 ROC Curves for K-means results (4 clusters)

Fig.6 ROC Curves for K-medoids results (4 clusters)
Fig.4 ROC Curves for FCM results (4 clusters)
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Flash memory has some advantages explained above,
but also has disadvantage. The representative
disadvantage of flash memory is “Erase-before-Rewrite”
property. Flash memory cannot rewrite the modified data
in a same place, as a hard disk. Flash memory has to erase
the place before rewrite, and the erase operation is an
extremely time consuming process. To reduce the number
of an erase operation, many approaches are proposed.
Log-block scheme divide blocks in flash memory in two
types, data block and log block. The log block is space for
updating data stored in data block. The number of log
block is fixed and one log block has one dedicate data
block. If log block is full, all valid data in both blocks into
new block, freeing up the two old blocks. The free block
in whole device falls below a threshold, a reclaim
operation called Garbage Collection (GC) is needed to
reclaim free space. In random and small I/O trace, all log
blocks will be allocated but most of them unfulfilled with
data. And one of them is selected and erased repeatedly.
This problem called “Block Thrashing”.
FAST (Full Associative Sector Translation) is
suggested to solve the block thrashing problem. Fig. 1 a)
shows FAST scheme. FAST is based on Log block
scheme. The distinct feature with Log block scheme is
sharing one log block with all data block. In worst case,
the number of data block, which is sharing one log block,
can be up to the number of pages in block (e.g. 32 pages
per block). In this case, the associativity of log block is 32
and it causes a high cost full merge operation including 32
data blocks erase and 1 log block erase.
To avoid this high cost merge operation, KAST (KAssociative Sector Translation) is suggested, presented in
Fig 1 b). KAST limits the number of associativities in K.
It can keep the associativity of log block below K. But if
all log block is allocated by previous write request and
then new write request is coming which is belong to new
data block. The number of log block is limited. So KAST
selects victim log block and performs merge operation to
make free log block although free pages are still existed in
other allocated log block. And KAST just shares data
block with low associativity log block. Hot data block and
cold data block can share same log block. It can make
additional merge operation and reduce whole system
performance.

ABSTRACT
Recently, NAND flash memory is widely used in
embedded systems, personal computers, and server
systems because of its attractive features, such as nonvolatility, fast access speed, shock resistance, low power
consumption. Due to its hardware characteristics,
specifically its "erase-before-write" feature, Flash
Translation Layer is required for using flash memory like
hard disk drive. Many FTL schemes have been proposed,
but conventional FTL schemes have problems such as
block thrashing and block associativity problem. The
KAST scheme tried to solve these problems by limiting
the number of associativities between data block and log
block in K. But it has also block thrashing problem in
random access I/O pattern. And there is no consideration
for hot/cold identification in sharing log block. In this
paper, we proposed a new FTL scheme, UDA-LBAST. As
KAST, the proposed scheme also limits the log block
associativity, but does not limit data block associativity.
And UDA-LBAST considers hot/cold data when data
block share one log block with other data block. So we
could minimize the cost of merge operations, and reduces
merge costs by using new block reclaim scheme, log
block garbage collection. We measure a total processing
time. The proposed scheme reduces the total processing
time 71% and 15% compared with FAST and the KAST
in a random I/O trace.

INTRODUCTION
Recently, NAND flash memory is widely used in
personal computers and server computers as well as
embedded devices and mobile devices. In the near future,
flash memory will replace hard disks drive because of its
non-volatility, fast access speed, shock resistance, low
power consumption. The growth of flash memory market
has been explosive driven by portable devices and in the
future they will demand even more flash memory.
"This research was supported by Basic Science Research Program
through the National Research Foundation of Korea(NRF) funded by the
Ministry of Eduation, Science and Technology(No. 2009-0087838)"
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To solve block associativity problem, we propose
UDA-LBAST (Unlimited Data-block Associativity Limit log-Block Associative Sector Translation), shown in
Fig. 1 c). In Fig. 3 b) KAST, log block L0 can store data
from data block D0 and D2 but all data block can use only
one log block. In Fig. 3 c) UDA-LBAST, data block D2
can use log block L0 and L1.
We proposed three methods to improve system
performance. First, UDA-LBAST uses unlimited data
block associativity when sharing log block between data
blocks. Second is Hot/Cold data identification. Hot/Cold
data identification selects which data blocks are shared
same log block. Last method is Log block garbage
collector. Full merge operation is most high cost operation
in flash memory management. Log block garbage
collector can help to reduce full merge operation.
This paper is organized as follows: In Section 2 the
problem is defined. Section 3 shows structures and novel
reclaim method of UDA-LBAST scheme. In Section 4
shows log block garbage collection and section 5 presents
Hot/Cold identification. In Section 6 shows performance
results by simulation. Finally, Section 7 concludes the
paper.

Log block scheme is one of the representative scheme
in hybrid address mapping method[4]. Log block scheme
assign one block to related data block for saving an
updated sector in data block. The number of log block is
limited in flash memory. If log block needs more than
limited numbers of log block, the most numbers of invalid
block is merged. If we assume that the whole log block
used only one sector, we should merge one of log block
with data block. In this case, we could not use the other
sectors which are merged and erased. Because of these,
using rate of log block is decreased and the number of
merge operation is increased and finally the life of flash
memory fall off which we call it Block Thrashing problem.
FAST scheme is proposed to solve the Block
Thrashing problem of log block scheme[5]. In FAST
scheme, the whole data block can share all of log block if
contrast with log block scheme. After allocating log block,
updated date is written in order at log block and if all
sectors are used, new log block is assigned. Therefore
when we say the number of sector, which is comprised of
block, is Np, the maximum number of Np of data block
can save updated date to the one log block. Log block can
save a number of date block sectors in FAST scheme. If
we merge this log block, all date block have to be merged
related to log block. Log block in FAST scheme can be
related with the maximum number of NP, so system
efficiency can be dropped by increasing of the cost of
merge operation which call block associativity problem.
KAST scheme proposed to solve the block
associativity problem of FAST scheme [6]. KAST scheme
minimize the cost of operation limiting the associativity of
log block to the maximum number of K. However, in
KAST scheme, access pattern of Input-output data does
not have a locality. If it is random access, it cause a Block
Thrashing problem. The number of merge operation is
raised than FAST scheme, so performance of the system
fall off and the life of Flash memory as well.
Fig. 2 shows the problem that can cause when
associativity of data block is limited in KAST scheme.
When sectors are updated in order like "P0, P2, P5, P6, P9,
P10", all sectors related log block 0 to data block 0 and
data block 2 are used. If sector 1 is updated at this
moment, because updated sector in data block can be
saved in log block 0, log block 0, data block 0 and data
block 2 are merged. In case of log block 1, block
associativity is low as 1 and there is a empty sector in
block so it can be said that the utilization of log block is
decreased and the number of merge operation is increased
in this case.

RELATED WORK
Flash Memory
Flash memory is widely used because of its attractive
features, such as non-volatility, fast access speed, shock
resistance, low power consumption. Flash memory is
organized into blocks and pages. A block is a collection of
32 sectors each of 512 bytes. Due to the “Erase-beforerewrite” characteristic, a re-write to a page is possible
only after the erasure of the complete block it belongs to.
Also operation time in read, write and erase is 20us, 200us,
1.5ms. Erase operation is more costly than other
operations. The number of erase operation is heavily
influenced in system performance [1][2][3].
Out-place update method is used to modifying data in
flash memory, writing updated data in other location. In
hard disk, logical address is same to physical address. But
logical address is different from physical address because
of out-place update method. So FTL manages mapping
information in address mapping table.
If invalid sector is increased, empty space of flash
memory reduce so utilization of flash is decreased. We
need to remove invalid sectors in block. Flash memory
blocks under FTL using hybrid mapping method divide
into two types, data block and log block. Valid data is
stored in data block, also in log block. If log block is full
than all valid data in data block and log block copied to
new data block. This migration process called merge
operation.

Mapping Scheme
Data are often classified into either hot or cold
depending upon update frequency (or interval). If data
update happens frequently within a short period of time, it
is called hot. On the contrary, when data is seldom
updated after being written, it is called cold. When a flash
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page contains hot data, we call it hot page. In the exactly
same way we define cold pages.
There are well-known hot/cold identification schemes
used in flash memory including request size-based
prediction scheme [7], table based hot/cold history
management scheme [8].
A request size-based prediction scheme uses the
sector count of write requests delivered to the storage
system. This approach is based on the observation that the
distribution of write request size has a bi-modal tendency,
mostly either small accesses or large accesses, and that
small write data are hot in many cases. Therefore this
scheme sets a threshold in request size, and then if the
requested data is smaller than the threshold it is classified
as hot.
The table-based hot/cold history management scheme
is an ideal approach. It maintains an unlimited size of
history table which keeps track of all the storage accesses
to measure access counts and intervals for every logical
page in storage system. The hot/cold property is obtained
for each page by measuring the gap in time between the
write in progress and the next one to appear in the future.
This approach gives high accuracy, but is too expensive to
apply it onto a practical system.
There is a problem in log block sharing method of
KAST. KAST don’t consider Hot/Cold data in log block
sharing. Hot data is updated frequently than cold data, so
inevitably cold data block is performed merge operation.
This can increase total number of additional merge
operation and reduce system performance. To reduce
additional merge operation, we divide hot and cold data
by arrival interval.

block is stored in log status table. cur is index of next free
page in each log block.
Mapping Algorithm
As we said in above sectors, UDA-LBAST is
suggested to improve KAST scheme. Fig. 4 shows the
example of mapping algorithm of KAST and UDALBAST. NAND flash memory is consist of 4 data blocks
and 3 log blocks. Fig. 4 a) is previous status and one write
requests is occurred to data block D0. First, Fig. 4 b)
KAST, KAST write updated data to L0 but L0 has no free
pages. So KAST perform merge operation. Associated
data block D0 and D1 is performed merge operation
sequentially. And after merge operation. The updated data
is written to first page of L0. We have to erase 2 data
blocks and 1 log block although there is free log block L2
in flash memory. In Fig. 4 c) UDA-LBAST, data block
can use many log block so write request from D0 is
written in L2. Therefore, the log blocks will be able to use
more efficiently. The associativity of log block is always
checked before allocation.
Data block can write their updated data to many log
blocks. This doesn’t mean alternative writing to each log
block. New log block is allocated only when the used log
block is full by updated data. Data block just uses next
free page in log blocks.
Fig. 5 shows UDA-LBAST scheme. Write pages is
divided depending on which block is belonged to. P0, p2
are grouped which are belonged to same data block D0.
So write request is performed based on group. P0 and p2
is same group so, p0, p2 is written to log block L0. And
associativity of L0 becomes 1. Next p5and p6 is belonged
to D1. L0 has 2 free pages but UDA-LBAST allocate new
log block for D1. UDA-LBAST prefers to maintain
associativity of log block to 1 until there is no more free
log block. (p9, p10) is written to L0. P1 is belonged to D0
which is already using L0. In KAST, full merge operation
is performed to clean L0 but UDA-LBAST just uses free
pages in L1. Full merge operation can be delayed until all
the free pages in log blocks are used.
As KAST, UDA-LBAST also limits associativity of a
log block by threshold, THsh. And Number of Log block
in system is fixed. When log block is lacked, the lowest
utilization and associativity log block is shared with other
data block. If there is no log block which is lower
associativity than THsh, we perform log block garbage
collection which is mentioned in next sector 4.

UNLIMITED DATA-BLOCK ASSOCIATIVITY
LIMIT LOG-BLOCK ASSOCIATIVITY SECTOR
TRANSLATION
Architecture
UDA-LBAST scheme is based on FAST scheme, as
KAST. Fig. 3 shows mapping tables in RAM and
structures in NAND flash memory of UDA-LBAST.
Blocks of NAND flash memory are divided into data
blocks and log blocks. The data block stores all first
written data (e.g. p3, p4, p7). All new requests are stored
in data block. When these data are updated, the updated
data are written to log block (e.g. p0, p1, p2, p5). The log
block stores updated data which is the latest data and old
data in data block is flagged as invalid data. In RAM,
there are three kinds of table. Data table uses block
mapping scheme, managing logical block to physical
block mapping information. Entries of data table are
logical block address, physical block address and log
block number. Log table uses page mapping scheme. The
Log table manages all pages stored in log blocks. Logical
sector number and physical page number are stored. And
information of associativity and utilization of each log

LOG BLOCK GARBAGE COLLECTION
In UDA-LBAST scheme, limited associativity of log
block decreases the cost of full merge operation. Because
the cost of full merge operation is set against associativity
of log block, the cost of full merge operation is increasing
when whole log block's associativity is increasing. Log
block garbage collection is not merge method that move
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valid pages in log block and data block to one new data
block, but method that migrate valid pages in log blocks
to new free log block.
Fig. 6 shows flowchart of log block garbage
collection. Firstly, sorting log blocks by number of invalid
pages. Then we read sorted log block list one by one until
the total number of collected valid pages, ”Nlog”, are
more than the number of pages per block, "Np". If a
number of collected valid pages is reached to Np
(e.g. 32), the collected valid pages are moved to new
free log block and old invalid log blocks are erased. Log
table and log status table are updating the changed
information.
Fig. 7 shows the example of log block garbage
collection. The log block L1 and log block L2 are selected
for log block garbage collection. Garbage collection
module selects a log block which has more invalid pages.
After then, one new log block is allocated (e.g. L1’), and
valid pages (e.g. p34, p23, p17, p18) in old log blocks
( e.g. L1 and L2) are moved to new log block.
In UDA-BAST, we have two methods for make free
space. First is merge operation with data block and log
block. The other is log block garbage collection. The log
block garbage collection is more efficient than merge
operation, because merge operation consider associativity
of log block and erase all data blocks which is associated
with the log block. But log block garbage collection just
integrates valid pages distributed in many log blocks to
one new log block. So When UDA-LBAST needs free
space for write or merge operation, it estimates the cost of
log block garbage collection and merge operation. And
the lower cost of operation is performed for free space
reclaimation.

interval of request to same file. a, c and e are the time of
read or write command are issued. b, d and f are the finish
time of command. The interval of request is between the
finish time of old command and the arrival time of new
command. We can calculate interval time by subtraction
of I/O arrival time and I/O finish time (e.g. c-b, e-d). We
measure all requests interval and estimate which blocks
have similar updated interval. But the interval of request is
always changed. In order to reflect the dynamic changes
in the access behavior, it may monitor recent write
operations and then adaptively adjust the grade.
Fig. 10 shows Hot/Cold block list. We manage list
with exponentiation of 2. Each grade is determined by
interval calculated by the following formula:
N grade :
The grade is started by 0. If an interval of some
request is 17, the request is belonged to 2nd grade. All
data blocks in each list of grade are sorted by logical
block number.
PERFORMANCE RESULT
Experimental environment
To evaluated UDA-LBAST scheme, we implemented
simulator on linux-2.6. Also, to compare the performance
of the proposed scheme with that of the KAST and the
FAST, we developed simulator for each of three scheme
and perform trace driven simulation. A 512MB flash was
used and 10% of total block was reserved to log block.
Fig. 11 shows logical sector number in simulation
trace. POSTMARK trace includes many random accesses.
While IOZone trace has many sequential accesses as well
as hot spot that are accessed intensively.
Fig. 12 is interval of Write I/O when simulated with
POSTMark and IOZone. Each of trace has 10,000
requests but only write I/O are captured to this fig. And
we divide logical page number to logical block number.
So there is only 763 accessed blocks in POSTMark and 71
accessed block in IOZone. As shown in Tab. 1, accessed
blocks are well distributed to all grades.
Fig. 13 represents block associativity of FAST and
UDA-LBAST in POSTMARK trace. We measured
maximum, minimum and average block associativity of
each scheme. Different from FAST, UDA-LBAST limits
block associativity and choose lowest associativity block
to merge. So generally associativity of the proposed
scheme is lower than that of the FAST. Specially as time
goes on, average block associativity is reducing
continuously. The proposed log block garbage collection
method works well to keep block associativity low.
We also measure total execution time of each scheme
and the result is shown in Fig. 14. We set block
associativity threshold of the proposed scheme and the
KAST as 21, 2/3 of Np in heuristic approach. In
POSTMARK, UDA-LBAST reduces total processing time
by 71%, 15% comparing with FAST and KAST. In

HOT/COLD IDENTIFICATION ALGORITHM
Fig. 8 shows a main idea of Hot/Cold identification
for UDA-LBAST.
We assume the number of log block is fixed in 2. Fig.
8 a) is data placement of KAST. Hot data and cold data
are mixed in same log block (e.g. L0, L1). Hot data is
updated frequently than cold data. But the number of log
block is limited so we have to perform merge operation to
make free log block even if all of the cold data in log
block was valid. If we divide hot and cold data to other
log block, we could reduce the migration of valid cold
data pages and increase performance of system. So we
separate hot data from cold data and store in different log
block, as Fig. 8 b). In this state, we additionally think that
there could be existed a hotter data in a hot data, as log
block L0 in Fig 8 c). The update frequency of D0 is more
frequent than that of D3. So D3 can be cold data in view
of D0. Therefore, we divide hot/Cold data to several
grades (e.g. 1 ~ 10) and stored to different log block.
The data is classified into hot or cold depending upon
update interval in our identification method. Fig. 9 shows
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IOZone trace, the proposed scheme reduces process time
by 60%, 21%.

Li-Pin Chang, 2008, “Hybrid solid-state disks:
Combining heterogeneous NAND flash in large SSDs,”
Proceedings of the 13th IEEE/ACM International
Conference on Asia and South Pacific Design Automation
Conference (ASPDAC’08), January 21-24.
Jen-Wei Hsieh, Li-Pin Chang, and Tei-Wei Kuo, 2005,
“Efficient on-line identification of hot data for flashmemory management,” ACM Symposium on Applied
Computing (SAC’05), March 13-17.

CONCLUSION
In this paper, we proposed an UDA-LBAST:
Unlimited Data-block Associativity - Limit log-Block
Associative Sector Translation that can solve block
thrashing problem in KAST.
We proposed three methods to improve system
performance. First, UDA-LBAST uses unlimited data
block associativity when sharing log block between data
blocks. Second is Hot/Cold data identification. Hot/Cold
data identification selects which data blocks are shared
same log block. Last method is Log block garbage
collector. Full merge operation is most high cost operation
in flash memory management. Log block garbage
collector can help to reduce full merge operation.
In random I/O trace, UDA-LBAST reduces total
processing time by about 71% compared to FAST. In
sequential condition, the proposed scheme reduces about
21% of total processing time compared with the KAST
Therefore we can improve the performance of system
by decreasing block associatibity threshold in a certain
environment that has many sequential accesses or a higher
locality. Also we can garantee a safety of system by
setting up a high block associativity threshold in another
environment that needs to consider the life and safety of
flash memory.
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Fig. 13 Block associativity of FAST and UDA-LBAST
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ABSTRACT: An RFID-enabled supply chain network
provides automatic data sharing for supply chain partners,
which improves the visibility of supply chains, but also
magnifies the security and privacy concerns. EPCGlobal
specifies the de-facto industrial standards for RFID-enabled
supply chain networks, in which some security issues, especially, access control in tracking and tracing operations,
are described. Unfortunately, neither the standard incorporates the security solutions clearly, nor the existing research
approaches conform with the standard. In order to overcome the gap, we propose a formal model of RFID-enabled
supply chain networks which is defined strictly according to
the EPCGlobal standard. Based on the model, we propose a
specific framework of role-based access control to enhance
the security of RFID-enabled supply chain networks. The
framework brings up the first standard compatible security
solutions to facilitate full supply chain visibility. A comprehensive experimental evaluation on synthetic datasets
shows that our proposed framework is effective and highly
efficient.
I. I NTRODUCTION
With rapid development of Radio Frequency Identification (RFID) technology, more and more participants of supply chain networks are adopting RFID technology to manage and share their business information in a standard format of EPCGlobal [1] so as to improve supply chain visibility. In an EPCGlobal network, a physical product is allocated with a unique identifier known as Electronic Product
Code (EPC) [2], which can be retrieved from an RFID tag
via a wireless channel without contact of sight, allowing
this product to be observed at several key locations within
the premises of each supply chain partner. Open data exchange standards such as EPC Information Services (EPCIS) [3] and EPC Discovery Services (EPCDS) [4] have
been developed to enable authorized organizations to exchange and query “serial-level” information (i.e., item level
information) of tagged products.
In the context of EPCGlobal networks and product lifecycles, visibility is a critical requirement, which relates to
three key questions: (a) Where is the stuff? (tracking); (b)
Where has the stuff been? (tracing); (c) Who has handled
the stuff? (chain of custody). These questions all refer to
certain staff with a specific tag. We denote these questions
as serial-level queries. RFID techniques facilitate serial-

level visibility in supply chain management, as specified in
EPCGlobal network standard. However, it also raises security concerns. In a serial-level RFID-enabled supply chain,
when an information owner (i.e., EPCIS) publishes seriallevel information, it may be queried by unauthorized users.
Among various categories of supply chain partners, such as
manufacturers, retailers, consumers as well as thirty party
logistics (3PL). a certain serial-level location or custody information should not be visible to all supply chain partners in certain applications such as military supply chain.
In current practice, an RFID-enabled supply chain protects
sensitive information with contracts. Information suppliers
may sign a contract with legitimate partners and only these
partners can access information provided by the supplier.
Every supply chain supplier enforces its own authorization
and access control policies. Although sensitive information
is under protection with this solution, it is difficult to establish supply chain visibility for each tag at the level of
EPCGlobal networks. Therefore, we need a universally applicable, effective and efficient authorization mechanism to
protect sensitive information and facilitate supply chain visibility in RFID-enabled supply chain networks.
The contributions of this paper are summarized as follows:
• We propose a formal model for RFID-enabled supply
chain networks. According to the existing RFID standards
(i.e., EPCIS, EPCDS), we define five categories of events
(common, aggregation, disaggregation, remark, and recall)
in the architecture of supply chains. Then we summarize a role hierarchy and map each information provider
into certain roles (e.g., manufacturers, retailers, consumers
and 3PL). Based on the events and the role hierarchy, we
formalize supply chain visibility requirements and define
serial-level information retrieval operations.
• We propose an effective role based access control framework, which consists of a set of general access control policies, in an RFID-enabled supply chain network. The framework ensures that complete and sound supply chain visibility information of each tag is provided to information requester, according to access control policies.
The remaining sections of the paper are organized as
follows. In section II, we describe the background of
RFID supply chain networks and role based access control (RBAC). We justify why the RBAC is applicable to
RFID-enabled supply chain networks. In section III, we
give a logical model of RFID supply chain networks. In
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section IV, we propose the access control framework and
demonstrate the soundness and completeness properties of
our access control framework. In section V we give a comprehensive experimental evaluation on the performance of
our access control framework. We conclude the paper in
section VI.
II. R ELATED W ORK
In this section, we introduce the preliminaries of RFIDenabled supply chain networks as specified in EPCGlobal
standards; summarize the former work RBAC; and explain
the reason why RBAC is applicable to RFID-enabled supply chain networks.
A. EPCGlobal Networks
EPCGlobal network is the industrial standard of RFID
supply chain network which is used for information sharing between trading partners [2]. EPC Information Services
(EPCIS) [3] are the major information suppliers which are
established for increasing visibility, accuracy, and automation throughout a supply chain. When a certain product A is
handled by a supply chain partner P1 , P1 publishes “seriallevel information” (i.e., item level information) as a record
in its EPCIS server S1 ; when A is carried to another partner
P2 , another record will be published in EPCIS server S2 of
P2 . An EPCGlobal network enables authorized parties to
query the location and custody information about product
A throughout the whole supply chain network. The EPCIS
servers publish event-driven information about a tag including what (e.g., EPC number, manufacturing data, transactional data, etc.), where (e.g., location), when (e.g., event
time, record time) and why (e.g., business process steps,
product state, current conditions) the events occur about a
tag. In particular, EPCIS standard defines four categories of
events: object events, quantity events, aggregation events,
and transaction events. These events are recorded as XML
documents. To facilitate supply chain visibility, EPC Discovery Service (EPCDS) serves as a lightweight referral
system that publishes key information extracted from the
EPCIS servers. EPCDS enables a client to find multiple
information resources about an object if the object can be
uniquely identified with its identifier [4]. Each EPCDS data
record includes product identifier (i.e., EPC), pointer (reference to product-related resources) and timestamp when the
record is published to DS. Formally, a DS record can be
presented by a 3-tuple hEP C, time, urli.
B. Role-Based Access Control
The model of role based access control (RBAC) is a popular security model that simplifies user-permission administration by dynamically assigning roles to users and permissions to roles [5]. Based on the original model, researchers proposed many evolutional RBAC versions. For
example, Bertino et al. introduced a concept of Available

Time and proposed a Temporal-RBAC model [6] considering the availability of roles to users at certain time slot.
Bertino et al. also proposed a GEO-RBAC model for security control in location-based services and mobile applications. In another work, Ying et al. introduced a method of
dynamic role assignment into RBAC [7][8]. Due to its flexibility, RBAC and its extended models have been widely applied to real information systems such as electronic health
care system [9] and outsourced data publishment system
[10]. However, to the best of our knowledge, the RBAC
mechanism has not yet been applied to RFID-enabled supply chain networks, which is a non-trivial work as it must
conform with the EPCGlobal network standard.
C. Applying RBAC to EPCGlobal Networks
Access control in RFID supply chain networks is important to practice, which is highlighted in EPCGlobal standards [3][4] as well as in the BRIDGE project. The access
control requirements are described in detail in the EPCGlobal official documents. Some solutions are suggested
in the BRIDGE project. They point out that the access
control mechanism should possess certain characteristics
of distributed and fine-grained access control. However,
these documents focus on high-level requirements without
addressing any specific models. On the other hand, many
researchers focus on data stream queries and complicated
events mining on RFID EPCGlobal networks [11][12][13].
However, the query processing may not conform to EPCGlobal standards; only certain issue on data stream query or
mining such as packing and unpacking events is addressed.
The issues on how to build a formal model of EPCGlobal
network and security analysis have not been targeted. Li
et al. propose a Concept-level Authorization Model (CAM)
[14], which defines the access right of users to data within
the EPCIS database based on subject’s identity and the semantics of protected object. CAM makes it efficient to
manage and evaluate authorizations on distributed RFID
data sources. The disadvantage of this model is that it does
not consider the distinction between RFID-enabled supply
chain networks and traditional supply chains, while the subjects and objects are not defined clearly in the EPCGlobal
networks environment. Shin et al. propose a usage access
control model [15], which constructs a distributed retailerconsumer scenario and illustrates how to protect security
in distributed EPCIS servers. However, the model does not
consider the particularity of EPCGlobal networks, while the
parameter of credit proposed in the model is hard to evaluate in real-world applications.
Since the study on how to apply access control to EPCGlobal networks is insufficient, we consider the model of
role based access control (RBAC) as a baseline in EPCGlobal networks for the following reasons:
• The supply chain partners can be easily mapped to separate roles. The mapping is based on the type of events.
For example, assuming that there is a box of products being
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tagged with A1 , A2 , . . . , Am , and the box is tagged with B.
Now the products in the box are distributed by supply chain
partners P0 to P1 , P2 , . . . , Pm separately, where product Ai
is delivered to partner Pi . This is an instance of disaggregation event in EPCGlobal networks. It is indicated that a
single tag is split into a set of tags after delivery. In this example, we can assign to partner P0 a role of “distributor”.
The other roles such as “retailer”, “carrier”, and “cluster”
can also be determined according to the event type. The
user-role assignment can be achieved by a dominator. A
dominator can be a service registration server, which takes
charge of the service registration and deregistration in the
overall EPCGlobal networks.
• The permissions of supply chain partners can be easily
assigned to pre-defined roles. In the above example of disaggregation event, an access control policy can be defined
as follows: for the role of “distributor”, only information
published by his direct forward partner is visible. Similarly, we can define a set of access control policies for each
role. The mapping from permissions to roles is limited in
amount and stable as required in RBAC model.

EPCGlobal Services

EPCDS
Servers

Fig. 1 illustrates an architecture of RFID-enabled supply chain networks. Each product is attached with an
RFID tag identifiable by a unique EPC and flows in an
EPCGlobal supply chain. As shown in Fig. 1, a product
identified by TA is delivered in a path {P1 , P2 , . . . , Pn }
known as a tag chain. When the product is delivered
to a supply chain partner in its tag chain, the partner
will publish a event-driven information to the EPCGlobal
Services (such as EPCDS and EPCIS servers) so as to
share a serial-level information of the tag with its cooperative partners. The event-driven information, denoted
as hW hen, F rom, T o, EventT ype, . . .i, meaning at what
time, what events occur, and who the parties of the transaction are. In a specified tag chain, supply chain partners
can track their products’ information using standard API
provided by EPCGlobal Services, such as EPCDS, EPCIS,
ONS (Object Naming Service [2]), etc.
A. Formal Definition of The Model
In an an RFID-enabled supply chain network, there are
various tag chains which may cause tracing & tracking process more complicated. Fig. 2 describes a fragment of a
complicated RFID-enabled supply chain network, in which
each node represents a supply chain partner. In a specified
tag chain, each supply chain parter is assigned a role. Formally, we use a 3-tuple hP ID, Role, EP Ci to denote that
tag EP C is processed by supply chain partner P ID who is
assigned a role Role in a tag chain via which tag EP C is
moving. Each edge denotes an event which is assigned an
event type. For example, in Fig. 2, edge P1 −→N P2 refers
to a normal type event whereby tag TA is transferred from

Serial-Level Information (TA)
When From To EventType ...
19:20 P(n-1) Pn Normal
...

Q1: Where is my stuff now?
Q2: Where has my stuff been?
Q3: Who has handled my stuff?

Tag A
(EPC=TA)

… ...

Reader
Supply Chain Partner P1

P2

Pn

Fig. 1. An architecture of RFID-enabled supply chain networks
P7

Event Type:
N: Normal A: Aggregation D: Disaggregation
RC: Recall
RM: Remark

N

D
N

P1

N

P2

P3

D

Retailer
(TA)

Distributer
(TA)

D

P4

N

RC

P12 Consumer

P8

Retailer (TC)

P9

P10

A

Retailer (TB) Retailer (TB)
RM

P5

Manufacturer
(TA ,TF) N

Cluster (TE)

Retailer (TG) A

...

N

(TF)

III. L OGICAL M ODEL OF RFID- ENABLED S UPPLY
C HAIN N ETWORKS

EPC ONS
Servers

EPCIS
Servers

N

P11

Consumer (TH) Consumer
(TE)

P6
Consumer (TD)

Fig. 2. A fragment of an RFID-enabled supply chain network

Manufacturer P1 to Retailer P2 . Retailer P2 publishes information of the event to EPCGlobal services when receiving the product TA . In our model, there is an one-to-one
relationship between the event-driven information and the
edge. There are five kinds of events in EPCGlobal standards
that impact on the architecture of tag chains, as described
below:
• Normal Event (N). A product tagged TX is delivered directly from Pi −→N Pj , e.g., the edge P1 −→N P2 in Fig.
2 is a normal event.
• Disaggregation Event (D). A product with a tag TX is
split into a set of products with a set of new tags {TX 1 ,
TX 2 , ..., TX n } after delivery. For example, in Fig. 2, edges
P3 −→D P4 , P3 −→D P5 , and P3 −→D P6 are disaggregation events. An example of such scenarios is that a box
of three bottles of beer with EPC TA is split into three separate bottles of beer respectively identified by TB , TC and
TD and delivered to three partners P4 , P5 , and P6 .
• Aggregation Event (A). A set of products that are attached with tags {TX 1 , TX 2 , ..., TX n } are assembled into
one stuff with a new tag TX after delivery. In Fig. 2, edges
P7 −→A P10 and P8 −→A P10 are aggregation events.
Supply chain partner P10 is a cluster that assembles the beer
with tag TB from P8 and a bulk of flowers with tag TG from
P7 into a box of gift tagged with TE . Then TE is delivered
via a new tag chain.
• Remark Event (RM). A product tagged TX is allocated a
new tag TY after delivery. In Fig. 2, edges P5 −→RM P9
is a remark event. The scenario is that supply chain partner
P9 relabels the beer with tag TC and uses a new tag TH
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Fig. 6.
getForwardChain(String P ID, Fig. 7.
getBackwardChain(String P ID, Fig. 8. getChain(String P ID, String EP C)
String EP C)
String EP C)

for it. Then the beer is transferred via a new tag chain.
Remark events such as tag encryption are commonly used
in supply chain networks for security concern. Different
tags can keep the tag secrets, however, remark operations
make a supply chain more complicated, and decrease the
visibility of the whole supply chain. For example, TC and
TH represent the same product. However, on the point of
traceability, TC and TH belong to the same tag chain, whose
information can be shared by P5 and P9 .
• Recall Event (RC). The manufacturer recalls his products that have problems. In Fig. 2, edge P12 −→RC P1 is

a recall event. A recall event generates a circle structure in
RFID-enabled supply chain graph, which makes the tracing/ tracking complicated. The information about the recall
event should be visible in the tag chain TF .
Based on the above events, we propose the formal definition of an RFID-enabled supply chain network as follows.
Definition 1. Logical model of RFID-enabled supply chain networks. An RFID-enabled supply chain network is a directed graph G(V, E), where V ={P ID |
P ID is an identifier of an information provider in the supply chain network}, E = {e|e is a 4-tuple hEP C, f N d,
tN d, EventInf oi} in which EP C is a 2-tuple hf EP C,
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1 Specially, in an edge hEP C, f N d, tN d, EventInf oi, if
tN d.Role = M anuf acturer, then f N d = null.

Users (U)

Roles (R)
roles()

. .

Definition 1 presents the logical definition of an RFIDenabled supply chain network. In practice, information is
published to EPCGlobal services as collection of records
each of which corresponds to an edge of the logical model.
We still use the 4-tuple hEP C, f N d, tN d, EventInf oi
to represent a record published in EPCGlobal services. We
assume that when an event occurs, a record corresponding
to the event is added into a database of EPCGlobal services.
A supply chain partner Pi can submit queries to retrieve
the records related to a certain tag chain TX . The queries
include:
• getRecord(String P ID, String EP C): returns
the record e where e.EventInf o is published by PID in tag
chain EPC (see Fig. 3).
• getForwardRecord(String P ID, String EP C):
returns the records that are published by the direct forward
partners of PID in tag chain EPC (see Fig. 4).
• getBackwardRecord(String P ID, String EP C):
returns the records that are published by the direct backward partners of PID in tag chain EPC (see Fig. 5).
• getForwardChain(String P ID, String EP C): returns the records that are published by the forward partners
of PID in tag chain EPC (see Fig. 6).
• getBackwardChain(String P ID, String EP C):
returns the records that are published by the backward partners of PID in tag chain EPC (see Fig. 7).
• getChain(String P ID, String EP C): returns
the records that are published by the whole supply chain
partners of PID in tag chain EPC (see Fig. 8).
In Fig. 3, the function e.nextRecord() returns
the next record for record e in the RFID-enabled supply
chain table. Similarly, in Fig. 4 and Fig. 5, the function
FirstRecord() returns first record in the RFID-enabled
supply chain table. In Fig. 6 and Fig. 7, the function

permission()
.

B. Tracing & Tracking Operations

Role Hierarchy (RH) Sessions (S)
.

tEP Ci. The 4-tuple hEP C, f N d, tN d, EventInf oi
represents a directed edge in graph G, which means that
a product with a tag f EP C is delivered directly from
supply chain partner f N d to tN d, and after delivery
the tag of the product is changed into tEP C, and node
tN d publishes an event-driven information EventInf o
to EPCGlobal services. In the 4-tuple, f N d is identified by P ID, and tN d is a 2-tuple hP ID, Rolei where
Role denotes the set of roles for tN d assigned in tag
chain EP Ct and Role ⊆ {M anuf acturer, Recaller,
Consumer, Retailer, Distributor, Cluster, Importer,
Sales Counselor, Carrier, Auditor}1 . EventInf o is a 3tuple hEvT ype, EvT ime, EvInf oi in which EvT ype denotes the event type and EvT ype ∈ {N, A, D, RC, RM },
EvT ime records the timestamp when the event occurs and
EvInf o gives detailed information about the event.

Permissions (P)

Fig. 9. RBAC model for RFID-enabled supply chain networks

DeQueue() is a basic operation in the data structure of
queue. DeQueue(tempList) deletes and returns the element in the front of queue tempList. If supply chain
partner PID has published a record e, he can query the information published by other supply chain partners in tag
chain e.EP C.tEP C using operations described in Fig. 3
to Fig. 8; that is, information in tag chain e.EPC.tEPC is
shared by supply chain partners that have custody of product e.EPC.tEPC. Because a tag may be changed after delivery in aggregation, disaggregation, and remark events,
the corresponding tag chain will contain records which
describe these changes. The function getChain() returns the tag chain of a certain tag. For example, with
the set of records described in Fig. 2 as input, function
getChain() returns the following tag chains in related
queries:
• Tag chain TA : null −→N P1 , P1 −→N P2 , P2 −→N
P3 , P3 −→D P4 , P3 −→D P5 , P3 −→D P6 .
• Tag chain TB : P3 −→D P4 , P4 −→N P8 , P8 −→A P10 .
• Tag chain TC : P3 −→D P5 , P5 −→RM P9 .
• Tag chain TD : P3 −→D P6 .
• Tag chain TE : P7 −→A P10 , P8 −→A P10 , P10 −→N
P11 .
• Tag chain TF : null −→D P1 , P1 −→N P12 , P12 −→RC
P1 .
• Tag chain TG : P7 −→A P10 .
• Tag chain TH : P5 −→RM P9 .
The basic operations provide an efficient and effective
query mechanism for RFID-enabled supply chain networks.
With these operations, a supply chain partner is able to retrieve information of a certain tag chain, and the visibility
and traceability are enforced.
IV. RBAC F RAMEWORK FOR RFID- ENABLED S UPPLY
C HAIN N ETWORKS
In an RFID-enabled supply chain network, supply chain
partners can be easily mapped to separate roles with respective permissions. The mapping of roles and permissions
obeys basic rules and the relationship between roles and
permissions is steady. Thus, the role based access control
model is suitable for protecting the security of an RFIDenabled supply chain network. We extend the RBAC model
and give the definition below.
Definition 2. RBAC model for RFID-enabled supply
chain networks. The RBAC model has the following components:
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P3

P2

P1

P4

P5

(a) P1 is a manufacturer with permissions to
access the receiver of the product. Thus, the
authorization zone of P1 includes the direct
forward records in the tag chain: null->P1, P1>P2.

P1

P2

P2

P3

P4

P2

P5

P1

P3

P4

P5

(g) P4 is an importer with permissions to access
the path in which the product is delivered from.
Thus, the authorization zone of P4 includes the
records in the backward tag chain: null->P1, P1>P2,P2->P3, P3->P4.

P4

P5

(b) P5 is a consumer with permissions to access
the information published by himself as well as
the information of recall events (if there is any).
Thus, the authorization zone of P1 includes: P4>P5, P5->P1.

P3

(d) P3 is a distributor with permissions to access
the disaggregation event driven records. Thus,
the authorization zone of P3 includes: P2->P3,
P3->P4 , P3->P5.

P1

P3

P2

P1

P4

P5

P2

P3

P4

P5

(h) P2 is a sales counselor with permissions to
access the path in which the product is delivered
to. Thus, the authorization zone of P4 includes
the records in the forward tag chain: P1->P2,P2>P3, P3->P4, P4->P5.

P2

P3

P4

P5

(c) P4 is a carrier/ retailer with permissions to
access the receiver of the product. Thus, the
authorization zone of P4 includes the direct
forward records in the tag chain: P3->P4, P4->P5.

P1

(e) P3 is a cluster with permissions to access the
aggregation event driven records as well as the
direct forward records. Thus, the authorization
zone of P3 includes: P2->P3, P1->P3 , P3->P4.

P1

P1

P2

P3

P4

P5

(f) P1 is a recaller with permissions to access the
information published by the direct backward
node in the tag chain. Thus, the authorization
zone of P1 includes: P4->P5, P5->P1.

P1

P2

P3

P4

P5

(i) P3 is an auditor with permissions to access the
whole path of tag chain. Thus, the authorization
zone of P4 includes the records in the the whole
tag chain: null->P1, P1->P2,P2->P3, P3->P4, P4>P5.

Fig. 10. Authorization zone for roles in RFID-enabled supply chain networks

U, R, P and S (users, roles, permissions and sessions respectively). U = {P ID|P ID is an identifier of an supply chain partner in an RFID-enabled supply chain network}. R = {M anuf acturer, Recaller, Consumer,
Retailer, Distributor, Cluster, Importer, Sales Counselor, Carrier, Auditor}. S = {si,j | si,j represents a
query requested by useri in tag chain Tj , where i, j ∈
{1, 2, . . . , n}}. P ∈ 2E , where E is the set of edges in
an RFID-enabled supply chain network;
• P A ⊆ P ×R, a many-to-many permission-to-role assignment relation;
R
• U A ⊆ U × 2 × T , where T is a set of tag chains in
an RFID-enabled supply chain network. A 3-tuple huser,
{r1 , r2 , ..., rn }, tagi ∈ U A denotes that user is assigned a
set of roles {r1 , r2 , . . . , rn } in tag chain tag.
R
• roles(): S → 2 , is a function mapping each session
si,j to a set of roles roles(si,j );
• permissions():
S → 2P , is a function
mapping each session si,j to a set of permissions
permissions(si,j ). permissions(si,j ) = ∪r∈roles(si,j )
{p|(p, r) ∈ P A}. We denote permissions(si,j ) as the
authorization zone of session si,j ;
• Role Hierarchy (RH): RH ⊆ R × R is a partial order on
R. hr1 , r2 i ∈ RH is also denoted r1 > r2 . In a session si,j ,
if r1 > r2 (r1 , r2 ∈ roles(si,j )), then r1 has all permissions
of r2 . RH is also denoted dominance relation.
In general, the model can be divided into three parts (see
Fig. 9):
• User-Role Assignment (UA). In order to achieve user-role
assignment, we assume that there is a dominator that monitors the whole supply chain networks and carries out userrole assignment in each tag chain according to the business
logistics. The UA is stored in and maintained by a table in
•

a dominance database with fields [user, roleset, tag]. A
record [P ID, (r1 , r2 , . . . , rn ), TX ] represents that supply
chain partner P ID is assigned a set of roles {r1 , r2 , ..., rn }
in tag chain TX . The size of the table is affected by the
number of tag chains. Approximately, it equals to |E| in
the worst case in which E is the set of edges in the RFIDenabled supply chain networks.
• Role-Permission Assignment (RP ). In a session si,j ,
useri requests a query related to a tag chain Tj . si,j is
assigned a set of roles according to the U A. We define access control policies that enable the access control model to
locate the authorization zone of session si,j .
• Role Hierarchy (RH). The architecture of RH defines
the dominance relation of roles in the RFID-enabled supply chain networks. RH is used to simplify the function
role(si,j ) in a session si,j . It removes the redundant operations of role assignments and improves the access control efficiency. In the next, we describe the parts of RolePermission Assignment and RH in details.
A. Access Control Policy
As aforementioned, the access control model locates the
authorization zone of session si,j according to predefined
policies. The access control policies are high level metrics
that define the authorization zone of each role r in a session
si,j , where r ∈ roles(si,j ). We enumerate the policies
below.
• Policy 1. If Manufacturer, Consumer, Retailer, Carrier,
Distributer, Cluster in roles(si,j ) in a session si,j , then
useri has a permission to access the information published
by his direct forward nodes within tag chain Tj (if any).
• Policy 2. If Recaller ∈ roles(si,j ) in a session si,j ,
then useri has a permission to access the information pub-
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Fig. 11. Role hierarchy relation in RFID-enabled supply chain networks
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6

B. Removal of Redundant Role Assignments Using Role
Hierarchy
According to the access control policies defined above,
we propose the role hierarchy RH in RFID-enabled supply
chain networks shown in Fig. 11.
In a session si,j , assume r1 , r2 ∈ roles(si,j ) and r1 >
r2 . Let p1 and p2 (p1 , p2 ⊆ P ) be the sets of permissions of
r1 and r2 in tag chain Tj respectively. By the definition of
RH, we have p1 ⊇ p2 , i.e., r1 has all of the permissions of
r2 in tag chain Tj for useri . In order to facilitate the userpermission assignment, we remove the role assignment of
r2 from roles (si,j ) using removal algorithm for redundant
role assignments in Fig. 12.
Theorem 1. Using the removal algorithm for redundant role assignments, the result of function permission
(si,j ) equals the original value.
Proof. Let rl the return set of roles returned by the removal algorithm for redundant role assignments, and rd the
set of redundant roles removed. Obviously, we have rl =
roles(si,j ) − rd. We prove that ∪r∈roles(si,j ) {p|(p, r ∈
P A)}= ∪r∈rl {p|(p, r ∈ P A)} in the next.
(1) We first prove ∪r∈roles(si,j ) {p —(p, r ∈ P A)}⊆
∪r∈rl {p — (p, r ∈ P A)}. Suppose there exists a permission p such that p ∈ ∪r∈roles(si,j ) {p|(p, r ∈ P A)}, and
p¬ ∈ ∪r∈rl {p|(p, r ∈ P A)}. Because rl = roles(si,j )
− rd, we deduce that p ∈ ∪r∈rd {p|(p, r ∈ P A)}, and p¬ ∈

e
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i

r

.

lished by his direct backward nodes within tag chain Tj .
• Policy 3. If Importer ∈ roles(si,j ) in a session si,j ,
then useri has a permission to access the information of his
backward tag chain of Tj .
• Policy 4. If Sales Counselor ∈ roles(si,j ) in a session
si,j , then useri has a permission to access the information
of his forward tag chain of Tj .
• Policy 5. If Auditor ∈ roles(si,j ) in a session si,j ,
then useri has a permission to access the information of
the whole tag chain of Tj .
Fig. 10 illustrates the authorization zones of each role.
The access control policies provide a high level rules for
session-permission mapping. According to the access control policies, we design an algorithm to implement the function permission which will be described in section IV
C.
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Fig. 12. Removal algorithm for redundant role assignments

∪r∈rl {p|(p, r ∈ P A)}. It is equivalent that there exist roles
r1 ∈ rd and r2 ∈ rl such that p1 ⊇ p2 (pi denotes the
permission set of role ri ). On the other hand, from the removal algorithm, for every ri ∈ rd, there exists an rj ∈ rl
such that pi ⊆ pj . Since r1 ∈ rd, then p1 ⊆ p2 , which
is contradictory to the previous result. Thus relationship
∪r∈roles(si,j ) {p|(p, r ∈ P A)}⊆ ∪r∈rl {p|(p, r ∈ P A)}
holds true.
(2) We now prove ∪r∈roles(si,j ) {p — (p, r ∈ P A)}⊇
∪r∈rl {p — (p, r ∈ P A)}. The conclusion follows from
roles(si,j ) ⊇ rd directly.
From (1) and (2), the theorem is proven.

C. Authorization Zone
In our access control model, the function permission(si,j )
returns the authorization zone of a session si,j . According
to S
the definition of authorization zone, permissions(si,j )
= r∈roles(si,j ) {p|(p, r) ∈ P A}. Namely, the authorization zone of a session si,j is the union of the permissions of
each role of useri in tag chain Tj . Thus, in order to locate
the authorization zone of session si,j , we follow the steps
listed below:
• Step 1. Discover the roles assignment roles (si,j ) for
session si,j ;
• Step 2. Obtain the role set rl with all redundant roles removed using the removal algorithm for redundant role assignments;
• Step 3. For each role rk in role set rl, calculate the set
of permissions pk for each rk using the basic operations
described in section III;
• Step 4. Update authorization zone permissions(si,j )
with union of permissions
S sets calculated in Step3 (i.e.,
permissions(si,j ) = k pk ).
Fig. 13 illustrates the implementation of permission
in our RBAC model. We demonstrate the soundness and
completeness properties of the permission assignment algorithm below.
Theorem 2. Soundness. In a session si,j , the set of
permissions(si,j ) contains all the permissions defined
by the access control policies (see section IV A) for useri .
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Fig. 13. permission(si,j )

Proof. Let pi be the set of permissions defined by access
control policies for useri . Obviously, we have pi ∈ 2E ,
where E is the set of edges in the logical model of RFIDenabled supply chain networks. We prove that ∀p ∈ pi , p ∈
permissions(si,j ).
From the permission assignment algorithm, we have the
following conclusions:
(1) If Manufacturer, or Consumer, or Retailer, or Carrier,
or Distributer, or Cluster ∈ roles(si,j ), then we have
p′ ∈ permissions(si,j ) (see line 3–7 in Fig. 13).
(2) If Recaller ∈ roles(si,j ), then we have p′ ∈
permissions(si,j ) (see line 8–10 in Fig. 13).
(3) If Importer ∈ roles(si,j ), then we have p′ ∈
permissions(si,j ) (see line 11–12 in Fig. 13).
(4) If Sales Counselor ∈ roles(si,j ), then we have p′ ∈
permissions(si,j ) (see line 13–14 in Fig. 13).
(5) If Auditor ∈ roles(si,j ), then we have p′ ∈
permissions(si,j ) (see line 15–16 in Fig. 13).
If we assume that ∃p′ ∈ pi satisfying p′ ¬ ∈
permissions(si,j ), from access control policies, then
we have the following conclusions:
(1’) If useri is assigned a role in set {Manufacturer, Con′
sumer, Retailer, Carrier, Distributer,
S Cluster}, then p ∈
(getForwardRecord (i, j)
getRecord (i, j))
and p′ ¬ ∈ permissions(si,j ). This is contradictory
to the above conclusion (1).
(2’) If useri is assigned a role Recaller,
then we have p′ ∈
S
(getBackwardRecord (i, j)
getRecord (i, j))
and p′ ¬ ∈ permissions(si,j ). This is contradictory
to the above conclusion (2).

(3’) if useri is assigned a role Importer, then p′ ∈
getBackwardChain (i, j) and p′ ¬ ∈ permissions(si,j ).
This is contradictory to the above conclusion (3).
(4’) if useri is assigned a role Sales Counselor,
then p′ ∈ getForwardChain (i, j) and p′ ¬ ∈
permissions(si,j ). This is contradictory to the above
conclusion (4).
(5’) if useri is assigned a role Auditor, then p′ ∈
getChain (i, j) and p′ ¬ ∈ permissions(si,j ). This
is contradictory to the above conclusion (5).
Therefore, the assumption does not hold, and the theorem
is proven.

Theorem 3. Completeness. In a session si,j , all the permissions in the set of permissions(si,j ) are contained
in the set of permissions defined by the access control policies for useri .
Proof. Let pi be the set of permissions defined by access
control policies for useri (the same as proof in Theorem
2). We prove that ∀p ∈ permissions(si,j ), p ∈ pi .
From the permission assignment algorithm, we come out
the following conclusions:
(1) If ∃ a role r ∈ {Manufacturer, Consumer, Retailer, Carrier, Distributer, Cluster} such that p ∈
permissions (si,j ), then according to line 3–7 S
in
Fig. 13, we have p ∈ getForwardRecord (i, j)
getRecord (i, j), and Policy 1 applies. Therefore, p ∈ pi .
(2) if ∃ a role r = Recaller such that p ∈
permissions(si,j ), then according to line 8–10 S
in
Fig. 13, we have p ∈ getBackwardRecord (i, j)
getRecord (i,j) and Policy 2 applies. Therefore,
p ∈ pi .
(3) if ∃ a role r = Importer such that p ∈
permissions(si,j ), then according to line 11–12 in Fig.
13, we have p ∈ getBackwardChain (i, j) and Policy 3
applies. Therefore, p ∈ pi .
(4) if ∃ a role r = Sales Counselor such that p ∈
permissions (si,j ), then according to line 13–14 in Fig.
13, we have p ∈ getForwardChain (i, j) and Policy 4
applies. Therefore, p ∈ pi .
(5) if ∃ a role r = Auditor such that p ∈
permissions(si,j ), then according to line 15–16 in Fig.
13, we have p ∈ getChain (i, j) and Policy 5 applies.
Therefore, p ∈ pi .
From the above, the theorem is proven.

V. E XPERIMENTS
In practice, when user useri sends a query w.r.t. a tag
chain Tj , a session si,j is established to provide services
to the useri . permission(si,j ) returns the authorization zone of si,j . Let reQuery (si,j ) be the result of the
query reQuery (si,j )∈ 2E where E is the set of edges in
the RFID-enabled supply chain network. The access control module filters out the unauthorized records and returns
the result set permission(si,j ) ∩ reQuery (si,j ) to
useri . Considering a query Query(i, j)which denotes

84

9

A. Data Generator EPCDATA
EPCDATA is built to generate scalable data for RFID
EPCGlobal supply chain networks. As Fig. 14 shows, We
establish a m × n-nodes graph, in which the nodes denote supply chain partners and the edges denote records
in database. The pID of supply chain partner in ith row
and jth column is represented as P i j (i ∈ [1, 2, ..., m] and
j ∈ [1, 2, ..., n]). One record in the database is a 7-tuple
[f EP C, tEP C, f P ID, role, tN d, EvT ype, EvT ime],
which is defined strictly according to the formal model.
For example, one of the manufacturing-events of supply
chain partner P 1 1 can be denoted as [−, 0000001, P 1 1,
M anuf acturer, P 1 2, N , ′ 04/09/2010 14 : 30 : 00′ ].
We generate different types of events in the following
method:
• Normal Events. We generate m + n normal-type-event
tag chains: null −→N P 1 1, ..., P 1 n − 1 −→N P 1 n; ...;
null −→N P m 1, ..., P m n − 1 −→N P m n; null −→N
P 1 1, ..., P m − 1 1 −→N P m 1; ...; null −→N P 1 n, ...,
P m − 1 n −→N P m n by sequence.
• Aggregation Event.
The approach for generating kaggregation events for node P i j is described as follows:
randomly select S
k nodes as set PA where PA ⊆ {pl j −
1|1 < l ≤ m} {pi − 1 s|1 < s ≤ n} and |PA | = k.
k aggregation-type-events are denoted by edges from PA
to P i j. To generate num a aggregation events, we select
num a nodes randomly and repeat the above approach as
necessary.
• Disaggregation Event. The approach for generating kdisaggregation events for node P i j is described as follows:
randomly selectSk nodes as set PD where PD ⊆ {pl j +
1|1 < l ≤ m} {pi + 1 s|1 < s ≤ n} and |PD | = k. k
disaggregation-type-events can be edges from P i j to PD .
To generate num d aggregation events, we select num d
nodes randomly and respectively repeat the above approach
.
• Remark Event. To generate a remark-type-event after
node P i j, we add an edge from P i j to P i j + 1 or
P i + 1 j with a new tEP C field. We repeat the above approach num rm times to obtain num rm remark events.
• Recall Events. To generate a recall-type-event after node
P i n, we add an edge P i n −→RC P i 1 (1 ≤ i ≤ m);

n

… ...

N

i-1,
j+1

i-1,j-1

A
D

… ...

i, j-1

… ...

i+1,
j-1

i, j

i, j+1

m
RM

useri ’s query w.r.t. a certain tag chain Tj , the performance
overhead by facilitating access control is mainly caused by
calculating the authorization zone permission(si,j ). In
this section, we conduct experiments to examine the overhead of authorization zone calculation in our access control
model. We firstly establish a data generator EPCDATA to
simulate practical RFID EPCGlobal networks according to
our formal model. Using EPCDATA, we construct a series of datasets to evaluate run time overhead of calculating a certain tag chain, namely, function of getChain(),
which is the most complicated algorithm in authorization
zone calculation.

… ...

RC

i+1,
j+1

… ...

… ...

Fig. 14. EPCDATA: a data generator for RFID EPCGlobal networks

to generate a recall-type-event after node P m j, we add an
edge P m j −→RC P 1 j (1 ≤ j ≤ n). Remark events are
constructed after repeating above approach num rc times.
EPCDATA controls the cardinality of database by
using parameters m, n, k, num a, num d, num rm and
num rc.
B. Experimental Results
We examine the performance overhead of our access control method by calculating runtime of getChain() algorithm on datasets generated by EPCDATA. We generate 8
datasets respectively and test the mean time of executing
10 getChain (i,j) operations with randomly chosen values of i, j in each dataset. The parameters configuration
and cardinality for each dataset is listed in Table I.
The experiments environment is AMD Athlon Dual Dore
Processor 5000B 2.61 GHZ, 4.00GB main memory, 250GB
hard disc. The data is stored in MySQL database. EPCDATA runs on JAVA platform. Experiments result is shown
in Fig. 15.
We generate datasets in Table I: Dataset Di+1 has the
same cardinality with dataset Di , where i ∈{1, 3, 5, 7}.
The difference is that dataset Di+1 has more complicated
events (events except for common events) than Di . In Fig.
15, we compare run time of algorithm getChain() for
datasets Di+1 and Di . We conclude that the run time increases when a larger number of complicated events appear
in datasets with same cardinality. From the trend line of
run time for two series of datasets D1 , D3 ,D5 ,D7 and D2 ,
D4 ,D6 ,D8 , we can see that the run time increases linearly
with cardinality varying from 32,310 to 153,318 (calculated by tuples). This can be explained as follows: The
algorithm of getChain(i, j) runs on a dataset with all
records ordering by EvT ime increasingly. It locates the
record of session si,j first and then searches for the forward
and backward tag chain in sequence respectively. For all
records in dataset that are organized by increasing sequence
of EvT ime, the process of locating forward and backward
tag chain only requires one time scanning on the records.
Given the cardinality n of dataset, the time complexity of
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TABLE I
PARAMETERS CONFIGURATION AND CARDINALITY COMPARISON IN VARIOUS DATASETS

run time (ms)

Data set
D1
D2
D3
D4
D5
D6
D7
D8

m
150
100
450
200
500
250
500
500

n
100
100
100
200
120
200
150
140

k
5
5
5
5
5
5
5
5

num a
1,056
5,000
1,024
5,000
1,204
10,000
1,348
8,000

num d
1,125
7,000
2,002
8,000
1,342
12,000
1,940
5,000

num rm
103
290
100
100
80
600
20
300

num rc
26
20
22
48
16
42
10
18

complicated events
2310
12,310
3,148
13,148
2,642
22,642
2,642
13,318

total events
32,310
32,310
93,148
93,148
122,642
122,642
153,318
153,318
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be constructed will be a versatile 6 DOF Stewart platform,
this will comprise of a base plate, platform and six linear
actuators. The kinematics and loading will be controlled
by a personal computer using a multiple axis control cards
connected to the actuators. The computer will perform
calculations for specific joints during prescribed activities.
The simulator was aimed to be tested using a hip joint
model. Existing joint simulators only cater for one joint
whereas this concept is applicable to several joints. This
will mean that medical research in this field will not
require several different simulators. The platform will
operate using robotics with microprocessor control in
order to determine position, velocity, acceleration and
force for each actuator so that the platform can replicate
joint movement.
It is very essential to represent the diarthrodial
joint in appropriate manner. Better representation may
lead into lower assumption and therefore increasing the
problem complexity. Considering the human joint with 6
DOF may result in better understanding of the joint
articulation and motion and more realistic simulation.
Articulated joint doesn't have fixed coordinates as many
implant manufacturer assumer. The articulation is
controlled and based on the bone geometry, tendons,
ligaments and cartilage. Such assumption may result in
misbehaving of the implanted joint and therefore lower
mobility, shorter operation time and lower overall
performance.

ABSTRACT
This paper studies the human hip joint kinematics and
load analysis. Such analyses are very useful to investigate
the mobility and natural functionality as well as the
motion variation due to replacement implant. Equally the
simulator can be used in implant design. The simulator is
developed to provide six degrees of mobility with an
intention of using it for different joints loaded under
different body activities. Modeling the human joint as six
degree of freedom (DOF) is a challenge because of the
complexity of linking the motion drivers of the simulator
with the constrained joint motion of the joint to be
simulated which inevitably involves (except for few
joints which are truly of six degree) constraining of
simulator motion . In this study, feedback controlled
Stewart platform has been developed. Six actuators,
feedback control system, strain gauges and power
regulators are used in building the platform. The motion
of the top plate of Stewart platform is controlled by six
axes feedback control system connected to six actuators
independently. For each actuator, feedback of position and
load are used to obtain the required displacement and
torque feedback.
This work is performed to study the mobility and load
analysis of the artificial hip joint. Presented platform can
be used for joint simulation, implant testing, joint
kinematics, laxity analysis, and load transmission. The
proposed simulator has been tested for verification and
validation of the human hip articulation.

Stewart platform is originally design by D.
Stewart in 1965 [2]. Since then it has been widely used in
flight simulators. The 6 DOF parallel mechanisms
simulate the flight conditions by generating general
motion in space. Fully actuated parallel mechanism is
achieved by connecting six linear actuators via spherical
joints to the top and bottom plates. When the extension of
each actuator is controlled properly the upper platform is
capable of performing six DOF motion within its working
space. Although Stewart platform mechanism are
available commercially and widely used in flight

Keywords: hip joint; simulator; Stewart platform;
load and kinematics

INTRODUCTION
The purpose of this project is to design and
manufacture a device which can be programmed to
simulate the motion of several human joints. The device to
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simulators, it has a very limited usage in medical
applications.
Many researchers have considered Stewart
platform in their studies, for kinematics and dynamics
analysis [3, 4], consideration of practical design [5],
working space [6], controller synthesis [7, 8]. The
designed Stewart platform in this paper is based on the
proposed Azevedo et al. model where inverse and forward
kinematics are considered [1]. There are several current
two dimensional hip joint simulators which each use
different force track patterns during the gait cycle. Some
of these are given here in Force Track Analysis of
Contemporary Hip Simulators [9].
The kinematic control formulation is adapted
from the formulae of the same source as these are tailored
towards the top plate geometry position and orientation in
relation to the bottom plate used in this project.

Figure 2: Locations of measured points on and around joint a)
Right View and b) Front View

√

;

√

;

√

;

√

;

Then using the Cosine Rule to relevant angles:
Figure 1: Schematic of a Stewart Platform. The
Stewart platform geometry and configuration was taken
from Azevedo et al. [1].
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MATERIAL AND METHODS
To obtain data on a joint it is necessary to monitor the
coordinates for the central location of the joint given by A
in Figure 2, an arbitrary location on one connecting bone
and another arbitrary point on the other connecting bone
given by points B and C. The three spatial coordinates of
each of these should be measured at every time interval
during the performance of the activity. This data can be
used to determine the real angles θ and φ. This is done by
calculating the lengths a, b and x for θ and φ using

Figure 3: Real, effective and attached angles of platform
As expected from looking at the diagram in
Figure 3, at any instance the sum of these angles is equal
to π (radians). The corresponding psi ψ angle and three
spatial coordinates of the top plate to achieve this motion
are then calculated in the programming code. The forces
as a multiple of body weight can be entered with each
time entry.

2
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In this project the data used for walking and
running is taken from Hamill et al. and Cavanagh [10, 11]
in two dimensions and the third dimension was added
using a Sinusoidal wave approximation tailored towards
the nature of the joint. The attachment angle used is that
of the hip joint for walking as is focused on in this project.
The code calculate the angle ψ necessary for the
top of the moving bone to remain in the same location and
the spatial coordinates of the centre point of the platform
relative to the centre of the base plate. If the modulus of φ
θ
is greater than that of θ then ψ
and if the opposite

DESIGN SPECIFICATIONS
Mechanical Requirements
 Each bone of the joint will need to be attached to the
top plate. A bone attachment will be a detachable
device that can hole different bone types.
 A stationary bone will need to be positioned above the
top plate, and thus a detachable device to hold this
bone will need to be designed so different forms of
attachment can be positioned for various bone types.
 At the point of contact, the range of motion is expected
to reach 33° for positive and negative directions for all
three degrees of rotation. This is so it can simulate the
lower extremity joint for standard activities. The
platform will be able to perform full range of motion
for the wrist and most activities for the shoulder and
elbow.
 The required load will need to include twice the body
weight of an average 80kg person which is 1600N
under standard gravity. The load acting on the joint
will vary according to the activity.

φ

φ

is true then ψ
.
θ
The coordinates of the centre point are calculated
these three angles by working out their x, y and z
displacements from the contact point of the bones
according to the length of the moving bone using:
√

⁄

ψ

⁄

θ

√

⁄

ψ

⁄

φ

√

θ

Control Requirements
 The actuators must provide position feedback
when queried.
 The control program should incorporate the input
of body weight, activity, sample bone length used
and the joint in question in order to calculate
kinematics and loading.
 This should be achievable in a user friendly
manner.
 To produce this control program using Visual
Basic, CME 2 and motion script.

φ

The positive and negative signs are adjusted
according to the signs of θ and φ.
These six values are used to determine the coordinates of
each corner of the platform relative to the same coordinate
system using the formulae mentioned in Azevedo et al.
[1]. This is done using vectors; the coordinate vector of
the platform corner is equal to the vector of the actuator
attached to it plus the coordinate vector of the base corner
at the other end of the actuator. This is done for each
spatial direction.
⃑⃑⃑⃑⃑⃑⃑
⃑⃑⃑⃑⃑⃑⃑⃑⃑⃑

[

]

Design
 The platform will be created using the design and
ratios of existing Stewart platforms (Figure 4).

[

]
Several sources were used to collect data on
human activities of the hip joint to be replicated measured
from test subjects (Table 1). The developed program
calculates the above mentioned equations for the joint
simulation at each time instance during the activity.
Table 1. The human hip joint activities
Activity

Range of motion

Force

Walk

0.736180062to 0.1891307041

280% BW1

Run

0.897433086 to 0.0037871252

460% BW5

Chair Rise

[too high]

40% BW8

Bending

[too high]

90% BW8

Figure 4: Top plate ratio
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The total achievable angle is 0.575 radians or
32.945o in each direction. Because of the inclined
mounting of the fixed bone the complete range of motion
is the only constraint for which activities can be modelled
rather than the actual total angle of the joint.

Figure 7: Position Loop Control
Figure5: Assembled Stewart Platform

The position loop (Figure 7) was used for position
feedback from the servos via the amplifiers. Position is
used to control movement, velocity, and acceleration is
kept arbitrarily high. For torque feedback when the
platform has been moved into position, the position loop
is closed and the loading at the time instant is applied.
Feedback on the loading forces is to be interpreted from
the strain gauges.

Figure 6: Strain gauge application
RESULTS AND DISCUSSIONS
Strain gauge (Figure 6) was applied to the bone
attachments in order to measure the loading forces applied
on the platform for use with the torque feedback loop.
One of the limiting factors of the Stewart platform is the
range of motion of the angles because of its configuration.
In this project this is exacerbated. The movement of the
platform is determined in such a way that the top end of
the bone attached to the platform remains in the same
place. This means that for the rotation of a joint the
platform must rotate and translate simultaneously which
makes for a higher difference between maximum and
minimum extended lengths of the actuators. The platform
geometry has been designed as such that it will allow
0.575 radians of rotation in positive and negative
directions about one axis with no rotation about the other
two. This will accommodate for some but not all of the
activities given in Table 1.
The maximum attainable force of the platform
can be calculated by the maximum thrust of an actuator
multiplied by the number of actuators minus the weight of
the moving plate and the components of force lost due to
directionality. Where mass is calculated using NX 6.0.

A single actuator was run on the assembled rig
for various functions to test its performance with the setup
and loading of the rig. Results show commanded and
actual current in Figures 8 and 9 (green and white lines,
channels 1 and 2) to servo along with actual position and
velocity of the thrust rod (pink and blue lines, channels 3
and 4). The yellow line (channel 5) shows the average
acceleration throughout the time step.
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Figure 8: Step forward and reverse function at 3.2A for
10ms

Figure 5: Sine wave function at 3.2A at 150Hz
CONCLUSION
The rig has been designed in a way that can
simulate joint movement in a configurable way. Further
development and modification to the presented platform
may be introduced to achieve simpler design with mobile
capabilities and lower cost. The hardware uses six
actuators controlled using amplifiers from a host
computer. The programming provides a simulation for
several activities and kinematic and loading analysis
framework for future use of the platform.
The platform could be implementing for desired
joint simulation in biomedical research by configuration
using programming of kinematic analysis. The
development of this concept can be made to simulate the
joint movement with only one configurable device in the
place of several different machines.
The results for single actuator use on the
platform show that the actuators assembled on the rig
respond well, according well to the signals given,
producing motion specified by user. The platform was too
heavy to be fully lifted by a single actuator but the full six
will have much more power. This could also be alleviated
to a degree by making the platform and its components
lighter.

Figure 8 shows that the command is followed
quite accurately as the actual current follows the
commanded current quite closely, only falling away
slightly as the current is stepped up but this is quickly
recovered. The position is shown to increase for the
forward step during the time period. The velocity is shown
to increase as the thrusters begins to move and then
overshoots its intended final velocity for the move and
corrects itself. For longer steps, velocity would continue at
this rate but was here inhibited by loading. The initial
position decreases slightly before the forward step is
carried out, this is probably due to the electromagnetic
solenoid being engaged by the current causing a shock.
The same figure shows the current increasing positively
for the step forward and then negatively for the step back.
The position and velocity increase to their peak at a slight
delay to the current and then return backwards to their
initial states. The second increase in position and velocity
at the end are probably due to the attachment “bouncing”
on the actuator body.
Figure 9 shows that the position varies with its
commanded sine wave, being π radians out of phase with
the actual current. The velocity plot varies
correspondingly to this.
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ABSTRACT
The human elbow have been modeled and
studied by different sciences to understand how its muscle
fail and its soft tissue sustain damaged during tennis
elbow accidents. Some researchers approached the
problem mathematical modeling; using different methods
such
as
hill-type
method.
Others
preferred
experimentation test the loading forces that can be applied
to it. Other techniques such as optimization using Visual
Basic have also been used in this field. Moreover, the
main muscle that is involved in tennis elbow accident
(Extensor Carpi Radialis Brevis) has been simulated and
some parameters have discovered to be directly associated
to muscle failure. The studies covered in this paper to
provide a historical development of tennis elbow
modeling including mechanical experiments and
solutions. A brief introduction about tennis elbow, causes,
and methods of treatment will be precedes the review of
the literature.

INTRODUCTION
Physical stresses might annoy us bring us
unhappiness through pain, sourness and even worse, the
failure of muscles or fracture of bones. Tennis Elbow or
Lateral Epicondylitis is the common name associated with
a painful condition that affects the external part of the
elbow. It can be caused by repeated twisting movements
of the hand, wrist or forearm. It not only affects tennis
players, but also other workers such as painters and
plumbers.
The objective of our research is to investigate the
causes of the mechanical damages that occur in the muscle
that involved in tennis elbow, model in a finite element
software ABAQUS and interpret the result from an
engineering point of view. In other words, we will attempt
to observe how people get hurt to locate the most fragile
part of our bodies. The muscle is modelled in the

laboratory after selecting the perfect material and the
closest one to the actual muscle tissue prosperities.
Subsequently, couple of mechanical tests will be
conducted to calculate the maximum load and determine
forces that can be loaded on the muscle. The rational
behind such procedure is to find a suitable material for an
artificial tissue that would be injected in the elbow or to
treat the damaged one.

WHAT IS TENNIS ELBOW?
Tennis elbow is an inflammation in the area
around the bony bump on the external side of the elbow.
This bony bump is called the lateral epicondyle, and the
medical name for tennis elbow is lateral epicondylitis.
This inflammation appears as a result of damage or tears
in the tendon that anchors the muscles with the bones and
occurs in one or more tendon that anchors one or more
extensor muscle with the humerus bone. Usually,
“common extensor tendon” is involved in Tennis Elbow.
This tendon joins the “Extensor Carpi Radialis Brevis
(ECRB)” muscle known as with the humerus, as shown in
figure 1. This tendon is susceptible to injury for the
following reasons:


Its bony origin at the lateral epicondyle is small in
comparison with the other extensor muscles
 Additional forces exert on this tendon because it
anchors the main extensor muscle.
 Its facial origin at the ECRB is small in comparison
with the other extensor muscles
A tennis elbow injury is shown clearly in figure 2:

TENNIS ELBOW SYMPTOMS


Pain in the elbow joint, especially when the arm is
straightened the arm, and difficulty of fully extending
the forearm.
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Pain caused by lifting or bending the arm.
Pain when writing or when carrying, lifting or
gripping even small objects such as a pen.
Pains when the forearm is twisted; for example, when
turning a door handle.

In general, different categories of workers and sport
people can be affected by tennis elbow. Workers include
manual labourers, plumber, plumbers, painters, gardeners,
and carpenters. Sports participants such as swimmers,
fencers, tennis players and golfers have a great chance of
contracting tennis elbow. In addition to that, but 1/3 of
tennis players suffer from Tennis Elbow at a certain stage
of their life. Tennis elbow usually occurs among people
aged between 35 and 65 with equal probability for men
and women. Tennis elbow occurs if muscle is poor or not
sufficiently enough, overused, subject to sudden and
strong move strongly or overloaded. Manual labourers
might get it when painting with a brush or a roller; this is
due to wrong hammering, handling or movement in
general or when they return to hard work after long
relaxing or break. Likewise, sports participants can get the
symptoms as a result of irregular and scattered movement,
muscle overload, or insufficient warming up before they
start their activities. Tennis Players suffer from tennis
elbow in case of:





improper backhand stroke
weak shoulder and wrist muscles
using a too tightly strung or too short tennis racket
hitting the ball off centre on the racket or hitting
heavy, wet balls



off the blood flow and pinch the nerves that control
the muscles in the forearm
If the area is not supplied with adequate good blood
flow, because of incomplete healing, it is difficult to
access nutrition and oxygen necessary for healing.

Tennis elbow can be diagnosed by physical
examination. X-ray radiography is usually not required
especially when the soft tissue such as muscles, tendons
and ligament cannot appear in the X-ray images.
However, severe cases magnetic resonance imaging
(MRI) scan may be used to investigate the case.

TRETMENT
Several methods can be used to treat tennis
elbow ranging from ice massage to surgical operation. The
chosen method depends on the severity of the pain and the
size of the injury or tear. In most of cases, non-operative
treatment is successful in over 90% of patients. Tennis
elbow can be treated physically or medically. Physical
treatment: includes soft tissue massage, ice massage, joint
mobilization or easily, changing stroke mechanics or
racquet. Medical treatment includes anti-inflammatory
medication, pain-killing drugs, cortisone injections,
bracing and lastly, surgery or surgical operation. To
reduce the probability of contracting getting tennis elbow
injuries, prevention steps are recommended to do so.
These steps can be summarized in: lift objects with your
palm facing your body; try strengthening exercises with
hand weights; stretch relevant muscles before beginning a
possibly stressful activity; warming up for 5 or 10 minutes
before playing tennis, golf or any other sport. Finally, if
activity stopped, never load the muscle as heavy as before.

LITRETURE SURVEY
Different studies and finding will be discussed
here in this part. Studies classify into three groups:
experimental studies, hill type studies and studies that
investigated the parameters can be consider in this type of
research.
Figure 1 Extensor Carpi Radialis Brevis – ECRB, the muscle
that involved in tennis elbow.

EXPERIMENTAL STUDIES
WHAT IS HAPPEN WHEN THE PATIENT HAS
TENNIS ELBOW INJURY?



Tears occur in the tendon and may form a scar tissue
or calcium deposits.
These deposits, if not treated, may put excessive
pressure on the muscles and nerves that they can cut

Raikova (1992) attempted to provide a correct
mathematical formulation of the undeterminate problem
for muscle forces and joint reactions computation for the
upper human limb model rather than to find an appropriate
optimization criterion for its solution. The question
whether such a criterion really exists is connected with
brain control knowledge that can only be constructed
through a range of well-selected experimental
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investigations. Perhaps, such a criterion does exist, but it
is not common to all the different motion tasks. The
approach proposed for muscle force direction modeling, in
our opinion, describes the real object in a better way. The
solution of the optimization task using Lagrange
multipliers method allows us to predict strictly positive,
continuous solutions for the agonist and antagonist groups
of muscle forces. The muscle force computation for
simple models, containing a small number of muscles,
illustrates the applicability of the general approach. From
this example, it can be seen that a small change in the
muscle segments leads to a violation of the principle of
the „anatomical adequate moment‟ and results in the
violation of the conditions for positiveness and continuity
of the muscle force. In sequel paper, (Raikova 1996)
represents an application of a general approach for
mathematical modelling the human upper limb considered
in a previous paper. He suggested and compared six
different ways of modelling the muscle force in a plane to
each other. He also proposed a model of the flexionextension motion in the elbow joint, which includes two
extensor muscles and three flexor muscles. An
optimization problem with an objective function
dependent on the n-th power of the muscle forces moduli:

∑ci Fi ⁿ (n > 1)

(1)

Is formulated and solved analytically using the
Lagrange multipliers method. Moreover, Raikova
investigated the influence of a set of parameters (the
power n in the objective function, the weight coefficients
ci, the lever arms of the modeled muscle forces, an
external force applied to the forearm) on the predicted
muscle forces and on the joint reaction. The obtained
results demonstrate that, a adequate selection of the
coefficients ci, strictly positive and continuous solutions
for all muscle forces (for synergistic muscles, also for the
antagonistic ones) may be simultaneously predicted.
Turning the concern of the lower limB, Raikova (2001)
investigated the sensitivity of the obtained optimal
solution by minimizing cost functions for a planar three
degrees-of-freedom (DOF) model of the leg with nine
muscles. He attempted to find analytical relationships
between model parameters and muscle forces by
minimizing the sum of muscle stresses squared and the
sum of muscle stresses cubed for a to investigate
systematically the sensitivity of the optimal solution to
model parameters (muscle moment arms and physical
cross-sectional areas PCSAs). The quadratic function was
solved analytically; while the cubic function was solved
numerically. Using a rather realistic 3 degree of freedom
(DOF) model, Raikova demonstrated that, in general, the
non-zero optimal force of each muscle depends, in a very
complex non-linear way, on the moments at all joints and
moment arms and PCSAs of all muscles. Therefore,
changes in the model parameters of one muscle can

change the predicted forces in the same and other muscles
by several times. They can also change the number of
non-zero forces in the optimal solution and the set of
muscles with active states. Predicted muscle forces are
more sensitive to changes in moment arms than to changes
in PCSA; and changes in model parameters have a much
stronger effect on the magnitude of predicted forces than
on their patterns. Tacking into account the close similarity
between the lower and the upper limbs anatomy, it
appears to be possible to apply the study, with some
modification, to the upper limb. Later on Raikova (2002)
showed that static optimization can be used for dynamic
conditions when investigating the basic features of the
bone–joint–muscle complex. However, models based on
the properties of Motor Units (MUs) and their twitches
allow gaining an insight into the human motor control. It
is a complex task of monumental complexity to control all
the MUs for sufficiently realistic limb model. He proposed
a Hierarchical Genetic Algorithm (HGA) presents a
suitable means for its solution.
To gain an insight into the learning process at the
MUs level, Raikova et al. (2004) studied the process of
learning a fast elbow flexion in the horizontal plane by
means of modelling and experimental validation. They
investigated how training-related changes in joint
moments are generated at the level of the MUs. Whether
Surface Electromyographic (SEMG) signals are suitable
for the verification of predicted muscle forces appears to
be, according to the authors, a matter of ongoing debate.
The muscle was modelled as a mixture of MUs, instead of
one simple musculo-tendon unit (one force one control
signal). Since the modelled MUs‟ firing times are
predictable the impulses can be summated to produce a
simulated electromyographic (EMG) activity. It closely
mimics the nature of electrical manifestation of muscle
activity since it presents the number of impulses received
by all MUs within a given duration. Differences in
electromechanical delay, movement of the muscle beneath
the electrode, electrode type and cross-talk are just some
of the reasons for a lack of close correspondence between
simulated EMG activity and experimental SEMG signals
for subject 1. The simulated EMG activity did, however,
match the experimental SEMG signals for subject 2.
Tuning the model is , unfortunately, not a simple matter as
the exact number and type of MUs within an individual‟s
muscle cannot be known. The simulation results are
therefore more a general representation based on the joint
moment than an accurate account of what really take
place. Both simulated EMG activity and experimental
SEMG signals for subject 2 demonstrated the classic
triphasic activation pattern. The trials of subject 1 were
not characterized by a triphasic activity during training. It
should be noted that these conclusions are valid only for
similar rapid motions and for the fitness function and
parameters used in the model. The main conclusion of the
simulations is that the increase in the muscle forces related
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to training for rapid limb movement was mainly due to an
increase in the firing rate of individual MUs and
synchronization between MUs. When MUs fire more than
once, the activity pattern is geared towards unfused
tetanus, which is more economical as compared to the
individual twitch. An increase of the number of active
MUs is the next mechanism for an increase in acceleration
of the limb. This strategy becomes important when faster
MUs, more suitable for fast movements, exhaust their
resources and slower MUs begin to participate too.
In 2004, Raikova compared his muscle model
based on motor units with a Hill-type muscle model based
on the work of Brown et al. (1999). A fast elbow flexion
performed by only one muscle is considered. The
activation necessary for performing the motion and the
corresponding frequencies are calculated for cases of fast
and slow muscles using Hill-type model. Then, the muscle
is modelled as a mixture of 774 MUs with uniformly
distributed twitch parameters. Using MotCo software, the
moments of impulsation of all MUs and their mechanical
responses are predicted. Comparison of the activation
characteristics obtained by the two muscle models lead to
the conclusion that two essential parameters, namely the
lead-time and the MUs composition, for proper muscle
modeling.
Repeated stimulation of motor units (MUs)
causes an increase of the force output that cannot be
explained by linear summation of equal twitches evoked
by the same stimulation pattern. To explain this
phenomenon, Rositsa Raikova et al., (2005) described an
algorithm for reconstructing the individual twitches that
summate into an unfused tetanus. The algorithm is based
on formulating an analytical function for the twitch course
modeling. The input parameters of the twitch model are
lead-time, contraction and half-relaxation times and
maximal force. Measured individual twitches and unfused
tetani at 10, 20, 30 and 40 Hz stimulation frequencies of
three rat motor units (slow, fast resistant to fatigue and
fast fatigable) are processed. They found that the
analytical function describes precisely the course of
individual twitches. Secondly, the summation of equal
twitches does not match the results from the
experimentally measured unfused tetani, the discrepancies
depend on the type of the MU and are larger for higher
values of the stimulation frequency and fusion index.
Moreover, the reconstruction of individual twitches from
experimental tetanic records can be successful if the
tetanus is feebly fused (fusion index up to 0.7). Finally,
both the maximal forces and time parameters of individual
twitches subtracted from unfused tetani change and
influence the course of every tetanus. A discrepancy with
respect to the relaxation phase was observed between
experimental results and model prediction for tetani with
fusion index exceeding 0.7. This phase was predicted

longer than the experimental one for better-fused tetani.
Raikova et al., [7] concluded that one decomposition
algorithm is capable to subtract successfully the
successive twitches that form an unfused tetanus.
Modeling has proved that successive contractions
summating into the tetanus have variable force and time
parameters and that their summation is more effective
than the linear summation of equal twitches for all three
types of motor units.
In order to deepen the functional insight in the
mechanical behavior of the shoulder and neural control
issues, to assist in diagnosis and treatment of shoulder
disorders, and to estimate the load on morphological
structures for prevention of injuries, Frans and Helm,
(1997)
have
developed
a
three-dimensional
musculoskeletal model of the shoulder and elbow. The
model included all bones and joints and all the 31 muscles
of the upper extremity. Muscle dynamics were represented
by a third-order muscle model. The model has an inverse
dynamic mode, in which muscle forces are calculated
from the recorded motion and external forces, and forward
dynamic mode, in which the resulting motion from the
neural input to the muscles is calculated. They found
subsequently that with the shoulder/elbow model a very
powerful tool is developed to analyze the mechanical
function of the upper extremity. The control efforts of the
Central Nervous System (CNS) can also be analyzed, at a
level of complexity approaching the control problem that
confronts the CNS. The shoulder model provides very
good quality predictions, though a strict validation cannot
be performed.
Driven by the need to estimate or predict muscle
forces about a joint, which can, in turn, be used to
estimate the corresponding joint compressive forces,
and/or ligament forces in healthy and impaired subjects,
Buchanan et al. (2005) present a forward dynamic
neuromusculoskeletal model that can be used to estimate
and predict joint moments and muscle forces. They use
EMG signals as inputs to the model, and joint moments
predicted are verified through inverse dynamics. They
demonstrate how the model can be used to study the
forces in the healthy ankle during dynamometer trials and
during gait. The model-predicted estimates of joint
moment were found to have a close congruence with
experimentally
determined
values.
Moreover,
neuromusculoskeletal models that use EMG as inputs can
be employed to accurately estimate joint moments. The
muscle forces predicted from these models can be used to
better understand tissue loading in joints, and to provide in
vivo estimates of tensile ligament forces and compressive
cartilage loads during dynamic tasks. Such a tool has great
potential for aiding in the study of injury mechanisms in
sports.
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To uncover the features of the biceps brachii
architecture and material properties that could lead to
nonuniform shortening, Blemker et al. (2004) developed a
three-dimensional finite element (FEM) model of the
biceps brachii and compared the tissue strains predicted
by the model with experimentally measured tissue strains.
The model predicted strains that were within one standard
deviation of the experimentally measured strains. Analysis
of the model revealed that the variation in fascicle lengths
within the muscle and the curvature of the fascicles were
the primary contributory factors to nonuniform strains.
Wojcik (2003) considered bond graph approach
to represent muscle function and rigid-body motions of
underlying bone structures. The system equations
generated with the use of these models are equivalent to
those developed with more traditional techniques.
However, the modules can be more easily used in
conjunction with control models of neuromuscular
function for the simulation of overall dynamic motor
performance. She provides three examples of how a bond
graph approach can be incorporated into the modeling of
dynamic musculoskeletal systems. First, a global, lumpedmass model of symmetrical two-legged contact with the
ground is presented. While simple modeling of global
effects can often be a useful tool, more sophisticated
representation of the details of muscle function and rigidbody dynamics is ultimately more adequate for
understanding of human balance and locomotion. The
second example develops a bond graph representation of a
Hill-type model of muscle actuation. In the final example,
the muscle model is incorporated into a two-link model of
sagittal human balance. She concludes that bond graph
approach to modeling dynamic systems can provide the
efficiency, modularity, and flexibility necessary for the
development of complex models of biomedical systems.
Bogert et al. (1998) have performed experiments
on constant-velocity lengthening at different velocities
were simulated using (a) a cross-bridge based model and
(b) a Hill-based model. The Hill model was superior in its
ability to predict muscle forces under different conditions
with the same model parameters. Regarding force–length
properties, myofilament overlap and muscle architecture
did not correctly predict maximal isometric joint moments
over the entire functional range of motion. The width of
the force–length relationship of all contractile elements in
a lower extremity model has been optimized to fit
measured isometric moment–angle relationships. The
resultant increase in width suggested that for some shortfibreded muscles with complex architecture, the
“effective” muscle fibre length is increased because
muscle fibres may be partly connected in series as well as
in
parallel.
They
found
that
a
hybrid
phenomenological/mechanistic muscle model is most
likely to be accurate and practical. Because it did not

produce results that were far from actual muscle behavior,
the Hill model is definitely a “safer” model. The crossbridge model, on the other hand, may result in large errors
in predicted muscle force during rapid lengthening. They
have demonstrated that the phenomenon of yielding can
be incorporated into Hill-based models using empirical
relationships. In a similar manner, it is possible to
implement history-dependent behavior in the Hill model.
Slater et al. (2002) have developed an in vivo
model demonstrating sensory and motor interactions that
are comparable to those observed in patients affecting
with lateral epicondylalgia. They examined the effect of
saline induced deep pain combined with delayed onset
muscle soreness (DOMS) on deep tissue sensitivity and
motor function in wrist extensors. They found that the
model‟s combined exogenous (hypertonic saline) and
endogenous delayed onset muscle soreness (DOMS)
stimuli induce deep tissue pain and hyperalgesia in the
wrist extensors of healthy subjects. The pain and
hyperalgesia induced in the wrist extensors are likely to be
manifestations of excitation and/or sensitisation of muscle
nociceptors. The described experimental model has also
demonstrated attenuated maximal voluntary force of wrist
extensors. Collectively, the findings are consistent with
the important sensori-motor features of lateral
epicondylalgia. The model does not attempt to replicate
the pathology of lateral epicondylalgia. The model offers
an opportunity to predict sensori-motor interactions during
pain and the potential to explore ways in which to
modulate the pain.
Kodek et al. (2002) attempted to quantify
shoulder, elbow and wrist dynamic and static torques in
the elbow flexion-extension movements. Supervised
movements were produced by using an industrial robot
manipulator that was capable of imposing a programmed
arc trajectory at various velocities in the sagittal plane of
the seated human subject. For measurement, the muscles
of the right arm were kept passive throughout the duration
of the experiment. These programmed trajectories
produced very good motion repeatability, which is not
possible in normal unconstrained movements. All four
velocity and acceleration profiles were taken into account
and applied to the matrices describing the different
dynamic components in the upper extremity motion.
Subsequent testing of a range of velocities, which
correspond to everyday movements, enabled them to
conclude that the gravitational torque contributions have a
prominent effect on the arm dynamics at low elbow
velocities (q ≈ 0.25 rad/s). At these speeds, the velocity
and acceleration dependent terms can justifiably be
discarded. However, at higher velocities (q ≈ 1 rad/s) the
inertial and Coriolis-centrifugal contributions become
non-negligible whose effect is furthermore increased with
speed and accompanied accelerations.
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Huijing, (1998) reviewed exemplary aspects of
different views of skeletal muscle characteristics. He
realized that length, velocity, force are not unique
properties of a muscle. Length, velocity and activation
cannot be considered as independent determinants of
muscle functioning. He advised experimenters of the
crucial importance to study muscular properties not just at
one length but effects should be considered over the whole
length range relevant for actual function.
Johnson et al. (1995) presented coordinate data,
which have been derived from the radiography of
dissected cadavers. All of the coordinates have been
normalised with respect to reference dimensions of the
relevant segments (humerus, scapula, clavicle and trunk).
Similarly, the measurements of physiological crosssection area (PCSA) have been normalised with respect to
that of deltoid and have been shown to agree largely with
previous works. All muscles were described in terms of
deltoid equivalents; thus allowing forces between muscles
to be compared, particularly between muscles that operate
in force couples such as deltoid and infraspinatus.
Davoodi et al. (2002) developed a biomechanical
model of a partially paralyzed human arm to aid analysis
of FES controllers for reaching in quadriplegia. The model
represents an average adult arm and is based on data
obtained from the cadaver measurements reported
previously. Particular emphasis has been placed on the
accuracy of control parameters, including the moment
arms for muscles that act on multiple degrees of freedom
and the range of sarcomere lengths over which each
muscle operates. The model is being used to design FES
controllers for point-to-point reaching and arm posture
maintenance in quadriplegia. Sharing and upgrading the
model are facilitated by the use of popular modeling and
simulation environments.

explain how the muscle-tendon (myotendinous junction)
gets torn in a way which leads to failure. To introduce the
new theory, muscle and tendon have to be tested to
understand their mechanical behaviours and their material
properties and explore where the actual failure takes place.
A finite element model was created and
modelled; this represented the human elbow joint,
including the main target parts which are the humerus
bone and the extensor carpi radialis brevis muscle, since
this is the muscle involved in tennis elbow injury. A stress
strain relationship for muscle, tendon and myotendinous
junction was been created to provide the mechanical
material properties for these tissues. The same relationship
was found in the lab by performing tensile tests on lamb
soft tissue, to compare and validate the two results. After
validating the results, the new theory was proposed.
Comparing the modelling results with the experimental
results, they are fairly close to each other, giving the
impression that human tissues are quite similar to lamb
tissues. To study and investigate the causes of extensor
carpi radialis brevis failure, the results of FE modeling
and experimental tests must be compared and understood .
This paper is limited to a comparison between the finite
element model results and the experimental results to
validate the output of the research. As a result, a new
hypothesis can be states that when the muscle is covered
with a thin sheath it becomes stronger and can sustain a
greater load than when it is uncovered. Moreover, the
failure mostly takes place in the area where muscle fibres
merge with tendon fibres (known as the myotendinous
junction) due to the mixing of the material properties of
those two different fibres. Another factor which plays a
part in the hypothesis is the difference in the crosssectional area of the muscle body. This new hypothesis of
muscle failure mechanism can be understood if all the
mentioned factors are considered together.

ECRB MUSCLE FAILURE IN TENNIS ELBOW
INJURY
When muscle or tendon fails to carry or transmit
the force to the bone, then human beings certainly face a
specific set of problems. One of these is tennis elbow.
Tennis elbow is kind of tendinitis where the common
extensor tendon of extensor carpi radialis brevis muscle
fails to carry its load due to damage, or a tear in it. This
tear usually appears, as discussed, in the myotendinous
junction where the muscle fibres merge with the tendon
fibres.

Muscle tendon bone with sheath specimen
after the test. The area of failure (myotendinous
junction) is shown in the red box

This research investigates the mechanical causes
which lead to muscle-tendon failure and illustrates the
biomechanics of such failure. A novel theory for the
mechanism of muscle failure is proposed, to describe and
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Raikova, R., Aladjov, H., 2002, “Hierarchical
genetic algorithm versus static optimization —
investigation of elbow flexion and extension movements”,
J. Biomechanics, Vol. 35, pp: 1123-1135

F

Raikova, R., Gabriel, D., Aladjov, h., 2005,
“Experimental and modelling investigation of learning a
fast elbow flexion in the horizontal plane”, J.
Biomechanics, vol. 38, pp: 2070-2077
Raikova, R., Aladjov, H., 2005, “Comparison
between two muscle models under dynamic conditions”, J.
Computers in Biology and Medicine vol. 35, pp: 373–387

EFE model showing the location of ECRB
failure location (in red)

CONCLUSION
In conclude, several methods can be proposed to
investigate the causes and the effects of tennis elbow.
These includes muscle modelling and simulation, use
different techniques of optimization to obtain the optimal
design of artificial muscle, use finite element analysis
method to model the joint muscle and calculate the
maximum load that can be applied and the forces the can
be exerted on these muscle just before they incur any
damage of failure.
In our project, ABAQUS, A version of finite
element analysis software to model Extensor Carpi
Radialis Brevis (ECRB) and find the maximum load could
be applied on the elbow joint before ECRB will tear and
injury are sustained. Our research proves that the failure
take place in muscle-tendon junction which known as
myotendinous junction. As a result of this research, the
experiment and the model was showing that the failure
appears in the same area as shown in the firuges.
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can provide an effective and scalable way to deliver this
knowledge without the need (and cost) of other
techniques. This system is able to capture and deliver
expert knowledge via interactive sessions to provide
precise reasoned advice and assistance just as if one was
speaking to an expert [2]. Active participation by
Surgeons to maintain a survey and data base on implants
would be very useful. This data would be based on
implant selection related to patient factors. This data once
analysed would allow a system to be created by which the
best implant would be chosen for a particular patient [3].

ABSTRACT
Choosing the best implant can be complicated and it
needs experience and a comprehensive understanding of
the characteristics of both the patient and the orthopaedic
implant, as an incorrect implant selection can lead to early
failure and the need for revision surgery. As a result of
the huge increase in joint replacement surgery and implant
development over the last few decades many types of
implants have been used. Naturally, an increase in
revision surgery has prompted investigation into what is
the selection process for the optimal implant.
The aim and the objective of this paper was to
develop an expert system application, called „Orthopaedic
Implant Selector Expert System‟ (OISES), for optimum
implant selection. This required the use of software,
EXSYS Corvid to develop the application based on
research and data collected from both successful and
unsuccessful joint replacement operations. This data acted
as reference points against which to choose the best
implant.

The MYCIN application is an expert system build to
detect bacterial infections and advise appropriate
antibiotics. The main objective of this paper is to develop
a similar expert system application that will give advice or
act as a consultant in order to provide an answer. This will
guide surgeons to make the correct choice of implant. This
in turn should improve the outcome of patients
undergoing surgery.

Keywords: human hip joint; expert system; implant

Average lifetime of a THR (Total Hip Replacement) is
about 15 years but the average life expectancy of a healthy
person is six or seven times more. Furthermore the active
demands on the implant and expectations that it must
deliver raise the need forth this project.

INTRODUCTION
This project involves the development of an
„Orthopaedic Implant Selector‟ using a „knowledge based
expert system‟ (OISES). This is computer program is used
to solve complex problems where numerous variables
allow a wide choice for decision making. This software
tries to give answers to difficult problems or clarifies
uncertainties where ordinarily they would require a
consultation with experts in that field [1].

At present, the choice of a suitable implant is complicated
by continuous alterations by manufacturers. Different
products offered by manufacturers are subject to different
indications for their use. An orthopaedic implant selector
program (Expert System) will reduce the risk of incorrect
implant selection and therefore associated high costs. The
main advantage of OISES will be to achieve better
implant selection quickly, safely and which is more
individually patient centred.

Designing an Orthopaedic implant requires the
coming together of two disciplines. These are in the areas
of Medicine and Engineering. As there are so many
implants offering different advantages for different patient
groups of patients a lack of knowledge of these two
disciplines make the choice of implant difficult for a
surgeon. This is also true for patients. An expert system
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MATERIAL AND METHODS

( )

Expert systems:
Expert systems have become an accepted method
for problem solving by demonstrating knowledge in a
field. The capability of expert systems to select the best
implant is from its: knowledge acquisition, result
application and data formulation. Expert system is an
expertise, acting like a human consultation or human
expert, giving advice based on the collective experiences
of collated data from human to a computer. The stored
data in the computer is then ready for users to call upon
the computer to make inferences and arrive at a specific
conclusion for questions related to implant selection as
needed.
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Where
P(Hi) is prior probability of Hi
P(Hi│Ej) is posterior probability of Hi
P(Ej│Hij) is conditional probability of Ej.

)

Derived formula can be used as a means of
inference in knowledge based expert system.
If
knowledge is stored in rules of the form if Ej then Hi and if
Ej is true then Bayes theorem updates the belief in Hi from
P(Hi) to P(Hi│Ej), provided that P(Ej│Hij) and P(Ej) are
both known. This is shown more clearly in figure 2.2, an
inference net bellow:
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Given this probability;

(

)

In order to formulate the problem of diagnostic
inference, assuming that if E= (E1,..., En) is a set of n
pieces of evidence and H= (H1,..., Hm) is a set of m
mutually exclusive hypotheses under consideration, then
Bayes theorem can be further generalised as

)

(

( | )

(

( | )

( )

And,

(

Expanding the equation:

Decision Theory:
The fundamental of probability theory is extent
of Pascal, Bernoulli and Fermat work. Bayes theorem
relates the probability of the occurrence of an event to the
occurrence or non-occurrence of an associated event. The
occurrence probability of a hypothesis H given some
evidence E is:

( | )

)

And from this equation we get;

EXSYS Corvid® (Version 5.2.1):
EXSYS Corvid software is an expert system
development tool and it was used in this project to
develop the OISES application. However many such
software applications exist individual advantages and
disadvantages.

(

(

( | ) ( )

By rearrangement we obtain Bayes theorem is given by;

( | )

(

) ( )
( )

This theorem states that the conditional
probability that a hypothesis H is true given an event E,
( | ), is the probability of E given H, ( | ),
times the prior probability of H, ( ), all divided by the
probability of E, ( ). To deal with more than one
hypothesis, Bayes‟s theorem can be extended by:
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displayed in right hand diagram of figure above [4].
Expert systems commonly determine the probabilities of
interdependent events by weighting. Bayesian Belief
Networks provide a method of weighting the property of
results mathematically. This mathematics behind it, shows
which result was most to accurate as demonstrated in
diagram.

Bayesian reasoning in expert systems:
In the simplest case, Bayesian network was
shown, but for more complex structures the idea of
recovery algorithm developed by Rebane and Pearl (1987)
can be used. For demonstration using an example of
Robert G. et al [4] can be adopted for our case. If an
implant type is need and to reason all possible implants
choices. Then let “I” be the variable for implant choices,
allowing answer yes and no. Their define probabilities are
age, “A” with P(A=yes)=0.1 and gender, G with
P(G=yes)=0.2. Assuming that these possible precipitation
events are independent so that there are no reason to
“believe that occurrence of one should influence the
occurrence of the other” Robert G.et al [4]. Therefore
following conditional probabilities of implant choices are
accepted:
P(I=yes│A= no, G=no) = 0
P(I=yes│A= no, G=yes) = 0.5
P(I=yes│A= yes, G=no) = 1
P(I=yes│A= yes, G=yes) = 1

APPLICATION
As a result of research and data collected the
expert system application was built for this project.
Abbreviation of the project name “Orthopaedic Implant
Selector Expert System”, is given to the built expert
system application, OISES. OISES is a new concept that
is developing that has been created to overcome the
inherent limitations of implant selection which was
explained in earlier sections. As the name suggests
“Orthopaedic Implant Selector Expert System” it is
designed to select and choose an implant type for any
orthopaedic complaint within the human body.

This results in the diagram bellow, figure 2.3 to
the left diagram shows a directed graphical model of this
system, with each variable labelled by its current
probability of taking the value “yes” (the value
P(I=yes)=0.19 is calculated below). If, a patient is in need
for an implant type, then the event “I=yes” has happen
and therefore the need to find the conditional probabilities
for A and G, given this implant selection problem [4].
From the above Bayes theorem:

(

|

)

(

|
(

) (
)

The program is developed to use patient specific
data provided by the end user of the application including
specific anatomic information. This will guide for best
implant system and will finally recommend an implant
type. The application is designed for both surgeons and
patients.

)

The application uses an expert system technique
which is expected to be safe, accurate, efficient, costeffective, and adaptable for this application and purpose.
A presentation of the OISES application is
shown at bellow slides in detail:

[FIGURE 2.3]: Certainty factor distribution
Figure showing graphical model representing
two independent implant selection with probabilities of a
“yes” response before and after observing implant choice.
By summing over the relevant entries in the join posterior
distribution of A and G we thus obtain
P(A=yes│I=yes)=0.42+0.11=0.53
and
P(G=yes│I=yes)=0.47+0.11=0.58.
These values are
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OISES consists of sets of variable rules. For
example, a typical consultation of OISES
application in the form of IF and THEN rules
which are demonstrated as below:
****************************************
IF: the age of the patient is “30
to 39”
AND: the gender is “male”
AND: the weight is “less than 49
kg”
AND: the activity level is “level
8 to 10”
AND: the bone quality is “Good
bone quality”
THEN:
Wearing Type:
Ceramic / Ceramic (CF=0.55)
Metal/Metal (CF=0.26)
Fixation Type:
Press fitting, Porous
ingrowths (CF=0.9)
Material Type:
Titanium Alloy (CF=0.4)
Cr/Co, Casted CoCr (CF=0.25)
Design Type:
With Collar (CF=0.5)
Stem Shape: Monobloc (CF=0.25)
Stem surface:Polished(CF=0.40)
****************************************
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The above rule represents a typical consultation
and advice from OISES. Illustration and presentation of
all the rules in the OISES application in this form can be
difficult to specify therefore for simplicity the rules are
transformed to a graphical demonstration where it is more
presentable
for
understanding.
This
graphical
representation of rules is shown in last page.

compared against the most important patient parameters,
which directly affected implant life; patient‟s age, weight,
activity level, bone quality and diagnosis which were most
important factors in effecting implant life. With the most
important factor being the age of the patient it had most
effect in the selection criteria of the implant for a
particular patient. It was noted that BMI of the patients
did not have effect on implant life. This implant
parameter with patient parameters was investigated and a
decision probability was created in the application of
expert system and OISES was built. The findings and
decision probability were demonstrated in graphical
manner as shown in appendix section.

CONCLUSION
In general the short-term object was achieved by
building an expert system application for selecting or
advising a hip implant type. However this dissertation is
still in its infancy and requires a long-term study. The
long-term objective of the project was to build an expert
system application that advises the best orthopaedic
implant for a given patient, and which could be used as an
academic tool. Previous studies showed that, such projects
required a long-term study for complete compellability
and reliability at the desired level of the expert system
application. Therefore as this dissertation was a pioneer in
this area, the objective and the aim of this dissertation was
to investigate a particular area in orthopaedic implant
surgery (hip) and propose build an expert system
application for implant selection.

The project was developed based on research and
data collected using only patient and implant parameters
and like any other expert system application, such projects
require checking with an expert and advisor. The general
purpose of this investigation was to demonstrate the
ability to develop an expert system application that was
based on the analysis of patients and implants only. The
implant choices have huge effect on success rate of a THA
but the success rate of a THA does not purely depend on
the implant and the patient itself. The chosen surgeon, the
chosen surgical approaches (posterior, lateral or anterior
approaches) all have an effect on success rate of a THA,
which therefore adds to the complexity of this problem.
This will require further work to this project.

For this dissertation the orthopaedic area of hip
implants was focused and investigated in attempt to build
and propose expert system applications that will advice
for selection of the best implant for the hip. The work
involved a comprehensive investigation of both areas of
expert system application development and hip implant
analysis together with decision making probability theory.
It was clear that a data linking patient data directly with
the data of implant used could provide an accurate
rationale by which implants were selected. Therefore, in
attempt to find reliable data, consultations were needed
with experts, patients, surgeons, and access to implant
registers. However within a limited time, no ideal data
was achievable due to patient confidentiality issues and
therefore alternative data was used to make decisions.
This data was based on previous research and data gained
from the ODEP website. Research related to specific
implants, their indications for use and patient outcomes
was used.
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The research focused on experimental studies.
Comprehensive decision base information were recorded
and applied to the application. It showed that the implant
life or the success rate of the procedure was directly
affected by the choice of implant. As a result of research,
it was found that implants could be classified into five
groups; design, wearing couple (bearing couple), material
and fixation. This categorisation of implant was then
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Information hiding technology is one with large
applications in security, internet and data transmission.
Two main techniques are used in the field: attaching one
file to another; and inscribing the bytes of one file into the
bytes of another. The first technique leads to a stego file,
whose size equals the sum of the sizes of both files. The
second one falls to two approaches. The first approach is
applying bits’ substitution (Westfeld A., and Piftzmann,
2000), (The Image Downgrading Problem, 2009) whereas
the second one changes the values of the overwritten bits
(Ker, 2005) and (Huan, et al., 2007). The latter technique
is more sophisticated but is more time consuming. Both
techniques replace certain number of bits from every byte
of the cover image, with bits from the hiding image. This
function, thereby, makes the file of the cover image a
storage for the hiding image, as one may tell from the
works of (Westfeld A., and Piftzmann, 2000), (The Image
Downgrading Problem, 2009), (Ker, 2005) and (Huan, et
al., 2007).
The present paper exploits the above feature of
stegonagraphy and estimates the number of image pixels
that could be stored into a cover image. The method
employs the overwriting stego technique for nested
storing sequence of images with decreasing size. Every
smaller image is stored into the file of the previous one.
More bits per byte are used from homogenous regions.
It is well known that the visual content of the “covermedium image (hider)” changes with respect to the
number of substituted bits in every byte (The Image
Downgrading Problem, 2009). Visually detectable
changes occur if more than four bits are replaced (The
Image Downgrading Problem, 2009). Thus, for hiding
information the least significant bit is used and this causes
no visually detectable changes, in the cover image. But
the hiding image must be 8 times smaller than the cover
one. If two bits per byte are used from the cover image the
size of the hiding should be at least four times smaller, in
order for the visual characteristic of the cover image to
still not be altered. Thus, two bits per byte are used in
many practical applications (Ker, 2005) and (Huan, et al.,
2007).
In the present paper the authors adopt the notions
“storing” and “loading” instead of “hiding”, because this
study develops a method which uses the file of one image
(cover image) as a storage space of sequence of images
with decreasing size.

ABSTRACT
This paper presents space efficient approach for
loading images. Two distinct ideas along with
steganography are employed to achieve the goal:
homogenous regions provide larger storage space than
non-homogenous; images with decreasing size are nested
onto each other as Russian nesting dolls. To determine the
homogenous regions of the larger image and mark their
boundaries a gradient structure tensor is employed. Then,
an active contour model extracts the boundary of the
homogenous regions and uses their coordinates to define
the image’s file sectors, whose bytes describe such
regions. A Steganographic technique is employed at this
stage to store a smaller image into the file of a larger one.
To keep the larger image unaltered 3 bits are used for
storage from homogenous regions and two from nonhomogenous. The approach is validated through
experiments with images from medicine and chemistry.
The advantages and limitations are discussed at the end of
the paper.
INTRODUCTION
In the recent years the production of digital images
increased enormously due to the cheaper hardware.
Industry, science, education and citizens are generating
large collection of pictures, because they are more
informative than text and other kinds of media. As a
consequence databases containing million of images
(CSMP, 2011), (MEDI SCAN, 2011) were built and the
demand for more storage space rapidly increases even if
the hardware for data loading increases its capacity as
well.
To deal with the above problem the present study
employs steganographic technique for nested loading of
images to each other, making the file of the largest image
(cover image) a storage space for the smaller images.
Homogenous regions are used to further increase the
storage space of the cover image. The present approach is
neither a compressing technique, nor does it contest the
compressing techniques. Rather it is a new, additional way
to open space for saving more images in a folder or image
database (IDB).
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positive geometric sequence | I1 |> .......>| In |> 0 . Thus, the
n-th partial sum of the sequence is:

To further increase the storage space of the cover
image the present work proposes a region’s oriented
approach which uses a variable number of bits with
respect to the homogeneity of the image region. To detect
homogenous regions eigenvectors are applied (Wang, et
al.,2006), whereas an active contour model extracts the
coordinates of the boundary’s vertices of these regions
(Sirakov, 2007). The coordinates are used to determine the
limits of the image file sectors, whose bytes describe the
homogenous regions. For practical purposes 3 bits are
used for storing from the bytes of such regions, whereas 2
bits are replaced in regions with details (non-homogenous
regions). To validate the theoretical concepts a set of
experiments is performed using images from medicine
and chemistry.
The rest of the paper is organized as follows. The
next section considers a decreasing sequence of images
and estimates the total number of pixels to be stored into
the largest one in case of nested storing. The third section
presents the gradient structure tensor employed to detect
homogenous regions and mark their boundaries. Further
an active contour model is used to extract the boundaries
of these regions. The following section presents
experimental results, and the fifth one provides the
advantages and the limitation of the present method along
with the future directions of this research.

⎢
k 8n −1 ⎥
S n = I1 + I 2 + ...... + I n = ⎢( MN ) n
⎥
8 − kn ⎦
⎣

where

(2)

I i denotes the storage space of the i-th image.

Thus, Eq. 2 yields that the total storage space of the cover
image I=I1 is given by:
k
(3)
I = lim( S n ) =
MN
n →∞
8−k
Eq. 3 states that the max number of pixels to be
stored in an image of size MxN pixels is 100k/(8-k)%
from the size of this image. Note that in the beginning of
the section a .bmp image was considered but the above
statement holds for any kind of image format, because the
reasoning is made pixel-wise.
To validate the theoretical concepts a steganographic tool
was coded in C++. The tool is capable of storing an image
into the file of another image. Experiments were
performed using a sequence of medical images and k=2.
The first used image was lungs_0.bmp (Fig.1a)) with size
46x48 = 2208 pixels. The image was loaded into
knees.bmp whose size is 120x90 = 10,800 pixels (Fig.1b)).
The generated stego image kneesout.bmp (Fig.1d)) has the
same size and is unaltered from visual view point. The
image was stored into lungs3.bmp (Fig.1c)) which size is
209x219 = 45,775 pixels. The produced stego image is
lungsout.bmp (Fig.1e)). Thus, the three images whose
total size is 58,779 pixels were stored into a memory of
45,775 pixels. The total storage space of this image,
calculated by Eq. 3, is 15,258 pixels, if k=2.
The above idea for storing images, with decreasing
size, is similar to Russian nesting dolls and is not designed
to compete with the compressing algorithms. Moreover,
the above technique will work if In and I are compressed,
and this will increase the number of images loaded into a
given memory space.

NESTED STORING SEQUENCE OF IMAGES
Assume a cover image I of size MxN pixels in RGB
color model. The entire size of the image file is
3(MN)+56 bytes if a bmp image is under consideration.
The file header (56 bytes) is not used for storing and is not
considered in the further theoretical development.
Assume k bits are used from a byte for storing
information. If k = 2 i , it is convenient, for some
applications, to extend the original image model from
RGB to RGBA, where A is the alpha channel (Porter and
Duff, 2007). This way the storage size will enlarge 33%
but the image size will enlarge with 33% as well. Thus the
further reasoning is made for RGB model.
In this case the storage space of the image I, in terms
of stored pixels, is given by:
(1)
⎣( MN )k / 8⎦

STORING INTO HOMOGENOUS REGIONS OF AN
IMAGE
In the previous section a constant number of k bits from a
byte are used as a storage space in the cover image I. One
way to increase this space is to use more bits from the
bytes of the homogenous regions (the background of the
images in Fig.1 b), c)).

Therefore the maximum size of the RGB image I2 to be
stored into the RGB cover image I=I1 is given by Eq.1.
Following the same idea, the maximal size of the RGB
image I3 to be stored into I2 is ⎣( MN )k 2 / 82 ⎦ pixels and

In order to determine homogenous regions the so-called
“gradient structure tensor” is applied (Wang, et al., 2006).
Given an image I ( x, y ) , denote by I x the partial

the maximal size of the RGB image I4 to be stored into I3
is ⎣( MN )k 3 / 8 3 ⎦ . Therefore the image In is a storage

derivative with respect to x, whereas I y is the partial

space of an image In+1 which may have maximum of

⎣(MN )k n / 8 n ⎦ pixels. Follows that, the storage space

derivative with respect to y. Then the “gradient structure
tensor” (Wang, et al., 2006) is constructed as:

of the image files nested to each other is a decreasing
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⎡ I xx
T =⎢
⎣ I yx

I xy ⎤
. In the discrete case the matrix’s entries
I yy ⎥⎦

storing from a homogenous byte, and by k nh < kh the
number of bits from a non-homogenous byte. For i=1 the
maximum size of the image I2 to be stored in I1 (I1 = I is
the
cover
image)
is
given
by:

are given by the following equations:

| I 2 |=| I1h | kh / 8+ | I1nh | knh / 8, and the maximum size of
the image I 3 to be stored in I 2 is given by:

Ixx = ∑(Ix (xi , yi ))2 , I xy = I yx = ∑I x (xi , yi ) ⋅ I y (xi , yi )
W

W

I yy = ∑ ( I y ( xi , y i ) ) 2

| I 3 |=| I 2h | kh / 8+ | I 2nh | knh / 8 . Therefore the decreasing

(4)

W

sequence of images to be nested is I1 > .......> In > 0 and

In Eqs.4 W denotes a mask convolving through the image.
Then the eigenvalues λ1 , λ 2 are calculated from the
following equation, where E is the unit matrix:
(5)
T − λE = 0

the total storage space of the cover image for this
sequence, in terms of pixels, is:

k nh n nh
∑ I i (8)
8 i =1
i =1
Comparing Eq.2 and Eq.8 in case of k nh = k it follows

S nh = I 1 + I 2 + ...... + I n =

Criterion 1: If the eigenvalues of the gradient structure
tensor satisfy the equation:
(6)
λ1 = λ2 ≈ 0
then the image region under the mask is homogenous [8].

→

τ = ( 2 x s / nc )i + ( 2 y s / nr ) j is the tangent vector
normalized by the image’s sizes (Sirakov, 2006); P
denotes a penalty function designed to calculate the rate of
→

change of the image function on the normal vector N .

nh

+

To validate the theoretical concepts experiments were
performed using the Palladium images shown in Fig.3a),
c) and e). The cover image for the sequence is the one
with size of 512x512 pixels. The storage space of this
image is given in Table 1, if two bits per byte are used and
the nesting and homogenous technique are not applied.
Further the storage of the cover image, in case of
nesting and using homogenous regions, was calculated.
To reach the goal the HDT and the ACM were employed
to extract the boundaries of the images on Fig. 3a) and c)
in times 0.28 and 0.2 sec respectively. The extracted
boundaries are shown in Fig. 3b) and 3d) and are used to
calculate the area of the objects, which represent the nonhomogenous regions. The area of the non-homogenous
regions on Fig. 3a) is 2594 pixels and the area of the
homogenous regions is 259,550 pixels. Analogously, the
areas of the non-homogenous and the homogenous

C(t, s) = r(t, s) = x(t, s)i + y(t, s) j

of its homogenous pixels, by I i

h
i

EXPERIMENTAL RESULTS

→

∂C
dτ
(7)
=P
∂t
ds
which evolves the active contour toward the marked
boundary of the homogenous regions (Fig. 2b)). In Eq.7
C is a smooth, convex, closed curve parameterized by

h

n

∑I

that S n < S nh , but the exact size of the latter depends on
the images under-consideration: the larger the
homogenous regions the bigger the storage space.
The ACM is coded in C++ [9]. To verify the theory the
ACM was applied to the image (of size 209x219, 135K
bytes) shown in Fig. 2b). The tool took 0.17sec to extract
the boundary of the homogenous background (Fig.2c))
and the coordinates of the boundary vertices used in the
image file to bound the memory sectors which represent
the homogenous regions. It was also calculated that the
lungs’ area is 19,863 pixels [9]. Therefore the
homogenous background area is 25,908 pixels=77,724
bytes, because RGB model is used.
If 2 bits are used, for image storing, from the bytes
describing non-homogenous regions and 3 bits from the
bytes describing homogenous regions the total storage
space of the image is 20,065 pixels. Recall that the storage
space in case of nesting, but without using more bits from
the homogenous regions, is 15,257 pixels.

A disadvantage of an algorithm based on the Criterion
1 is its calculation complexity if employed to define the
connectivity and the coordinates of the regions’
boundaries. Therefore, the algorithm will be used only to
mark, with an appropriate color, the boundaries of the
homogenous regions (Fig.2 b)).
On the base of the above concepts, a homogeneity
detection tool (HDT) was developed and coded in C++. In
Fig. 2(a) the lungs have many details, whereas the
background is homogenous. Employing the HDT the
foreground and the background, were separated by
marking their boundary within 0.11 sec (Fig. 2(b)).
Now, the marked boundaries are detected and
extracted (Fig. 2(c)) by an active contour model (ACM),
which defines also their coordinates and connectivity. The
ACM is based on the geometric heat differential equation
(Sirakov, 2006):

Consider image I i and denote by I i

kh
8

the total number

the total number of the

non-homogenous, by kh the number of bits to be used for
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a direct access and extracting of a given image in a nested
sequence of images.

regions of Fig.3c) are 19,763 and 45,773 respectively. If
three bits are used from a byte in homogenous region and
two from non-homogenous then the storage space of the
image on:
- Fig. 3a) is 97,979 pixels, without nesting;
- Fig. 3c) is 22,104 pixels, without nesting.
If images are nested in the space of 97,979 pixels then
the storage space of these pixels, calculated by Eq. 3 if
k=2, is 32659 pixels. Therefore the total storage space of
Paldium shown in Fig. 3a) is 130,638 pixels as shown in
Table 1.
A comparison between the different kind of storage
into Palladium 512x512 is given in Table 1. The second
part of the table considers the sequences of images lung3,
knees, Lung0 (Fig. 1), and Palladium 512x512, Palladium
256x256 and Palladium 128x128 (Fig.3). The table
provides the total size of each sequence, the space each
sequence encompasses and the remaining storage space in
each cover image: lung3, and Palladium 512x512.
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CONCLUSIONS AND FUTURE WORK
The present paper proposes an approach for effective
loading of images into each other by making the file of the
largest image (cover image) a storage space for the
smaller images. As mentioned in the previous section, 3
bits are used for storage from homogenous regions and 2
bits from non-homogenous. Therefore the storage space of
the homogenous regions increases by 33% without visible
changes in the cover image. But one may tell that the
storage space of the cover image depends on the size of
the homogenous regions.
Recall that using the storage space of an image, a
sequence of images with decreasing size could be saved
applying the Russian nesting dolls idea. An advantage of
this kind of storage is saving memory (see Table 1). In
addition, the nesting idea facilitates the annotation and
retrieval of a sequence of images of one and the same
objects (or scene) with decreasing size. It holds because
the images will be stored into the largest one and only this
image will be indexed and saved into the IDB.
Inverse stego approach is used to extract the nested
sequence of images stored in a cover image. A
disadvantage of the retrieving technique is that to retrieve
the i-th image all images I 1 ,..., I i −1 have to be extracted
as well. Also, the method experiences difficulties in terms
of time increase if the homogenous regions are large but
many non homogenous regions are spread there. The later
makes the regions oriented approach for storing images
inappropriate for use in presence of noise or multiple
objects.
The work continues with extending the present method
to hold images with homogenous and uniform regions by
using more than 3 bits for storing. The idea may be
applied for image coding . A study is underway to develop
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FIGURES AND TABLES

a)
c)

b)
d)

e)

Fig. 1 a) lungs0.bmp-7K; b) knees.bmp-32K; c)
lungs3.bmp- 135K; d) the stego image kneesout.bmp
contains lungs0.bmp; e) the stego image lungs3out.bmp
contains kneesout.bmp.

a) b)
c) d)
e)
Fig 3. a) 512x512 pixels RGB surface image of
palladium; b) and d) boundaries of the objects; c)
palladium’s image of size 256x256; e) image of size
128x128 pixels.
Fig2. a) Lungs image of size 209x219 pixels;
b) using eigenvalues the background is marked
by HDT as a homogenous region; c) the
extracted boundary of the lungs.

Table 1 The storage spaces of the image Palladium 512x512
and two image sequences. All, measurements are in pixels.
Image

palladium

Nesting-No

Nesting-Yes

Nesting-Yes

Homo.- No

Homo. - No

Homo. - Yes

65,536

87,381, k=2

130,638

Total size

Stored in

Remaining

58,779

45775 , k=2

2250

344,232

262,144, k=2

43,516

512x512

lung3,

knees,

Lung0
Palladium
512x512,
256x256, 128x128
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AN EFFECTIVE UTILIZATION OF DISPARITY TO ENHANCE 3D FACIAL
EXPRESSION RECOGNITION

equipments are equipped. Those cause increase of cost or
processes in facial expression recognition system.
So we present method which can be applied to more
general environment in facial expression recognition. That
is, economics, practicality and flexibility are considered.
The flexibility means combination with other facial
expression recognition systems.
Finally, we analyze the change of facial expression
from the perspective of disparity in stereo vision system.
This disparity means 3D information. And we present a
way to improve facial expression recognition rates which
it is based on analysis results.
Additionally, we were faced with a difficult problem
in the verification of experimentation. Acquisition of
verified facial expression database is much more difficult
as compared to acquiring images. Because the facial
expression database consists of stereo image.
Recently, Yin et al. at Binghamton University have
constructed a 3D facial expression database and 4D facial
expression database for facial behavior research [10]. We
use BU-4DFE database. But this database don’t provide
stereo image, also. So we extract effectively stereo image
in BU-4DFE database. Details of the database are
presented in Section 4.
The main contribution of this work is to utilize 3D
disparity information of stereo vision which can improve
facial expression recognition rates.
This paper are organized as follows. Section 2
reviews simply the 3D model based facial expression
recognition system, the disparity of stereo vision. Analysis
processes of disparity change in facial expression is
presented in Section 3. Experiments and analaysis results
are presented in Section 4. Finally, concluding remarks
and future works are descripted in Section 5.

ABSTRACT
The facial expression recognition can be highly useful
in various fields. 2D information based approach don’t
work robustly in the influences of illumination, head pose
and posture. In this paper, we analyze the change of facial
expression from the perspective of disparity in stereo
vision system. This disparity means 3D information. Next,
we present a way to improve facial expression recognition
rate which it is based on analysis results of this paper. As
a results, we were able to find that this method can be
utilized to improve recognition rate of the existing facial
expression recognition system.

1. INTRODUCTION
The facial expression recognition is precisely to know
what kind of facial expression. The facial expression
images are acquired using cameras. To mention in detail,
analyzing the facial expression recognition requires a
number of preprocessing steps which attempt to detect and
locate characteristic facial regions, extract facial
expression features, and model facial gestures using
anatomic information about the face [1].
The facial expression recognition can be highly useful
for computer games, on-line education, Human Computer
Interaction (HCI), psychological studies, security,
synthetic face animation, robotics, virtual reality and so on
[2].
Most previous researches related with the facial
expression recognition are based on 2D information of
intensity [3][4]. In 2D information based approach,
features are extracted from the face without much
knowledge of the depth information.
These methods using 2D information are
computationally fast and simple but don’t work robustly
in the influences of illumination, head pose and posture.
In other words, such methods don’t have regular
recognition rates because of external environments.
So recently researches to utilize efficiently 3D
information are being performed. The 3D means that the
face shape is modeled with 3D. This has different
meaning compared with 3D information of dispairty. They
can help to overcome efficiently such limitations
[5][6][7][8][9]. There are realistic problems in 3D model
based facial expression recognition. These methods need
additional 3D modelling processes or scanning

2. RELATED WORKS
In this Section, we describe briefly about general
facial expression recognition system. Next, we explain
simply the disparity of stereo vision system. The dispairty
is important information which it is the basis of facial
expression recognition in this paper.

2.1 The General Facial Expression Recognition
System
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feature points
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Extract
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Fig. 2 The geometry of stereo vision
Facial expression
recognition

The details about Figure 2 are as follows. b represents
base line which is distance between two cameras. d
represents disparity which it is dl – dr. f represents focal
length. r represents distance between subject and camera.
Eq. (2) can be made through the geometric structure
of Figure 2.

Fig. 1 The general facial expression recognition system

Firstly it acquires enough training images and testing
images. Labelling feature points are perfomed in the both
images and extract features. Generally labelling step is
manual. Learning using PCA method etc. is perfomed in
the training images. Finally, the facial expression
recognition result is drawn through classifier using SVM
method etc. with learned training images and testing
images.

b
b
=
r f= f
d
dl − d r

3. THE ANALYSIS PROCESSES OF DISPARITY
ACCORDING TO CHANGE IN FACIAL
EXPRESSION

2.2 The Disparity of Stereo Vision
The distance between two cameras exists in stereo
vision because of physical position difference of two
cameras. A disparity is founded referencing a picture of
other view.
The stereo matching criterion to find disparity are
Sum of Absolute Difference (SAD), Sum of Square
Difference (SSD), Mean Absolute Difference (MAD),
Mean Square Difference (MSD) etc. In this paper, we use
SAD approach and fixed block size.
Eq. (1) is SAD which it is used to extract disparity of
stereo image.
M
=
( p, q )

n

n

∑∑ I (i, j ) − I (i + p, j + q)

=i 1 =j 1

c

r

(2)

Figure 3 describes the preprocesses required to
analyze disparity map changes between two facial
expressions.
In the first extraction step of stereo image, we could
extract stereo image using MATLAB VRML tool. The
viewpoint of stereo image is convergent with fixed angle.
In the second extraction with fixed size, we could
extract with fixed resolution of 200 x 250 pixels manually.
The reason of face region cropping is more precisely to
acquire disparity map. Additionally, The manual step of
extraction does not matter because our ultimate goal isn’t
to automate face detection.
And in the disparity map creation, we could acquire
disparity map effectively using the public stereo matching
MATLAB code of Wim Abbeloos.
Finally, we could acquire disparity map changes
between two facial expressions as each sub-region. The
sub-regions consists of eyes, nose, mouth and total region.
In other words, this means the absolute change of average
pixel value as each sub-region between two disparity map.
By default, is is compared with netural expression.

(1)

Given an n x n block, a matching criteria, M(p, q),
measures the dissimilarity of a block in the current frame,
Ic, and a block in the reference frame, Ic, shifted by (p, q).
In other words, (p, q) is disparity of right images
corresponding to the left image.
Figure 2 describes the geometric structure of stereo
vision and the principle of stereo matching using two
cameras.
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(b) Male subjects
Fig. 4 The part of 4D facial expression database
(Angry, Happy, Surprise)

The database consists of female and male subjects,
with a variety of ethnic / racial ancestries, including Asian,
Black, Hispanic / Latino and White.
In this paper, we use 4D facial expression database to
know more precisely the change of facial expression in
terms of successive images.

Fig. 3 The disparity map changes between two facial
expressions

4. EXPERIMENTS AND ANALYSIS RESULTS
4.2 Analysis Results about Facial Expression

4.1 4D Facial Expression Database [10]

In this sub-section, we describe analysis results about
facial expression.
Table 1 describes the characteristics of the facial
expression data used in this experiments.

The facial expression is naturally a dynamic facial
behavior. The 4D facial representation is believed to be
the best reflection of this nature. So 4D facial expression
data captures the dynamics of time-varying 3D facial
surfaces, making it possible to analyze the dynamic facial
behavior in a 3D spatio-temporal domain.
Figure 4 describes the part of 4D facial expression
database. In this Figure, they show three types of
expression and two types of intensity in facial expression.

Table 1 The characteristics of the facial expression data used
in this experiments
Number of
subjects
10

Number of
expressions
3

Number of
intensity
2

The number of subjects is ten which they consists
female and male with same percentage. The types of facial
expression are angry, happy and surprise (included netural
expression). The intensity means the degree of facial
expression. And we use only texture images.
The existing 4D facial expression database is
considerably larger as mentioned in sub-section 4.2. But
we use the part of the database. Because the processes to
extract additional images are very time-consuming.
Counting totally collected images from the existing
database, as follows.

(a) Female subjects

{ 10 (subjects) x 3 (expressions) x 12 (extracted
images with intensity) } + { 10 (subjects) x 3(expressions)
x 3 (disparity map) } = 450
The experimental processes for the analysis were
discussed in Section 3 sufficiently.
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Table 2 describes the median values of disparity
changes which is divided by each sub-region. In other
words, it is simplified version about the entire
experiments. We used only high intensity facial
expressions in this experiment.

So, although recognition rates isn’t high in this
experiments, this method can be utilized to sufficiently
improve recognition rate of the existing facial expression
recognition system.

Table 2 The median values of disparity changes
Area
Expression
Mouth
Eyes
Total

Angry

Happy

Suprise

7.50
9.00
11.00

12.50
10.00
11.70

17.50
11.50
12.15

5. CONCLUSIONS AND FUTURE WORKS
The facial expression recognition can be highly useful
in various fields. But 2D information based approach
don’t work robustly in the influences of illumination, head
pose and posture.
In this paper, we analyze the change of facial
expression from the perspective of disparity in stereo
vision system. Next, we present a way to improve facial
expression recognition rates which it is based on analysis
results of this paper. As a results, we were able to find that
this method can be utilized to improve recognition rate of
the existing facial expression recognition system.
In the future, we will more precisely verify analysis
results with more stereo image data. And recently we
directly obtained image data by using stereo camera. The
related experiments are underway. We are expecting good
results which is similar with this paper.

Figure 5 describes the flowchart for facial expression
recognition enhancement using the disparity map changes.
In the first step, we use the median value of mouth area to
distinguish between angry and happy&surprise expression.
And in this Figure, the threshold values can be changed
with experiment environments.
The percentages of each block in Figure 5 mean right
or wrong facial expression recognition results. That is to
say,

"Angry→Angry"

is

right

facial

expression

recognition result and "Happy→Angry" is wrong facial
expression recognition result. Our method is able to
decrease error rates with applying of additional threshold
value
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ABSTRACT:In this paper, an efficient and robust method
for recovery of ellipsoid parameters from a collection of 3D
data points is explored. The method includes two Randomized Hough Transform (RHT)-based processing steps. The
first step recovers the ellipsoid centroid. The second step recovers the axis lengths and the orientations of the ellipsoid.
In addition, we present a new way to utilize the method for
more robust ellipsoid orientation recovery. Extensive studies based on experiments to analyze the effectiveness of the
method are reported. Levels of two different types of noise
in which the method failed to recover the parameters are
also reported.
I. I NTRODUCTION
Efficient and effective automated object segmentation is
beneficial in many application areas, e.g., inspecting manufactured goods, finding abnormality in anatomical structures, etc. Automated object segmentation results can potentially be used to help understand the underlying characteristics of the objects.
Commonly used techniques for automated object segmentation are the Hough Transform (HT) [5]-based approaches. The Hough Transform-based approaches map the
features of an image into a hough (or parameter) space in
which the pattern representative of features of interest can
be detected. Typically, each boundary point is mapped to
one or more bins of the discretized parameter space (called
accumulator array). The parameters associated with the
highest count bin are considered to be the parameters of the
feature to detect. However, the traditional HT is not suitable to detect features of complex shapes or objects that can
only be represented with high order expressions. For example, for detecting ellipsoids in 3D data, the traditional HT
requires a very large hough space; it requires a 9D accumulator array for the centroid, axis lengths, and orientations of
the ellipsoid. Using such a high dimensional hough space
can also produce inaccurate segmentation results [3].
In this paper, we explore an efficient and robust method
for recovery of ellipsoid parameters from 3D data points.
The method is based on one type of Hough Transform
which alleviates some disadvantages of the traditional
Hough Transform.
The paper is organized as follows. In Section II, related
work in Hough Transform (HT)-based shape parameter re-

covery is discussed. Section III describes the ellipsoid parameter recovery method [1] we explore and presents a new
way to more robustly recover the ellipsoid orientations. In
Section IV, experimental results of applying the method using 3D datasets are shown and analyzed. Section V concludes this paper.
II. R ELATED W ORK
As mentioned in Section I, the traditional Hough Transform (HT)-based schemes are not well-suited for objects of
complex shapes due to the large memory and high computational requirements. There have been some attempts to
alleviate these requirements for HT-based processing (e.g.,
[2], [7], [8], [10], [11]). For example, some HT-based approaches [2], [8], [11] for ellipse detection have utilized
the partitioned hough space; the 5 dimensional hough space
was divided into lower dimensional subspaces (e.g., two 2D
and one 1D hough spaces) and processed in the HT’s binning process. Other type of more efficient HT-based processing were used in [2], [7], [8], [10]. These approaches
were based on the Randomized Hough Transform (RHT).
In RHT, instead of considering all edge points in its binning
processing, many randomly-selected sets of edge points are
mapped to a single bin in the hough space. This binning
process is repeated until enough vote counts are gathered.
Then, the ellipse parameters are recovered using the bin
with the maximum counts.
There have been HT-based approaches for ellipsoid detection (e.g., [4], [6]). For example, the approach by Hall et
al. [4] used linear least squares fitting and principal component analysis in the HT’s binning process. However, their
approach was very sensitive to background noise and allowed only single ellipsoid parameter recovery. Hsu and
Huang [6] presented the partitioned HT for fast ellipsoid detection. However, their approach was limited to ellipsoids
with only x- and y-axis rotations.
III. E XPLORATION OF THE RHT- BASED E LLIPSOID
R ECOVERY M ETHOD
In this paper, we explore a robust HT-based method [1]
for ellipsoid detection. The method is a type of RHT which
employs the linear least squares fitting and eigen analysis
in the ellipsoid parameter recovery.
In this section, we first describe the RHT-based ellipsoid
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parameter recovery method. Then, we present a new way
to more accurately recover the ellipsoid orientation.
A. RHT-based Ellipsoid Parameter Recovery Method
The equation for a real (i.e., not imaginary) arbitrary ellipsoid with the semi-axis lengths a, b, c (a, b, c 6= 0) is:
X2
Y2
Z2
+ 2 + 2 = 1,
2
a
b
c

(1)

where [X Y Z]T = R T [x y z]T , R is a rotation matrix
for the orientation using three angles α, β, γ that represent
the ellipsoid’s counterclockwise rotations about the x-, y, and z-axes, respectively, and T is the translation matrix
for translation of the ellipsoid centroid (xc , yc , zc ) from the
origin.
The RHT-based method [1] we explore here recovers the
nine parameters of an ellipsoid (i.e., xc , yc , zc , a, b, c, α, β,
γ) in two steps. The first step finds the centroid of potential ellipsoids and the second step determines the semi-axis
lengths and orientations of the ellipsoids.
Step 1: Potential Ellipsoid Centroid Recovery
First, the steps of the centroid recovery are described.
Using the traditional HT, recovery of the ellipsoid parameters involves solving a nonlinear system of 9 equations (using Equation 1), which is impractical for real applications.
To avoid this time-consuming process, the method explored
here exploits several geometric properties of an ellipsoid.
(See [1] for details about these geometric properties.) In
particular, by considering a set of four non-coplanar points
on the surface of the ellipsoid, the method finds centroids
of potential ellipsoids.
To find the centroids of potential ellipsoids, the method
first randomly chooses four points pi from the set of M
ellipsoid surface points. If the four points are coplanar, another four point set is randomly chosen. For each point pi ,
five points that are near pi are selected and these points are
used to determine the tangential planes at pi . Specifically,
the nearby five points are used to fit the tangential plane using linear least squares fitting. Then, four lines L12 , L14 ,
L23 , and L34 of intersection for specific pairs of tangential planes Pij are determined. (Here, the subscripts denote
the tangential plane indexes.) Then, the centroid of potential ellipsoid can be determined by finding the plane Pij
which passes through line Lij and the midpoint of points pi
and pj as the planes Pij intersect at the ellipsoid centroid
(xc , yc , zc ). For each centroid, the HT’s voting processing
is done by incrementing the bin in the accumulator array
Acen for centroids located at Acen [xc ][yc ][zc ] and by saving the centroid (xc , yc , zc ) and the associated points pi .
All these steps are repeated until the maximum bin count
of the accumulator Acen exceeds a threshold NHIGH or
until the maximum number M AXI of iterations has been
met. Then, the potential ellipsoid centroids are determined
by finding the m highest count bins that exceed a threshold

NLOW and merging the bins that are nearby (e.g., within 5
units). The mean of the saved centroids for each high count
bin is taken as a potential centroid. (For our experiments
reported in Section IV, NHIGH = 15, M AXI = 500, 000,
and NLOW = 10 were used.)
Step 2: Ellipsoid Semi-axis Lengths and Orientation Recovery
Next, the steps of the semi-axis length and orientation
recovery are described.
Once a set of potential centroids is determined, the points
pi that were stored with each high count bin in Acen are
translated by (-xc , -yc , -zc ) so that each centroid (and its
associated points) are now aligned with the origin. For each
set of points, linear least squares fitting and eigen analysis
are used to determined the semi-axis lengths and orientations.
The semi-axis lengths and orientations are recovered as
follows:
1. Randomly select ten points from pi . Using linear least
squares fitting, determine the aij terms from Equation 2 [4]
which expresses a general quadric centered at the origin.
a11 x2 + a22 y 2 + a33 z 2 + 2(a12 xy + a13 xz + a23 yz) = 1,
(2)
2. Determine whether the quadric is a real ellipsoid by
considering the shape descriptors J, I, and D [4] using the
coefficient matrix A of Equation 2.


a11 a12 a13
A =  a12 a22 a23  ,
(3)
a13 a23 a33
¯
¯ a
J = ¯¯ 11
a12

¯ ¯
a12 ¯¯ ¯¯ a22
+
a22 ¯ ¯ a23

I = a11 + a22 + a33 ,

¯ ¯
a23 ¯¯ ¯¯ a33
+
a33 ¯ ¯ a13
and

¯
a13 ¯¯
, (4)
a11 ¯

D = det(A).

(5)

The quadric is determined to be a real ellipsoid when
J, I, D > 0 [4].
3.
For a real ellipsoid equation, determine the
eigenvalues (λ1 , λ2 , λ3 ) and corresponding eigenvectors
(V1 , V2 , V3 ) of A.
4. For the case of λ1 > λ2 > λ3 , compute the semi-axis
lengths of the ellipsoid using Equation 6.
1
a= √ ,
λ1

1
b= √ ,
λ2

1
c= √ .
λ3

(6)

5. Determine the angles of ellipsoid orientation (assuming that a > b > c when the ellipsoid is in standard orientation) using the following equations [9]:
¶
µ
Vy3
,
(7)
α = arctan −
Vz3
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(a) no noise

(b) 5%

(c) 10%

(d) 20%

(e) 50%

(f) 100%

(g) 200%

(h) σ = 0.1

(i) σ = 0.2

(j) σ = 0.5

(k) σ = 1.0

(l) σ = 1.2

(m) σ = 1.5

Fig. 1. Synthetic data: (a) no noise, (b-g) with background noise, and (h-m) with (Gaussian) perturbed noise
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µ

¶
Vx3
β = arctan
,
−Vy3 sin(α) + Vz3 cos(α)
µ
¶
Vy1 cos(α) + Vz1 sin(α)
γ = arctan
,
Vy2 cos(α) + Vz2 sin(α)

(8)
(9)

6. Increment the bin in the accumulator array for semiaxis lengths and store the semi-axis lengths and corresponding orientations.
7. Repeat Steps 1–6 until the maximum bin count exceeds a threshold AHIGH or the number of iterations exceeds MLOOP . (AHIGH = 50 and MLOOP = 2, 000 were
used in our experiments.)
8. Determine the semi-axis lengths and orientations of ellipsoids by considering the bin with the highest vote count.
The means for the stored semi-axis lengths and orientations
are taken as the detected ellipsoid parameters.
B. New Conditions for Ellipsoid Orientation Recovery
While the method can recover the parameters, we have
found that the eigen analysis-based step described above
would not always result in correct orientation recovery.
Specifically, Equation 9 can produce an angle of orientation
that is the (1) supplementary angle, (2) 180◦ opposite angle,
or (3) negative angle of the correct angle. (Mortenson [9]
also noted that using Equations 7–9, there is no unique solution for the orientations unless a series of assumptions are
made for the ellipsoid to be detected.)
An example case of when Equation 9 failed to produce correct orientation is shown next. Given an ellipsoid with (xc , yc , zc ) = (150, 150, 150), (a, b, c) = (120,
95, 70), (α, β, γ) = (100, 110, 170), and one case of
eigenvectors from the eigen analysis was (V1 , V2 , V3 ) =
([0.341191, -0.939926, 0.011359], [-0.064411, -0.011322,
0.997859], [0.937785, 0.341192, 0.064405]), the recovered
orientations were (100.620998, 110.231906, 9.880885) using Equations 7–9. In this example, the recovered γ =
9.880885 was the supplementary angle of the correct orientation.
Here, we present a new way to determine the correct angle for γ using eigenvector pattern-based analysis. Specially, we empirically determine the conditions to be used
when evaluating γ value for the three failing cases mentioned previously. Our empirical study included exhaustive
pattern analysis using the eigenvectors. For every 5◦ possible ellipsoid orientation combinations, we considered the
signs of three eigenvectors’ components and determined the
16 conditions to be used to evaluate the correct γ orientation. Table I summarizes our new findings. In the table,
eigenvector conditions and ways to evaluate the correct γ
values are presented.
IV. E XPERIMENTS
Next, experiments that benchmark the explored RHTbased ellipsoid parameter recovery method’s effectiveness

and efficiency are presented. The method was tested on an
(unloaded) PC with an Intel Core i7, 2.80 GHz CPU and 12
GB RAM running Linux. Executables were built using g++
version 4.4.3.
First, two sets of synthetic data experiments are reported.
(Here, we note that our synthetic data testings included over
5800 trials.)
One set of experiments included trials of Monte Carlo
testing on synthetically-generated 3D ellipsoid points with
different levels of random background noise. In each trial,
2000 ellipsoid points were uniformly sampled and different levels of background noise were added. We tested
the ellipsoid recovery method without any noise, with 5%,
10%, 20%, 50%, 100%, and 200% background noise. Figure 1 (a) shows the synthetic ellipsoid points without any
noise. Ellipsoid parameters for the figure were (xc , yc , zc )
= (150, 150, 150), (a, b, c) = (120, 95, 70), and (α, β, γ)
= (30, 15, 75). Parts (b–g) in Figure 1 show the synthetic
data with different levels of random background noise for
the same ellipsoid shown in Part (a). Table II shows the
average divergence in the recovered ellipsoid parameters
and the execution time of the method. As shown in the
table, the method recovered all the ellipsoids with a very
high accuracy. Even for the data with 200% background
noise, the average parameter errors were less than 1 pixel
for the centroid and axis lengths, and less than 1◦ for the
orientation. However, when the levels of the noise were
increased, the execution times of the method were also increased. This is due to the additional iterations required to
get enough votes (i.e., votes above the preset thresholds) in
the method’s RHT binning processes. For example, tests on
the data with 200% noise were almost 80 times slower than
without any noise, on average. We have also found that
with over 250-300% background noise, the method could
not detect any ellipsoid.
The second set of experiments included trials of Monte
Carlo testing on synthetic ellipsoid points with each point
perturbed by different levels of Gaussian noise. The added
Gaussian noise had zero mean and σ’s of 0.0, 0.1, 0.2, 0.5,
1.0, 1.2, and 1.5. Parts (h–m) in Figure 1 show the data with
perturbed noise for the same ellipsoid shown in Part (a).
Table III shows the average divergence in the recovered ellipsoid parameters and the execution time of the method
using the perturbed noise data. As shown in the table, all
ellipsoid parameters were recovered very accurately. However, due the same reason mentioned with background noise
tests, the data with higher perturbed noise took longer time
to detect the ellipsoid. With the Gaussian noise σ = 2.0, the
method sometimes failed to detect an ellipsoid (or detected
two ellipsoids). With the Gaussian noise σ = 3.0 and 5.0,
the method could not detect any ellipsoid. Figure 2 shows
one set of synthetic data with the high Gaussian perturbed
noise.
An experiment on a real object (i.e., a football toy),
shown in Figure 3 (a), was also performed. The number

120

5

(a) σ = 2.0

(b) σ = 5.0

Fig. 2. Synthetic data with high (Gaussian) perturbed noise

(a) Input points

Wavelet Applications in Industry Processing IV, Boston, Oct. 2006,
pp. 63830T-1–63830T-12.
[3] W. Grimson and D. Huttenlocher. On the Sensitivity of the Hough
Transform for Object Recognition. IEEE Transactions on Pattern
Analysis and Machine Intelligence, Vol. 12 (3), 1990, pp. 255–274.
[4] E. Hall, J. Tio, C. McPherson, and F. Sadjadi. Measuring Curved
Surfaces for Robot Vision. IEEE Computer, Vol. 15, 1982, pp. 42–
54.
[5] P. Hough. Method and Means for Recognizing Complex Patterns.
U.S. Patent, 3,069,654, Dec. 1962.
[6] C. Hsu and J. Huang. Partitioned Hough Transform for Ellipsoid
Detection. Pattern Recognition, Vol. 23 (3-4), 1990, pp. 275–282.
[7] P. Kultanen, L. Xu, and E. Oja. Randomized Hough Transform
(RHT). In Proc., 10th International Conference on Pattern Recognition (ICPR’90), Atlantic Citys, 1990, pp. 631–635.
[8] R. McLaughlin. Randomized Hough Transform: Improved Ellipse
Detection with Comparison. Pattern Recognition Letters, Vol. 19
(3-4), 1998, pp. 299–305.
[9] M. E. Mortension. Geometric Modling. John Wiley & Sons, 2nd
Edition, New York, 1997.
[10] L. Xu, E. Oja, and P. Kultanen. A New Curve Detection Method:
Randomized Hough Transform (RHT). Pattern Recognition Letters,
Vol. 11 (5), 1990, pp. 331–338.
[11] S. Zhang and Z. Liu. A Robust, Real-time Ellipse Detector. Pattern
Recognition, Vol. 38, 2005, pp. 273–287.

(b) Result

Fig. 3. Real data testing

of sampled points for the object was 16,227. (A 3D digital
scanner was used to sample the object points.) The RHTbased method took about 21.85 seconds to recover the ellipsoid parameters for the object. Figure 3 (b) shows the
ellipsoid detection result (i.e., the blue overlaid points are
the detected ellipsoid points). As shown in the figure, the
method detected the ellipsoid-like object reasonable well.
V. C ONCLUSION
We have explored an efficient and robust method for ellipsoid parameter recovery using 3D data points. We have
also presented a new way to recover the ellipsoid orientation using eigenvector pattern analysis-based conditions.
The work described here provides extensive discussion and
exploration of the RHT-based ellipsoid parameter recovery
method that can be applied to many real applications. Our
experiments suggest that the method explored here can produce very accurate and efficient ellipsoid parameter recovery results.
For future work, we will seek the theoretical explanation
of the eigenvector’s pattern analysis-based conditions that
we presented in this paper.
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TABLE I
E IGENVECTOR C ONDITIONS FOR R ECOVERING γ O RIENTATION

Vx1
Vx1
Vx1
Vx1
Vx1
Vx1
Vx1
Vx1
Vx1
Vx1
Vx1
Vx1
Vx1
Vx1
Vx1
Vx1

> 0.0, Vy1
> 0.0, Vy1
> 0.0, Vy1
< 0.0, Vy1
< 0.0, Vy1
< 0.0, Vy1
< 0.0, Vy1
> 0.0, Vy1
< 0.0, Vy1
> 0.0, Vy1
> 0.0, Vy1
< 0.0, Vy1
< 0.0, Vy1
> 0.0, Vy1
> 0.0, Vy1
< 0.0, Vy1

< 0.0, Vz1
< 0.0, Vz1
< 0.0, Vz1
< 0.0, Vz1
< 0.0, Vz1
< 0.0, Vz1
< 0.0, Vz1
< 0.0, Vz1
< 0.0, Vz1
> 0.0, Vz1
< 0.0, Vz1
> 0.0, Vz1
> 0.0, Vz1
< 0.0, Vz1
> 0.0, Vz1
< 0.0, Vz1

> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0

Vx2
Vx2
Vx2
Vx2
Vx2
Vx2
Vx2
Vx2
Vx2
Vx2
Vx2
Vx2
Vx2
Vx2
Vx2
Vx2

Eigenvector Conditions
< 0.0, Vy2 > 0.0, Vz2 > 0.0
> 0.0, Vy2 > 0.0, Vz2 > 0.0
< 0.0, Vy2 < 0.0, Vz2 > 0.0
< 0.0, Vy2 > 0.0, Vz2 > 0.0
< 0.0, Vy2 > 0.0, Vz2 > 0.0
> 0.0, Vy2 > 0.0, Vz2 > 0.0
> 0.0, Vy2 < 0.0, Vz2 > 0.0
> 0.0, Vy2 > 0.0, Vz2 > 0.0
> 0.0, Vy2 < 0.0, Vz2 > 0.0
< 0.0, Vy2 < 0.0, Vz2 > 0.0
< 0.0, Vy2 < 0.0, Vz2 > 0.0
> 0.0, Vy2 < 0.0, Vz2 > 0.0
> 0.0, Vy2 > 0.0, Vz2 > 0.0
< 0.0, Vy2 > 0.0, Vz2 > 0.0
< 0.0, Vy2 > 0.0, Vz2 > 0.0
> 0.0, Vy2 > 0.0, Vz2 > 0.0

Vx3
Vx3
Vx3
Vx3
Vx3
Vx3
Vx3
Vx3
Vx3
Vx3
Vx3
Vx3
Vx3
Vx3
Vx3
Vx3

> 0.0, Vy3
< 0.0, Vy3
> 0.0, Vy3
> 0.0, Vy3
> 0.0, Vy3
< 0.0, Vy3
< 0.0, Vy3
< 0.0, Vy3
> 0.0, Vy3
< 0.0, Vy3
< 0.0, Vy3
> 0.0, Vy3
> 0.0, Vy3
< 0.0, Vy3
< 0.0, Vy3
> 0.0, Vy3

> 0.0, Vz3
< 0.0, Vz3
> 0.0, Vz3
< 0.0, Vz3
> 0.0, Vz3
> 0.0, Vz3
> 0.0, Vz3
> 0.0, Vz3
> 0.0, Vz3
> 0.0, Vz3
> 0.0, Vz3
> 0.0, Vz3
< 0.0, Vz3
< 0.0, Vz3
< 0.0, Vz3
< 0.0, Vz3

> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0
> 0.0

New γ
γ = −γ

γ=π+γ

γ=π-γ

TABLE II
R ESULTS ON DATASETS WITHOUT AND WITH BACKGROUND N OISE : AVERAGE D IVERGENCE IN R ECOVERED PARAMETERS (C ENTROID AND
S EMI - AXIS L ENGTH IN PIXELS AND O RIENTATION IN DEGREES AND E XECUTION T IME IN SECONDS )

Noise
Level
0%
5%
10%
20%
50%
100%
200%

xc
0.06
0.59
0.34
0.52
0.52
0.42
0.61

Centroid
yc
0.07
0.20
0.60
0.07
0.48
0.24
0.01

zc
0.12
0.03
0.52
0.12
0.05
0.12
0.19

Semi-axis Length
a
b
c
0.02 0.11 0.03
0.07 0.29 0.05
0.83 0.80 0.06
0.28 0.14 0.02
0.12 0.15 0.11
0.30 0.08 0.11
0.10 0.93 0.19

Orientation
α
β
γ
0.12 0.26 0.19
0.21 0.53 0.10
0.92 0.86 1.69
0.02 0.34 0.13
0.21 0.15 0.03
0.12 0.31 0.35
0.16 0.01 0.07

Execution
Time
3.38
4.01
4.74
5.52
12.67
48.45
269.80

TABLE III
R ESULTS ON DATASETS WITHOUT AND WITH G AUSSIAN P ERTURBED N OISE : AVERAGE D IVERGENCE IN R ECOVERED PARAMETERS (C ENTROID
AND S EMI - AXIS L ENGTH IN PIXELS AND O RIENTATION IN DEGREES AND E XECUTION T IME IN SECONDS )

Noise
Level
σ = 0.0
σ = 0.1
σ = 0.2
σ = 0.5
σ = 1.0
σ = 1.2
σ = 1.5

xc
0.77
0.61
0.07
0.54
0.36
0.63
0.11

Centroid
yc
0.06
0.29
0.45
0.97
0.03
2.03
0.60

zc
0.04
0.56
0.07
0.22
0.17
1.93
1.09

Semi-axis Length
a
b
c
0.18 0.65 0.04
0.80 0.17 0.28
0.99 0.19 0.10
0.61 0.45 1.25
0.15 0.08 1.16
0.31 1.16 1.02
0.06 0.68 0.07

Orientation
α
β
γ
0.08 0.47 0.57
0.51 0.01 1.82
0.13 0.23 0.29
0.13 0.48 1.76
0.35 1.82 1.41
1.15 1.87 0.96
0.91 0.11 1.18

Execution
Time
3.62
3.86
5.53
11.43
33.56
57.11
66.43
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AUTOMATICALLY DISTINGUISHING NON-SENSE FROM NO-SENSE
Christian F. Hempelmann
RiverGlass Inc.,
Champaign, IL 6820
Purdue University
West Lafayette, IN 47904
The OST-based method described is in many ways
the counterpart to “semantic mimicking” (Grotthoff
2004): Based on the central steganalytical method to
detect suspicious text because it does not fit the statistical
profile of the data type it belongs to, Wayner (1992)
suggested ways to make empty text fit that pattern by
giving it the expected profile. This is easy when the
intrusion merely has to mimic distributional patterns of
the text’s surface structure because the steganalysis is only
statistical. But when the detection approach aims at the
well-formedness of the meaning of text, the attacker is
basically reduced to creating a real text, which is timeconsuming and thus expensive.

ABSTRACT
The present paper introduces an intelligent, meaningbased method to distinguish text without semantic content
from. It was tested on large corpora of email in an
ediscovery context and opens the way to taking the spam
filtering arms race to a new level that is very costly to
spam producers.
INTRODUCTION
Semantically empty texts that mimic natural language
are a very common spam vehicle and their filtering is an
ongoing battle. Ontological Semantic Technology (OST)
processes natural language text in human-like fashion to
represent a text’s meaning. For each clause it produces a
text meaning representation (TMR). In a current OST
implementation at RiverGlass, Inc., the quality of output
has become sufficiently reliable to allow for the
assumption that when a text produces an abnormally low
number of TMRs in relation to the number of its clause,
that the text is semantically empty. Based on this
assumption, OST can be used to complement existing
spam filtering methods. This benefit comes more cheaply
and robustly than other benefits of OST-based NLP. Real
OST filtering will operate not on the saturation of
meaning in terms of TMR density, but the meaning itself
as represented in TMRs.

To address spam contents, most spam filtering today
uses statistics, usually Bayesian, to detect rare words
(“Viagra,” “refinance,” “replica”) combined with some
hard-coded heuristics. OST, on the other hand, makes it
possible to raise the adversarial threshold (for the
steganographical watermarking applications, see Atallah
et al. 2001, 2002), actually side-stepping noise-based
steganography, currently dominant while it is still “likely
that someone with greater resources and more time will be
able to develop a better model of the noise and still
differentiate between the signal and the replacement”
(Aura 1996: 268). The approach suggested here does this
at a initial level, by again looking at statistical features,
but now of the meaning of potentially intrusive texts. That
is, rather than looking at the meaning of the text itself, it
just looks at how much meaning the text has. Other
applications of OST to information assurance and security
have involved the content of the meaning itself.

The proposed approach is only one in the arsenal of
OST (for overviews, see Raskin et al. 2004a, 2004b)
intended in particular to take the steganographic arms race
onto a new level, away from statistical pattern matching to
understanding of text (see Chang and Clark 2010 for a
more recent overview). The somewhat minor difference
from spam to steganography, a difference that makes the
current approach cheaper, is that steganography aims to
create credible text that a contains hidden message, while
spam merely aims to create text credible enough to bypass
existing filtering methods and delivering a payload that
will compromise the recipient in a number of different
ways.

OST OVERVIEW
Ontological Semantic Technology (OST; see Raskin
et al., 2010, Taylor et al., 2010, and Hempelmann et al.,
2010) is a modified and improved version of Ontological
Semantics (Nirenburg & Raskin, 2004) encompasses a
theory, methodology, and implementation of a system that
attempts to understand natural language text. OST is
based on the computer-accessible description of meanings
of the words, listed according to their syntactic role in the
sentence, taking into account relevant morphological
features.
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TMR DENSITY OF NON-SENSE TEXT AND NOSENSE TEXT

At the core of OST are repositories of world and
linguistic knowledge, acquired semi-automatically within
the approach, and used to disambiguate the different
meanings of words and sentences and to represent them.
These repositories, also known as the static knowledge
resources, consist of the ontology, containing languageindependent concepts, relationships between them; one
lexicon per supported language (for example, English),
containing word senses anchored in the languageindependent ontology, which is used to represent their
meaning; the Proper Name Dictionary (PND), which
contains names of people, countries, organizations, etc.,
and their description anchoring them in ontological
concepts and interlinking them with other PND entries;
and a common sense rules resource.

When a clause does not have an event around which
its TMR can be built, or the other words in the clause do
not have senses that meet the constraints of the event,
STAn will fail and no TMR will be recorded. The lower
the ratio of TMRs to clauses for a text, the less likely it is
that this text was written by a human for a human to make
sense. More likely, it was automatically generated to fool
a statistical spam filter.
In a pilot study in the ediscovery context, the current
OST system by RiverGlass, Inc., produced TMRs for an
average of 68% percent of clauses from natural natural
language, while spam mails of the pure keyword type
consistently produced TMRs for under 10% of their
“clauses.” More advanced types of mimicking spam that
was well-formed at the syntactic level, still resulted in
TMRs for under 40% of its clauses. The difference
between natural natural language at 68% intelligibility to
our system and merely statistically natural language at
40% is the crucial difference that gives OST the
advantage in spam filtering over existing non-semantic
systems.

The lexicon and ontology, together with the PND and
common sense rules, are used by the Semantic Text
Analyzer (STAn), a software, developed by RiverGlass
Inc., that produces Text Meaning Representations (TMRs)
from the text that it processes. The format of TMRs
conforms to the format and interpretation of the ontology.
The processed TMRs are entered into InfoStore, a
dynamic knowledge resource of OST, from which
information is used for further processing and reasoning.

The higher level of nonsense that OST will catch is
the equivalent of the famous “colorless green ideas sleep
furiously” (Chomsky 1957: 15). This sentence is
grammatical but only syntactically so and will not produce
TMRs either and can serve as a good example to illustrate
the difference that OST makes.

STAn consists of a collection of modules, each of
which fires when a condition that the module is designed
to handle is met. STAn reads text, sentence by sentence,
by consulting the lexicon and ontology about possible
interpretations of each clause in the sentence, combining
them, and reporting a ranked number of unambiguous text
meaning representations (TMRs) at the grain size
provided by the text, as accommodated by the resources.
The TMRs that are produced are weighted by the software
according to the extent of their fit into each module’s
interpretation. Thus, it has several major components that
could contribute to the incorrect processing of a sentence:
the software itself, with each module taking part in it, the
lexicon corresponding to the language of the processed
text, and the ontology. STAn itself is tested “qualitatively”
in weekly plenary team sessions that focus on recent code
changes and new linguistic issues that OST has matured to
handling. It is also “quantitatively” tested by running a set
of sentences before and after each code change and
comparing the TMRs from before and after. Any
difference is flagged and the TMR is output after each
module has run to narrow down set of suspects. This
paper, on the other hand, will focus on lexicon and
ontology verification, assuming the fixed (and bug-free)
release of the software.

DEBUG
08
Apr
2011
23:01:26
[main.SemTextAnalyzer] colorless green ideas sleep
furiously .
List of TMRs:
No TMR found
OST currently won’t catch all of the semantic
anomalies of this example, because its resources are not
focusing on adjectives, and even less on adverbs:
• ideas can’t sleep
• sleeping can’t be done furiously
• ideas can’t have color
• things can’t have no color (and that is even made
explicit) and have the color green
But the constraints on the event underlying one sense
of “sleep” are violated in a fatal way, as well as the
domain of the property of COLOR. Without going into the
technicalities of the system, the failure to produce a TMR
is caused by the only sense of the word “idea” mapping
onto the concept INFORMATION, which is a MENTALOBJECT. On the one hand, the event SLEEP requires its
experiencer to be ANIMATE, and INFORMATION is not

2

124

a child of that concept. On the other hand, the property
COLOR has in its domain only PHYSICAL-OBJECT, of
which INFORMATION is not a child. Thus, while OST
currently protests only two of the four semantic anomalies
in the example, that already is fatal to the example’s
processing.
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CONCLUSION
OST facilitates spam filtering on a new, namely
semantic level. To make immediate use of this level of
protection, making all lower-level attempts at mimicking
obsolete, a quick and dirty method was introduced: the
ratio of successfully processed clauses to all clauses. The
main assumption is that to successfully process a clause
semantically means that this clause is indeed well-formed
semantically. A very preliminary pilot study showed that
this assumption is indeed correct. Producing semantically
grammatical text while still getting the spam message
across, as well as bypassing statistical spam filtering is
still too hard and costly.
Future OST-based spam filtering can single out
contents that are also spam-likely, for example, selling
(erection) medication in a way that, on the one hand,
avoids the name of the medication in order to bypass
keyword filters and, on the other hand, is otherwise
syntactically well-formed.
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HUMAN AND COMPUTER HUMOR COLLABORATION: WHAT CAN
COMPUTATIONAL ANALYSIS OF HUMOR REVEAL
Julia M. Taylor and Victor Raskin
RiverGlass, Inc. and Purdue University
West Lafayette, IN, USA
"Somebody threw a book at President Obama. If
you're trying to scare a president by throwing a book at
him, you're one president too late." —David Letterman
The 29 comments that followed the posting displayed
the usual full range of Bush haters, Bush defenders,
Obama haters and defenders, and comments on the joke
itself as well as on the inappropriateness of the action.
This is not at all surprising, as various polls would
confirm. The polls, however, typically cluster their
information in a certain way, whereas here, the
justification for an individual opinion is available and can
be used for other purposes. The additional dimension
elicited by a joke is the range of joke perception with
regard to people’s sensitivities to its target: people who
categorically reject this joke as inappropriate reveal a
strong sensitivity to the Office of President with the
corresponding decorum; posters who applaud the joke
may flaunt their lack of any such sensitivity, but reveal
others, for instance, about the current or previous
president; those who read the joke but don’t indicate their
appreciation of it signal an indifference to the topic, or at
least don’t display enough interest to overcome apathy.
The computer equipped with text understanding
technology and capability for humor analysis, may easily
collect and integrate numerous comments with all the
additional material the posters bring into them for any
individual joke, type of jokes or postings over a
significant period of time. The understanding of a joke,
especially in terms of its target and situation, is indeed
essential for the task. Thus, the computer must understand
that the joke below, again by David Letterman, targets the
current president, as opposed to the past president in the
joke above:
"People are kind of upset with British Petroleum CEO
Tony Hayward. Over the weekend, he was out on his
yacht. And when President Obama found out that Tony
Hayward was on his yacht, he was so angry, he missed a
putt.”
The computational analysis of a whole aggregation of
jokes and their elicited responses may reveal not only the
range of opinion about a particular event, but also
indicate, by the absence of humorous postings, the events
exempted from humor, thus indicating public indifference.
Contrary to one’s intuition, and often moral values, jokes
about major tragedies appear within days after the events,

ABSTRACT
Based on formal theories of humor and a
computational semantic technology for text meaning
analysis, patterns about humor preferences of speakers
and people that comment on jokes can be detected. These
patterns do not only reveal information on a person’s
sensitivities to various spheres of life, which, in turn,
aggregated, when necessary, over any number of
individuals, can be used for targeted advertising, focused
marketing, and possibly political campaigns, but also
provide important clues for friendlier human computer
interaction.
WHAT IS IN HUMOR ANALYSIS?
This paper explores the use of automatic computational
humor analysis not only, and not even mainly, for humor
human computer interaction, but, importantly, for
determining the societal attitude and attention—or lack
thereof—to the events and/or phenomena in the focus of
jokes. It also addresses the distribution of individual
reactions over the spectrum of social, cultural and political
opinions, as revealed in the individuals’ sensitivities—or,
again, lack thereof—to the jokes. Thus, humor analysis is
not used here just for determining what type of jokes
somebody likes, for the sake of telling jokes—it has much
broader social implications and applications.
Suppose a Facebook, Twitter or other social media
user posts a joke or improvises something humorous on a
current event for everybody to see. The posting is
followed by verbal comments, as well as like/dislike
indications. Some of these are obviously positive, others
are not. The question is, what can be learned from this
material by an informed and unbiased human reader and
how this information can be integrated and emulated by
the computer.
Thus, upon reading the following posting on the
Political Humor open page on Facebook (October 16,
2010), a human reader understands that the joke is
targeted at President George W. Bush, stereotyped as
dumb, inarticulate and illiterate:
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but they do not typically indicate the values of the joke
tellers but rather their reaction to the reporting excesses
(Davies 1998, cf. Oring 1987, Kuipers 2005): “What is the
best detergent in Indonesia? –Tide.” Thus, they are more
of an acknowledgement of occurrence than an indicator of
anything else.
Unlike aggregated information analysis, where jokes’
usage can be used to indicate public awareness of events,
their opinion of them, as well their sensitivity to them
(unless they are disaster jokes), the analysis of joke
choices of a certain individual can reveal their preferences
and opinion as well, all concentrated in the middle section
of the joke perception range cleared of its extremes. In
other words, the lack of jokes about particular topics
indicates either the individual’s total indifference to it or
their extreme sensitivity (Freud 1905, cf. Veatch 1998).
This, in turn, can be used to assess an individual’s
suitability for targeted advertising, focused marketing, or
political campaigns. Additionally, if computers act as
human partners in communication, as, for instance, in the
case of shut-ins (see Wilks 2005), they should—and in
this case, they can—acquire the appropriate sensitivities
for communicating with a given human user, whether
jokes are used or not.

emphasizing the importance of surprise in a joke (Kant
1790). Superiority theories are based on the observation
that people laugh at other people’s infirmities, especially
if they are enemies (Rapp 1951, Suls 1976, Grunner
1978). This class of theories of humor goes back to the
philosophers of Ancient Greece and Rome, many of
whom maintained that people laugh at the misfortunes of
others for joy that they do not share them (Raskin 1985;
Attardo 1994). Release/relief theories explain the link
between humor and laughter. The principle for the
release-based theories is that laughter “provides relief for
mental, nervous and psychic energy, and this ensures
homeostasis after a struggle, tension, and strain” (Raskin
1985: 38). “The most influential proponent of the release
theory is certainly Freud” (Attardo 1994: 50).
These classes of theories can be summarized as follows
(Ritchie, 2000): “…cognitive/incongruity approaches
concentrate on the humorous stimulus, social/hostility
approaches consider the interpersonal effects, and
psychoanalytical/relief
proposals
emphasise
the
audience’s reaction.”
Each discipline’s contribution to its working definition
of humor can form a basis for computational recognition
of humor, as needed for this paper. From the Artificial
Intelligence perspective, the theories, when they exist,
take a bottom-up approach and are limited in applicability
to a narrower humor form (Ritchie 2000, 2004). From the
psychological perspective, it has been known since Freud
(1905), that the human humor competence includes the
realization that some jokes are unsuitable for certain
individuals with specific sensitivities (cf. Veatch 1998).
The linguistic theories of humor (Raskin 1985, Attardo
& Raskin 1991, cf. Attardo 1994) have reached a level of
formal representation that is adaptable for the computation
for any humorous text (Raskin et al 2009a,b). The best
known and most used, even if outdated, linguistic theory
of humor is the Script-based Semantic Theory of Humor
(SSTH: Raskin 1985). According to the theory, there are
two conditions for a text to be humorous:
• A text has to be compatible, fully or in part,
with two different scripts.
• The two scripts with which the text is
compatible are opposite, and with which it
must overlap fully or partially.
The compatibility of the text with two scripts is the
necessary condition for humor; the oppositeness of the
scripts is the sufficient condition. A script “is an enriched,
structured chunk of semantic information, associated with
word meaning and evoked by specific words. The script
is also a cognitive structure internalized by the native
speaker, and it represents the native speaker’s knowledge
of a small part of the world. […] Formally or technically,
every script is a graph with lexical nodes and semantic
links between the nodes” (Raskin 1985: 81). Scripts were
further developed in Ontological Semantics (Raskin et al.
2003, Nirenburg and Raskin 2004).

WHAT DO WE KNOW ABOUT HUMOR?
Work on humor theories has a long history, and, to this
day, the true nature of humor is still being debated
(Raskin 1985, Morreall 1983, Oring 1992, Ruch 1998,
Davies 1990, Attardo 1994). There is no universally
accepted theory of humor that explains “what is funny,
why it is funny, how it is funny, when it is funny, and to
whom it is funny” (Raskin 1985: 5).
Most humor models and theories can be divided into
three classes. According to the most common
classification (Morreall 1983; Raskin 1985; Ritchie 2004),
humor theories can be based on: incongruity, relief/release
or hostility/superiority/ aggression/malice/disparagement.
Attardo (1994) divides humor theories into three similar
classes, but gives the classes different names, as shown in
Figure 1.
Since the input variables have differing influence on
the statistics of the output value, a measure called the
sensitivity index is used to quantify the influence of the
basic random variables (Haldar and Mahadevan 2000a).
This parameter indicates the random variable that
contributes most to the reliability of the mechanical
component under consideration. Additionally, the
extracted information can be used to treat the variable
with a very low sensitivity as a deterministic value, thus
reducing the computation time for complex problems
(Haldar and Mahadevan 2000b; Thacker et al. 2001).
Incongruity-based theories suggest that humor arises
from something that violates an expectation. Many
supporters of incongruity in humor have followed Kant in
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The scripts can be linguistic, general knowledge,
restricted, or individual. Linguistic scripts are known to
any “average,” “standard” native speaker (adult,
reasonably educated, mainstream culture, etc). General
knowledge scripts, such as crossing the street or going to a
store, are known to a large number of people and are not
affected by their use of language. Restricted knowledge
scripts are known to a smaller number of people and are
not affected by their use of language either. Individual
scripts are “owned” by one person: an example of an
individual script would be a child’s memory of her first
swim. Basing the theory on Ontological Semantic
Technology (OST) allows a crisper definition of the
necessary and sufficient conditions for verbal humor
(Raskin et al. 2009a, b).
The General Theory of Verbal Humor (Attardo &
Raskin 1991), proposed as an attempt to improve and
enrich SSTH, is a linguistics-centered multidisciplinary
theory of humor that is still built upon the notion of script
overlap and script oppositeness. The theory describes
jokes in terms of six knowledge resources (Attardo 1994):
• Script Opposition (SO): deals with script
overlap and oppositeness presented in
Script-based Semantic Theory of Humor
(SSTH).
• Logical Mechanism (LM): accounts for the
way in which the two scripts in the joke are
brought together.
• Situation (SI): the “props” of the joke, the
textual materials evoked by the scripts of the
joke that are not necessarily funny.
• Target (TA): any individual or group from
whom humorous behavior is expected.
• Narrative Strategy (NS): the rhetorical
structure of the text; that is the “genre” of
the joke, such as the riddle, 1-2-3 structure,
question and answer, etc.
• Language (LA): the actual lexical, syntactic,
phonological, etc., choices at the linguistic
level that instantiate all the other choices;
language is responsible for the position of
the punchline.
According to the General Theory of Verbal Humor,
each joke can be viewed as a 6-element vector, specifying
the instantiation of each parameter:

CAN MACHINES UNDERSTAND HUMOR?
Taylor (2010) uses Ontological Semantic Technology
(OST) to represent the meaning of text in jokes. At the
core of OST (Raskin et al. 2010) are repositories of world
and linguistic knowledge, acquired semi-automatically
within the approach and used to disambiguate the different
meanings of words and sentences and to represent them
comprehensively. These repositories, also known as the
static knowledge resources, consist of the ontology,
containing
language-independent
concepts
and
relationships between them; one lexicon per supported
natural language (such as English), containing word
senses anchored in the language-independent ontology
which is used to represent their meaning; and the Proper
Name Dictionary (PND), which contains names of people,
countries, organizations, etc., and their descriptions, also
anchoring them in ontological concepts and interlinking
them with other PND entries. The lexicon and ontology
are used by the Semantic Text Analyzer (STAn), a
software created by RiverGlass, Inc., that produces Text
Meaning Representations (TMRs) from the text that it
reads. The format of TMRs conforms to the format and
interpretation of the ontology. The processed TMRs are
entered into InfoStore, a dynamic knowledge resource of
OST, from which information is used for further
processing and reasoning.
The jokes are recognized according to the ontological
knowledge of the world. The ontology is constructed with
the purpose of handling natural language information, and
thus, must accommodate vagueness and fuzziness of
natural language. The ontology is governed by the
following rules for any concept C, D and relationship R,
outlined in Taylor & Raskin (2010):
I [C D](x) = max{I [C](x), I [D](x)}
I [and C D](x) = min{I [C](x), I [D](x)}
I [(Rel(D))](x)= maxy D{I [Rel](y, x)}
I [(Rel(and C D))](x) = min{I [Rel(C)](x), I [Rel(D)](x)}
I [Rel(C D)](x) = max{I [Rel(C)](x), I [Rel(D)](x)}
I [C(Rel(D))](x) = min{I [C](x), I [Rel(D)](x)}
I[C(Rel1(D))(Rel2(E))](x)
=min{I[C(Rel1(D))](x),I[C(Rel2(E))](x)}
For the construction of the ontology, subsumption
definition of Yen (1991) was followed: C subsumes D iff
∀x∈D: I[C](x) ≥ I[D](x).
Computational humor detection has been attempted
through other approaches. The Knock Knock joke
recognizer (Taylor & Mazlack 2004) was one of the first
approaches to humor recognition, limited to a very narrow
domain. The approach used n-grams for joke recognition.
The One-Liner recognizer (Mihalcea & Strapparava 2005,
2006) used machine learning techniques for humor
recognition of a slightly wider domain. The authors define
∈

Joke: {LA, SI, NS, TA, LM, SO}
The only element that is optional in a joke description
is the Target (TA), but it is routinely used in the political
and social humor, which is essential for this paper.
Equally important is the Situation (SI) parameter, as it
anchors all the opinions, attitudes and sensitivity in the
real events that the jokes mention or refer to. The validity
of the theory was for the most part validated in a large
scale psychological experiment (Ruch et al. 1993).
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a one-liner as “a short sentence with comic effects and an
interesting linguistic structure: simple syntax, deliberate
use of rhetoric devices (e.g. alliteration, rhyme), and
frequent use of creative language constructions meant to
attract the readers attention.” A similar approach to oneliners was taken by Mihalcea & Pulman (2007). The
authors investigated humorous news articles from The
Onion and non-humorous news articles from The Los
Angeles Times, the Foreign Broadcast Information
Service, and the British National Corpus. Naïve Bayes
and Support Vector Machine algorithms were used for
text classification. A meaning-based classification of text
into humorous and non-humorous using description logic
was described in Taylor (2008). Short jokes, without
specific form restriction, were selected from joke books
and compared to synthesized non-jokes very similar to the
selected joke, with the difference that there was no humor
in them. All approaches demonstrated successful results.

can be anticipated that the set of current candidates for
applications using this research will continue to grow
rapidly with time. For instance, in the light of the
increasing interest in social computing (Morkes et al.
1998, Charron et al. 2006) and hybrid agent-human
communication systems (see Matson et al 2011 and
references there), the role of humor can be expected to
increase significantly as such systems will attempt to
emulate the natural flow of conversations among the
humans where humor has always occupied significant
space.
CONCLUSION
In this paper, we have outlined the theoretical
framework for and methodological approach to computing
human attitudes and opinions by analyzing the humor they
use and/or comment on. The theoretical framework
consists of two major components, namely, a formal
theory of humor and a meaning-based theory of
computational semantics. In our methodological approach,
both components are based on Ontological Semantic
Technology. Since the information that we process is
perception-based, we employ fuzzy logic in the text
processing component, that was designed to deal with
these perceptions. We would like to emphasize also that
the vagueness and fuzziness components of the system
will need to be much further developed for the
applications to be truly successful. Parts of the proposed
system have already been implemented, both in terms of
semantic interpretation of text and in computing humor.
Future research will lead us to the implementation of a
smallish-scale pilot system and then on to a practical
industrial application, which is our ultimate goal, both for
the purposes of a practical achievement and of the
empirical justification and validation of the theory and
methodology.

HOW DOES IT WORK?
The importance of understanding the text of jokes, in
addition to just detecting them, cannot be underestimated.
Once the joke is detected, understood, and its main
parameters such as Target, Situation, Scripts are
identified, the real work begins. The opinion indicators,
for instance posted comments, are analyzed with a
meaning-access technology, such as OST, and juxtaposed
on the joke as the reference point. The opinions may
introduce additional, related Targets and Situations that
can be used in the opinion spectrum analysis, organized
by the identified Targets and Situations in both jokes and
their non-joke responses. It should be noted that Targets
and Situations can be used as the single axis each or as
specific pairs.
At the same time, all analyzed jokes used or
commented on by a specific individual can be processed
to identify his or her humor preferences and related social
opinions, attitudes and positions. Such positions can be
analyzed for any one period of time, or longitudinally over
any desired period of time for which the material is
available. Unlike the aggregated analysis, where
information is processed per instance of a parameter or a
pair of instances, for the individual analysis, the obtained
information has to be combined together to build an
overall picture from which inferences can be made. It goes
without saying that information learned about a particular
individual can be used to model companion-type
communication with a computer, as the computer now
possesses valuable information about the person’s
preferences and sensitivities not just in the read jokes but
based on the overall picture that was calculated for this
individual.
Thus processed (see Figure 2), both the aggregated and
individual data can be fed into any application, in addition
and in conjunction with the state of the art technology. It
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communication medium among young people, was the
election communication technique used by president
Obama for voting, which was considered as one of major
factors of the success of his presidential election campaign
(Kiyohara, 2009). Furthermore, it is not sufficient any
more to publish personal (or company‟s) homepages in
businesses, education, fund raising, governing, political
campaigns, broadcasting etc. We need blogging, twitting,
we wish to perform on YouTube, we are Myspace-ing and
competing for friendship on Facebook (Cornfield, 2004,
Harauz and Kaufman, 2009, and Guha, 2009). However,
the most striking implication of our “bonds” with SNs is
that they have shaken the way we create, generate, access,
process, disseminate and share data and information. We
are heading towards a society that immerse more and
more in social intensive environments, which generate
data as we live, work, play, travel, study, entertain, teach
etc. ( Pattal, at el., 2009, Rowell, 2008, Silva, at el., 2008,
Hendler J., 2010, Hendler J., 2009, and Hendler, J., 2008).
SN are divided today according to their purpose,
types, domains, services they offer, audience they target,
types of members they attract, and many
more(Brainstorm: Social network site categories, 2008,
and Online Social Networking). Existing SNs are used
and created for many purposes, they may target specific
audiences, they provide their own features, give services
depending on members‟ interests and requirements and
then they may change as they grow in both number of
members and services they offer to them. We are learning
as we go, in terms of how to use and exploit the enormous
power of SNs, but we still may not be fully aware,
upfront, before we commit us to the SN community about:
(a). which exact service SN memberships and
collaborations may bring to their members,
(b). which level of security and privacy is guaranteed
to them and
(c). which technical support members may need
when using SNs.
In order to start thinking how to answer (a)-(c) above,
we may consider the classification of SNs as the first step,
but this is far from a trivial task.
At the time of writing this paper it was almost
impossible to find surveys of SNs, where their general
features, types, purposes, services, privacy commitments

ABSTRACT
Social Networks (SN) have become a backbone of
modern communications, they have affected the way we
live, congregate together, learn about ourselves and our
environments and have removed many barriers in our
society. However, SN members, and potential members,
are not very often aware of exact pitfalls of social
collaboration in terms of understanding (a) which exact
service these collaborations may bring to them, (b) which
level of security and privacy is guaranteed to SN members
and (c) which technical support members may need when
collaborating through SN. We propose an ontological
model, which stores the semantics of member‟s
involvements in SN, which in turn allows us to reason
upon its modeling constructs in order to generate a list of
recommendations, which help members to decide how
useful a particular SN can be for member‟s personalized
needs. We have used OWLontologies and a set of
constraints in order to build the reasoning mechanism,
based on SWRL.
INTRODUCTION
Social networks (SNs) enable the creation of virtual
environments where people can meet, socialize, make
friends, exchange and disseminate information and
knowledge, learn, advertise, ask for help, initiate
activities, enhance businesses, propose ideas, influence
other members and many more. SNs attract members
with similar interest, knowledge, occupations and careers,
but they also may remove barriers between groups of
people, who were considered isolated because of variety
of reasons: ethnicity, classes in societies, education,
wealth etc. SNs changed the way we support
communication, commerce, education and governance.
We vividly remember which role SN technologies played
during the 2008 US elections: President Barack Obama
built his campaign upon social collaboration in online
communities (Hassler, 2008), being convinced that the SN
technology is the foundation for developing new services
in science, healthcare, governance etc. (Kiyohara, 2009).
The use of mobile text messaging as a basic
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and similar factors are clearly collected and used in
categorization of SNs. What is currently available is the
information provided by websites that gives general
statistics and surveys of “TopTen Reviews, 2011, Love To
Know” through criteria such as:
(i) Overall rating of ten popular SNs as “excellent,
very good, good, fair and poor” and
(ii) Evaluation of SNs by looking at “demographics,
profile, security, networking features, search
and technical help/support”.
The criteria in (i) and (ii) have sub categories which
might give more granularities when analyzing results of
such surveys, and probably could then become a good
starting point in SNs‟ classification.
However, the deficiency of (i) and (ii) is obvious.
How do we “rate” or categorize or associate one of the
most important aspects of SNs with (i) and (ii): SN
content is mostly member generated, or SN existence is
dependent on the collective data posted by their members.
On the other side, we are more confident when
categorizing SNs through their purposes and we do have
tendency of „knowing” what a particular SN might bring
to us. However, (Capuano et al., 2010, Carfi C. and
Chastaine L., 2007, Maamar and Badr, 2010)shows
examples where we can explore all possible variations of
using “appropriate SN for business needs”, which will
then go as far tracking business members‟ relations and
consequently enabling the responsible staff to find
suitable employee for a vacant job! This is not exactly
what the initial purpose of such a SN might have been: a
“place” where business members and their clients meet to
discuss their product and services!
If we are not concerned with the issue above and if
we are not worried that certain SNs may have multiple
purposes, then we can still claim that
1) Educational /Academic SNs: have a purpose of
collecting members who share their joint
interests in learning an exchanging knowledge.
Their members enjoy group membership either in
real life or in virtual class rooms.
2) Hobbies SNs: have a purpose of collecting
members with similar interests in life and very
often offer membership to online communities
connected though specific hobbies, skills,
interests sand activities.
3) News/ informational SNs: have a purpose of
collecting members who are interested in finding
information about specific topic, commenting on
articles, sharing knowledge and posting questions
that they need to get an answer for,
4) Professional SNs: have a purpose of collecting
members who are interested business relations
relevant to their professions, which in turn mat
result in improve customer relationship and
increase business efficiency.

This paper is organized as follows. In the next
section we focus on the exact problem this paper is trying
to address and solve. We are not aiming to give a full
answer to our concerns (a)-(c) from the Introduction, but
we will try to create a mechanism for recommending a
suitable SN to a potential member by juxtaposing
information on (i) – (ii) with needs, preferences and
expectations the member may have from such SNs.
Our mechanism for recommending a suitable SN to
their potential members is described in the section named
ONTOLOGY AND REASONING. Its subsections will
explain how we model our knowledge on SNs within an
(OWL- Web Ontology Language Overview, 2004)
ontology named Recom_SN_ONT, how we strengthen the
semantics stored in OWL concepts through constraints
and finally how we reason through a (SWRL- A Semantic
Web Rule Language Combining OWL and RuleML,
2004) rule in order to get recommendations on suitability
of certain SNs for their potential members. The Related
Works section gives a brief overview of papers which
have helped us to create and model our knowledge on SN
and transfer them into ontological concepts and their
constraints. We comment on our work in the
EVALUATION section and propose improvements and
future works in CONCLUSIONS.
THE BACKGROUND
The motivation behind this work is twofold.
1) We primarily wanted to find out if there is a
mechanism of managing automatically potential
matches between member‟s expectation when
joining SNs and the range of SN “services” and
“features” which are supposed to be available to
their members.
2) We have also been influenced by the power of
semantic web technologies and OWL/SWRL
enabled ontologies in particular, when deciding
how to address this matching between potential
member‟s expectations from SNs and the actual
values given to them by SNs.
We draw reader‟s attention to the meaning of the SN
“services” and “features” terms in our work. “Features”
of SN are numerous and we associate them with
functionalities which allow SN members to perform
activates such as “post comments”, “tag videos or
photos”, customize codes” and many more. However,
when SN members actually start using these “features” we
talk about SN “services”. Therefore “services” in SN may
be “allowing a member to post comment, tag a video or
customize the code”. A more generic definition of
“services” in SN associate them with “an internet or
mobile
based
social
spaces
which
facilitate
communication, collaboration and content sharing” (Boyd
and Ellison, 2008, Danah Boyd-apophenia-making
connections where none previously existed 2008, “WHAT
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ARE SOCIAL NETWORKING SERVICES?”, 2009).
Consequently, such a subtle difference between these two
terms has resulted in using them interchangeably but
emphasizing that the existence of a feature within a SN
websites will result in the availability of a service the SN
offers to their members.
Our initial aim was not to create any type of
Recommender system (Aranda, At el., 2008, Seth A.,
2009). We were guided by questions (a)-(c) posed in the
Introduction and our initial idea has been to pay more
attention to the semantics of user‟s expectations from
SNs as opposed to the intention of SN sites to attract more
and more members. However, the way we manipulate the
semantics of user‟s expectations and SN functionalities
(you may call it either “features” or “services”) does pose
the question of „recommending SN‟ and we are opened to
any initiatives of extending our work towards a full scale
recommender systems which could have a purpose of
matching SN features with user‟s preferences in general.
Our decision to address (a)-(c) from the introduction,
by deploying Semantic Web technology has required the
definition of particular competency question which has to
be answered though reasoning upon both the semantics of
user‟s expectations and SN functionalities. Therefore in
this paper we show the experiment of answering one
particular competency question which illustrate how we
model and exploit the semantic of our problem domain
through OWL and reasoning though SWRL.
The
competency question (Gruninger, 1996, Gruninger, and
Fox, 1995, Noy, and McGuiness, 2001,) which mirrors
(a)-(c) is
“Which SN would be suitable for a potential member
if he/she specifies exactly what the purpose of his
membership would be (i.e. the purpose of SN), which
features SN should have, and how the security and privacy
is handled in such SNs? Members also have to specify
their role within the SN and indicate their expectation in
terms of receiving technical help and support when using
SNs.
In the next section we describe the way we have
modelled the semantics of SNs in OWL, and reason upon
it, in order to answer the competency question above.

a set of subclasses in order to illustrate the semantic they
store. Though the naming of these subclasses, we make
their semantic self-explanatory.
For example the FEATURES class contains 13
subclasses
from
Applications,
Profile_editor,
Perosnalised_URL
and
Max_Photo_size
to
Customised_code and Custom_skins.
They are all
important when assessing if a particular SN has all or part
of the features the member expect them to have.
Therefore this base class enables us to model all possible
functionality within the SN sites which can be offered to
an individual member in order to manage his/her profile,
personalize services the SN offers and create and manage
the content the member creates. On the other side, the
NETWORK_FEATURES class is associated with events
and activities (and services!) the member may contribute
and perform across the SN with other selected members
and the wide SN community.
The subclasses of the SECURITY class is the authors‟
snapshot of relevant security issues in current SNs, but it
is by no means exhaustive, i.e. we may have more security
concerns in future which are outside Safety_tips,
Account_deletion,
Privacy_settings,
Report_Spam,
Block_user, Report_user and similar. The same applies to
the subclasses of the ROLE class. We talk about General
members, Standard_users, Learners, Business members
etc. The TECHINCAL_HELP_SUPPORT class has a
modest set of three subclasses: e-Mail_support,
userForums and FAQ.
There are three base classes in Recom_SN_ONT
which contain no hierarchies. The RESULT_1 class is
reserved for storing individuals, which are results of our
reasoning and which in turn will answer our competency
question(s). PURPOSE and SEARCH classes did not
justify their further subdivision into subclasses, because
their individuals prove to be sufficient for managing (A)
and (B) above in this paper. In other words there was no
need to make further subdivisions of both classes in order
to answer the competency question. However, the
SOCIAL_NETOWRKS and USER_CHOICE classes which
also have no further subclasses have a specific role in our
ontology and cannot have further subclasses. Their
individuals play a particular role in
a) preparing our ontology for reasoning through OWL
ontological constraints (object properties) and
b) performing the reasoning through SWRL
Therefore in order to understand exactly how
RESULT_1 class is populated and how we use
SOCIAL_NETOWRKS and USER_CHOICE base classes,
we need to explain exactly how reasoning process work.
However, it is obvious that the SOCIAL_NETOWRKS
class contains individuals, which are names of all social
networks the authors subscribed to in order to manage the
semantics of Recom_SN_ONT. The USER_CHOICE base
class contains user‟s expectation and personalized choices
members might have when joining the SN. In other words,

ONTOLOGY AND REASONING
Recom_SN_ONT main classes and their hierarchies
are very domain specific, which means that our choices of
base classes and their subclasses, i.e. hierarchies are
dictated by
(A) the domain specific requirements (“ each SN should
have their purpose and features” or “we should expect
certain services from SN when we join” and
(B) competency question we try to answer “which SN
should we recommend to a potential member”.
Figure 1 illustrates that base classes FEATURES,
NETWORK_FEATURES, ROLES and SECURITY contain
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the USER_CHOICE classes store the semantics of
member‟s personalized requests for “features” and
“services” of social networks available within them.

Defining Properties
Table 1 shows all properties we have created for the
process shown in Figures 2 and 3. We have already
mentioned that certain base classes of Recom_SN_ONT
do not have subclasses, but this does not imply that they
will not have any properties defined upon their
individuals. The content of table 1 is easy to follow and is
almost self explanatory. However, we point out to a few
modeling decision we made through properties:
Point 1: Table 1 contains both object and data type
properties. We “mix and match them” according to (A)
and (B) above. It is important to note that the Instance
column in table 1 indicates that we might have range
values for a datatype property defined upon a particular
class (which plays a role of “domain”). In other words, if
range values appear in the Instances column for a
particular class, then we talk about a data type property
defined upon it. For example: The Application, a subclass
of FEATURES, has one data type property
Has_yes_no_answer, which may have range values “yes”
and “no”. However, there is also one object property
“has_features” which is defined between the FEATURES
and SOCIAL_NETWORKS classes. Furthermore, the
same object property “has_features” is defined between
the FEATURES and the USER_CHOICE classes.
Point 2: We use an object property has_features to
assign relationships between individuals of FEATURES
subclasses and SOCIAL_NETWORKS class. This will
help us to find out if a particular SN (individual of the
SOCIAL_NETWORKS classes) has a particular “feature”
or not. The similar rationale applies to SECURITY,
ROLES,
NETWORK_FEATURES
and
TECHICAL_HELP_SUPPORT classes. They have their
specific object properties between them and
SOCIAL_NETWORKS class named respectively as
has_security,
has_role, has_network_features, and
has_technical_support_help.
Point 3: There are many object properties defined
between SOCIAL_NETWORKS / USER_CHOICE classes
and all other basic classes. They are listed in the
screenshot form Figure 4, together with their inverse
object properties.
Point 4: There are only two different data type
properties in our reasoning model: Has_yes_no_answer
and Has_Value (see Figure 5). As we have already
mentioned in point 1above this property may have range
values as “yes” and “no” for all domain classes they are
defined upon! However, rage values for individuals in
classes which have Has_Value data type property defined
upon them, may be different across the model. They
appear as “allowed/not allowed”, “enabled/disabled”, and
“available/not available”.
Point 5: Classes which have not further subclasses
bear the same way of imposing constraints upon their
individuals: the PURPOSE and SEARCH classes have

THE REASONING PROCESS
Figure 2 illustrates our reasoning process divided into 2
parts (using a broken vertical line).
The first part is shown in the left part of the figure 2.
We see a set of Recom_SN_ONT base classes C1, … Cn
which contain a set of subclasses SC1, … SCn, which in
turn may have individuals in any/all of them. The
reasoning process from Figure 2 starts by defining a set of
object properties OP1, … OPn (OWL constraints) between
all base classes C1, … Cn and the SOCIAL_NETWORKS
class. By defining object properties, we define all
possible relationships which may exist between
ontological concepts of Recom_SN_ONT, or more
precisely
between
the
FEATURES,
NETWORK_FEATURES, ROLES, SECURITY, SEARCH,
RURPOSE and TECHINCAL_HELP_SUPPORT classes
and the SOCIAL_NETWORKS class. However, the same
properties OP1, … OPn have also been defined between
the FEATURES, NETWORK_FEATURES, ROLES,
SECURITY,
SEARCH,
RURPOSE
and
TECHINCAL_HELP_SUPPORT classes and this time
USER_CHOICE class, which is shown in Figure 3. Thus
the same set of object properties OP1, … OPn connect all
base
Recom_SN_ONT
classes
with
the
SOCIAL_NETWORKS and USER_CHOICE classes
respectively. This means that the first part of our
reasoning process imposes constraints upon individuals of
our ontological classes through object properties in order
to strengthen the semantics of Recom_SN_ONT and
prepare it for final reasoning.
However, Figures 2 and 3 show constraints, i.e.
object properties OP1, … OPn defined between individuals
which belong to 2 different classes. They do not show
another set of properties named data type properties,
which have a role of imposing constraints upon
individuals of one particular class. They are difficult to
show in Figures 2 and 3 and we explain their roles in the
paragraphs below.
In the second part of our reasoning process we have
ontological matching between the SOCIAL_NETWORKS
and USER_CHOICE classes, as shown in the right part of
Figure 2. The reasoning now means “running a SWRL
rule” which moves a set of individual(s) INDj from the
SOCIAL_NETWORKS class into RESULTS_1 class, which
satisfy(ies) member‟s personalized requests upon and
expectation from a set of SN he/she would like to join.
The
SWRL
rule
matches
individuals
in
SOCIAL_NETWORKS and USER_CHOICE classes,
through their overlapping semantics, and makes the
decision which individual (which SN) would be suitable
for a potential member.
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their own set of object properties (Has_search_option and
Has_purpose)
and
one
data
type
properties
(“has_yes_no_answer”).

variables to find matches. However, the version below
must find the exact number of “features” in both classes in
order to find a match. The user is interested in only 5
chosen features (thus f1-f5) and list the desired purpose of
a SN he/she wishes to join.

Explaining Properties and Additional Constraints
The power of OWL allows us to manipulate the
semantics of Recom_SN_ONT by though a detailed
description of properties and additional constraints. For
brevity reasons we illustrate the role of properties and
additional constrains, in preparation for running the
SWRL rule through Tables 2 and 3. However, the full
understanding of our way of imposing constraints on
Recom_SN_ONT requires full expertise in OWL.
Table 2 shows a definition of range values for our 2
datatype properties which we illustrate on two classes
only Applications and Privacy_settings (subclasses of
FEATURES and SECURITY). The table might look
trivial, but the choice of individuals for both classes and
their range values is essential for avoiding hard coding
later in the SWRL rule.
Table 3 illustrates the individuals from the Social
Network class and subclasses of the FEATURES and
SECURITY class, which are related through has_features
and has_security object properties. In our experiment we
have used 12 social networks of our choice (Column 2
from Table 3) and individuals of all subclasses of the
FEATURES and SECURITY class (fourth column from
Table 3). It is obvious that the semantic of both
FEATURES and SECURITY classes, as range classes, is
fine-grained through their subclasses, but their
individuals, which are individuals of the range subclasses
for the object property has_features and has_security will
be essential in ontological matching.
The full Table 3 contains a similar list of individuals
connected through data type properties between all
combinations of classes as indicated in Figures 2 and 3.
For reasons of brevity Table 3 shows only a fraction of
these combinations.

The alternative rule will find at least one match for
the individual from the USER_CHOICE class with
individual(s) from the SOCIAL_NETWORKS class. For
example, if the user wanted to join a social network,
which has a purpose “Hobbies”, if he/she needs
“Applications_yes” and wishes to be “Normal_Friend”
(both from the FEATURES class), and is interested in
Books_Available and Teaching_Videos features (from the
NETWORK_FEATURES class), if his/her role within the
chosen social network would be either standard or
premium user (Standard_User, and Premium_User are
from the ROLE class) etc., then “Helium” individual from
the SOCIAL_NETWORKS class will be matched, because
this particular social network “ticks all the boxes” ! Thus
the rule below simply mirrors a different set of member‟s
choices (individuals from the USER_CHOICE class)
incorporated within the rule through variables, which have
names that resemble ontological concept names (to ease
understanding of the rule).

Reasoning
Our reasoning requires the running of only one
SWRL rule, which matches individuals from the
SOCIAL_NETWORKS and USER_CHOICE classes
When a match is found then the individual(s) from the
SOCIAL_NETWORKS class is moved to the RESULT_1
class. It is important to note, that the individuals from the
USER_CHOICE class determine exactly which
individual(s) from the SOCIAL_NETWORKS class would
suit a member‟s needs, as highlighted in (a)-(c) from the
Introduction.
Therefore
individuals
from
the
USER_CHOICE class should either be entered manually
into the ontology or collected through various modes of
input, thus automatically populating the USER_CHOICE
class.
We illustrate the SWRL rule by showing the ways in
which the rule can be written. In both ways we use
5
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RELATED WORK

creating semantic social environments based on
trust, reputation and belief.
Their trust ontology is used for the purpose of
studying the structure of TRUST in SN which in turn will
become a framework of engineering efficient and scalable
trust networks. They capture the semantics of trust
relationships and give them weight and meaning. It is
interesting how they use “hasReocmender” property
which determines the strength of the links on the SN and
can be used for finding the suitable inference path on the
network. This is opposite to our view of replacing a
possible relationship between ontological individuals
(“hasReocmender”) with the retrievals of ontological
individuals which are moved across our Recom_SN_ONT
in order to answer our competency question “ which SN
should we recommend….”). However, the reader must
bear in mind that there are differences in the purposes and
use of Recom_SN_ONT and (Dokoohaki, and Matskin,
2007)‟s ontology, which should discriminate against any
of modeling and reasoning decisions performed in both of
these works.

We could not find any work which uses the power of
OWL/SWRL enabled ontologies to manage (a)-(c) from
the Introduction. In this section we overview a few papers
which have influenced us in creating and populating
Recom_SN_ONT and performing our resoning in order to
answer our competency questions.
The work of (Ounnas, et al., 2006) investigates the
role of SN in education and students‟ learning
experiences. Their way of defining and categorizing SNs,
the ideas of grouping existing SN communities, their
outlining algorithms for forming connections through SNs
and social network formations in general have influenced
our way of creating hierarchies in Recom_SN_ONT and
the way we create constraints (including properties) upon
its classes.
The same applies to the work of (Wouter, et al.,
2010), which describes the experiments of integrating real
world data on the face-to-face proximity of individuals,
with their identities in social networks, which is really not
very close to our problem domain. However, we studied
their ideas of building the SN members profiles
automatically, before we decided on the exact competency
question we posed in our BACKGROUND section. They
also use a formal ontology and RDFs for representing and
automatically integrating heterogeneous data generated
within their system, which has completely different role
compared to Recom_SN_ONT.
The work of (Ereteo, et al., 2008) is from the field of
semantic social network analysis, which does not overlap
with the content of this paper. However, we were
influenced by their ideas of using ontology to enrich
social data they analyze through the characterization of
the structure of social networking, their strategic position
and the way information flows. These are the three ideas
which made an impact on our design decisions for
Recom_SN_ONT hierarchies. However, we do not share
the same vision on how to replicate the semantics we need
within any ontology. This is because of their decision to
model their semantics through a rich hierarchies upon a
modest set of base ontological classes, as opposed to our
ideas to use constrains excessively and leave our ontology
as „lean as possible‟. Furthermore, they query their
ontology and do not infer more knowledge through
reasoning (SWRL) in order to manipulate its semantics,
which is the main difference between the deployment of
OWL/SWRL in their and our work.
Finally, the work of (Dokoohaki, and Matskin, 2007)
has helped us to justify the need for ontologies such as
Recom_SN_ONT and reasoning upon it, which may be
useful in
 addressing issues (a)-(c) from the Introduction
 answering a range of competency questions in
future

EVALUATION
In our modeling of semantics stored in various SNs
and semantics of potential members‟ expectations from
such SNs, we have managed to prove that by manipulating
the concepts stored in ontologies, through properties and
SWRL rules, we are able to address the issues outlined in
(a)-(c) from the Introduction. We have also made a tradeoff between locking-in too much of the semantics in the
ontological model and using a flexible choice of
constraints (object and data type properties) to strengthen
the semantics and prepare ontological concepts for
reasoning. Thus we have been able to avoid completely
the hard coding in SWRL rules and, at the same time,
allow the expansion of classes, individuals, and properties
in order to address the flexibility of our solution in terms
of matching future needs of potential SN members with
“features” offered by SN communities. We have also
achieved a good balance between the exploitation of the
power of OWL/SWRL enabled ontologies and software
solutions which can automate our proposal and deploy
reasoning, thus SWRL rules.
Therefore, the proposal in this paper places an
emphasis on using the expectations and possibly
preferences of potential members of SNs in order to single
out which particular SN would be suitable for which
member. However, we would like to draw the reader‟s
attention to the following two issues which arose from
this:
1) We stepped within the world of recommender
systems, because the same way of ontological
modelling, using properties and running SWRL
rules can be used to create a list of recommended
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“products” in e-commerce or online retailing
web-sites. There is obviously not much
difference
between
collecting
member‟s
expectations for deciding which SN is suitable
for him/her and using the same expectations for
recommending products and goods in a different
environment.
2) We centred our proposal around the
USER_CHOICE class, i.e. its individuals
determine exactly which SNs should be suitable
for him/her. However in a full scale application
of our solution, we have to have a mechanism
which automatically collects the semantics of
members‟ expectations which in turn become
individual(s) of the USER_CHOICE class. Thus
we run the same type of SWRL rules upon a
different set of individuals from the
USER_CHOICE class in all occasions of running
the application based on our proposal.
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CONCLUSION AND FUTURE WORKS
This paper concerns the issue of matching the
expectations of potential SN members with services they
may receive if they join a particular SN. The purpose of
the matching is to create a list, for a potential SN
member(s,) of all SN sites, which may satisfy member‟s
expectation and requirements. Potential SN members are
still not fully aware, upfront, before they commit
themselves to the SN community about the impact of SN
membership to their private and business lives and
benefits/drawbacks of their membership, including
security and privacy issues.
We propose to create an ontological environment
which will model both: the semantics of SNs (their
content, roles, features and similar) and user‟s
expectations (user choices) and perform reasoning upon
ontological concepts which will result in matching of
members expectations with SN services. This will in turn
produces the most suitable list of SN for a particular
member. The matching is done through mechanisms for
manipulating concepts OWL/SWRL enabled ontologies.
We are currently improving the implemented model by
directly addressing 1) and 2) from the Evaluation section.
Our research can be beneficial for both: companies or
individuals who are the owners of SNs and their members.
This is because both “sides” should be aware of
expectations of members and roles of SN in our society
and balance them successfully to the satisfaction of all.
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Fig.4 Object Property List.

Fig.5 DataType Property List.
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Table 1 Defining Properties.

Table2 definition of range values.
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Table 3 illustrates the individuals from the Social Network class and subclasses of the FEATURES and SECURITY class.
OBJECT

RANGE SUB-CLASS

INDIVIDUALS

PROPERTY

INDIVIUALS
Applications

Blog_(No/Yes)

Blog

Business_scene

Bookmarks_(Allowed/NotAllowed)

Bookmarks

Ecademy

Customize_Code_(No/Yes)

Customize_Code

Face_Book

Cutome_Skins_(Disabled/Enabled)

Cutome_Skins

FOAF/Matual_Friend/Normal_Friend

Friends

Journal_(No/Yes)

Journal

One_MB/Two_MB/

Max_Photo_Size

Learn_Central
LinkedIn

HAS_FEATURES

Helium

Three_MB/Unlimited
Personalized_URL_(No/Yes)

Personalized_URL

Relationships

Photos_(Allowed/ NotAllowed)

Photos

Bnet

Post_Comments_(Disabled/ Enabled)

Post_Comments

xing

Profile_Editor_(Disabled/ Enabled)

Profile_Editor

Images /Topics/Video

Tagging

Bebo

Account_Deletion_(No/Yes)

Account_Deletion

Business_scene

Difficulty_Of_Deletion_Level_(1-7)

Ecademy

Block_Users_(No/Yes)

Block_Users

Face_Book

Browse_Without_

Browse_Without_Membership

Friendster

Membership_(No/Yes)

Return_On_

Has_Security

SOCIAL_NETWORKS

Friendster

privacy_Settings_(Allowed/ Not_Allowed)

privacy_Settings

Report_Abuse_(Disabled/ Enabled)

Report_Abuse

Report_Spam_(Disabled/Enabled

Report_Spam

Return_On_

Safety_Tips_

Safety_Tips

Relationships

(Availabe/Not_Available)

Bnet

FAQ(_No/Yes)

FAQ

xing

UserForums_(_No/Yes)

UserForums

Helium
Learn_Central
LinkedIn

RANGE
CLASS

Applications_(No/Yes)
Bebo

CIAL_NETWORKS

RANGE SUB-CLASS
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ABSTRACT

THE BACKGROUND

One of the crucial problems in managing responses in
humanitarian crises is to make a correct decision on who
is the best, most suitable or most ready actor to intervene
in a particular crisis. In this paper we propose an OWL
ontological model and SWRL reasoning in order to
manipulate the semantics stored in the environments
affected by humanitarian crises and assist in correct
decision making, based upon the extended UN 3Ws model
“Who does What and Where”.

Fast and efficient HR to HCs is essential in managing
resources available for crises and saving human beings,
which usually become under serious danger of death or
injury. Usually, decisions on HR are difficult to make, and
decision makers are always expected to consider the
unseen factors in the Crisis Theatre (CT) and the hidden
consequences of their decisions. Thus decision makers
are supposed to compromise between the urgent nature of
actions in HC and the slow pace of decision making
process i.e. they compromise between their wisdom and
hurriedness. Many observers notice that decision making
for HR takes longer time than what expected for
humanitarian circumstances (FEWSNET, 2001; Charny
2004; HPG, 2005; Margesson and Taft-Morales, 2010)
and the speed of decision making highly depends on
information availability, accuracy, and reliability
(Morrison and Cohen, 2005; Bharosa and Janssen, 2009).
The management of responses to HCs is dependent
on various decision making processes, which happen at
each level of decision making as illustrated in Figure 1.
Meanwhile decision making is based on various data and
information available at a particular level (IASC, 2010;
Shamoug and Juric, 2011).
At the Operational level, decision making is
equivalent to the initiation of direct assistance in localities
affected by HCs, in terms of reaching people, i.e.
responding to humanitarian needs on the ground. This
decision is based on the primary source of data from the
ground field, within various sectors and localities affected
by the HC.
At the Organizational level, decision making has a
form of “deciding on intervention”, i.e. it initiates and
facilitates the response to the HC. For example,
international actors and agencies {A1, ... Am} must justify
their decision that an HC exists and initiate the beginning
of intervention, as a part of the international response to
affected people and countries. Their decision is based on
various analytical reports {AR1, ... ARr} available
publicly, or created nationally and internationally and
information from the Operational level.

INTRODUCTION
The purpose of this paper is twofold:
1) To assess if the extending the idea of the UN 3Ws
model towards a more comprehensive way of
describing main factors in managing responses in
Humanitarian Crises (HC) can be mirrored within an
OWL ontologies for the purpose of assisting in
decision making ad
2) To create and implement a reasoning process which
will use the OWL model from 1) above and provide
support in decision making in Humanitarian
Responses (HR)
This paper is organized as follows. In the next section we
give a detailed background of the HC and HR problem
domain and highlight the problem of making a correct
decision on who is the best, most suitable or most ready
actor to intervene in a particular HC in the PROBLEM
section. We also give a more detailed scenario which
helps to justify the purpose of the paper and explain the
way we create and manipulate the semantics of the HC
problem domain. In the PROPOSAL section we describe
our OWL model, constraint upon its modeling constructs
and the reasoning process which ensures the correct
answer to our problem in hand. We evaluate our work by
commenting on our modeling and reasoning decisions.
We juxtapose the proposal from this paper to our previous
works of creating information highway when managing
data in HC and comment on future works in the
CONCLUSION section.

1

143

questions that humanitarian actors face in their daily
response to the consequences of the crises. The 3Ws
model has a day-after-day growing importance in
coordinating the humanitarian activities though it has
many limitations.
The first limitation is that 3Ws is a more a human
oriented framework. It focuses on human understandable
knowledge rather than supplying automated support in
decision making. Although the 3Ws custodians depend
on machine for tabulation, processing, analysis, and
dissemination of data, there is no software support which
is based on the semantics stored in 3Ws models.
The other limitation is that 3Ws model answers only
three questions of Who, What, and Where, although the
critical questions in CT are far more complex and many
include more aspects of HC.
We would like to focus in this paper on a particular
question given below, which should be addressed in
attempts to computerize the semantics of 3Ws and support
the decision making in HC through software solutions.
“Who among actors and humanitarian organizations
{A1, ... Am} have common sectoral interests {S1, …,
Sk}, same time preferences {T1, …, Tu}, required
tools and means {M1, …, Mt}, and mutual reasons
for intervention {R1, …, Rv} with a crisis location
{L1, …, Lq} to intervene in?”
In order to answer such a complex question, we need to
know the capability of each actor and compare these
capabilities with the real needs of the victims on the
ground during HCs. Therefore, whichever model we
create, we will have to compare four basic elements:
(i)
Required resources in CT with available
resources that humanitarian actors are willing to give
(What do people in crisis need, compared to what do
actors have);
(ii)
Possible speed/duration for intervention and
required speed/duration of intervention (How much time
is required for intervention and how much time do we
have to save/improve lives on the ground);
(iii)
Reasons for intervention compared to reasons of
interest (What are the reasons for intervention according
to the people in the CT compared to the reasons of
intervention from the humanitarian actors perspective);
(iv)
Means and tools required for intervention and the
tools available for intervention (Which kind of tools are
required in the HT compared to the tools that
humanitarian actors already possess in their hands).

At the Donation level, decision making is carried out
on the type and amount of funding that donors can offer.
Their decision is based on information from the
Organisational level, and secondary source of data, such
as analytical report {AR1,...ARr}, donor’s policies, their
local and government legislations {P1, ...Ps}.
Time has a crucial importance in HR because HC do
not allow people enough time to prepare themselves to
prevent crises or even escape the CT. HC hits CT without
prior notice and turns the ordinary life of people upside
down. The reaction to HC is supposed to be quick and
rapid to restore CT to its original sate (pre crisis state),
because every moment of delay means more suffering and
pain for people in CT. International community takes the
lead in HR, it is supposed to take the responsibility of
restoring the situation in CT to its previous state.
However, international community consists of various
organizations, bodies, and actors, each one of those
entities has different mandates, interests and preferences.
Therefore, one of the most difficult tasks for decision
makers is to find the appropriate humanitarian
organizations to respond to HC, where for every HC there
is a different list of requirements, needs, and gaps, which
may not suit all humanitarian organization profiles.
In HC, decision makers need to know the profile of
international community organizations as well as CT
profile (Adinolfi et al., 2005) Both profiles consist of four
elements: type of required assistance, time frame, means
of assistance/delivery, and reasons for assistance
provision. The difficulty comes from the fact that CT has
always a unique profile, with unique elements, and
variables, which means CT profile does not necessarily
suit the profiles of international community organizations
(CEC, 2006).
THE PROBLEM
In the previous section we have introduced one of the
crucial problems in HC: how do we make a correct
decision on who is the best, most suitable or most ready
actor to intervene in a particular crisis.
An already-existing framework – used by the United
Nations
and
other
international
humanitarian
organizations – is called the 3Ws (Who does What
Where) model, which connects information relevant for
manipulating the semantics of HC in order to answer
question of “most suitable or most ready actor to intervene
in a particular crisis”. This model was first used in
Afghanistan in 2001 by United Nations Office for
Coordination of Humanitarian Affairs (OCHA) to help
them coordinate the heterogeneous activities of different
humanitarian actors, ensure the maximum level of
efficiency in performing their jobs, avoid over coverage
and/or gaps, and to reduce waste in both time and
resources. In brief, the 3Ws model helps decision makers
to take their decisions in light of answers to most critical

The Scenario
We have five groups of humanitarian organizations:
Donor States, United Nations, Red Cross, NGOs, and
Governments, work on the three levels of HC: Donation
Level {D1, …, Dl}, Organizational Level {O1, …, Op},
and Operational Level {A1, …, Am}. In each group we
have a long list of humanitarian organizations that have
2
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the capacity and experience in responding to HC. Each
humanitarian organization has a profile themed with four
broad characteristics:
• The available means, for this organization, to be used
in intervention {M1, …, Mt},
• The time constrains, in term of time required for
response, and preferred duration of intervention in
crises {T1, …, Tu} i.e. how long this organization
needs to deploy and how long it is willing to stay in
crisis theatre,
• The preferred reasons for organization to intervene
{R1, …, Rv}, and finally
• The preferred humanitarian sectors for organizations
to intervene in {S1, …, Sk}., such as food, health,
water, sanitation, etc …

THE PROPOSAL
We propose to manage the semantics of any HC and
CT and consequently answer the competency question
from the PROBLEM section according to 1) and 2) from
the INTRODUCTION. In other words we propose an
ontology which will model the UN’s 3W model with
additional Ws given in (i)-(iv) form the PROBLEM
section. Therefore in this section we describe our
ontological OWL model (as required from 1) and the
reasoning proves (as required in 2) for the purpose of
answering our competency question.
Our OWL model is relatively simple. We derived it
from 3Ws and add questions like when, why, and how
extracted form (i)-(iv), which have equal – or sometimes
more – importance to the original three questions of the
3Ws model in HC. Thus OWL basic classes contain the
semantic which actually covers “Who does What, Where,
When, Why and How” (W5H) in HR, and thus becoming
a bases for decision making in HC. The W5H ontology
consists of six super-classes, which are explained in the
section below and given in Figure 2.

Let us assume that we had a sudden humanitarian
situation, e.g. a civil war for example, in Sudan {Li}, thus
Sudan, as a country will be officially treated as a CT. The
profile of Sudan will have according to the bullets above
four broad characteristics: Means required to mitigate this
crisis {M1, …, Mt}, time constrains in terms of how
urgent this crisis is and how long it needs to be mitigated
{T1, …, Tu}, their reasons of crisis {R1, …, Rv}, and
finally the major categories of need for people in this
particular crisis {S1, …, Sk}.
In HC we have primary and secondary data sources:
The primary data source originates directly from the CT
right after crisis, where CT consists of locations {L1, …,
Lq} and humanitarian sectors {S1, …, Sk}.
On the other hand, the secondary data sources
consists of the accumulated knowledge of humanitarian
organizations {A1, …, Am} that have been flowing-in,
over years, from: Analytical Reports {AR1, …, ARr} and
Internal Policies and Legislations {P1, …, Ps} of these
organizations. Thus secondary data is supposed to be
ready prior to HC. In our scenario we consider
humanitarian organizations {A1, …, Am} profiles as
secondary data sources of information because they have
already existed before the CT. Meanwhile, Sudan’s profile
should be considered as a primary data source because it
comes only and directly from the CT.
We also have a decision maker who should choose
between humanitarian organizations {A1, …, Am} to be
deployed in Sudan. We have a list of hundreds
organizations - with different profiles - to choose among
them. The problem is that this decision maker needs to
compare the profile of each organization - out of these
hundreds of organizations - with the profile of the crisis
theatre (Sudan) to ensure that they pick the most suitable
organizations to be deployed there, where most suitable
means that organization profile (before crisis) matches
Sudan profile (after crisis).

Ontological classes and their hierarchies
WHO class consists of humanitarian organizations,
which are supposed to provide services to the victims of
humanitarian crises. This class has five sub-classes:
United Nations, Red Cross, Donor States, NGOs, and
Governments, who work on the three levels of HC:
Donation {D1, …, Dl}, Organizational {O1, …, Op}, and
Operational Levels {A1, …, Am}.
WHAT class consists two broad categories of sectors:
life saving and life improving sectors. In HC the priority
is always given to the individuals of the life saving
sectors. In general, sectors of humanitarian assistance {S1,
…, Sk} expected in crisis theatre of location {L1, …, Lq}
may not necessarily match sectors {S1, …, Sk} that
humanitarian organizations {D1, …, Dl }, {O1, …, Op},
and {A1, …, Am} are able and willing to provide.
WHEN class models the time factor, and it has two
sub-classes: Response and Duration. The Response class
refers to the readiness of each individual in WHO class to
respond to a humanitarian crisis, and readiness of each
individual in WHERE class to receive the assistance from
individuals in the WHO class. In other words we need to
know how long it takes to deploy assistance and how long
people in crisis theatre can wait for this assistance. On the
other hand, the Duration class refers to the amount of time
that individuals from the WHO class are able to spend in
the CT {L1, …, Lq}, and amount of time that people in the
CT are expecting individuals of WHO {A1, …, Am} to
spend with them.
WHY class stores the semantic of the reasons of
interventions, where each reason is represented as an
individual of the class. Thus individuals, in the WHY
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Figures 3 and 4 illustrate properties of individuals in
WHERE and WHO classes, which compliment the way
we describe object properties in Tables 1 and 2.
It is important to draw reader’s attention to domain
and ranges of classes related through object properties, as
defined in Table 2. We give one example. If we wish to
find individuals from the HOW and WHERE classes,
which agree on the means of intervention by humanitarian
organizations, we tie HOW class with WHERE and WHO
classes through object property “mean_of_intervention”
which uses HOW {T1, …, Tu} as a range of values and
WHERE {L1, …, Lq} and WHO {A1, …, Am} as a
domain.
This is essential preparation for securing
successful reasoning though SWRL, thus contributing
towards answering the competency question.
Furthermore, each individual in the WHERE class
uses the same object properties as individuals in the WHO
class. This does not mean that finding directly the answer
to the competency question by matching individuals of the
WHERE and WHO classes is possible. This is because
we have not defined a direct relation (object property)
between these two classes. Consequently our reasoning
process is performed in six steps, where each step
performs reasoning until we find the most suitable
individual in WHO class {A1, …, Am} to intervene in
geographical locations {L1, …, Lq} listed in WHERE
class. The process is described in the next section.

class, are scattered around three subclasses: Population,
Infrastructure, and Environment. Victims of HC i.e.
people in CT (WHERE) and humanitarian actors (WHO)
may not necessarily share the same understanding for
reasons of intervention. Victims may have a reason to
appeal international intervention (e.g. civil war) but the
question is if the reason justifies the intervention of the
international community or not. However, our solution
tries to find the common reasons rather than forcing
people to understand each other. Our obvious choice is to
find individuals from both parties i.e. to answer the
question of “who among humanitarian organizations {A1,
…, Am} have mutual reasons for intervention {R1, …, Rv}
within a particular CT {L1, …, Lq}?”.
HOW class consists of individuals representing the
means and tools which are supposed to be useful for crisis
mitigation in CT {L1, …, Lq}. On the other hand, they
supposed to be available and affordable by humanitarian
organizations {A1, …, Am}.
WHERE class hosts the geographical spaces, as
individuals, under five sub-classes: regional, national,
community, and municipality.
Constraints imposed on OWL model
Tables 1 and 2 show details of additional semantics
defined within our OWL model through object properties.
Table 1 summarizes relationships between the HOW,
WHEN, WHY and WHAT classes and a pair of WHERE
and WHO classes. In other words, object property
“mean_of_intervention” connects all individuals of the
HOW class with individuals of both WHERE and WHO
classes. Similarly, the “pace_of_intervention” object
property connects all individuals of the WHEN class with
individuals of both WHERE and WHO classes. Therefore
WHERE and WHO classes are related through a set of
four
object
properties
“mean_of_intervention”,
“pace_of_intervention”, “reasons_for_intervention” and
“sector_of_interest” with classes HOW, WHEN, WHEN
and WHAT respectively.
In order to give a better picture of the impact of
object properties on the semantic of our OWL model, we
give in Table 2 the lists of individuals of classes which are
involved in relationships through object properties.
Therefore, we read that Health, Education, Sanitation and
Water are sectors of interests for UNICEF and that the
reasons for intervention in Sudan is Illness and
Contamination, but the mean of intervention is Human,
Funds and Logistics. On the other hand, table 2 also
shows the essential preparation of four OWL concepts for
reasoning. It shows the relationship between CT {L1, …,
Lq} and most ready/most suitable actors among {A1, …,
AM} to intervene in the crisis is based on the common
sectors {S1, …, Sk}, time {T1, …, Tu}, reasons for {R1,
…, Rv}, and means of {M1, …, Mt} intervention..

The Process of Reasoning
Figure 6 gives us a set of steps in our reasoning
process which highlights the pairs of classes involved in
ontological matching of their individuals. The process has
to start by supplying the name of the CT, thus matching it
with individuals from the WHERE class. The results of
matching is stored within the WHERE_RESULT class,
which means that a correct individual(s) from the
WHERE
class
has
been
moved
into
the
WHERE_RESULT class. The next four steps within the
process use the WHERE_RESULT class in order to match
its individuals with individuals of the WHAT, WHEN,
WHY and HOW classes. The results of matching are
stored within the WHAT_RESULT, WHEN_RESULT,
WHY_RESULT
and
HOW_RESULT
classes
respectively. The final step of the process is the matching
between
individuals
of
the
WHAT_RESULT,
WHEN_RESULT, WHY_RESULT and HOW_RESULT
classes and individuals of WHO class. The result is stored
within the WHO_RESULT class.
It is important to note that Figure 6 shows which
individuals are being moved after a matching takes place.
We use filled circles of different colors: e.g. red circles in
WHEN_RESULT class means that this individual has
been moved from the WHEN class after matching
individuals of the WHEN class with individuals from the
WHERE_RESULT class.
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classes though object properties “sector_of_interest”,
preferred_duration”,
“reasons_for_intervention,
and
“mean_of_intervention”.

SWRL Rules
Figure 5 shows the role of SWRL rules in the
matching of individuals though the process given in
Figure 6.
Therefore we run six SWRL rules which move
individuals of OWL classes. Their purpose is to match
the individuals of WHERE class with individuals of WHO
class through a set of object properties defined upon our
OWL classes and a strict set of steps defined in Figure 6.
A detailed description of rules 1-6 is below. The
names of our object properties essential for following the
rules are self explanatory; therefore their understanding is
straight forward.
Rule 1 filters the individuals from the WHERE class
by inferring (moving) the individual called (Location X)
to the WHERE_RESULT class:

WHO(?A) ^ WHAT_RESULT(?S) ^
sector_of_interest(?A,?S) ^ WHEN_RESULT(?T) ^
preferred_duration(?A,?T) ^ WHY_RESULT(?R) ^
reason_for_intervention(?A,?R) ^ HOW_RESULT(?M) ^
mean_of_intervention(?A,?M) Æ WHO_RESULT(?A)

Table 3 illustrates which individuals are being moved
through our SWRL rules. We distinguish between
asserted and inferred (moved) individuals.
Figure 7 gives the result of our reasoning when
initially entering “Sudan” in the “Location X” of Rule 1.
EVALUATION

WHERE(?P) ^ sameAs(?P, Location_X) Æ
WHERE_RESULT(?P)

In this paper we propose an OWL ontological model
which stores the semantics of environments involved in
HC and allows reasoning upon its concepts in order to
answer one of the most important questions when
managing HR: “who among humanitarian organizations
{A1, …, Am} have mutual reasons for intervention {R1,
…, Rv} within a particular CT {L1, …, Lq}?”..
Our model and reasoning upon its concepts exhibits
the power of OWL/SWRL enabled ontologies in terms of
creating a generic solution for any environment affected
by HC where data and information from primary and
secondary sources has to be used in a very short period of
time in order to make crucial decisions in HR. We run a
set of SWRL rules which proved that our solution would
work in HR decision making based on the model of W5H,
an extended UN vision of “Who does What and Where”,
which connects information relevant for manipulating the
semantics of HC. We comment on our ontological
solutions in the next three points:
(a) Our ontological model is very domain specific and
uses our own choice of classes, subclasses and
individuals to define the semantics of CT in terms of
managing HR. This means that we decide on what
exactly will become a class or individual according to
the semantics we need in order to answer our
competency question. This is what is expected from
any “sound” OWL modeling. However, it reduces
the reusability of the ontological model and locks
within its main classes and their hierarchies too much
semantics which needs to be manipulated in
reasoning. i.e. the ontological model almost dictates
the reasoning process.
(b) Our choice of object properties is clear and easy to
follow: the classes are connected through properties
which naturally mirror their real life relationships.
Consequently, the rules run upon our classes and the
way we match their individuals are very simple and

Rule 2 finds and infers (moves) the individuals from the
WHAT to WHAT_RESULT class, if they match though
object property “sector_of_interest”.
WHAT(?S) ^ WHERE_RESULT(?P) ^
sector_of_interest(?P,?S) Æ WHAT_RESULT(?S)

Rule 3 finds and infers (moves) the individuals from the
WHEN to WHEN_RESULT class, if they match though
object property “preferred_duration”.
WHEN(?T) ^ WHERE_RESULT(?P) ^
preferred_duration(?P,?T) Æ WHEN_RESULT(?T)

Rule 4 finds and infers (moves) the individuals from the
WHY to WHY_RESULT class, if they match though
object property “reasons_for_intervention”.
WHY(?R) ^ WHERE_RESULT(?P) ^
reason_for_intervention(?P,?R) Æ

WHY_RESULT(?R)

Rule 5 finds and infers (moves) the individuals from the
WHERE to WHERE_RESULT class, if they match
through object property “mean_of_intervention”
HOW(?M) ^ WHERE_RESULT(?P) ^
mean_of_intervention(?P,?M) Æ

HOW_RESULT(?M)

Finally, Rule 6 reasons upon the results of the reasoning
through rules 2-5 and moves individuals of WHO class
into the WHO_RESULT class who are matched with
individuals
from
the
WHAT_RESULT,
WHEN_RESULT, WHY_RESULT and HOW_RESULT
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solution which can manage the creation of the best
possible information highway in HC which can secure
prompt HR, i.e. decision making. This paper shows a
solution which is focused on a particular competency
question and it remains to be seen how we can extend our
model and the reasoning process to cover a variety of
questions essential for HR decision making. Apart from
addressing (a)-(c) in the EVALUATION section, our
immediate task is to narrow the gap between the solution
given in this paper and the implementation of an instance
of an information highway, proposed in our previous
work, through ontological reasoning.

straightforward. However, this particular choice of
property (object) and the way we set up relationships
between ontological classes are by no means the only
way of strengthening the semantics of our ontological
model. It serves well in our particular competency
question, but it remains to be seen if we could
manipulate the semantic of the same ontology using
the power of range values when deploying data type
properties and how they would then affect the
reasoning process.
(c) Our reasoning process follows the exact steps where
the role of WHERE_RESULT class is crucial and the
individuals of the WHERE and WHO classes are
matched through strictly defined reasoning rules. We
believe that this idea is reusable if the ‘filtering’ of
certain individuals in one class has to take place
according to a variety of ‘conditions’ which are
stored as individuals in a set of other ontological
classes. It is also obvious that we can extend this
chain of 6 reasoning steps towards any other number
of steps in a new reasoning process if the competency
question changes and if the number and meaning of
base classes (W5H) changes. However, it remains to
be seen how the whole reasoning process would
change if we create an ontological model without a
strict competency question in mind and define the
semantics of any CT through a highly reusable
ontological model.
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FIGURES AND TABLES
Donation Level: where donors {D1,…Dl} from
various countries decide to fund humanitarian
response based on countries policies {P1,…Ps},
analytical reports {AR1,…ARr}, and data from
the organization level.

Operational Level: where
local/international/governmental agencies
{A1,…Am} directly respond to humanitarian
needs on the ground according to sectors
{S1,…Sk} and locations {L1,…Lq}.

Report Line

Command Line

Organization Level: where international
actors/agencies {O1,…Op} intervene to facilitate
humanitarian response based on Analytical
Reports {AR1,…ARr} and data from operational
level.

Fig. 2 The Main OWL Concepts for HC

Fig. 1 Current Levels of Activities for HR in HC

Fig. 3 Properties of Individuals in the WHERE class
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WHERE

R1
(WHERE_RESULT)

Place Name
(Text)

WHAT

R2
(WHAT_RESULT)

WHO

WHEN

R3
(WHEN_RESULT)

Fig. 4 Properties of Individuals in the WHO class

Rule 1

RESULT 1

R6
(WHO_RESULT)
WHY

R4
(WHY_RESULT)

HOW

R5
(HOW_RESULT)

WHERE_ RESULT

PROPERTY 4

mean_of_intervention

Fig. 6 The Reasoning Process

HOW(?M)
^
WHERE_
RESULT
(?P)
^
mean_of_intervention(?P, ?M) Æ HOW_ RESULT (?M)

Rule 5

reason_for_intervention

PROPERTY 3
Rule 4

WHY(?R)
^
WHERE_
RESULT
(?P)
^
reason_for_intervention(?P, ?R) Æ WHY_ RESULT (?R)

PROPERTY 2

pace_of_intervention

^
WHEN(?T)
^
WHERE_RESULT(?P)
preferred_duration(?P, ?T) Æ WHEN_ RESULT (?T)

Rule 3

WHAT(?S)
^
WHERE_
RESULT(?P)
sector_of_interest(?P, ?S) Æ WHAT_ RESULT (?S)

Rule 2

^

PROPERTY 1

sector_of_interest

WHERE(?P) ^ sameAs(?P, Location_X) Æ
WHERE_RESULT(?P)

Rule 6

RESULT 6

Table 1 Domains, ranges, and properties

RESULT 5

HOW_RESULT(?M)

WHY_RESULT(?R)

RESULT 4

RESULT 3

WHEN_MATCH(?T)

WHAT_MATCH(?S)

RESULT 2

Fig. 7: The Results of Running Rule 6

WHO_RESULT

WHO(?A) ^ WHAT_ RESULT (?S) ^ sector_of_interest(?A, ?S)
^ WHEN_ RESULT (?T) ^ preferred_duration(?A, ?T) ^ WHY_
RESULT (?R) ^ reason_for_intervention(?A, ?R) ^ HOW_
RESULT (?M) ^ mean_of_intervention(?A, ?M) Æ WHO_
RESULT (?A)

Domain

Properties

Range

1

WHERE, WHO

sector_of_interest

WHAT

2

WHERE, WHO

pace_of_intervention

WHEN

3

WHERE, WHO

reason_for_intervention

WHY

4

WHERE, WHO

mean_of_intervention

HOW

Figure 5. SWRL Rules within the Reasoning Process
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Table 2 Classes, Individuals, and Object Properties
Domain

Object Property

Range Values

Table 3 Asserted and Inferred Individuals in OWL classes

Range

Class

Asserted
Individual

Object
Property
sector of
interest
sector of
interest
sector of
interest
sector of
interest

WHERE, WHO

sector of interest

Agriculture

WHAT

WHERE

Sudan

WHERE, WHO

sector of interest

Education

WHAT

WHO

MoH

WHERE, WHO

sector of interest

Electricity

WHAT

WHO

UNWHO

WHERE, WHO

sector of interest

Livelihood

WHAT

WHO

UNICEF

WHERE, WHO

sector of interest

Telecom

WHAT

WHERE

Sudan

preferred
duration

WHERE, WHO

sector of interest

Food

WHAT

WHERE, WHO

sector of interest

Health

WHAT

WHO

MoH

preferred
duration

WHERE, WHO

sector of interest

NFI

WHAT

WHO

UNWHO

preferred
duration

WHERE, WHO

sector of interest

Protection

WHAT

WHO

UNICEF

WHERE, WHO

sector of interest

Sanitation

WHAT

WHERE, WHO

sector of interest

Shelter

WHAT

WHERE, WHO

sector of interest

Water

WHAT

WHERE, WHO

preferred duration

WHERE, WHO

preferred duration

WHERE, WHO

preferred duration

WHERE, WHO

preferred duration

WHERE, WHO

preferred duration

WHERE, WHO

reason for intervention

Contamination

WHY

WHERE, WHO

reason for intervention

Hunger

WHY

WHERE, WHO

reason for intervention

Ignorance

WHY

WHERE, WHO

reason for intervention

Illness

WHY

WHERE, WHO

reason for intervention

Poverty

WHY

WHERE, WHO

reason for intervention

Security Threat

WHY

WHERE, WHO

reason for intervention

Vulnerability

WHY

WHERE, WHO

mean of intervention

Funds

HOW

WHERE, WHO

mean of intervention

In-Kind

HOW

WHERE, WHO

mean of intervention

Administrative

HOW

WHERE, WHO

mean of intervention

Human

HOW

WHERE, WHO

mean of intervention

Logistics

HOW

WHERE, WHO

mean of intervention

Medical

HOW

WHERE, WHO

mean of intervention

Military

HOW

WHERE, WHO

mean of intervention

Political

HOW

WHERE, WHO

mean of intervention

Technological

HOW

Immediate
Intervention
Long Term
Intervention
Mid Term
Intervention
Short Term
Intervention
Time Does Not
Matter

WHEN
WHEN
WHEN
WHEN
WHEN

WHERE

Sudan

WHO

MoH

WHO

UNWHO

WHO

UNICEF

WHERE

Sudan

WHO

MoH

WHO

UNWHO

WHO

UNICEF

preferred
duration
reason for
intervention
reason for
intervention
reason for
intervention
reason for
intervention
mean of
intervention
mean of
intervention
mean of
intervention
mean of
intervention

Inferred Individual
Health, Education, Food,
and NFI
Health
Health
Health, Education,
Sanitation, and Water
Immediate Intervention
and Short Term
Intervention
Immediate Intervention
and Short Term
Intervention
Immediate Intervention
and Long Term
Intervention
Immediate Intervention
Illness and
Contamination
Illness and
Contamination
Illness, Poverty, and
Vulnerability
Illness, Contamination,
and Ignorance
Human, Funds, and
Logistics
Human and Medical
Funds and Medical
Human, In kind,
Logistics, and Medical

Result
Class
WHAT
RESULT
WHAT
RESULT
WHAT
RESULT
WHAT
RESULT
WHEN
REULT
WHEN
REULT
WHEN
REULT
WHEN
REULT
WHY
RESULT
WHY
RESULT
WHY
RESULT
WHY
RESULT
HOW
RESULT
HOW
RESULT
HOW
RESULT
HOW
RESULT
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degree of damages, number of casualties, and the size of
the area in question.
The general focus is directed towards the scene of the
accident or crisis. Especially media such as web based
news reporting services and broadcast services, not only
gain access to footage from for instance accident scenes
only from their reporters, but may also be supplied by
people involved in the drama or casual bystanders. This
sometimes complicates the work, but at the same time it is
putting a pressure on the flow of information.
Information requires communication, and in a major
accident or crisis, it is not only the call out services that
are involved. For instance, offices within the municipality
in question and volunteers (like the Medical Corps and the
Red Cross) need to be a part of the communication. There
is thus a number of involved parties that are not
(fortunately) exposed to this on a very regular basis, nor
has this as their daily work practice. Also it requires
coordination and ensuring of optimal communication
between a larger number of workers from the call out
services. Hence, there is need for coordinated training, not
only on coordination and handling of an accident scene,
but also regarding practicing the communication flow
between organizations involved.
However, most training is organized like it was a real
event. The only preparation possible is to know that
“something” is going to happen and the date that is
selected for this. There is, of course, a lot of learning
going on during these emergency exercises. I claim it is
possible to learn more by facilitating differently as an
exercise allows for more features that supports learning
processes.
In Elverum, Hedmark County, on June 10th 2010 a
major accident was staged for these learning purposes. A
large number of people were involved; both from
municipality, call out services and volunteer groups took
part. This emergency exercise was structured to feature
some takes towards turning the exercise into a learning
space. The source of inspiration for my involvement in
this study is how this type of simulation can be regarded
as a way of facilitating experiential learning and it has
been important to test out key features from experiential
learning techniques. Participant involvement and
reflection processes have been the focus of the study.

ABSTRACT
Crisis and emergency situations happen and
the increased media pressure when they occur requires
an increasingly higher alertness in the municipalities.
This alertness can be obtained through emergency
exercises. This alertness, however, is beyond the
“ordinary” tasks of a municipality. So how can one get
municipalities’ different offices that will be involved in
the case of an emergency situation to spend time and
effort on preparing and training for an eventual
emergency situation during a busy work life?
Alertness can be achieved by training in emergency
exercises; however, they are generally performed as
“alertness-tests” to see how fast they can respond to
emergency situations. I propose to turn these
“alertness-tests” into learning arenas by involving the
employees in the process of developing emergency
exercises and by utilizing facilitated reflection
processes. The project was called “Exercise Elverum”.
Experiences from an emergency exercise where
facilitated reflection processes were used are
presented. A model based on these experiences is
presented developed to show processes that will foster
increased perceived learning needed in organizations
to handle emergency situations in the best possible
ways.

INTRODUCTION
Major accidents and crises are unfortunately
happening and there is little we can do to predict them. It
is of vital importance that the people that will be involved
in the rescue work, is trained for handling the tasks in the
best possible way. Call out services (like ambulance, fire
rescue, police and hospitals gets training during their
vocational study, as well as through their daily work.
However, in major accidents and crises, all of the above,
including a number of other organizations are involved.
Then it is not only about rescuing casualties, but also
about coordinating, for instance, with regards to the
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Røijen, 2007) For instance, a learning objective can be “to
learn how to communicate better” or “to learn how to
handle the media appropriately”. The objective for the
simulation may be to handle a heavy snow fall, or in this
case a major train accident involving a bus, a car and a
number of casualties.
The simulation must be situated, or considered
“useful” (Wenger, 2010). If the setting is too artificial or
is perceived as not relevant for the learning purpose, the
participants will find it hard to focus and immerse in the
simulation.
The simulation must provide for flow and prevent
distraction. Disruptions and unplanned other incidents
may bring the focus of the learning situation
(Csikszentmihalyi, 1990).
The simulation must be well planned and facilitated,
still allowing the participants to experience owner ship
and commitment towards the tasks to be undertaken.
Being a “live” exercise, it will require some
monitoring for use in the part of the reflection process that
will take place after the simulation.

Participant involvement is achieved through more
extensive and detailed information handed out in
beforehand. Reflection processes was facilitated during,
immediately after and for a number of the participants,
also longer after the exercise.
To investigate on the participants’ perceived learning
outcome, I chose to use a qualitative approach to the data
collection. The results are retrieved from questionnaires,
fieldnotes and audio recordings.
This paper will present the theory informing the study
and then present the results and discussion. I will then
conclude on the work done and propose a model that
depicts further suggestions for enhancement.
Objective
The objective of this paper is to suggest a model for
fostering user participation in a development process and
reflection processes in order to prepare for enhanced
perceived learning outcome from emergency exercises.
THEORETICAL FOUNDATION
The theoretical foundation for investigating the research
question has been on the impact of user participation and
reflection on learning outcome using “live” simulation.

Participant Involvement
To make participants actively involved and to
enhance the learning process, it is important to draw on
the participant’s previous experience (Dewey, 1938; Kolb,
1984). This can be achieved by facilitating involvement of
the participants in the processes prior to the active
experimentation.
Information about the coming event is a way of
achieving awareness and may trigger participant
preparation prior to the activity. This is then an
undertaking of the participants driven by the participants
own desire for preparedness. This will harness for a
sustainable learning process.
Making these preparations
is, however, too
dependent on the participants own drive and passion for
taking part in this, and very often neglected as this for
instance to a major or front desk personnel, somewhat
outside the daily routines.
This preparation is thus best facilitated though an
organized process prior to the activity. The organization
may be in the shape of a dialogue conference (larger
groups) or a workshop (smaller groups).
A search conference is “a one-time multi-stakeholder
planning event in which participants work collaboratively
to agree on a shared future and develop cooperative plans
to achieve that future” (Martin, 2000). A workshop is
defined as “an educational seminar or series of meetings
emphasizing interaction and exchange of information
among a usually small number of participants” (Farlex,
2011).
Facilitating for reflection processes is also utilizing
participant active involvement. In the following

Experiential learning using “live” exercise
Experiential learning involves the users’ active
participation and reflection. Drawing on previous
experiences, reflection and further experimentation
provides new experiences or gives new meaning to
previous knowledge and a widened repertoire. Drawing on
the works of for instance John Dewey, Jean Piaget and
Kurt Lewin, David A. Kolb developed a schematic
overview of the experiential learning process, called the
“Experiential Learning Cycle” – see fig.1. (Kolb, 1984).
The cycle depicts a process of drawing on previous
experiences by reflection upon them to make new plans
(articulation) for further testing (active experimentation)
that will provide for new or different experiences, or
change the views on previous experiences.
In order to train the people potentially involved in a
crisis, it is thus of vital importance to create learning
spaces that facilitates for sustainable learning using
simulations.
Simulations can be in form of for instance role play
simulations or game based simulations, with or without
the use of Information Technology. A “live exercise” such
as the one in this study, is also regarded as a simulation.
However, there are some restrictions to a simulation for
learning purposes.
The simulation must have clear learning objective and
facilitate for obtaining this. However, the objective for the
simulation in question may differ from this. (Arntzen
Bechina & Vold, 2007; Vold, Linser, Ree-Lindstad, &
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Reflection-on-Action is much used in the
military, functioning as a debriefing after an action. It is
generally called “After Action Review”(AAR) and is a
structured way of facilitating participants’ reflection. This
methodological way of conducting debriefs has as the
main objective to evaluate performance in an action,
identify weaknesses, strengths, and improvements to
implement in future action(von der Oelsnitz & Busch,
2006). The Learning Cycle of an AAR is depicted in fig.2.

paragraphs, I present different ways of facilitating
reflective processes.
Reflection
A reflection process can be undertaken before action,
in (during) action and after action.
Reflection before action is generally undertaken in
order to prepare for an activity or action(Cowan, 2006). It
can be self organized (a nurse making preparations in
order to administer the right dosage to a patient), or it can
be facilitated as in a workshop. The aim of this reflection
is to create awareness and focus. But it can also be with
regards to gain information about the participants’
previous experiences. This information can then be
developed and used in the planning process. This will
allow for the active experiencing to appear recognizable
and relevant. It will also support a cognitive connection
between past and present and aid the process of
developing and transfer the knowledge connected to the
activities.
Reflection-in-Action can be both self-induced, but
also facilitated. Donald A. Schön has made extensive
descriptions of Reflection-in-Action, mostly tied to
educate “Reflective Practitioners”(D. Schön, 1991; D. A.
Schön, 1987). Reflection-in-Action is aimed at changing
the outcome of the activity. This can be facilitated by
organized time-out’s during the activity. The focus for
these reflections must be to facilitate for a status update.
This will let the participants come up with plans for
further action based on the status check. This will allow
for changing the outcome of an activity, if needed.
The “danger” of this facilitation is that if undertaken
during the peak of an action, where all participants are
emerged and emotionally engaged in the simulation, this
time-out may appear as an interruption. This will break
the flow and it may be hard to return to the activity and
resume the same state of flow and immersion. This may
even have a negative effect on the learning as the
participants may experience this as a distraction and
distress. If unattended, this frustration may lead to that the
participants will not learn (Kember et al., 1999)
Reflection-in-Action done in an unresolvable
situation or at the end of an event during the activity, will
contribute towards an improved end result of the activity.
It is then possible to resolve the conflict or situation and
create a common understanding of what happened and
why this happened and how to correct this and proceed
with the activity.
Reflection-on-Action is the process of creating an
understanding of what happened during an action and
why, in order to plan for future similar situations (D.
Schön, 1991; D. A. Schön, 1987). It may be to prevent a
similar situation or it might be to refine an action well
executed. Reflection-in-Action provides for sustainable
learning as it transforms the participants knowledge.

RESULTS AND DISCUSSIONS
A facilitated reflection-in-action early in the
emergency exercise was planned. However, there
occurred a situation at the place for collecting injured
before this was to take place. This situation required a
clearing up. It was thus facilitated a reflection, and it is
debatable whether this can be called a reflection-in-action
or reflection-on-action. The reflection lead to an improved
continuance, however, the participants were discussing the
incidents leading up to the situation. The situation was
resolved and the participants all reported back on this
hault in the exercise for reflection as important and useful
for their learning process.
The planned collective reflection never took
place, but the area managers claim to have organized
reflection phases for the participants “belonging” to their
area. There are, however, few participants that has
perceived this as a ”freeze” (an organized reflection-inaction).
In total it is only the participants that were on
area where the injured were collected that report on
experiencing an organized “freeze”.
The positive response to the “freeze” is not
surprising. In theory on simulations, like role play
simulations and games, suggests debrief and then a replay
based on the outcome of the debrief (Joyce & Weil, 1986;
Shaftel & Shaftel, 1967, 1982). In an ordinary emergency
exercise involving a large number of participants,
however, it is not easy to facilitate debrief during the
exercise. During an exercise, such as this it will thus be
important that the area controller can read the situation
and make a freeze. The importance of reading a situation
is
similar
to
ensuring
that
the
flow
is
preserved(Csikszentmihalyi, 1996). A freeze done
breaking up an action that has a flow will thus be regarded
as an interruption. The interruption may create frustration
and if not attended to may lead to may hinder learning
(Kember et al., 1999).
The results from the questionnaires handed out in
the After Action Review done after the exercise, showed
that the participants were very happy about the exercise
and felt they had learned something. Also they reported
very positively on getting information in beforehand about
the exercise and claim that they were then able to prepare

3
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on this and since this was not something that we
facilitated for during the meeting, but still an outcome that
is well worth pursuing as this may lead to increased
readiness and better crisis management when a real
incident occur.

for the exercise and thus be more alert. A few participants
also report on making preparations in form of updating
their routines.
The preparing can be viewed as a reflection for
action (Cowan, 2006) where the state of mind is focused
on how to perform during the exercise. This generally
involves reflection on previous exercises (if they have
taken part in any) or memories from their vocational
education.
The meeting arranged a few months after the
exercise gathered a few of the participants on the scene of
accident; the majority was employees in the municipality,
including the major. Upon the question of how the
participants perceived the learning outcome of this session
was very positive. This meeting also scored higher than
the AAR for those who had taken part in this.
There might be a number of reasons for this.
There is the benefit of letting the office-bound participants
get a feel for the scene of the accident where most of the
“action” was. It is very easy to focus on the place where
the most commotion with regards to casualties. There is,
however, a large apparatus that is working connected to an
accident. They are involved in providing media with
information, with securing that family reunion is possible,
that the not seriously wounded is taken care of and so on.
They were shown a video recorded from the scene of the
accident and presented with the preliminary results from
the survey done in the After Action Review. This is given
an average score with regards to learning outcome; the
group work scored highest.
In this meeting it was also facilitated for groupwork related to the crisis. This face-to-face collaborative
work during the group work gave the participants a
possibility of working in groups with other participants
with whom they had worked either online, by telephone or
other communication with. Working in groups with
improvement points, they were able to get to know each
other on a different level. From my fieldnotes, I have that
some even agreed to work collaboratively on the routines
that were shared. This resembles the start of the forming
of a Community of Practice (CoP). Communities of
Practice (CoP) is a term coined by Jean Lave and Etienne
Wenger (Lave & Wenger, 1991) and is associated with
sharing and transferring knowledge, also across
organizational boundaries. This is according to Thomas,
Kellogg and Erickson a rich potential source of best
practices (Thomas, Kellogg, & Erickson, 2001). CoP are
defined as “groups of people who share a concern or a
passion for something they do and learn how to do it
better as they interact regularly”(Wenger). There are three
characteristics that are tied to CoP: 1) a commitment to a
domain identified by a shared practice interest, 2) the
community consists of members that interact and learn
cooperatively, and 3) the community members are
practitioners who develop (over time) a shared pool of
resources (like stories, experiences). I suggest a follow up

CONCLUSION
This exercise was a success in many ways. The
“accident” was handled well, and most of the exercise ran
smoothly.
I will, however, suggest some improvements to test
out for future exercises. The positive feedback on the
information given in beforehand could be extended by
introducing a meeting with all the participants in
beforehand. This can thus also be used not only to make
the participants reflect before action, but also to bring up
situations that (repeatedly) is a challenge. Dewey
advocates heavily for the input of the participants (Dewey,
1938). To draw on their experiences will contribute to
engagement and commitment and make it seem even more
relevant. This is particularly important with regards to
participants that do not have handling crisis or accidents
as a part of their every day work.
The “freeze” was very important to the ones that
reported on having done it. This can be extended to be
done at all the areas involved, including the municipality
offices, and can be done by educating the responsible
persons at each place of action with regards to conducting
“freeze”. The meeting longer after action served more
purposes that we could expect, both are worth pursuing
further.
I suggest that a meeting facilitating reflection before
action is undertaken. Drawing on the participants previous
experiences with emergency exercises, will indicate what
to focus on during a new exercise. This new exercise must
be monitored for reflection on action. “Controllers” must
be educated in how and when to organize “freeze”.
Debrief immediately after the exercise will disclose some
of the preliminary reflections on the exercise. However, a
second reflection longer after the action is suggested. The
reasons for this are to expose all parties to the different
parts (areas) of the exercise to get a clearer picture of the
scope of the exercise, for facilitating for communication
across organizational boundaries and to unveil potential
improvement areas. The latter should form the basis for
learning initiatives. The learning from this could be
integrated in the next emergency exercise in a facilitated
reflection for action. This is depicted in Fig. 3.
For future research, I propose to implement this
model for thorough testing. I also suggest organizing for
the building of communities across boundaries.
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exercise, including
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Plan for upgrading

Fig. 3 Cyclic model for learning in emergency exercises

6

157

INTELLECTUAL CAPITAL IN SMES: THE MEDIATING EFFECT ON PRODUCT
AND PROCESS INNOVATION
Abstract
Purpose: This study is to investigate the interaction of intellectual capital elements and the mediating effect of
innovation of innovation. Intellectual capital is regarded as organizational resources are activated through its
people, structure and relationship with stakeholders while innovation helps firms to survive the competition and
for long term survival. The quantitative approach was utilized in collecting data through questionnaire. Total of
336 usable questionnaires was collected and analyzed using AMOS of SEM software. Relational capital is the
link of intellectual capital towards innovation and organizational performance. Innovation positively moderate
the relationship of intellectual capital and performance of firms. Human capital and structural capital have
indirect effect on innovation and organizational capital..

Key words: Intellectual capital, human capital, structural capital, relational capital, innovation,
organizational performance

INTRODUCTION
Intellectual capital is becoming a key economic
driver when economy trends shifted from
traditional- based to knowledge-based economy.
Relying on knowledge as one of the resources,
organization has to set is strategy to ensure the
maximization of knowledge management to fully
utilize knowledge. Knowledge is embedding in
organization through its people, its structure and its
relationship with stakeholders. Capturing this
knowledge would assist organization to be
innovative and ahead of the competition.
Innovation is highly depending on knowledge to be
prevailed. An organization that has high intellectual
capital is said to be more innovative and successful
(Bontis et al, 2000). Many researchers on
intellectual capital have proven that intellectual
capital is main factor for higher organizational
performance (Marr et al, 2007). As previous studies
focused on direct relationship between intellectual
capital and organizational performance, this study
is looking at the role of innovation as an
intermediate
outcome
of
organizational
performance.
LITERATURE REVIEW
Bontis (1998) defines intellectual capital as the
pursuit of the effective use of knowledge (the
finished product) as opposed to information (the
raw material). Intellectual capital consists of three
types of capital – human capital, structural capital
and customer capital
Human capital
Human capital represents the individual tacit
knowledge embedded in the mind of the
employees. It can be defined as a combination of
employee’s competence, attitude and creativity
(Chen et al. 2004). Human capital is the source of
innovation, as people contribute their creativity,

while sharing and transporting knowledge require
structural intellectual assets and structural capital is
more towards strategy and purpose.
Structural capital
Intellectual capital by itself is of little
value without the leveraging effect of the firm's
supporting structural capital resource. The
structural capital comprises systems, structure,
corporate culture, the organizational process
efficiency, databases, information and production
technology (Cohen and Kaimenakis, 2007).
Structural
capital
is
the
embodiment,
empowerment, and supportive infrastructure of
human capital (Bontis, 1998). It provides the
environment that encourages individuals to invest
their human capital to create and leverage
knowledge. The structural capital encompasses all
forms of knowledge including human capital,
which is supported by employees such as
organizational
routines,
strategies,
process
handbooks, databases and many more (Boisot,
2002, Walsh and Ungson, 1991, Pablos, 2007). It
also encompasses the organizational capacity,
including the physical systems used to transmit and
store intellectual material (Edvinsson and Malone,
1997). This component of intellectual capital is the
firm’s infrastructure, which is developed to
commercialize their intellectual capital (Edvinsson
and Sullivan, 1996). Unlike human capital,
structural capital can be formally captured and
embedded (Tan et al., 2008). Structural capital
provides a platform for people to be creative
(Stewart, 2000). While firms do not own human
capital (Cohen and Kaimenakis, 2007), structural
capital belongs to the organization. It can be
reproduced and shared.
Relational capital
Relational capital embraces all the
relations the firm has established with its
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stakeholder groups such as customers, suppliers,
the community, and the government (Bontis, 1998,
Allee, 2000). Most references refer to the third part
of intellectual capital as customer capital as those
authors are relating it to the market orientation and
customer orientation. However, for the purpose of
this study, relational capital will be adopted. Many
nations are improving economically in today’s
knowledge-based economy by promoting and
supporting SMEs with the necessary infrastructure
(Cowey as in Wickramansingher and Sharma,
2005). Stewart (2000) points out that the
relationship with these external stakeholders is to
turn it into money.
Innovation
Innovation is the process of creating a
commercial product from an invention (Hitt et al,
2005). Innovation is creating or improving upon a
new or existing product and selling it on the
market. Two of innovation major forms which can
be broadly interpreted by Australian Bureau of
Statistics (Hine and Ryan, 1999) are; Product
(major or radical and incremental) and Process,
known as both technological innovation and nontechnological. Technological comprises new
products
and
processes
and
significant
technological changes of products and processes.
Product innovation is defined as the introduction of
a good or service that is new or significantly
improved with respect to its characteristics or
intended uses (Trott, 1998). Product innovation
occurs when a new or improved product is
introduced to the market while process innovation
is an adoption of new ways of making products or
services (Maravekalis et al., 2006). Therefore, there
is a strong correlation between product and process
innovation. This includes significant improvements
in technical specifications, components and
materials, incorporated software, user friendliness
or other functional characteristics (Maravekalis et
al., 2006; Bloch, 2007).
RESEARCH METHODOLOGY
Procedure and sample
The empirical study employed a questionnaire
approach designed to collect data for testing the
validity of the model and research hypotheses.
Variables in the questionnaire included background
information, tacit knowledge sharing, innovation
and organizational performance. All the
independent and dependent variables were based on
a seven-point Likert-type scale ranging from 1=
“strongly disagree” to 7 = “strongly agree”. The
population of this study was Small and Medium
Enterprises (SMEs) of manufacturing and services
in Malaysia listed under SMEs Corporation
database. Convenience random sampling was used

to select 1000 SMEs. A total of 336 usable
questionnaires are used in this study which showed
a 33.6% of response rate. Table 1.0 presents the
characteristics of respondents.
Table 1 Respondent Profile
Profile
Type of Industry
 Manufacturing
 Services
No of employee
 Small (Between 5 to 19 employees)


Medium (Between 20 to 150
employees)
Annual Turnover
 Small ( between RM200,000 and less
than RM1 million)
 Medium (between RM1 million and
RM5 million)
Type of Ownership
 Sole-proprietor
 Family-owned
 Partnership
Length of Business
 Less than 2 years
 2 – 4 years
 5 – 8 years
 8- 10 years
 More than 10 years

Freque
ncy

%

213
143

59.
8
40.
2

161

45.
2
54.
8

195

208
128

59.
1
40.
9

84
69
200

24
.2
19
.0
56
,8

30
80
88
36
119

8.
5
22
.7
25
.0
9.
9
33
.9

All analysis (excluding structural equation
modelling, SEM) is performed using SPSS version
16. Amos version 16 is used to analyze the
proposed research framework through SEM.
Reliability
Reliability test is an assessment of the degree of
consistency between multiple measurements of a
variable. The Cronbach alpha coefficient was used
to measures (Nunnally, 1978). Table 2 presents the
alpha coefficients that were above the required
level of 0.7 as suggested by Malhotra et al. (1999).
Table 2 Reliability Test
Factors

Items

Human Capital
Structural Capital
Relational Capital
Product Innovation
Process Innovation
Organizational Performance

12
18
11
6
3
5

Cronbach’s
Alpha
0.911
0.958
0.911
0.840
0.816
0.920
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The result of reliability test showed that the items
measured are reliable.
Findings
The study employed confirmatory analysis (CFA)
to assess the quality of the measurement model
prior to hypotheses testing. The CFA fit indexes for
the proposed models ranged from adequate to
excellent (Intellectual capital: CFI= 0.978, TLI=
0.971, RMSEA= 0.068 ; Innovation: CFI=0.99 ,
TLI= 0.99 , RMSEA= 0.035 ; Organizational
Performance: CFI=0.988 , TLI=0.991, RMSEA=
0.048). Additionally, three models had chi-square
less than three times of their degrees of freedom
(IC= 2.684 , INVv= 2.794 , OP= 2.709). Overall,
CFA results suggested that the models of
intellectual capital, innovation and organizational
performance provided a good fit for the data.
The study attempts to understand the relationships
among Intellectual capital, Innovation and
Organizational Performance. The study employed
AMOS to test the hypotheses. Figure 1 show the
path coefficients, t-values and construct
relationships. The normed chi-square is 2.206, CFI
= 0.928, TLI = 0.922 and RMSEA is 0.060. This
shown that the model fit is acceptable.

HC
0.920 (11.461) R²=0.80

SC
0.947(13.444*)

RC

R²=0.71

INV

0.545(4.9222*)

R²=0.50

OP
0.715(4.128*)

Figure 1
Model of study
In testing the components of Intellectual Capital, it
was found that Human Capital does not have
significant relationship with organizational
performance (γ1= 0.072 , t= 0.467), as well but
Structural capital has significant relationship to
organizational (γ2=0.479, t= 1.712). Relational
Capital has significant relationship with
organizational performance (γ3= 0.361 , t= 2.200).
Only Relational Capital has significant relationship
with innovation (γ4= 0.583 , t= 5.139). Innovation
have significant relationship to organizational
performance (γ5= 0.664 , t= 3.888).
To test the mediating effect of product innovation,
procedure outlined by Baron and Kenny (1986) is
adopted and tested the three conditions using
AMOS analysis. The first condition is to establish
that the independent variable, intellectual capital

(relational capital) influences the mediator,
innovation. The result shows that relational capital
has positive relationship with innovation (λ =
0.545, t = 4.922) support the first condition for
mediating effect. Then the relationship between
intellectual capital has significantly positive
relationship with organizational performance (λ =
0.361 , t= 2.200), supports the second condition.
Lastly, the mediator, innovation was included in
the model examine the effects of the antecedent.
Results show that innovation has mediating effect
on relationship of intellectual capital and
organizational performance ( λ = 0.660, t=3.888).
The difference of chi-square between base model
and mediating model showed a partial mediation
model of innovation. The findings have shown that
Innovation is partially mediates the relationship of
components
of
intellectual
capital
and
organizational performance. Human capital and
Structural capital are linked to Relational Capital to
have higher innovation and higher organizational.
In this study, human capital and relational capital
are linked to relational capital in improving
organizational capital through innovation. Figure 1
show the proposed model of the study.
DISCUSSION AND CONCLUSION
This finding is supported by previous
studies on the positive relationship between
intellectual capital and organizational performance
(Wang and Chang, 2005, Yang, 2008, Yao sheng
2005) where intellectual capital is identified as a
key resource and driver of organizational
performance (Itami and Roehl, 1991; Teece, 1998,
Mayo, 2000, Li, 2007; Hong et al. 2008). Human
capital does not have direct effect on organizational
performance and this finding is similar to Bontis et
al. (2000) when they found that HC has indirect
relationship to organizational performance through
structural capital and relational capital. However, in
this study, relational capital is the link of between
human capital and structural capital to This study
further elevate the model of Bontis et al (2000) by
testing the role of innovation as mediating role as
done by Chen et al (2004). Nevertheless, this study
is focusing on innovation as intermediate outcome
of organizational performance as previously
highlighted by Lee and Choi (2003).
The knowledge of people in the
organization does not contribute directly to
organizational performance. It has to be channelled
through its structural capital such as through the
system, culture, knowledge management and
information system whereby this accumulated
knowledge when combined with knowledge
gathered from customers and stakeholders, would
help organization to identify a right product or
services to fulfil the needs and wants of the
customers. Right innovation thus then improve
organizational performance through sales and
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turnover. As small and medium enterprises (SMEs)
are closer to their stakeholders especially their
customers, this knowledge is very invaluable in
order to be innovative. Practitioners should start to
focus on their intellectual capital in making it
productive. Human capital is still an important
capital which must exist prior to structural capital
and relational capital. Not only focusing on the
knowledge of the employees but encouraging
employees to tap knowledge and information from
customers
and
stakeholders
would
help
organization to be alert of trend and able to be
ahead of the competition.
This study is not without limitations. First
of all, this is self-reported questionnaire that might
incur common method bias. Secondly, the
respondents are only from manufacturing and
services of SMEs. Further studies could use the
model to test Intellectual Capital and Innovation in
large organizations.
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and procedural knowledge usually related to the
techniques, skills and abilities (Lee & Lee, 2004).
In addition, it has been demonstrated that knowledge
construction is best effective when taken place in social
context, and in a setting in which new knowledge and
skills are being used. Usually, people learn best through
interaction with others (Young, 2003).
Furthermore, visual and spatial knowledge can
contribute to a better assimilation by the learners. Indeed,
people learn through viewing, reading, hearing and
speaking, smelling, tasting, touching. In other words, the
learning process takes place when people are experiencing
and are linking their intellectual activities with emotions.
Lately, these issues have raised debates on how
educational learning systems could cope with these new
requirements. The use of Information and Communication
Tools (ICT), Computer vision, augmented realities, and
games could provide a mean to fulfill these issues.
Obviously the use of new technologies is contributing
to shape the way of how and where teaching and learning
is taking place (Breiter, 2004). Following the trend,
several researchers have initiated development of new
enhanced learning systems taking into account some of
the requirements listed above by implementing for
example game based learning or using augmented realities
concepts in order to foster the learning process.
This paper presents two different innovative learning
systems based on these concepts. The section two outlines
a game based learning systems dedicated to people
suffering from dyslexia butt willing to take a driving
license test. The section three presents a new Multimedia
Interactive Book (miBook) providing a responsive
environment. miBook provides an interactive learning
environment which handles different types of multimedia
content.
Based on the both systems, the section four discusses
the challenges, the benefits and drawbacks of using new
technologies in order to foster the learning processes.

ABSTRACT
The last decades, Internet has brought a revolution in
the way people are acquiring knowledge. The emergence
of new information and communication technologies
(ICT) and social software networking is paving an
innovative way on how teaching and learning can take
place. New Innovative enhanced learning systems, based
on multimedia content and strong interactivity are
becoming more and more popular. These systems are
based on computer visions, Artificial Intelligence, image
processing. This paper presents two enhanced learning
systems developed in Norway and Portugal. They are
based on the concepts of game based learning and
augmented realities techniques. The paper discusses as
well the challenges in adopting such new ICT tools
looking forward enhanced learning.
INTRODUCTION
Today, it is recognized the educational landscape has
evolved from a traditional teaching environment to a
highly open and dynamic knowledge-based environment.
The emergence of new technologies, new media contents
and the large adoption of personal computers, smart
mobile devices has contributed to create new type of
learning requirements. These requirements include for
example, the need to access in interactive way to
multimedia contents anytime, anywhere. Furthermore,
nowadays people expect to learn in motivating
environment or to acquire new knowledge in an enjoying
manner. Recent research works have demonstrated that
people tend to learn more easily when they are entertained
and are engaged in the creativity process involving
thinking and emotion (Carlson, 2003; Gee, 2003). For
instance, the work done by Blunt concludes, the
application of serious games significantly increases
learning (Blunt, 2009). One reason that is often invoked is
closely related to the concept of constructivist learning. In
constructivism, the learner actively constructs knowledge
and learning by integrating new information and
experiences into what they have previously understood.
The learner by building cognitive structure combine
propositional Knowledge often referred as fact, concepts

GAME BASED LEARNING SYSTEM
Overview
Compared to the traditional computer based learning,
computer game involves the learner actively in the
1
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example, his research work highlights the need to use
multi sensory learning and to ensure that new information
or skills are heavily embedded. For example, if someone
has poor visual memory, then they can use their auditory
or tactile memory to compensate (British Association
Dyslexia). Obviously, dyslexic people require lots of
reinforcement to embed learning from the short term
memory; fortunately most of them have excellent long
term memories. So the learning process should focus on
encouraging the long term memories and on the repeating
phases in slower mood. Several initiatives based on
recording an audio book in addition to the traditional
driving book have emerged. In some case, this was
enough to help dyslexic people to acquire the needed
knowledge to pass the driving license. However, this
approach seems to be not appropriate in some cases. Our
research project aims to investigate how the use of a game
can enhance the learning capability for people with
dyslexia. Our current project is based on an existing
project done in collaboration with the Norwegian
Association for Dyslexia. A board game called “Traffik
Panik” has been developed. This game is inspired from
the “Trivial Pursuit“, but the questions are extracted from
a driving book. The game board is composed with a
cardboard playing board, question cards, dices and small
plastic cars to represent the players on the board. The
figure 1 illustrates the game board.
This educational board game contributes to learn to
drive safely and to educate people to the requirement of a
driving test. The game board has a start space and several
squares corresponding to different situations.
Based on this existing game, we have developed a
computer game that allows one or several learners to play.
A first prototype has been implemented with the goals to
further engage the player (s) by being more interactive.
The figure 1 illustrates the game board. Each square
on the game board is associated with a task the player has
to conquer. From Marc Prensky’s table “Types of
Learning” the best way to communicate facts are either
questions, association, memorization or repletion
(Prensky). To comply with the table, the game will keep
the original idea from the existing game, and every normal
square will have a question task. The other squares on the
game board will be associated with small sub games. Each
sub game will extensively drill players on important facts.
Every time the player moves to a question square, a
question dialog appears with a question suited for their
level. The game is based on multiple choice answers.
Each time the player gives the correct answer, the learner
moves one step on the board toward the finish line. The
interest of this game is the repeating aspect of the
questions as it will help the player to learn through
repetition. However, in order to keep the player engaged
in the game, the questions are implemented in random
way and therefore, starting new game will introduce each
time a level of novelty in the questions. Each time, the

learning environment. They are several factors in favors
of using these new interactive multimedia approaches to
educational practices or to foster knowledge learning
(Shih, Shih, & Chen, 2006). One of them is the
recognition that play, constitutes an important part of
human cognitive and social development. Gee reported in
his study of video games as a learning tool that students
are more likely to assimilate content by engaging
themselves in a process of discovery (Gee, 2003).
In addition, people tend to construct knowledge in a
best way when they are engaged personally; therefore
computer game for learning purpose should involve
content-based scenario or purpose. Furthermore, active
participation in tasks is seen as a requirement for an active
learning process; in fact, it is crucial to not separate the
acquired knowledge from its everyday usage.
It is important to be aware as stated by Schnotz
(Schnotz, 2002), that cognitive processing is not the only
factor contributing to effective learning, but affective
impacts and motivational should be taken into account as
well. Moreover, if educational game are more engaging
and appealing to learners interacting actively with these
learning environment, it is worth to investigate further the
use of these new game based learning approaches
(Bourgonjon, Valcke, Soetaert, & Schellens).
Therefore, games board could be considered as an
educational environment that is rich in opportunities as
they satisfy the people .competitive urges and the wish to
master new skills and concepts (Robertson & Howells,
2008).Today, it is well recognized that board games for
example are a very good means to encourage every player
(learner) to take individual responsibilities, practices reallife simulated tasks and experience the outcomes of any
decision making (Shih, et al., 2006).
Test driving computer Game
In order to validate the concept, we have developed a
game based learning dedicated for dyslexic people.
Dyslexic people usually experience difficulties with word
or number recognition, poor spelling and thus their
reading capability is reduced. In consequence, Dyslexic
people have problems in acquiring further vocabulary and
some specific knowledge. Their capability to process
visual information is often affected; thus resulting in a
slow reading tempo. In addition, dyslexic people
experience problem with short-term memory, which limits
their ability to remember or grasp the meaning of long
sentences. For example, taking a driving license might
represent a harsh task and a challenging process. For long
time, dyslexics were considered as bad drivers as it could
take them longer to develop automaticity in driving tasks.
In addition, some of them were not able to talk with a
passenger at the same time as driving. However, research
done by Nicholson (Nicolson, 2008) suggests rather that
with appropriate teaching methods, dyslexic learner can
drive and pass their practical test with success. For
2
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player gives a wrong answer; he will stay in his position
on the game board until he gives the correct answer to a
new question.
Game design and development
Designing a serious game is challenging and need a
structured process design. The first step aimed at
gathering the users, technical requirements. Several
scenarios have been developed in order to understand how
the game can be played. The second phase focused on
translating
these
requirements
into
functional
specifications. A technical architecture encompassing
various components has been delineated. The third phase
focuses on selecting the right technologies in order to
implement in best possible way the various defined
functions. The phase 4 focuses on developing the
prototype. A preliminary test and validation of the
software game have been conducted.

AUGMENTED REALITY CONCEPTS
Introduction
Augmented Reality systems and technologies were
introduced in 1992 by Caudel and Mizell when they were
interested in optimizing a wire assembly procedure for the
construction of the Boeing 747 (Caudell & Mizell, 1992).
In general these systems provide the means for “intuitive
information presentation, which enhances the perceiver’s
situational awareness and cognitive perception of the real
world” (Behringer, 1998). This enhancement derives from
the computer-generated information which is usually
registered in 3D space and related to objects and places in
the real world. Considering AR as a visualization and
interaction technique, the relationship of real and virtual
objects maybe focused and contextualized in two different
aspects: In both cases, AR generates the final image by
overriding parts of the real world imagery with synthetic
images taken from 3D scenes (Kalkofen, Mendez, &
Schmalstieg, 2009). Based on the augmented realities
concepts, a we have developed a Multimedia Interactive
Book (miBook1) as a new tool providing a responsive
environment.

We have developed a simple character creator,
allowing new players to set up new character. This editor
is not used to create avatars or other character appearance
modifications. In this game, the character is used to
connect vital information and achievements to a distinct
player. This feature allows the sharing of one game
installation among several users and will keep track of the
achievement of every player (character). Achievements
are stored and therefore, it is easier to keep record of the
performance.
Amongst the user requirements, we focused on
programming a user interface with a panel of colors that
suits best dyslexic people. “Scotopic sensitivity
syndrome” also known as “Irlen syndrome” is categorized
as a form of dyslexia (Morgan, 2009). People suffering
from Irlen Syndrom have extreme problems focusing or
seeing the text clearly, this can also be due to the color
contrasts used in the text. Therefore changing to another
background color might help considerably. Text and
background color can be configured in the character
settings, so the player always will get his selected color
set in every dialog, menu and text shown in the game.
Another requirement that has been implemented into
the game is the audio feature. Since reading can be a
frustrating activity, for each card, an audio file has been
associated. Therefore, when needed, the player can just
press a button and listen to the question instead of reading
it
The developed game based learning prototype is still
under development and therefore extensive assessment of
the game need to be further conducted. However,
Preliminary test has been conducted with the physical
Board game and it showed promising results. The next
step after implementing further functions is to validate
further our computer game based learning by inviting
focus group experiencing dyslexia to play.

miBook concepts
miBook is an interactive learning which handles with
different types of content. It may represent a notable
instrument for enhanced learning (for individual use or in
the classroom) as well as it can represent a great step
forward, regarding the enhancement of current digital
libraries. Additionally, the integration of different
interactive teaching materials will provide a better
learning environment that will allow students to step
forward in their learning experiences, both in the
classroom as well as in their home place.
miBook is the combination of a printed book (or its
digital format) with the respective audiobook and its
story-related 3D models (as well as 2D graphics), using
technologies, like Augmented Reality and Multimedia, as
frameworks to present and interact with audio-visual
content.
Technologically, miBook environment consists of a
handheld camera, a personal computer (to generate user’s
individual AR views), and a physical book. miBooks uses
“normal books” with text and pictures on each page and
have an additional audio content – the correspondent
audiobook.

1 miBook® (registered mark) is a novel product/service
developed since 2005 by SbH – Solutions by Heart, Ltd. in
collaboration with GITICE, Research Center from Universidad
de Huelva (Spain) and ADETTI from ISCTE IUL (Portugal).
(http://www.mibook.org, 24/04/09).
(http://www.solutionsbyheart.com 24/04/09)
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miBook may represent the ideal and affordable
solution for these natural transitional teaching-learning
models by supporting traditional pedagogical approaches,
such as reading books or viewing pre-recorded classes, as
well as innovative pedagogical different approaches by
providing rich media (automatically generated audiobooks
and/or 3D virtual interpretations of educational context),
during reading, watching or listening. miBook focused on
the improvement of the interactive learning experience, by
exploring optimal combinations of educational materials
(traditional and digital), learning methodologies and
capabilities of common devices.

In conclusion, there are clear benefits of using
technologies in order to provide innovative enhanced
learning system. The table 1 provides brief overviews of
such opportunities. However, in same time there are
important challenges to overcome before we could
consider that using technologies provide only positive
effects on the learning enhancement.
CONCLUSION
Recent research studies have demonstrated the
positive role of using games. In this paper we present a
prototype of a test driving computer game board. The
paper discusses the potential of helping dyslexic people in
learning the driving rules by providing a new way to
acquire new knowledge. The project is still under
development therefore a large scale evaluation is not yet
done. However, the preliminary results and basic test lead
us to believe that using game board can contribute to
foster learning capability for dyslexic people.
In addition, in this paper, we presented the concept of
miBook based on augmented reality concepts and
multimedia. miBook is combines the feature of a book, its
respective audio book and story-related 2D or 3D models.
miBook allows interaction with audio-visual content.
Considering nowadays technology state-of-art, there
is strong potential to further develop new innovative
enhanced learning involving more deeply in an interactive
way the learner in the learning process. However, there
are still many challenges to overcome such as consequent
cost, lack of adequate training, teaching designers,
learning materials and reluctance from the educational
systems to adopt easily new learning systems.

Visual images are produced by means of computer
graphics techniques, from 2D or 3D scene objects,
generating, respectively, 2D or 3D graphical images.
Computer graphics requires a digital computer with
graphical computing capabilities, enough memory to store
a representation of a scene made of objects, a frame buffer
to store the synthesized graphical image, a display screen,
input devices and modalities (2D or 3D mice, keyboard,
gesture, speech, tangible interfaces, etc), and specialized
software that enables the computer to take pictures with a
virtual camera, producing photo-realistic images. In figure
2, we depict an image (photographic capture) of
interacting with miBook contents with 2D graphics (left)
and 3D graphics (right). Only 3D allows for an enriched
interaction and visualization of the scene, including a
perception of depth, by means of virtual navigation and
examination including the possibility to translate, rotate
the virtual camera and the objects.
CHALLENGES AND OPPORTUNITIES OF NEW
TECHNOLOGIES IN ENHANCED LEARNIG
Recent educational trend is based on constructivism
that emphasizes that knowledge is constructed by the
knower based on mental activity and seeking experiential
meaning. Computer games, multimedia content or
augmented realities tend to increase the efficiency of the
learning capability. Therefore, technology could play an
important role in the learning process. It may represent a
notable instrument for enhanced learning (for individual
use or in the classroom) as well as it can represent a great
step forward, regarding the enhancement of current digital
libraries. Additionally, the integration of different
interactive teaching materials will provide a better
learning environment that will allow students to step
forward in their learning experiences, both in the
classroom as well as in their home place.
Already for example, applications such as the EyePet
from Sony, allow the integration of 3D graphics on the
TV screen into real world settings. Computer simulation
using graphically displayed images may facilitate
comprehension of educational contents by permitting
simulation of phenomena in a real context environment
EyePet (2010).
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Table 1 Benefits and drawback of Innovative learning
systems

Benefits

Drawbacks

motivation and
engagement of the learners

Risk of addiction thus
staying too long of
computer might lead
to physical pains such
as neck aches, ect…
Risk of Low self
esteem due to the
concept of win /loose
usually implemented
in a game
Digital Content not
appropriate for the
learning purpose

Secure and contextual
environment

Experiment in a safe
virtual world thus
enhancing the knowledge
acquisition
Learned centered
Integrate various skills
such as visual, cognitive,
communication ect. and

Social isolation
Difficulties to design
learning
material
requirement
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enhance them
Different
knowledge

level

of

Self assessment and self
control of the learning
progress
Independence
Cost might be reduced

Reduce learning anxiety
by providing an open and
friendly environment

development
of
specific skills
Gender specific –The
game are usually
more appealing for
boys .. this is is due
to the nature of game
Need
to
define
clearly the learning
goals--Difficult
to
measure the progress
No clear learning
objectives
Need sophisticated
equipments such as
video, devices, …
Too much flexibility
might result in loss of
control
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caching for data hoarding and data broadcast for data
dissemination (Lee, et al., 2008).
The mobile client caching enables performance
improvement for frequent data accesses, and disconnected
operations under network disconnection by temporary
replicating a portion of data into memory of a mobile
client. Many of researches on mobile client caching,
similar to traditional file-system and database caching, are
focused on data access recency (Acharya, et al., 1995),
access frequency (Khanna, et al., 2000; Xu, et al., 2000;
Xu, et al., 2004), and update frequency (Chen, et al.,
2006). These researches are suitable for formal file and
Web contents but not variant database querying because
they do not consider manifold access terms, access
frequency and tendency, update frequency and tendency,
and data item size distribution.
The data broadcast, an efficient data dissemination
technique, is a way that a server broadcasts Data Report
(DR) or Invalidation Report (IR) messages into mass
mobile clients within a specific network segment. The
data broadcast can be divided into push-based delivery
(Acharya, et al., 1995; Peng, et al., 2003; Huang, et al.,
2004) that a server periodically transmits updated data
using data profiles of clients, pull-based delivery (Xu, et
al., 2000; Acharya, et al., 1998) that a server transmits
requested data from clients through its broadcast
scheduling policy, and hybrid delivery (Acharya, et al.,
1997; Hung, et al., 2005). The hybrid delivery, among
them, is more appropriate for result data delivery for
variant database queries because it can dynamically
maintain data profiles for mobile clients.
In this paper, we introduce a new agent-based hybrid
broadcast model, by extending Mobile Client with Agent Fixed Server with Agent (MCA-FSA) (Venkatraman,
2005), which manages dynamic data profiles for requested
database queries from mobile clients, and which support
the double caching mechanism that both agents cache own
result data for requested queries. In addition, we also
suggest two functions calculating data significance scores
to choose suitable data items for cache replacement and
coherence policies through synthetically reflecting access
term, access frequency and tendency, update frequency
and tendency, and data item size distribution.

ABSTRACT
Recently, mobile computing environments are
becoming rapidly common. This trend emphasizes the
necessity of accessing database systems on fixed networks
from mobile platforms via wireless networks. However, it
is not an appropriate way that applies the database access
methods for traditional computing environments to mobile
computing environments because of their essential
restrictions. This paper suggests an agent-based mobile
database access model and also two functions calculating
data significance scores to choose suitable data items for
cache replacement and coherence policies. These
functions synthetically reflect access term, access
frequency and tendency, update frequency and tendency,
and data item size distribution. As the result of simulation
experiment, our policies outperform LRU, LIX, and SAIU
policies in aspects of decrement of access latency,
improvement of cache byte hit ratio, and decrease of
cache byte pollution ratio.
1. INTRODUCTION
The mobile computing, associated with ubiquitous
paradigm in recent days, is becoming rapidly common
with the advance of related technologies. This trend
emphasizes the importance of data management on mobile
platforms interacting between mobile clients and database
systems (Barbara, 1999). However, the mobile computing
environment has essential characteristics and restrictions
such as mobility, portability, battery life, low calculating
power, small memory, and variable bandwidth. Especially,
the variable bandwidth including weak connectivity and
disconnections is addressed that hinders the realization of
sophisticated mobile data management (Barbara, 1999;
Madria, et al., 2002; Dunham, et al., 1995; Tewari, et al.,
1995). Therefore, the key of mobile data management is
to improve data accessibility and data availability for data
within database systems on fixed networks from mobile
clients on dynamic networks.
Currently researches on data management in mobile
computing environments are composed of mobile client
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the traditional client-server model, Mobile Client-Fixed
Agent-Fixed Server (MC-FA-FS) model that agents are
located on cable networks, Mobile Client with AgentFixed Server with Agent (MCA-FSA) model that agents
are located on both of wire and wireless networks, PeerPeer (P-P) model without a centralized server, and Mobile
Client-Mobile Agent-Fixed Server (MC-MA-FS) that
mobile clients and independent agents are located on
wireless networks only. The strengths and weaknesses of
the five models are summarized in Table 1.
The MCA-FSA model can promote data optimization
and availability enhancement through client-side agents, a
kind of server proxy, and a server-side agent, a kind of
client proxy. The MCA-FSA model, particularly, is
appropriated for the data management in the mobile
computing environments which would be easily
disconnected, or might be weak connectivity.
The MCA-MA-FS model is an architecture including
a transportable program which is migrated into each
mobile client, access to resource required, and provide
services by its itinerary. Although the MCA-MA-FS
model is generally superior in the aspects of rarelyupdated Web contents and read-only network file caching
than the other models, it is not proper for database caching
with frequently-updated result data of queries.
Specifically, it is hard to regularly query to a database
server for the cache coherence and to perform data
broadcast for the dissemination because agents are located
on wireless networks with low bandwidth usually than
fixed networks.
Hence, this paper suggests an extended MCA-FSA
model supporting double caching mechanism, both of
agents provide own cache management unlike other
researches, to access a database server on the fixed
network from mobile clients in wireless networks. In the
suggested model, depicted in Figure 1, we named the
client-side agent and the server-side agent as the mobile
agent and the data agent respectively.

2. RELATED WORKS
Acharya et al. (Acharya, et al., 1995) introduced PIX
and LIX policies for data cache replacement in mobile
clients. In order to be unallocated during the cache
replacement process, the PIX policy chooses data items
with low data significance score calculated by the
following formula:
(1)
pi xi
where p i is the access probability for data i and x i is the
broadcast frequency. Low significance data, in case of the
PIX policy, has low access probability or frequent data
requests. However, the PIX policy cannot be implemented
because a mobile client cannot practically recognize the
access probability for data i beforehand. The LIX policy,
altered from Least Recently Used (LRU) policy, makes
p i into the following formula:
(2)
pi   (CurrentTime  ti )  (1  ) pi
where t i is the last accessed time for data i and  is a
control parameter ranging between 0 and 1. According to
Acharya et al. (Acharya, et al., 1995), the LIX policy is
closed at the level of the PIX policy. However, the LIX
policy considers only data access recency except data
update and data size attributes.
Xu et al. (Xu, et al., 2000) suggested SAIU policy
calculating data significance scores for data i with four
factors consist of access probability Ai , update frequency

U i , retrieval delay Li , and data item size S i . The scoring
gain function of the SAIU policy is defined as the
following formula:
LA
(3)
gain (i )  i i
S iU i
where
(4)
Ai  aa (t c  tila )  (1  aa ) Ai

U i  au (t c  tilu )  (1  au )U i

(5)

3.1 Mobile Agent

Li  as (t c  tiqt )  (1  as ) Li

(6)

The mobile agent has main functions that request and
receive to/from the data agent and which manage data
caching. Data requests are periodically performed through
the uplink channel which is an up-stream channel to
transmit user authorization and query statements to the
data agent and which might be asymmetrically low
bandwidth as compared with down-stream channel
according to mobile network environments.
The result of each request is irregularly received
through a push event, or the data broadcast, after the data
agent completed its query process. At this time, the
mobile agent allocates received data into cache blocks by
own cache replacement policy for data hoarding described
in Section 4.2. This process enables the mobile agent to
optimally manage significant data, to prepare for weak
connectivity and disconnections, and to improve data
availability and performance.

and t c is current time, t ila , t ilu , and t iqt are the last
accessed time, the last updated time, and query time,
respectively, and a a , a u , and a s are control parameters
for Ai , U i , and Li , respectively. The SAIU policy, unlike
traditional policies considering fixed data size, reflects
variable data size, service time due to retrieval delay,
update frequency, and access recency. However, the SAIU
policy considers data size linearly, and it does not
consider the data size distribution for accessing data items,
access tendency, and update tendency.
3. MOBILE DATABASE ACCESS MODEL
Venkatraman (Venkatraman, 2005) had classified
mobile computing environments into five models consists
of Mobile Client-Fixed Server (MC-FS) model similar to
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Second, the significance for a specific data is high if
access frequency is high (Xu, et al., 2000; Xu, et al.,
2004). Furthermore, it is necessary for the significance to
additional higher if recent access frequency is increasing,
or to lower if decreasing.
Third, the significance for a specific data is low if
update frequency is high (Xu, et al., 2000; Xu, et al.,
2004; Chen, et al., 2006). Moreover, it is necessary for the
significance to further lower if recent update frequency is
increasing, or to higher if decreasing.
Fourth, the significance for a specific data is high if a
specific data size among the size distribution of data
accessed in the past is not too small or bulky. Because, a
data of too small size has low access cost owing to short
retrieval time, or a data of bulky size causes to increase
caching cost and to decrease the number of broadcasts per
unit time.

3.2 Data Agent
The data agent has main functions composed of query
process for data requests from mobile agents, data
broadcast, and caching.
Data requests received from mobile agents are
appended into an on-demand queue in advance, and will
be processed through query processing or cache searching
by the First in First out (FIFO) policy. Afterward, the data
agent transmits result data by broadcast scheduling policy
of the data agent.
The result data are stored in cache blocks using the
cache replacement policy like the mobile agent. Cached
data revolved around high significance are will be
periodically compared with the source data in the database
system to catch whatever they are updated using the cache
coherence policy described in Section 4.2. The updated
data are synchronized with cached data for a start, then,
will be disseminated by the dissemination policy of which
is the DR that transfers updated data itself or of which the
IR that transmits a „data was updated‟ message. A mobile
agent synchronizes the data in cache blocks whenever a
DR message is received, or unallocated cached data
whenever an IR message is received.
Data agent caching is principally focused on high
performance for data requests from mobile agents and
mass broadcasts in a short period time.

4.1 Data Significance Calculation
In this section, we define two functions calculating
data significance to choose a data item to be unallocated
during the cache replacement or picked up during the
cache coherence. Principal symbols described in this
section are shown in Table 2.
According to the first criteria discussed in previously,
Ti , the interested score of data i, can be formulated as
Equation 7 if nia  1 , and is 1 if nia  1 . Equation 7 is
modified to consider access term for data i from Equation
2.

4. CACHE REPLACEMENT AND COHERENCE
POLICIES DEPENDING ON DATA SIGNIFICANCE
Data significance, a criterion is to be used during the
cache replacement or the cache coherence, reflects access
term, access frequency and tendency, update frequency
and tendency, data item size distribution, and attributes of
clients. For instance, a data, is rarely updated and
frequently accessed, has low priority during the cache
replacement, and has high priority during the cache
coherence compared to be not (Lee, et al., 2008; Acharya,
et al., 1995; Khanna, et al., 2000; Xu, et al., 2000; Xu, et
al., 2004; Chen, et al., 2006).
The mobile agent, shown in Figure 1, uses data
significance for cache replacement. The data agent uses it
for cache replacement and coherence. Namely, the data
significance yielded by the significance calculating
function described in Section 4.1 is to be a yardstick for
judgment in the cache replacement and coherence
algorithms described in Section 4.2. The significance
calculating function is derived from antecedent related
researches and four intuitional criteria as in the
followings:
First, the significance for a specific data is low if the
deference between the most recently accessed time and
current time is large (Acharya, et al., 1995). However, it is
necessary for the significance to be revised to higher if
access term is long.

Ti 

tia,last  tia, first

(7)

t c  tia,last

According to the second criteria, Ai , the access score
of data i, can be written as Equation 8 if nia  3 , and is
1.25 or 1 if nia  2 or nia  1 , respectively. Equation 8 is
modified to reflect recent access tendency for data i.
Ai n ai  ai

(8)

where  , the access tendency taken a geometric mean of
recent m access frequency ratios per unit time for data i, is
defined as the following formula:
a
i

1

 ti ,last  a  a  m
(9)
 ai    1  i , j a i , j 1 
i , j
 j tia,lastm 


a
a
n

n
i ,last j 1 .
where a  i ,last j
i, j
tia,last j  tia,last j 1
According to the third criteria, U i , the update score of
data i, can be introduced as Equation 10 if niu  3 , and is
1.5, 1.25, or 1 if niu  2 , niu  1 , or niu  0 , respectively.
Equation 10 is modified to reflect recent update tendency
for data i.
a
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(10)
U i nui  ui
u
where  i , the update tendency taken a geometric mean of

low significance score if a data item to be allocated is
given when available cache blocks are insufficient. The
cache coherence performed by the data agent is a process
that compares one or more cached items, of which have
high significance score, to keep them up-to-dated with
data items in database server. Both agents perform cache
replacement using data significance scores calculated by
 (i) function. The data agent performs cache coherence
using data significance scores calculated by  (i ) function.
Figure 2 shows a cache replacement algorithm when a
data item i is given to be allocated into cache blocks. If
cache blocks is currently not available (Line 11), available
cache blocks of which size is larger than data i size is
prepared by removing one or more cached items with the
lowest significance score (Line 14-19). Afterward, data i
is allocated into the cache blocks (Line 22).
Figure 3 shows a cache coherence algorithm. The
cache coherence is intended for Quantity cached items
from a cached item with the highest significance score
(Line 9-19). Each cached item tries to synchronize with
data item in database server. If the cached item is updated
at this time (Line 11), the data significance score is
recalculated (Line 13). And a report message, IR or DR by
OpMode, is appended into the broadcast scheduling queue
to transmit to mobile clients (Line 15 and 17). A mobile
agent deletes a cached item from cache blocks when an IR
message has been received, or re-allocates a cached item
into cache blocks and re-calculates significance scores
when a DR message has been received.

recent n update frequency ratios per unit time for data i, is
defined as the following formula:
1

 ti ,last  u  u  n
 ui    1  i , j u i , j 1 


i , j

 j tiu,lastm 
u

where ui , j 

niu,last j  niu,last j 1
tiu,last j  tiu,last j 1

(11)

.

According to the fourth criteria, Z i the topological
score for the size of data i upon size distribution of all data
items accessed can be defined as the following formula:
e
(12)
Z i  i e i  1i
where e is the mathematical constant and i is the size
topology for data i. i can be ranged between 0 and 10,
and can be defined as in the following formula:
0
, if zmin  zi

10( zi  zmin )
i  
, if zmin  zi  zmax
 zmax  zi
10
, if zmax  zi

(13)

where zmax and zmin are the maximum size and the
minimum size among accessed data items, respectively. In
Equation 12, Z i equals the maximum value 2 or the
minimum value 1 if i  e or i  0 , respectively. Z i also

i  10
( 10 e  0 ). Thus, Equation 12 is devised to make data
significance with data items revolved around the size
topology e high.
Consequently, we can define two data significance
calculation functions for data item i,  (i) to be used
during the cache replacement and  (i ) to be used during
the cache coherence as in the following formulas:
T AZ
(14)
 (i)     (1   ) i i i
approximates

the

minimum

value

1

if

5. SIMULATION AND EVALUATION

e 10

1

1

In this chapter, we describe the simulation
environment, to evaluate the performance of suggested
database access model and data significance functions for
cache replacement and coherence, and the result of
performance evaluation.
5.1 Simulation Environment
The basic environments for three components
including a database system, a data agent, and mobile
agents for the database access model suggested in Chapter
3 are listed in Table 3, 4, and 5, respectively.
Each item size in the database can be ranged between
MinItemSize and MaxItemSize in a random distribution.
The update pattern to be used is U-Cold/U-Hot update
pattern introduced by Xu et al (Xu, et al., 2000). Thus,
data items of U-Hot percent among frequently accessed
data items from mobile clients will be updated in U-Cold
percent probability, and the rest of U-Cold percent data
items will be update in U-Hot percent probability.
The data agent tries to maintain cached items in the
order of significance score for cache coherence at CInterval second intervals. The number of cached items to
be maintained is limited to 250. The data agent has cache
size defined as (MinItemSize + MaxItemSize - 1) / 2 *

Ui

and
 (i)   2  (1   2 )Ti Ai ZiU i

(15)

where  , expressed as n /(tc  t
a
i

a
i ,last

) , is adjusted from

well-known exponential aging method (Acharya, et al.,
1995) to consider the total number of accesses during the
access term for data item i, and 1 and  2 are control
parameters that can be ranged between 0 and 1.
4.2 Cache Replacement and Coherence Algorithms
In this section, we describe cache replacement and
coherence algorithms for data caching. The cache
replacement performed by mobile and data agents is a
process that unallocates one or more cached items with
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RgnSize * NumClients * DaCachePcnt. Each mobile agent
has cache size define as (MinItemSize + MaxItemSize - 1) /
2 * RgnSize * MaCachePcnt. In this simulation, data
requests would be directly performed by each mobile
agent, but not applications illustrated in Figure 1. In other
words, it is not considered for access latency time between
an application and a mobile agent. The simulation
assumes that a single network segment, or one cell, is used.
The data agent has two channels that broadcast the result
of data requests from mobile agents to the network
segment by the FIFO policy after inquiring cached item or
querying database server, and regularly disseminate IR
messages after performing cache coherence. The access
latency time for IR messages is ignored because the size
of each IR message is very small bytes compared with the
bandwidth between the data agent and mobile agents.
Each mobile agent chooses interested RgnSize items
among NumItems items in the random distribution. The
chosen items are accessed with the access pattern in a Zipf
distribution and the access order in a random distribution
at A-Interval second intervals. A mobile agent iterates
NumCycles Cycles, which are that one cycle is composed
of 100 data accesses, to request data items. NumWCycles
cycles from the first cycle are ignored during the
performance evaluation. The access latency time is
calculated through considering queuing time and
bandwidth between database server, data agent, and
mobile agent. Meanwhile, the control parameters in
Equation 14 and 15 set as 1 =  2 = 0.25.

percent, 2.99 percent, and 5.06 percent contrasted with
LRU, LIX, and SAIU policies, respectively, and evenly
improve under variant cache size. Cache byte hit ratio is
averagely improved 8.49 percent, 4.06 percent, and 5.45
percent contrasted with LRU, LIX, and SAIU policies,
respectively. Particularly, our policies, which provide high
byte hit ratio with small cache size, are more appropriate
for mobile computing environments which have limited
hardware specifications.
Figure 6 shows the result that is compared access
latency time under the group environment including a set
of several mobile clients. Figures 7 and 8 shows the result
that is compared cache byte hit ratio including polluted
cache items and cache byte hit ratio excluding polluted
cache items, respectively. Figure 9 shows the result that is
compared cache byte pollution ratio.
In this experiment, we performed the experiment by
increasing both DaCachePcnt and MaCachePcnt from 10
to 50. Access latency time is converted to a percentile
based on the result in case of MaCachePcnt = 0 and
DaCachePcnt = 0.
As the result of simulation experiment, the suggested
policies averagely decrease access latency time to 11.63
percent, 3.5 percent, and 5.5 percent contrasted with LRU,
LIX, and SAIU policies, respectively. Cache byte hit ratio
including polluted cache items is averagely improved 6.1
percent, 2.05 percent, and 3.16 percent contrasted with
LRU, LIX, and SAIU policies, respectively. Cache byte
hit ratio excluding polluted cache items is averagely
improved 5.75 percent, 2.27 percent, and 2.66 percent
contrasted with LRU, LIX, and SAIU policies,
respectively. Cache byte pollution ratio is averagely
decreased 5.97 percent, 2.88 percent, and 1.76 percent
contrasted with LRU, LIX, and SAIU policies,
respectively.

5.2 Results and Discussions
The results of simulation experiments for cache
replacement and coherence policies are taken
mathematical mean of five results by differing size
distributions of data items in the database, values of data
items, and access patterns of mobile agents based on the
basic environments listed in Table 3, 4, and 5. Traditional
LRU policy, LIX policy introduced by Acharya et al.
(Acharya, et al., 1995), and SAIU policy suggested by Xu
et al. (Xu, et al., 2000) are also simulated to compare with
our policy. The performance measures of cache
replacement policies are access latency time and cache
byte hit ratio. The performance measure of cache
coherence policies is cache byte pollution ratio.
Figures 4 and 5 show the results of access latency
time and cache byte hit ratio in a single mobile agent,
respectively.
In this experiment, we changed some parameters from
the basic environments described in Section 5.1 to
BandwidthDbs = 10, BandwidthMa = 1, DaCachePcnt = 0,
NumClients = 1, and A-Interval = 1, and performed the
experiment by increasing MaCachePcnt from 10 to 50.
Access latency time is converted to a percentile based on
the result in case of MaCachePcnt = 0.
As the result of simulation experiment, the suggested
policies averagely decrease access latency time to 9.16

6. CONCLUSION
In this paper, we introduced an agent-based database
access model in mobile computing environments, and also
suggested two functions calculating data significance
scores that choose target data items for the cache
replacement and coherence in both agents. The functions
synthetically reflect access term, access frequency and
tendency, update frequency and tendency, and data item
size distribution. As the result of simulation experiment,
our policies outperform LRU, LIX, and SAIU policies in
aspects of decrement of access latency, improvement of
cache byte hit ratio, and decrease of cache byte pollution
ratio. Particularly, our policies, which provide high byte
hit ratio with small cache size, are more appropriate for
mobile computing environments which have limited
hardware specifications.
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FIGURES AND TABLES

Fig. 1 An agent-based database access model

1. procedure CacheReplacement(di)
2. { C is an array having n cached data items; c1, …, cn. }
3. { di is a data item to be stored in cache blocks. }
4. Len := GetLength(di) : numeric
5. begin
6.
7.
8.
9.
10.

if GetLength(TotalCacheBlocks) < Len then
begin
GetFailedMessage()
Exit
end {if}

11. if GetLength(AvailCacheBlocks) < Len then
12.
13.
14.
15.
16.
17.

begin
AscendSortBySignificance(C)
for k := 1 to n do
begin
CacheUnregistration(ck)
if GetLength(AvailCacheBlocks) ≥ Len then

18.
break
19.
end {for}
20. end {if}
21. CacheRegistration(di)
22. end
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Fig. 2 Cache replacement algorithm
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

procedure CacheCoherence(Quantity, OpMode)
{ Quantity is the number of cached data items to be processed. }
{ OpMode is the flag; IR or DR }
Queue : array, global
begin
if n < Quantity then
Quantity := n
DescendSortBySignificance(C)
for k := 1 to Quantity do
begin
if ChangedData = Synchronize(ck) then
begin
ReadjustSignificance(ck)
if IR = OpMode then
Append(Queue, InvalidReport(ck))
else
Append(Queue, DataReport(ck))
end {if}
end {for}
end

Fig. 5 Byte hit ratio comparison
(Single mobile client)

Fig. 3 Cache coherence algorithm

Fig. 6 Access latency time comparison
(Several mobile clients)

Fig. 4 Access latency time comparison
(Single mobile client)

Fig. 7 Byte hit ratio comparison
(Several mobile clients including polluted cache)
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tia, k
tiu,k

The time when data i is accessed in kth times,
k = first ⇒ the first accessed time,
k = last ⇒ the last accessed time
The time when data i is updated in kth times,
k = first ⇒ the first updated time,
k = last ⇒ the last updated time

nia

# of accesses to data i

nia,k

# of accesses to data i between ti , first and t i , k

niu

# of updates to data i

niu,k

# of updates to data i between ti , first and t i , k

zi

Data item size of data i

a

a

a

a

Fig. 8 Byte hit ratio comparison
(Several mobile clients excluding polluted cache)
Table 3 Database System Environment
Parameter
NumItems
MinItemSize
MaxItemSize
U-Cold
U-Hot
U-Interval

Value
2000
5
500
80
20
100

Description
# of data items
Minimum data item size (KB)
Maximum data item size (KB)
Data update pattern: U-Cold (%)
Data update pattern: U-Hot (%)
Data update interval (sec.)

Table 4 Data Agent Environment
Parameter
DaCachePcnt
DaCacheM
DaCacheN
DaC-OpMode
C-Interval
BandwidthDbs
BandwidthMa

Fig. 9 Byte pollution ratio comparison

Table 1 Characteristic between Five Models in Mobile
Computing (Venkatraman, 2005)

Supported

High

Medium

Medium

P-P

Supported

Medium

Heavy

High

High

Low

Low

MC-MA-FS Supported

Description
Ratio of cache size (%)
m for Equation 9
n for Equation 11
OpMode for coherence
Coherence interval (sec.)
Bandwidth between DA-DBS (Mbps)
Bandwidth between DA-MA (Mbps)

Table 5 Mobile Agent Environment
Parameter
NumClients
MaCachePcnt
MaCacheM
MaCacheN

Suitable for
Power
Adaption to
Computational
Weak
Consumption
Disconnection
Power
Connectivity
of Mobile Unit
Not
MC-FS
Low
Medium
High
Supported
Not
MC-FA-FS
Medium
Low
Low
Supported
MCA-FSA

Value
10
10
10
IR
50
100
10

θ
RgnSize
A-Interval
NumCycles
NumWCycles
IdleTime

Value
50
10
5
5
0.95
20
5
10
1
30

Description
# of client nodes
Ratio of cache size (%)
m for Equation 9
n for Equation 11
Parameter for Zipf distribution
# of items to be accessed
Data access interval (sec.)
# of total cycles
# of warm-up cycles
Idle time between cycles (sec.)

Table 2 Symbol Notation
Symbol

Description

D

A set of data in a whole database

i
tc

A specific data i in the database,

iD

Current time

8
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ABSTRACT: Energy efficient multiple-target tracking
is an important application of Wireless Sensor Networks
(WSNs). Most prior studies consider tracking multiple targets as an extension of executing a single target tracking
algorithm multiple times, and use a single parameter for
energy efficiency. We consider various factors such as multiple targets tracked by the sensor, remaining energy of the
sensor and relative location of the sensor with respect to a
target’s motion, in order to decide the tracking state of a
sensor in a distributed environment. Further, we explore
and identify the effective combination of these parameters
to optimize energy usage, depending on specific network
conditions. We then propose the Adaptive Multi-Target
Tracking (AMTT) algorithm that can recognize the network
condition based on local information without centralized
coordination, and uses effective parameters to achieve energy efficiency.
I. I NTRODUCTION
Wireless Sensor Networks (WSNs) find their use in applications like target tracking in battlefields, and monitoring
hazardous chemicals or wild life while they are in transit.
In target tracking applications, the sensors sense the targets
present in their sensing range, and send the collected target signatures to the base station where data collected by
all sensors is processed and used, for example, to estimate
the next position target might go to. These sensors however, have energy limitation as they typically stay on with
batteries. One way to mitigate this problem is to use sensors responsibly as and when required and schedule them to
operate in different operational states to save their energy.
As the targets move around in the environment, it is difficult to keep monitoring them at all times with a limited
number of static sensors. Practically, sensors may be incrementally deployed and a limited portion of mobile sensors may be used to improve the tractability. This leads us
to consider heterogeneity in sensor networks where partial
amount sensors are capable of being mobile. Having mobility heterogeneity helps in keeping deployment costs low.
However, in terms of operation, mobility requires extra energy consumption of sensors. Thus, it is important to decide carefully as to when and which mobile sensors should

be moved to track the targets.
In the target tracking problem we tackle, there are multiple targets in a network and each target is monitored by
at least n sensors (n ≥ 1), as required in many practical scenarios such as trilateration for target localization, or
corroborating results for better accuracy. The sensors can
change their operating state among SLEEP, READY, ON
and MOVE states, for better energy utilization.
Most of prior studies consider tracking multiple targets
as an extension of executing a single target tracking algorithm multiple times, and consider a single or a few parameters such as a sensor’s remaining energy for energy efficiency and/or network lifetime. Furthermore, to the best of
our knowledge, network density has not been considered.
In this paper, we investigate the impact of various factors
including multiple targets tracked by a sensor, remaining
energy of a sensor and relative location of the sensor with
respect to target’s motion, under different network conditions. Further, we explore and identify the effective combination of these parameters to optimize energy usage, depending on specific network conditions. We then propose
the Adaptive Multi-Target Tracking (AMTT) algorithm that
can recognize the network condition based on local information without centralized coordination, and uses effective
parameters to achieve energy efficiency. We validate each
step of our approach using extensive simulations.
The remainder of this paper is organized as follows. In
Section II we summarize the related work. We discuss our
approach in Section III with validation and evaluation. We
conclude the paper in Section IV.
II. R ELATED W ORK
A lot of research has being carried out in the field of target tracking using WSNs. Some of the significant works
that deal with target tracking include [2], [10], [6], [7], [9].
Many recent works aim at exploiting network heterogeneity in the wireless sensor network by introducing both static
and mobile sensors in the network [13], [4], [8], [11], [14].
In accordance with these works, we introduce mobility in
some of the sensors in our environment to facilitate better target tracking and focus on making this activity as energy efficient as possible. Recently game theory approaches
have been taken for solving and strategizing mobility prob-
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(a)Considering multiple-targets tracked by a sensor

(b)Considering remaining energy of a sensor

(c)Relative location of a sensor

Fig. 1. Performance of individual factors

lems of sensors in the WSNs [3], [12], [5]. Below, we discuss some of the above mentioned in brief, with regards to
the contributions of these approaches, their shortcomings
and how our work helps in overcoming them.
In the work done by Abdelkader, et. al. [2], a multitarget tracking framework is proposed that is based on use
of Voronoi tessellations. Two mobility models are proposed
to control the coverage degree according to target presence
[2]. Their goal is to allow the detection of targets using
multiple sensors and to discover redundant sensors. Their
approach helps them in determining the locations where the
probability of the occurrence of a target is more as compared to rest of the area. They also propose a way to discover redundancies in the network to improve the cost effectiveness of the overall wireless sensor network. Simulations carried out by them are in favor of their approach.
The main drawback of this study is that it does not extend to
multiple targets and it fails to consider a very important criterion while carrying out sensor motion - the battery power.
It is essential to consider this factor while moving sensors
because it consumes a lot of battery power and can lead to
leaving the sensors in a depleted energy state.
Kim, Mechitov, et. al. [10], study the feasibility in using
binary proximity sensors for tracking targets. They propose
a system in which the sensor output is used to estimate individual positions in the path of the target in the near past
and find a line that gives an estimate that best fits the path
points. This is, in turn, used to find out the current location
of the target. Though the approach used is novel and effective for single target tracking, the main drawback of this
work is its inability to track multiple targets. The ability to
track multiple targets by a single sensor goes a long way
in the efficient use of the network resources and helps, to a
great extent, in increasing the network lifetime and robustness.
In [7], the authors propose two sleep-awake protocols
that help in achieving a high quality of surveillance and reducing the overall power consumption in the components

of the network. They also suggest a set of pointers to efficiently deploy sensors in target tracking applications. Their
approach of having the sensors operate in different working
modes is exploited by us in deciding which nodes need to
be in a ready state to track a target. Again, the major drawback of this study is that it does not take into consideration
target tracking for multiple targets.
In the work done by Xing, et. al. [13], the authors explore efficient use of mobile sensors to address limitations
of static WSNs for target detection. Their proposed datafusion based detection model allows static and mobile sensors to collaborate in target detection. They also propose
an optimal sensor movement scheduling algorithm to minimize the total moving distance of sensors while achieving
a set of spatiotemporal performance requirements that include a high detection probability, low system false alarm
rates and a bounded detection delay. While scheduling their
sensors for moving to a new location their complete focus
is on minimizing the total distance traveled by the sensors.
Because of this, a node that lies in the path of the target’s
motion and that can potentially track a target in near future is moved to a new location. It’s necessary to avoid
such scenarios. Our proposed algorithm specifically tries
to avoid moving a sensor that can possibly track a target at
later stage.
In [12] and [5], the sensors’ movement is used to improve surveillance quality. However, the power consumption of locomotion is not explicitly considered [3]. Chin, et.
al. [5], propose a coordinating protocol for sensors to collaboratively track targets in sensor networks. The sensors
form a cohort opportunistically to limit the target’s degree
of freedom in escaping detection. They also minimize the
overlap in the spatial coverage of this cohort’s members.
Though this technique is effective, it fails to extend to a
heterogeneous type of sensor network. Having all sensors
with mobility can be expensive and a heterogeneous model
can solve that problem. Also, the authors fail to consider
the cost of these operations in terms of energy consumed
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which is an important factor in such networks.
We can observe that efficient sensor scheduling for mulittarget tracking has been less explored and energy efficiency
is considered from a single factor of sensors like the sensor’s remaining energy or its relative location in the network. Also network conditions like local density of sensors
and presence of multiple targets has not been considered.

MaxPower
SensingEnergy
ReadyEnergy
TransmittingEnergy
ReceivingEnergy
MovingEnergy

100 J
0.1 J
0.01 J
0.12 J
0.12 J
0.1 J

TABLE I
E NERGY M ODEL U SED IN S IMULATIONS

III. O UR A PPROACH
In this section, we first discuss various factors to be considered for a multi-target tracking problem. Secondly, we
investigate the impact of those factors on energy usage, individually as well as the combination of the factors. Then,
we develop an Adaptive Multi-Target Tracking (AMTT) algorithm.
A. Factors for Energy Efficiency
Sensors may interact with neighbor sensors to decide
their tracking state: SLEEP, READY, ON or MOVE. Sensors can be in a SLEEP state where no or minimal energy
is used and they awake from the state periodically. Sensors in a READY state do not sense a target, but they can
communicate with neighbor sensors within a communication range. ON state is where sensors are sensing a target(s)
and actively collect target signatures. If sensors are mobile,
they may be in a MOVE state in which sensors move to a
new location closer to targets for sensing. Scheduling the
state of the sensors’ operational mode is the key issue to
save individual sensor’s energy as well as to maximize the
network lifetime.
We discuss various factors to make the decision on the
sensor state, such as multiple-targets tracked by the sensor,
the remaining energy in the sensor, and the relative location
of the sensor with respect to the targets path of motion.
A.1 Multiple-targets Tracked by an Individual Sensor
Unlike a single target tracking problem, there may be
multiple targets around a sensor. In practice, sensors spend
almost the same energy to track single or multiple targets.
We point out that if multiple targets can be tracked by a
single sensor, the total number of sensors to be turned ON
would be reduced, leading to significant savings of energy
compared to the case where each target is tracked separately. It is illustrated in Figure 1(a). In the first (left) case,
the 3 sensors nearest to each of the 3 targets are turned ON
to track them. However, there is one sensor available that
can track all three of them at the same time. If we turn the
center sensor ON, the other three sensors can be just in a
READY state. We expect that the opportunity of a single
sensor tracking multiple targets would occur more often in
a dense network.

A.2 Remaining Energy of a Sensor
The remaining energy of a sensor is often taken into account in order to extend a network’s lifetime. If a same
set of sensors is used again and again, those sensors will
die out much sooner as compared to other sensors. In a
sparse network environment, this can lead to empty holes
in the network where the target may be present and cannot
be tracked. The scenario is depicted in Figure 1(b). We
expect that the remaining energy would play an important
role especially in a sparse mode network in the aspect of a
network lifetime.
A.3 Sensor’s Relative Location
We note that it is important to have a target tracked by
sensors that lie the closest to its path of motion as well as
the closest to the target’s location. This way, the sensors
can track a target(s) for a maximum time possible, and the
overhead of turning sensors ON and OFF repeatedly can be
reduced. Also, while moving sensors to a new location to
track targets not tracked by enough sensors, the sensors that
lie farthest from target’s path of motion should be moved.
The reason for this is that if sensors that lie in the path of
the target are moved, those sensors could potentially track
the target at a later time, and may have to move back again
to track the target. This increases the amount of movement
carried out which is an expensive operation. It has been
illustrated in Figure 1(c).
B. Impact of the Factors
We investigate the impact of the factors on average energy used in sensors and network lifetime in Figures 2(a)
and 2(b), respectively, while varing network density. In Figure 2(a), it can be observed that using only the Remaining
Energy as an impacting parameter leads to worst performance in terms of overall energy savings. Multiple-targets
tracked by a sensor gives an improved performance in the
mid to high sensor densities. The parameter Relative Location of Sensor with respect to targets motion performs best
individually. However, the factor Remaining Energy cannot
be ignored as it is an important factor in improving the network lifetime, especially at low network densities, as can
be seen from Figure 2(b).
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C. Impact of Combining the Factors
Next, we evaluate the performance when multiple factors
are combined using simulation. The simulations are carried
out in Matlab. The network is of 100 * 100 square units in
area. The number of sensors is varied from 50 to 350 with
increments of 25. If a sensor can contact 3 or more neighbor sensors, it perceives the network as dense network or
else it perceives it as a sparse mode network. The number
of targets is 5. All the targets start at a random location
in the WSN with a linear movement pattern and have no
correlation with movement patterns of other targets. The
WSNs heterogeneity is set at 75%. This means that 75% of
the sensor nodes can be mobile. Depending on weather it
is a dense mode or a sparse mode network, the sensors exchange the following information with their neighbor sensors: maximum number of targets the sensor can track, sensors location and its remaining battery power. For the network lifetime evaluation the standard energy model for CC
2420 has been used. The power consumed for locomotion
depends on the amount of distance traveled by the sensor.
As it is an expensive activity, we consider its value for one
unit distance of locomotion same as one sensing activity.
The energy consumption model can be found in the available data sheet [1]. The values used for energy consumption
is summarized in Table I.
Figures 3(a), 3(b), and 3(c) show that combining the two

impacting factors leads to the energy savings in most cases,
and at least as good as using the best performing individual
factor. From Figure 3(a), we find that combining Relative
Location and Multiple-targets tracked by sensor gives the
best performance in mid to high network densities. Meanwhile, from Figure 3(b), it can be seen that using Relative
Location and Remaining Energy gives the best performance
in low to mid network densities.
Comparing the performance of different combinations,
Figure 4(a) shows that Relative location and Remaining Energy perform the best for low to mid network densities and
Relative Location and Multiple-targets tracked by sensor
performs the best for mid to high network densities. So to
achieve optimal performance across all network densities,
we have to bridge this transition.
In summary, we find that using a combination of these
can result in a better performance in terms of energy savings
as compared to using single parameters, or the performance
is at least similar to that of the best performing parameter
for different network densities. For low to mid dense networks, a combination of Remaining Energy and Relative
Location of Sensor performs optimally while in the mid to
high density networks, a combination of Multiple Targets
a Sensor can track and Relative Location of Sensor performs optimally. This leads us to conclude that to obtain
an overall optimal performance, the designed algorithm has
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to select the correct combination of parameters based on its
local network conditions.
D. Adaptive Multi-Target Tracking (AMTT) Algorithm
Based on the observations above, we develop Adaptive
Multi-Target Tracking (AMTT) algorithm, where all the
factors discussed above are used with adaptive weights as
below.
P riority = αM + βS × T cos(θ) + γR

(1)

where M is the number of targets tracked by the sensor, S is
a Sensor Vector, T is a Target Vector, θ = T argetAngle −
SensorAngle, and R is the Remaining Energy. All the
values are normalized between 0 and 1, so that the weights
would be comparative. The main factors to choose sensors
to track targets are adaptively decided based on the local
network condition - dense or sparse mode. The sensors locally choose their operational mode, either dense or sparse,
based on the number of neighbor sensors they can contact.
If a sensor can contact many neighbor sensors above a certain threshold, the sensor perceives the network as a dense
one. Otherwise, the sensor operates on a sparse mode. After extensive simulations, we found the value of this threshold as 3 for our environment. In a dense mode, AMTT
uses high weights on the combination of Relative Location
of a sensor and Multiple Targets a sensor to determine its
tracking state, and puts high weights on the Remaining Energy and Relative Location of a sensor in a sparse mode.
As can be seen from Figure 4(b), AMTT achieves its desired performance pattern achieving the best performance
throughout the network condition.
E. Evaluation
In order to compare the performance AMTT, we consider
a baseline system. This baseline system also is a distributed
system to track multiple targets where each target is tracked
by n sensors. The main difference from our proposed algorithm is that random sensors are chosen to track the targets
without specific criteria. In case n sensors are not available to track the targets, the required numbers of mobile
READY sensors move in to track the targets in a random
fashion.
Figure 5(a) shows that the AMTT performs better than
the baseline system in the average energy used. Especially
as the execution time increases, the performance benefit of
AMTT becomes higher significantly. The performance of
network lifetime is exhibited in Figure 5(b). The definition
that we consider for network lifetime is as the time from
the start time to the time of the first instance when any of
the targets is not monitored by n sensors. There are various definitions for network lifetime in the literature. Our
consideration for the above definition is based on the need
for the target to be at least tracked during the lifetime of the
network.

IV. C ONCLUSIONS
We have proposed and an energy efficient algorithm,
called AMTT to track multiple targets in a heterogeneous
wireless sensor network. We have identified different factors that affect the performance and energy consumptions
in heterogenous WSNs based on different network conditions. These factors are the multiple-targets tracked by a
sensor which is significant in high network densities, the
remaining energy in the sensor which is significant in the
low network densities, and the relative location of the sensor which is significant across all network densities. Also
the combination of these parameters can show better performance or is at least as good as the best performing individual parameter. The proposed AMTT algorithm can identify
the optimal combination of impacting parameters based on
the local network conditions of a sensor and lead to significant energy savings and a longer network lifetime.
As for future work, we plan to include existing prediction
models for targets’ movement in our algorithm and have
more realistic constraints on sensor’s movements. We plan
to explore more thorough metrics to identify the correct network threshold and find the optimal percentage of sensor
heterogeneity required.
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Abstract—This paper presents the Collision Mitigation (CoMit)
flooding scheme for wireless sensor network (WSN). The
proposed scheme improves the convergence speed of the control
packet flooding on the hierarchically structured WSN by using a
synchronized packet rebroadcasting instead of avoiding collision
with clear channel assessment (CCA) and random back-off. We
analyze the multipath delay spread feasibility on a receiver for
the packets from multiple senders. The theoretical upper bound
of packet loss rate (PLR) is less than 3%. The PLR in the
realistic case (i.e. 5 senders) is about 1.5% higher than the PLR
of the single sender. We implement the CoMit flooding on the
sensor with MSP430 microcontroller and CC2420 transceiver
and evaluate the major performance metrics including the
convergence speed and the reliability in various scale and density
network environments. The convergence speed is 3.5 times faster
than the CSMA MAC based flooding in the dense network
environments. The transmission reliability of CoMit flooding is
slightly better than the reliability of simple flooding because of
the implicit overhearing scheme.

I. INTRODUCTION
Wireless Sensor Networks (WSN) are large scale
distributed systems, which consist of many small sensing and
processing nodes. Most of the WSN applications require
coordination and collaboration among the sensor nodes. A
control station (i.e. base station) may need to disseminate
frequent and periodic control signals to all the sensor nodes to
orchestrate the tasks. Flooding is used by many WSN
applications to issue commands or update system parameters
in every WSN nodes. However, it is considered a challenging
problem in WSN due to the various inter-related requirements
and resource constraints including energy usage, reliability,
and convergence speed. Although there are many studies on
the flooding mechanisms [4][5][6] of WSN to achieve the best
efficiency on the energy usage, reliability, and convergence
speed, the current flooding schemes are still based upon the
conservative collision avoidance scheme, CSMA MAC
protocol, which is the major source of non-deterministic long
time delay due to the clear channel assessment (CCA) and
random back off time.
In this paper, we propose a novel Collision Mitigation
(CoMit) flooding scheme for WSN to achieve fast and
deterministic convergence speed for meeting the stringent
timing requirement of some sensor network applications such
as time synchronization for distributed signal processing. The
CoMit flooding also helps to enhance the energy efficiency
and reliability. The proposed work is initially motivated to
reconsider the conventional wisdom that collision does harm
reliability and causes more retransmissions to consume extra
energy [3]. We believe that a packet collision in the WSN

environments is not always bad, if the packets are the same (it
is usually true for the control packet) and the senders are
coordinated on their packet sending. The accurately
synchronized packet forwarding in the WSN will resonate to
enhance the signal strength rather than collide and corrupt the
packet. The delay spread of arriving packets on a receiver due
to the time skew on the rebroadcast and the different distance
(although actual propagation delay is negligible) from the
multiple senders can be handled as the traditional multipath
delay spread problem of one sender and one receiver, which is
tolerated in certain degrees by the transceiver technologies.

Fig. 1 Flooding on a hierarchically structured WSN

We have designed the CoMit flooding to expedite the
control packet dissemination in the hierarchically structured
flooding WSN. As illustrated in figure 1, similar to a stone
makes the ripple propagation on the lake, a flooding packet
from the upper layer is rebroadcasted from all the same layer
receivers to the next down layer nodes at the synchronized
timing1. The receiver rebroadcasts exactly the same packet2.
In this manner, a receiver of the CoMit flooding packet has
three additional ways to receive the lost packet due to
unexpected packet collision (by uncontrolled packets) instead
of the mere retransmission from the packet sender. The
receiver can recover the lost packet by overhearing the
rebroadcast of its neighbour nodes for multiple times and by
receiving the implicit ACK from the down layer nodes. The
retransmission from the upper layer sender happens only if it
does not receive any implicit ACK message from the down
layer receivers. Aforementioned multiple chances of the
packet overhearing improve the reliability as well as the
energy usage on the sensor nodes. We also notice that the
collision due to the uncontrolled packets in CoMit is not much
worse than the simple flooding with collision avoidance
scheme, which also suffers from the hidden node problems.
1

The detailed methods used in timing synchronization are
described in [7]
2
The same packet rebroadcast feature is described in [10]
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This paper is organized as follows: Section 2 presents a
survey of existing flooding algorithms and MAC approaches
related to the ideas as CoMit. Section 3 analyses the
theoretical feasibility of CoMit to justify the key assumption
on the multipath data spreads. Section 4 compares the
proposed CoMit flooding to the simple flooding schemes in
various experimental environments. Section 5 offers the
conclusions and future work.
II. RELATED WORK
The inefficiency of the “simple flooding” is well described
in [12]. Although the proposed flooding protocols for WSN
focus on the efficiency of broadcast, aka trade off between
reliability and communication overheads [4][5][6], the speed
of the flooding process is not taken into consideration. Most
sensor MAC protocols are CSMA/CA variants [13][14].
RBP[2] achieves higher reliability than simple flooding by
using a probabilistic retransmission based upon the number of
rebroadcast overheard from the neighbour. However, it takes
long convergence time, because it uses a long wait timer to
collect all the rebroadcast ACK messages from its neighbour
nodes for the retransmission decision. RaTS (Rapid Time
Sync) [1] is the time synchronization protocol, which can
achieve fast network-wide synchronization. However, it is still
based upon CSMA/CA MAC protocol. To achieve the
accuracy requirement of a certain application, RaTS needs to
send control packets in a high frequency (i.e. it sends in every
30s to achieve the anti-snipper application requirement),
which consumes more energy resources on each sensor node.
EFS-C [3] uses a cross-layer approach to schedule the
receiver’s packet rebroadcast on the CAMA MAC layer
(access-deferring scheme). It uses priority based upon the
distance (measured by RSSI value) from the sender to reduce
the collision possibility and broadcast redundancy. It, however,
achieves only 1.3 times faster convergence time than the
simple flooding.
III. FEASIBILITY ANALYSIS
In wireless telecommunications, as known multipath, radio
signals may arrive at the receiver by two or more paths at
different time due to the environmental obstacles. The
communication systems have their ways to deal with
multipath problem providing a delay spread tolerance [9]. For
example, in CDMA systems, rake receiver is used to handle
the large delay spread. According to the measurement [9], the
delay spread is about 3 us in the urban area and around 30 ns
for the indoor environment.

Fig. 2 Power Delay Profile P(t) Example [8]

In this section, we analyse the multipath problem on a
receiver according to the number of multiple senders in
addition to the single sender to see the difference on the
packet loss rates (PLR).
As illustrated in figure 2, delay spread is measured by
impulse response and its power delay profile. The pick value
in a power-delay profile of the impulse response indicates
dominant paths. The delay spread is measured by the width of
power-delay profile p(t), aka root mean-square (rms) delay
spreads τ, which is calculated by the equation (1), where D is
the average delay.[8]
1

 (t  D) 2 p(t )dt  2
 tp(t )dt 
(1)    
 ,D  


  p(t )dt 
 p(t )dt 

1

2

As shown in figure 3, when two senders are sending the
same impulse signal with a small delay, the signals will
overlap at receiver’s side.

Fig. 3 Power Delay Profile P(t) of Two Senders Overlapping Example

The new power-delay profile P(t) should be the sum of
each of the two sender’s power-delay profiles as (2).
(2)
p3 (t )  p1 (t )  p2 (t )
According to [8] that “The Bit Error Rate (BER)
performance is more sensitive to the rms value of the delay
spread than to the shape of the delay profile,” we simplify the
power delay profile model as rectangular shapes as described
in figure 4.

Fig. 4 Power Delay Profile P(t) of Two Senders in Rectangular Shape

In figure 4, the impulse response energy S1 is from sender
1 and S2 is from sender 2 measured on the receiver, which can
be represented as S1 = a1 * W1, where W1 is the time
duration (width of the rectangular shape) and a1 is the power
(height of the rectangular shape).
Equation (3) shows a simplified rms delay spread of two
senders, where X1 and X2 are i.i.d. random variable, which
means the delay in reference to the average arriving time.
Suppose sender 1 send out n packet, and the arriving time are
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Likewise, if N senders try to send out the same impulse at
the same time with a small jitter in delay, the new power delay
profile is (4).
N

p '(t )   pi (t )

i 1
(4)
The total rms delay spread caused by N sender is (5).
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(5)
If there is only one sender (N = 1), we can have the
relationship between the rectangular width and the rms spread
caused just by environment multipath problem (6).
W
1  1 ; W1  121
12
(6)
For the further simplicity without loss of generality, we
assume the receiving powers of each sender are identical
(S1=S2=…=Sn=S) to get equation (7).
1
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Equation (8) follows a chi-square distribution
.
With an assumption of the same environmental multipath
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2
N , we have a simplified equation (9)
means 1
to measure the relationship between multiple senders and rms
delay spread, where Y is a chi-square random variable with N1 degree of freedom, N is the total number of senders, τ is rms
delay spread caused by environmental multipath problem.
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The upper bound is determined by the deviation of sending
delay and the environmental multipath problem. If the
deviation of sending delay is small enough, multiple senders
only impose a small extra delay.
The Packet Loss Rate (PLR) depends on BER and packet
size as shown in (12), where l is the packet size in number of
bits.
(12)
P( Packet lost | ber )  1  P(transmission success | ber )  1  (1  ber )l

Although the average BER for each transmission is a fixed
value, the value changes at different transmission because of
the different delay on each transmission. According to (13), a
slight increment in BER will cause a relatively large increase
of PLR, where the packet loss probability is proportional to
the packet size l.
l 1
(13) P( Packet lost | ber)  l(1  ber) ber  l(1  PL ) ber

The simulation study [8] on the relationship between rms
delay spread and BER for the different modulation methods
shows that BER is proportional to the square of rms delay
spread as equation (14). For example, BER of MSK
modulation which is used in CC2420 is 0.275(d’)*2.
(14) ber  k (d ') , d '   ' T
We finally have an equation (15) for the equal power case.
(15)
k Y
P( Packet lost | Y )  1  (1  2 (  12 ))l , where Y ~  2  N2 1
T N
2

~  2  N2 1

delay spread for each node (

 N2 1

Y
 2
 '     2  , Y ~  2  N2 1
N


Therefore, there is an upper bound on rms delay spread,
regardless the number of identical concurrent senders.
Since bit error rate (BER) is proportional to the square of
rms delay spread (10), the mean value of the square of rms
delay spread is (11).

We conducted a simulation of the PLR based upon the
equation (15) with the parameters of k=0.275, T=4000, τ=40,
l=160, σ=98.99.
Figure 5 shows that PLR increases with the number of
concurrent senders. However, PLR is bounded by 3%
regardless of the number of senders. Considering the realistic
number of concurrent senders i.e. less than 5 senders, the
average PLR is less than 2.5%, which is only 1.5% higher
than the PLR of the single sender. As mentioned in section 1,
however, the overall reliability in CoMit flooding is not
deprecated because of the multiple ways of implicit
overhearing schemes.
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Average Packet Loss Rate

Packet Loss Rate over Multiple Senders

However, simple flooding has an initial random back off
window of 1000 μs and only one of the two first-level-nodes
transmits at a time to avoid the packet loss due to the collision
by the hidden node. As the network scale increases, the
convergence speed difference between CoMit flooding and
simple flooding becomes proportionally bigger, since the
simple flooding scheme does the random back-off on each
node along the flooding path.

Number of Senders

Fig. 5 Simulation of PLR over Multiple Senders

IV. EXPERIMENTAL RESULTS
In this section, we have implemented CoMit flooding and
simple flooding (represent to the CSMA MAC scheme) on the
sensor with MSP430 [11] microcontroller and CC2420 [10]
transceiver to evaluate the major performance metrics
including the convergence speed and the reliability. The
convergence speed is the time interval to finish the whole
flooding procedure and the reliability is the probability that a
node can receive a flooding packet. The performance tests
have been conducted in the various scale and density sensor
network environments.
The convergence speed is measured by a packet sniffer
recording the beginning time (a base station sends out the first
flooding packet) and the finishing time (the last node sends a
rebroadcast packet). The reliability of a flooding packet to a
single node is measured by dividing the number of packets
received on each node by the total number of packets flooded.
The perfect reliability is 1. The RSSI filtering is used to form
a multi-hop topology by receiving only the packet with a
certain RSSI threshold (-70 dBm). The simple flooding is
implemented by using the 802.15.4 CSMA code with 1000 μs
initial random back off window, which increases
exponentially when a clear channel assessment (CCA) fails.
A. Effect of WSN Scale
As shown in figure 6, CoMit flooding and simple flooding
are respectively tested on the various WSN scales including 2by-2 grid, 3-by-3 grid, and 4-by-4 grid.

CoMit

CoMit

Fig. 7 Convergence Time and Reliability over Various Scales

The reliability of CoMit flooding is on average 3% better
than the reliability of simple flooding. The simple flooding
loses the packet mainly due to the hidden node problem.
Although CoMit flooding has theoretically higher PLR than
simple flooding due to the multipath data spread by the
multiple senders, it recovers the lost packet by overhearing the
rebroadcast of its neighbour nodes and by receiving the
implicit ACK from the down layer nodes for multiple times
without the retransmission.
B. Effect of WSN Density
As shown in figure 8, CoMit flooding and simple flooding
are respectively tested on the various WSN density scenarios
including high, medium, and low density.

Fig. 6 WSN Test Topology - Scale (2*2, 3*3, 4*4)

Figure 7 shows that CoMit flooding has the faster
convergence speed than the CSMA based simple flooding. For
example, in 2-by-2 grid case where the edge node is only 2
hops away, CoMit can transmit the received packet right after
the packet processing regardless of the channel condition.

Fig. 8 WSN Test Topology - Density (high, medium, low)

186

Figure 9 shows that the convergence speed of CoMit flooding
is about 3 ~ 4 times faster than the speed of CSMA based
simple flooding in the all WSN density scenarios. Although
the density scenarios have very little impact on the
convergence speed of CoMit, it worsens the convergence
speed of simple flooding on the high density network. For
example, simple flooding can achieve better convergence
speed in a sparser network, because fewer neighbours cause
less contention on the channel, which therefore makes less
random back off along the flooding path. The reliability of
CoMit flooding is 4% ~ 2% better than the reliability of
simple flooding. Although the density scenarios have no
impact on the reliability of CoMit flooding, it worsens the
reliability of simple flooding on the sparse density network
[12]. The spare network means the higher chance of hidden
node problem and the less rebroadcast from neighbours to
reduce the reliability.

than 3%. The PLR in the realistic case (i.e. 5 senders) is about
1.5% higher than the single sender. We implement the CoMit
flooding and simple flooding on the sensor with MSP430
microcontroller and CC2420 transceiver. The experimental
result shows that the convergence speed is 3.5 times faster
than the CSMA MAC based flooding in the dense network
environments. The reliability is 3% better on average.
CoMit flooding performance can be further enhanced by
reducing the bit error rate (BER) on the receiver node with
Forward Error Correction (FEC) and by providing a better
delay spread tolerance technology on the receiver such as
multi-fingered rake receiver.
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Abstract—Wireless sensor networks (WSNs) have gained popularity for decades and a new approach, an IP-based Wireless
Sensor Network (IP-WSN), has emerged as a future technology
advancing the era of ubiquitous. To date, there have been only
two standardized specifications for non-IP based WSN and IPbased WSN provided by ZigBee Alliance and IETF 6LoWPAN
respectively. The former supports a conformance testing framework to determine whether a system meets the standard; the
latter, however, does not. This paper, thus, proposes an automatic
conformance testing framework suitable for the IP-WSN. The
framework as an automatic testing methodology consists of an
test agent as a test executor located in the Internet side, a test
manager in a gateway that manages testing jobs and test cases,
and a software under test (SUT) which is an actual target in
the sensor nodes. As this framework makes it possible to test all
target nodes (SUTs) inside WSN using new time synchronization,
test protocol, and test driver layer (inserted into between adaption
layer and MAC layer), expert or user-defined test cases will be
performed on nodes deployed in real world without additional
devices or programs. With this framework, we are able to verify
the heterogeneous implementation of the IP-WSN specification
defined by RFC 4944 in a seamless way through the Internet
and also take advantage of a real-time testing in a operational
stage of networks. In order to show the validity of the framework,
we are in the middle of performing a case study in our IP-WSN
testbed. In addtion, we expect this work to make a contribution
to IETF 6LoWPAN WG’s standardization process.

I. I NTRODUCTION
Wireless Sensor Networks (WSNs) [1], [13], [16], [30]
consist of spatially distributed numerous sensors to monitor
physical or environmental conditions such as temperature,
sound, vibration, and so on. And they cooperatively pass
their data through the network to base location. In the initial
period, such WSNs were motivated by military applications
such as battlefield surveillance; today such networks are used
in many industrial and consumer application such as industrial
process monitoring, various health monitoring, environment
and habitat monitoring, home automation etc. However, they
vary from non-standard to standard protocols. For instance,
there are legacy wireless sensor networks. Among them, sensor
OSs [6] such as Mantis [2], Contiki [7], ANTS [12], and
TinyOS [19], [27] are considerably dependent on applications
because their purpose is too many varieties so that it is not
easy for these OSs to be standardized. And representative
thing as standard protocol is ZigBee [25], [26], [31]. ZigBee
is a specification for a suite of high level communication
protocols using small, low-power digital radios based on the
IEEE 802.15.4-2003 standard for Low-Rate Wireless Personal
Area Networks (LR-WPANs). The technology defined by

the ZigBee specification is intended to be simpler and less
expensive than other WPANs, such as Bluetooth so that it
is a low-cost, low-power, wireless mesh networking standard.
ZigBee was the only one offering commercialized solutions
until 2007.
Most of wireless sensor network solutions are originally
designed on non-IP (Internet Protocol) and local network
basis. They thus have in-born difficulties in connectivity and
compatibility with heterogeneous networks. Sensor nodes are
hardly allowed to communicate with peers outside the local
network. Indeed, they can support connecting sensor networks
to the Internet and other sensor networks somehow via proxybased approaches but additional works should be taken care
of, such as translation between IP and local network protocols,
but they are not yet seamless. Recently, many scientists and
researchers have focused on IP based approaches for WSNs.
An IP-based Wireless Senor Network (IP-WSN) [9] is the
low-power wireless personal area network equipped with IP
connectivity between sensor nodes and any IP-enabled devices
including sensor nodes, PCs, servers, and any IP-enabled devices deployed in different networks as well as same networks
using standard Internet protocols. IP-WSN opposed to ZigBee
is based on 6LoWPAN [32] standards by IETF 6LoWPAN
working group who discusses how to apply IPv6 over personal
area networks such as wireless sensor networks. The working
group have standardized RFC4944 [20] defining the transmission protocol of IPv6 Packets over IEEE 802.15.4 Networks
[10]. From this work, IP-WSN acquires great advantages of
providing extensive interoperability, scalability, stability, and
reusability with helps of the Internet protocols.
As technologies related to sensor networks are developed
and diversified, it is being asked for applications to apply to
various fields such as military, hospital, home, and industrial
settings. So it is important that reliability for sensor applications as well as ZigBee and IP-WSN modules; this is, software’s quality has become major political significance. This
reason is that sensor nodes are deployed in unattended areas
or inaccessible areas so that their maintenance is not easy if
they don’t work correctly due to hardware and software bugs.
This paper only has focus on software bugs. Most of these
bugs arise from mistakes and errors made by programmers in
either a program’s source code or its design. Therefore, such
bugs seriously interfere with functionality and performance of
sensor nodes. In order to cope with this problem, it is necessary that verification for programs such as applications and
network stack. For this, ZigBee supports a conformance testing
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framework called Z-Tool to determine whether a system meets
a specified standard. IP-WSN, however, does not. Therefore,
we cannot believe reliability and interoperability for products
and programs where IP-WSN modules loaded.
In this paper, we present an automated testing framework
for conformance testing of IP-WSN specifications. This framework consists of test agent outside WSN, manager inside
gateway, and SUT inside sensor nodes (where SUT means
adaptation and network layers related to IP-WSN sensor
nodes) for conformance IP-WSN testing. These three components have one test executor and two test drivers to enable
the testing. Test executor of test agent transports user defined
or expert test cases to IP-WSN gateway or base station,
and test driver, new layer of IP-WSN stack, executes and
control functions for testing: initialization, synchronization,
preparation of input values, delivery of test data, execution,
recoding and comparison of outcomes to required outcomes.
Also as this framework makes it possible to test all target nodes
(SUTs) inside WSN using new time synchronization, test
protocol, and test driver layer (inserted into between adaption
layer and MAC layer), expert or user-defined test cases are
performed on nodes deployed in real world without additional
devices or programs. The proposed framework leverages the
useful method of existing tools, complements their drawbacks.
This paper is organized as follows: Section II describes
and discusses related work from existing WSNs. Section III
introduces our conformance testing methodology and defines
the components of the test framework. Section III presents
an implementation of our test methodology targeting our IPWSN implementation. Finally, we summarize our work, draw
conclusions, and outline future work.
II. R ELATED W ORKS
While there are a number of existing approaches on WSN
testing frameworks, there is no conformance testing approach
except ZigBee. However, in an aspect of the testing framework, their works are worth comparing with ours.
Texas Instruments [23] provides Z-Stack [24] supporting
the conformance testing in the area of WSNs, which is a ZTool [24]. Z-Tool is embedded software included in ZigBee
products to guarantee conformance and interoperability of a
ZigBee stack and support convenient debugging environment.
However, it is basically designed to test one single sensor
node at a time. A Z-Tool test driver is compiled and installed
in a compile time and connected to a test manager in a
PC via a serial cable. Once a tester choose and send a
specific command to the target, the test driver delivers test
data to the ZigBee stack and responds back. This frame work
first does not consider wireless environment because WSN
is an ad-hoc multi hop based network. The single target
testing via a serial protocol does not guarantee the quality of
the whole distributed wireless sensor networks. In addition,
ZigBee is originally designed to deploy a local WSN, not
global accessible networks like the IP-WSN. Therefore, if the
ZigBee supports a new standard, the existing conformance
testing framework must be modified.
In terms of a general test framework for WSNs, there exist
a number of widely used tools that can serve as building
blocks for a test framework, e. g., WSN simulators (TOSSIM

[18]), microcontroller instruction set simulators (AVRORA
[26]) and testbeds (DSN [5], EmStar [15], MoteLab [28]
). In pursuit of the design goal to achieve robust and efficient WSN implementations a number of techniques focusing
on in-networking debugging (VigilNet [8], Sympathy [21],
packet sniffing [22], Marionette [29]), languages (Attributed
State Machines [11], TinyOS [19]), design and architectural
principles (MNet [4]) have been proposed. While each of
these tools addresses a highly specific part of the WSN
development tool-flow, there exists no established framework
for testing applications or network stacks to be used in WSNs,
especially for conformance testing. However, Jan Beutel’s unit
testing framework [3] is a software verification technique
that validates software components in isolation of each other
based on a test specification so that new problems may arise
from integrated codes because the process of unit testing is
complicated by several factors and components are tightly
coupled with hardware of sensor nodes.
III. IP-WSN C ONFORMANCE T ESTING
In this section, we propose a framework designed for IPWSN conformance testing and describe each component and
protocol included in the framework.
A. Overview of Conformance Testing Framework
We propose a new approach to guarantee that different kinds
of implementation of IP-WSN specification, which are our
target SUTs, meet RFC 4944 through global IP connectivity
while other approaches have focused on a local network based
testing framework. The rationale behind this work is drawn
from the fact that IP-WSN provides transparent accessibility
via the Internet. That is, the tesing framework should take
global interoperability into consideration, not limited with a
local scope. Also, the framework should support common
interfaces and methodology to test diverse SUTs implemented
by IP-WSN vendors and developers. The existing works prefer
using homebrew scripts, fixed software testing codes loaded
in target nodes to reprogram the network or debug network
applications. However, it is not easy for a test management
system to support creating proper test cases for heterogenous
WSN systems because IP-USN manufacturers are unlikely to
open their own source code. Also, deliberate test cases will be
just used for testing sensor nodes owing to test cases inserted
into them in advance. Besides, in order to verify IP-WSN
specification, an application-level conformance testing is not
enough because its layer locates between MAC and network
layer and applications depend on these layers.
As shown in Figure 1, the architecture consists of three
components: 1) test agent in the Internet; 2) conformance
testing manager inside the gateway 3) SUT in the sensor node.
Unlike the existing approaches, IP connectivity is the most
important factor in the IP-WSN so that test agents can be
located outside WSNs using this key benefit. The test agent
contains four components: test case generator, test executor,
analyzer, and reservator. The test case generator allows users to
create their own preferred test cases according to the standard
or select test cases from the predefined set provided by test
experts. We assume that the test case generation is made by
the experts, and test case generation is out of scope in this
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paper. Once users finish generating the test cases, they can
make a reservation to schedule their own testing jobs using
the reservator. Then, the test executor delivers the test cases
to the IP-WSN gateway to start the testing at the scheduled
time given by the job scheduler in the conformance testing
manager through the Internet. In the middle of the testing, test
results are accumulated through the analyzer and it displays
the analyzed results to users.
The conformance testing manager is a core component
in suggested framework which synchronizes global time for
the entire testing system, schedules testing jobs, executes the
test, checks and analyzes the results, and reports to testers.
Regarding the accurate execution of the test procedure, IPWSN sensor nodes should be time-synchronized. We from
such need suggest new time synchronization approach as the
part of bootstrapping procedure as shown in Figure 2. The
sensor nodes are synchronized from the intermediate parent
directly in an association process by using unicast and the
gateway updates the time periodically by advertising only
to the registered sensor nodes also in a unicast manner, the
synchronize process can reduce the burden of broadcasting
significantly. With this approach the whole testing environment
shares time, thereby supporting the accuracy of the testing.
In terms of time synchronization, 6LoWPAN working group
proposed a draft on a bootstrapping procedure [14]; however,
it does not consider synchronization process at the initial
deployment stage. We also expect this protocol to make
a contribution to 6LoWPAN working group. Once the job
scheduler of the testing manager receives testing job requests
from multiple agents in the Internet, it searches a empty time
slot, creates a new job for the requesting agent, and notify it
of test schedule and job information. Then, when the job starts
it lets the monitor store test cases and the test drivers to send
them to SUTs in the sensor nodes. The monitor receives the
test results from the nodes via the test driver and stores them
for the checker to analyze them with the stored test cases.
The analyzed results are sent to the agent via the job by the
checker afterwards in real time.
Finally, The SUT in the IP-WSN sensor nodes is tested
by test cases passed from the test driver after test cases are
delivered through a multi-hop communication. Everytime the
test case is completed, its result is replied back to the gateway.
Sensor nodes are deployed in a distributed or centralized man-

Time Synchronization Flow in IP-WSN

ner in a wide range of area meaning it is difficult to perform
software testing for those nodes using serial interfaces. However, our framework makes it possible to execute the testing
in real networks because of using a wireless link. It is a more
practical approach than the previous ones in terms of testing
in the deployment and operation stage. In ZigBee, a test driver
becomes embedded in SUT at compile time, is connected to
a test tool installed in a PC via a serial interface, and then
performs the conformance test. However, the size of generated
test driver is not negligible for embedded software because
embedded hardware for WSN will normally not accept the
large size of code and memory for testing. In addition, our
approach will not require a new designated thread/task because
it requires a small amount of codes delivering test inputs.
Unlike the legacy WSN approaches, our framework delivers
test cases from the conformance testing manager; thus, it is not
necessary to reprogram and deliver a test image of different
SUT as long as they implement the common test interfaces.
B. Test Specification
1) Software Under Test: We denote two parts of an IPWSN network stack as a target software for testing.
The IP-WSN network stack is shown in Figure 3. It
consists of three parts: 1) IEEE 802.15.4 PHY/MAC;
2) 6LoWPAN adaptation layer defined by RFC4944;
3) network, transport, and application layer defined by
IETF. Although our main target should be the adaptation
layer, the adaptation layer is tightly related with the
upper layers from the operational perspective in the
specification; thus, the adaptation layer and the upper
layer are target SUTs.
2) Test driver: The test driver is to execute and control
software testing in two domains: conformance testing
manager and target sensor nodes. It performs preparation
of an input test case, generation of a test frame, multihop delivery of the test frame, execution, reporting of
test results. The difference between the two test drivers is
that the one in the conformance testing manager is initiated by the testing job and reports results to the monitor;
the other one in the sensor node works when the test
frame delivered from the underlying layer and the test
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result is passed from the upper layer. In a logical sense,
the test executor in the test agent scheduled by the testing
manager is connected to the individual sensor node via
the gateway and performs specific testing with generated
test cases. Thus, the testing manager as an arbitrator
between the agent and the sensor node synchronizes all
the components in test environment and controls the test.
From the bootstrapping procedure illustrated in Figure
2, the manager maintains the registered list of IP-WSN
sensor nodes, thereby enabling convenient management
over the sensor nodes. The test driver inside the sensor
nodes receives a test frame from the manager via the
test driver and executes the test according to the test
protocol as described in the following.
3) Test protocol: The test protocol defines a frame format,
test sequence, and action. Figure 4 illustrates the test
frame format. The design choice for the protocol we
consider significant is to support compatible operation
with an normal non-test frame and multi-hop delivery in
wireless sensor networks. For this goal, we add a new
dispatch pattern in RFC4944 and locate the test driver
that recognizes the new frame format and interprets it
between the MAC layer and the adaptation layer. From
this approach, the normal non-test frame still can work
properly regardless of the new frame since the test driver
passes it directly to the adaptation layer if a dispatch
pattern is not the new one we define. The code size of
target node does not need to be increased because it is
not necessary to enable the conformance testing codes at
compile time as the Z-Tool and no additional thread is
required for the testing job inside the sensor nodes since
we only need the small size of the test driver to interpret
the new frame and pass it to the upper layer. If this work
is reflected to the RFC 4944 and IP-WSN manufacturers
support it, conformance testing for different IP-WSN
products may be easily integrated.
The test frame format contains after the first octet for
the dispatch header as follows: 1) mesh header; 2) test
command for specific testing action; 3) test identifier;
4) test number; 5) time stamp; 6) test data; 7) cyclic
redundancy check (CRC). The mesh header performs
the same function as the original mesh header of RFC
4944 that enables multi-hop delivery beyond the layer
2 to the particular node under test. The test command
let users select a command from the test command list.
The test identifier indicates a unique identification for

2

0~127 Octets

Test Frame Format

the whole test case that users run and the test number
means another identification for each test case. The time
stamp is to record the time the sensor node receives the
test frame. The test data is the test case generated by
users or experts. The key idea behind the test case is
that the test case is just a normal payload for IP-WSNs
which can be interpreted by the adaptation layer and
upper layers, which is the SUT, without the test frame.
But it should be designed for the SUT to deliberately
generate result payload to check the correctness of the
test result in response to it. That is how this framework
works without modifying the source code of the SUT.
IV. A C ASE S TUDY
In this section, we describe a case study to validate the
feasibility of our approach. The target IP-WSN test bed [9] was
built in KOREN successfully which is a non-profit research
network that seeks to provide universities, laboratories and
industrial institutes with a research and development environment for IPv6 related technology and application services. The
construction of the test bed is shown in Figure 5. In order
to show the validity of the testing framework, we are in the
middle of performing a case study in our IP-WSN test bed.
Although this work is still in progress, to show what we have
been working on may be also contributable to the 6LoWPAN
WG as follows.
The test driver which understands the test frame format
is implemented in the existing SUT; no application runs
on the target platform, i.e. testing range is limited from
6LoWPAN adaptation layer to a transport layer. The test
agent is implemented in Java language running on IPv6
stack. The components of the test manager are written in C
language. Test cases were selected manually; we analyzed
the RFC4944 and prioritized by assigning them as three
categories: mandatory, recommended, and optional based on
significance of interoperability; then, we sorted them out by
network configurations such as routing protocols, network
topology, and address type which are specific to the supported functionalities; finally, we chose representative test
cases from the possible combinations ruling out redundant
cases. In sum, test cases were chosen to be mandatory, network
topology/routing/address type specific, not redundant, small
sized not to be fragmented for this simple compliance test as
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Fig. 5.
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following: 1) non lowpan frame; 2) compressed ICMP(ECHO)
frame; 3) non compressed ICMP(ECHO); 4) compressed UDP
frame; 5) non compressed UDP frame.
V. C ONCLUSION
In this paper, we proposes an automatic conformance testing
framework suitable for the IP-WSN. The framework as an
automatic testing methodology consists of an test agent, a test
manager, and a software under test (SUT). In additional to,
we designed time synchronization and time protocol for IPWSN in order to support multi-hop communications. By doing
this, this framework enables a conformance testing in real
world without additional devices and softwares. In order to
show the validity of this framework, we are able to verify the
heterogeneous implementation of the IP-WSN specification
defined by RFC 4944 in a seamless way through the Internet
and also take advantage of a real-time testing in a operational
stage of networks. Our future work includes the varification of
our IP-WSN solution and other well-known implementations
using this framework. We we expect this work to make useful
contribution to 6LoWPAN communities to advance the world
of IP-WSNs.
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PROJECT EXPRESSION: A CLOUD COMPUTING & MULTIMEDIABASED JAVA COURSE THAT HELPS SOLVE THE EMPATHY CRISIS
Joseph Shanahan, Daniela Marghitu
Department of Computer Science and Software Engineering
University of Auburn
Auburn, AL 36860, USA

this lengthy process by implementing the Google
shopping cart API into their website. This API is easy to
implement and fully customizable to fit their needs; All
they have to do, is subscribe to the service, and implement
the checkout cart into their site. This is an example of
taking advantage of “the cloud” (see figure 1). Next, they
want to launch a marketing campaign via Facebook. One
of their developers creates a catchy flash game and
embeds it onto Facebook using the Facebook Mark-up
Language. The promotional video game allows
participants to invite their friends to play and attracts them
to the guitar store by offering discounts for high scores.
When an order is placed through Google checkout,
messages are sent to an SQL database to update sells
information. The same database will receive information
from Facebook to determine the effectiveness of the
Facebook app (see Figure 1). In order for these kinds of
projects to work, programmers must be able to think with
a cloud-computing mentality.

ABSTRACT
Project Expression is a course designed to attract
students into the field of computing. Participants are
trained in Java programming and the art of multimedia
production. By implementing a wide range of apps they
learn cloud communication techniques in a software
environment. The course focuses on a digital film project
and participants are challenged with creating a movie that
expresses an idea, opinion, or belief relative to society.
The film project is a landscape for learning cloudcomputer-programming and reaches across the computer
spectrum with engaging activities that stimulate creative
design. This study examines the curriculum's approach
and measures its effectiveness to teach the cloudcomputing mentality. It emphasizes the importance of
empathy in a technology-based society and the dangers of
ignoring the risks of the digital life style. Furthermore, it
investigates whether or not such a course is an effective
method for attracting students into the field of computing.

Communication Breakthrough
Another vital aspect of cloud-computing is valuable
for all computer-users, not just programmers. There are
many cloud-computing based applications that allow
people to communicate like never before. This popular
form of cloud computing is known as “Software as a
Service” cloud computing(Knorr and Gruman, 2008). In
the cloud, task management apps allow users to share
information. Digital calendars keep everyone in step and
provide necessary visuals to simplify the work flow.
Advancements in email, blogs, and polls simplify
communication. You-tube and other video apps have
gained tremendous popularity and are upgrading rapidly.
Not to mention most of these tools are accessible from a
smart phone. Each of these applications is another element
on the cloud and anyone who expects to compete in the
modern market must have experience with the cloudcomputing mentality.

INTRODUCTION
The next generation of computer scientists needs to
be equipped with a cloud-computing mentality. In many
cases, it is not necessary to “re-invent the wheel” and
spend time developing software that has already been
made. The modern workforce needs to be trained in
utilizing cloud software in order to enhance efficiency.
So what is cloud computing? According to a popular
article at InfoWorld, “everyone seems to have a different
definition” and “some analysts and vendors define cloud
computing narrowly as an updated version of utility
computing: basically virtual servers available over the
Internet. Others go very broad, arguing, anything you
consume outside the firewall is in the cloud, including
conventional outsourcing (Knorr and Gruman, 2008).”
Cloud Computing introduces a whole new approach
to software development. Take for example a start-up
internet company (aka Micro-Independent Software
Vendor or Micro-ISV) that sells guitars online. It's going
to cost them time and money to implement a credit card
payment system from scratch. However, they can bypass

PROJECT EXPRESSION
Project Expression is a hands-on course that
introduces students to cloud-computing and the
fundamentals of Java programming. The Project
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Expression Cloud (see Figure 2) is divided into two cloud
groups, on the left is the Google Cloud which serves as a
communication cloud. This cloud organizes the design
process of the main project, which is developed using the
right cloud-group: the multimedia cloud. The multimedia
cloud is a working model encompassing the necessary
tools for participants to create multimedia video products
encompassing 3D graphics, camera footage, green
screening, audio sampling, and Google Earth integration.
The 3D graphics are created with Carnegie Melon's Alice
software and students learn Java through visual
programming. Each multimedia cloud-element is rendered
into one product within the Final Cut Video editing
software. The product is then exported into a movie file
and uploaded to the Google cloud via You-Tube. All of
the communication elements are integrated into a website
created with Google Sites. Google Sites allows easy
integration of Google cloud elements including You-Tube
videos, Google Documents (spreadsheets, forms, polls,
word documents, drawings, etc.), Google Calendar,
Google mail, and more combined into a single product in
the form of a web page.

neuroscientist at the University of California, San
Francisco (Ritchtel, 2010).” It's common knowledge that
the new “video-kid” generation spends most of their free
time watching television, playing video-games, texting, or
surfing the net. Studies are beginning to show that the
brain produces dopamine “squirts” while using such
technology and that technology is “rewiring our brains”
(Ritchtel, 2010). The consequences of rewiring is yet to be
determined, imaging studies by Dr. Small “observed that
Internet users showed greater brain activity than nonusers,
suggesting they are growing their neural circuitry
(Ritchtel, 2010).” It is critical that modern computer
curriculum consider the risks of the digital revolution.
To accommodate students who are “hooked on
gadgets”, it helps to have curricula that are exciting and
engaging. Participants of Project Expression begin the
course designing 3D animations using Carnegie Melon's
Alice 3D software. Within minutes students can create 3D
animations and video games with instant gratification.
Alice teaches Java programming and features a drag n'
drop interface eliminating the overhead of syntax for
beginners. Students gain experience in difficult
programming concepts such as loops, conditions,
variables, input, output, data types, objects, methods,
sounds, and much more. The students program a world
and interact with it in 3D. Students from three different K12 computer camps were surveyed while using Alice.
They were asked to rate their enjoyment level of
programming with Alice from 1 to 5 (5 being the most
enjoyment). The majority of the students who used Alice
greatly enjoyed the software; 52 students selected an
enjoyment level of 5, 18 students selected a level 4
enjoyment, 8 students selected a level 3, 4 students
selected a level 2, and 1 student selected an enjoyment
level of 1. (see Figure 3). This information is important
for developing curricula that are attractive to students.

Learn by Example
The concepts behind cloud-computing are initially
confusing to students. The definition of cloud-computing
hasn't been written in stone and a variety of interpretations
exists. Therefore, an effective introduction to cloud
computing involves direct application. Project Expression
accomplishes this by giving participants access to cloud
elements right from the beginning. The students put their
focus on individual cloud elements; Realization of
connection points between elements gives birth to a
practical conception of cloud-computing. After
completing a lesson from Project Expression, one student
put cloud computing in her own words: “Cloud computing
is taking a number of programs and combining them to
help you with one big project. We cloud computed by
combining a number of Google items such as Gmail,
Sites, and Documents. By combining these it is like a
cloud made up of little droplets.” After students have
experienced cloud-computing first-hand, they are ready to
proceed to more advanced and abstract cloud-computing
concepts.

Multimedia Cloud-group
When students have finished creating their 3D
animations, they learn how to capture the video and
import it into a video editing program such as Final Cut
Express. Audio recordings are made from scratch using
musical keyboards and microphones. These include sound
effects, music, and voice narration for their movies (see
Figure 12). Students are taught how to use a video camera
to capture real life footage. Some of the footage is taken in
front of a green screen, so that real life footage can be
overlaid on top of the 3D animations. Geographic imagery
from Google earth can also be inserted into the video. The
clips and sounds are then edited into a single movie file
within Final Cut Express. The movie is then exported into
a .mov file and uploaded to you-tube. Upon completion,
they have gained experience using a wide range of
computer hardware and software, and they have a better
understanding of how the different pieces fit together to

Attractive Curriculum
The explosion of multimedia-based activities has
resulted in a wide-spread dependence on multimediadriven information. A recent article in The New York
Times entitled “Hooked on Gadgets, and Paying a Mental
Price”, has gotten a lot of attention. Matt Ritchel writes
“in 2008, people consumed each day three times as much
information as they did in 1960... ...The nonstop
interactivity is one of the most significant shifts ever in
the human environment, said Adam Gazzaley, a
2
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complete a global task. Next, they focus on uploading
their products into the cloud.

they experience more stress. And scientists are
discovering that even after the multitasking ends,
fractured thinking and lack of focus persists (Ritchtel,
2010).”
Computer curricula of the future should instill an
awareness of the risks associated with heavy technologyuse. Perhaps, techniques could be developed that help
minimize the negative side-effects of heavy computer use.
And, when appropriate, curricula should have activities
that build social skills and encourage making connections
between the real world and the virtual world.

Communication Cloud-group
Once the participants have finished the video expression,
they are ready to learn about Google apps and how they
interact in a cloud-like manner. Google has created an
excellent platform with many applications which
communicate through “the cloud”. Many of the apps can
be embedded into a Google site which is easy to create
with an active Google account. With just a few clicks,
Google sites can include other Google apps like Google
calendar, documents, photos, G-mail groups, and you-tube
videos into a clean-cut website. The user interface is easy
to navigate and the building/integration process is simple.
After finishing their website, students will have gained
experience in recognizing connections between different
Google apps on the cloud. It is a rewarding experience to
share their movies on the web after spending hours
creating their project during the development phase.

Blending of the Physical and Virtual World
Over the last two decades, a blending has occurred
between the physical (real) world, and the virtual (digital)
world (see Figure 4). Our culture needs to pay serious
attention the risks associated with this blending and the
potential consequences of such a blending.
Blending of the Physical and Virtual World
Take for example, Second Life, an online virtual
world developed by Linden Lab (2003) that enables users
to interact with other users, explore virtual environments,
create virtual goods, and sell virtual property. Users can
purchase land, build homes, chat with voice-over-ip,
dance with other avatars, and even get married and have
babies (in the virtual world). Statistics show “the
membership of Second Life has increased more than 20
fold between 2006 and 2009 to reach 15 million, and
many real-world companies (e.g., Adidas, American
Apparel, Dell, Nike, and Toyota) have appeared in Second
Life (Wiley-Blackwell, 2010).” An incredible virtual
market exists in Second Life where real money can be
exchanged for virtual money; As of April 2007, economic
activity averaged over US $1.5 million dollars per day. In
some cases, developed land in Second Life is worth more
than real-life property. Amsterdam, a slice of virtual
property that resembles the Red Light District, was sold
for $50,000 US dollars (Linden Labs, 2010). Predictions
state that “80% of active Internet consumers and Fortune
500 companies will have an avatar or presence in a virtual
community, including social networks, by the end of 2011
(Wiley-Blackwell, 2010).”

EMPATHY ALERT
Empathy is the human capability of sharing emotions
and feelings with other people. Empathy is what allows
humans to “put themselves in each other's shoes” and this
skill is vital to the success of a working team. A recent
study presented at the annual meeting of the Association
for Psychological Science by University of Michigan
researchers, revealed students entering college after 2000
have empathy levels that are 40% lower than the previous
class (Szalavitz, 2010). “Stanford professor Clifford Nass
thinks the ultimate risk of heavy technology use is that it
diminishes empathy by limiting how much people engage
with one another, even in the same room. The way we
become more human is by paying attention to each other',
he said. It shows how much you care. That empathy, Mr.
Nass said, is essential to the human condition. We are at
an inflection point, he said. A significant fraction of
people's experiences are now fragmented (Ritchtel,
2010).” It's not just children, “Sherry Turkle, director of
the Massachusetts Institute of Technology Initiative on
Technology and Self, has been studying how parental use
of technology affects children and young adults. After five
years and 300 interviews, she has found that feelings of
hurt, jealousy, and competition are widespread (Scelfo,
2010).” “Scientists say juggling e-email, phone calls and
other incoming information can change how people think
and behave. They say our ability to focus is being
undermined by bursts of information (Ritchtel, 2010).”
And urges to use these devices “can inflict nicks and cuts
on creativity and deep thought, interrupting work and
family life. While many people say multitasking makes
them more productive, research shows otherwise. Heavy
multitasking users actually have more trouble focusing
and shutting out irrelevant information, scientists say, and

Cybertherapy and the Risks
eHealth is becoming increasingly popular and
research is observing the use of Second Life as a remote
therapy tool. Patients can log into the virtual world and
meet with a psychologist to receive treatment for autism.
Brain Talk Industries, the world's largest nonprofit
organization dedicated to providing online communities
for patients created Brigadoon, a private island in Second
Life to treat people with Asperger's syndrome (Gorini and
Gaggioli and Vigna and Riva, 2008) (see Figure 5). An
article in the Journal of Medical Internet Research
3
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highlights some important ethical considerations in the
Use of 3-D virtual worlds for eHealth: “Although the
therapeutic potential of 3-D virtual worlds is quite
promising, there are challenges associated with an
approach of this kind that need to be addressed. In fact, if
it is true that people can explore threatening aspects of
reality in a safe environment, it also is true that if the use
of online worlds becomes excessive, there is a risk that it
will prevent people from forming meaningful real-world
relationships.”
In fact, as observed by Allison (Allison and Wahlde
and Shockley and Gabbard, 2006), “an increased
substitution of cyberspace-based relationships at the
expense of face-to-face interaction may create a
developmental double-edged sword. In the case of socially
anxious patients, for example, the Internet is useful to
modify peer group interactions, while it does little to
foster the development of genuine intimacy. When
exposing patients to virtual environments, therapists
should consider the risk of Web addiction and encourage
patients to participate in real-life social interaction as
much as possible (Gorini and Gaggioli and Vigna and
Riva, 2008).”

telepresent virtual reality system (Keller and Kouzes and
Kangas and Hashem, 1995).”
University
of
Southampton
research
has
“demonstrated that it is possible for communication from
person to person through the power of thought -- with the
help of electrodes, a computer and Internet connection.
Brain-Computer Interfacing (BCI) can be used for
capturing brain signals and translating them into
commands that allow humans to control (just by thinking)
devices such as computers, robots, rehabilitation
technology and virtual reality environments...” “... His
experiment had one person using BCI to transmit
thoughts, translated as a series of binary digits, over the
internet to another person whose computer receives the
digits and transmits them to the second user's brain
through flashing an LED lamp (University of
Southampton, 2009).”
Dr. Dido Green of Tel Aviv University's Department
of Occupational Therapy in the School of Health
Professionals is using a "virtual tabletop" called the
ELEMENTS SYSTEM, developed by her partners at
Australia's Royal Melbourne Institute of Technology, to
"move" kids with disabilities and provide home-based
treatments using virtual reality tools. Combining new
three-dimensional exercises with two-dimensional
graphical movement games already programmed into the
tabletop (which resembles an early video game), she
reports not only success but also enthusiasm among her
young patients. In children who attended sessions with her
interface for three days a week over a period of about one
month, Dr. Green found some impressive results. One
child with a paralyzed hand was able to perform more
complicated movements, culminating in a "eureka!"
moment when she opened a door for the first time in her
life. The girl was also able to gain control over some
motor movements essential for basic life tasks, such as
buttoning sweaters, opening doors, or going to the
washroom. These are skills some children never develop
with current therapy regimes (American Friends of Tel
Aviv University, 2010).”
Regarding a new advancement that bridges the gap
between virtual and real, the Science Daily writes
“'Augmented reality' involves mixing the real world with
computer-generated images. The result is a kind of visual
Walkman. Jurjen Caarls developed a prototype, which is
the subject of a doctoral dissertation that he recently
defended at Delft Univesity of Technology (The
Netherlands). One example of augmented reality is a
special helmet, in which images are projected into the
wearer’s eyes, thereby creating the illusion that these
images are part of reality. It is as if extra elements are
being added to reality (Delft University of Technology,
2009).”
“Vadas Gintautas and Alfred Habler of the Center for
Complex Systems Research at the University of Illinois
are the first to create a linked virtual/real system. They

Improved Hardware
The most convincing evidence that virtual worlds like
Second Life will succeed in attracting the masses is the
vast amounts of energy and money being pumped into
innovative hardware for virtual reality systems. Science
Daily keeps virtual enthusiast up to date with cutting edge
technology like VirtuSphere. As explained on their
website, “VirtuSphere is the first all-directional virtual
reality device. It is an 8.5-foot hollow ball (see Figure 6).
The user steps into the ball wearing a wireless, headmounted virtual display, and can walk, jump, roll, crawl or
run in any direction over virtually unlimited distances -without encountering real-world physical obstacles.
Possible applications include rehabilitation, exercise,
gaming and other forms of entertainment; museum
exhibits, virtual travel, fire prevention training, and even
science education, since the VirtuSphere would enable a
simulation of walking on the Moon (Science Daily,
2006).”
Research done at the Pacific Northwest Laboratory is
determined to introduce hardware capable of simulating
the sense of smell. Their work is described, “When a
chemical sensor array is combined with an automated
pattern identifier, it is often referred to as an electronic or
artificial nose. Applications of electronic noses include
monitoring food and beverage odors, automated flavor
control, analyzing fuel mixtures, and quantifying
individual components in gas mixtures. Our prototype
electronic nose has been used to identify odors from
common household chemicals. An electronic nose will
potentially be a key component in an olfactory input to a
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achieved the feat by connecting a real world pendulum
with a virtual version that moved under time-tested
equations of motion. To get the two pendulums to
communicate, the physicists fed data about the real
pendulum to the virtual one, and transferred information
from the virtual pendulum to a motor that influenced the
motion of the real pendulum (American Physical Society,
2007).”
During Project Expression, students had the
opportunity to test out a virtual reality glove that uses
infrared sensors to detect hand movements in 3D space.
Participants developed their own virtual reality prototype
that utilized the glove. One of the students created an
interactive virtual world that resembled mid-evil times.
Players of the game ventured onto a quest and could
interact with in-game objects using their hand (see Figure
7).

a convertible corvette through a virtual city using the
arrow keys.
Alice features a library packed with objects to be
added to the virtual creation. The “Furniture” category has
one specific object of particular interest: a chair object.
The students are instructed to add a virtual chair to their
Alice world. Then they are asked to pause from their
creation and exit the “virtual world” by turning away from
their computers. Everyone's attention is directed to a
lonely chair in the middle of the room (in the real world).
The purpose of this exercise is to get students to make a
connection between a virtual chair, and a real chair.
Students were surveyed (43), and asked if this helped
them make a connection between the real and virtual
world, 81% agreed that this exercise accomplished this
goal (see Figure 9).
Later on the participants were surveyed and asked to
explain the term “object” in their own words: “a thing that
is real”, “an object is a thing, car, chair, table, disk,
something”, “piece of material that is inanimate”, “is a
thing we use”, “a real thing you can use”, “everything is
an object”, “it is a person place and thing, something that
you can see”, “an object is an everyday thing like chairs,
tables, anything”, “An object in my own words is anything
that is or can be used”, “thing that is in 3d like the world”,
“a thing that is in a 3d world”, “something in 3D”.
Clearly, the activity challenged students to develop a
personal concept of an object. The accuracy of this
conception is uncertain but their responses reveal that they
are beginning to understand object-oriented programming.
Generally, the term “object” extends across a wide
spectrum of uses. In computing, “an object can be defined
as a discrete item that provides a description of virtually
anything known to a computer; in object-oriented
programming, objects include data and define its status, its
methods of operation and how it interacts with other
objects (WordNet, 2010).”
Programming their objects was the next task. The
challenge was to create a key listener so that the arrow
keys would control the car. The majority (40 out of 43) of
the participants enjoyed the user interactivity of the video
game (see Figure 9). Next, they were required to use a
loop to make the camera always stay on the corvette. After
implementing the loop, students were asked to define a
loop. Many of their responses indicate a successful
introduction to loops: "it repeats", "a circle", "to make it
do it over and over again", "a loop is when you set an
object to do a certain thing over and over", "How many
times it does an action", "doing something over and over",
"an action that repeats", makes a method or program keep
going continuously".

Facebook – Gateway to the Virtual World
Facebook is a social networking phenomena that has
attracted millions of non-internet users into cloud. It's like
a computer gateway drug, and the users are hooked, ready
to try whatever the internet offers next. It boasts more than
500 million active users. Data collected from Facebook
statistics observes over 700 billion minutes of Facebook
use every month. There are over 900 million pages,
groups, events, and community pages and the average
users is connected to at least 80 of these objects; The
average Facebook users has around 130 Facebook friends.
There are more than 70 translations available and about 70
percent of Facebook users are outside the United States.
Originally, just being a desktop or laptop past time, now
people are permanently connected through their smart
phones. There are more than 150 million active users who
use Facebook through their mobile devices. Photos taken
with the iPhone and other phones can be automatically
uploaded to a Facebook page giving friends access to the
users life at any moment (Facebook, 2010).

IMPROVING
CURRICULA

EMPATHY

WITH

COMPUTER

Alice Corvette Tutorial
If computers are the cause of this rapid decline in
human empathy, then the first step to correcting this
problem is for computer users to develop a precise
awareness of the differences, similarities, and connections
between the real and virtual world. One way Project
Expression helps participants make connections is with a
simple Alice tutorial that teaches the user how to create a
video game (see Figure 8). The exercise takes less than ten
minutes, and quickly introduces students to objects, key
listeners, and loops. Upon completion, the participant is
left with the rewarding experience of being able to control

The “Unplugged” Mentality
Canterbury University has developed a promising
standard of activities that nourish a healthy humancomputer relationship: The Computer Science Unplugged
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project. It “uses activities, games, magic tricks, and
competition to show children the kind of thinking that is
expected of a computer scientist.” All of their activities
and resources are freely accessible and down-loadable
from their website: csunplugged.org. “Unplugged”
activities “involve problem solving to achieve a goal, and
in the process dealing with fundamental concepts from
Computer Science (Bell, T. and Alexander, J. and
Freeman, I. and Grimley, M., 2009).”
The activities are engaging and easy to implement
into a 1-hour classroom setting. What's fascinating about
the “unplugged” approach is that most of the activities do
not involve physical computers. Instead, the “unplugged”
mentality teaches “computational thinking” by creatively
taking advantage of real-world objects and scenarios
(Bell, T. and Alexander, J. and Freeman, I. and Grimley,
M., 2009).
One of the “unplugged” activities teaches the concept
of public key encryption. Twenty-one students were
observed during the participation of the activity and
nineteen out of the twenty-one had never heard of public
key encryption. The activity required two locks with two
keys, a lockable box, and a chocolate bar. The activity
challenges students to securely transport the chocolate bar
(representing data) by passing it in a locked box across a
line of participants (the internet or the cloud). Proper
timing and sequential “locking” are critical to the safe
delivery of the chocolate (Bell, T. and Alexander, J. and
Freeman, I. and Grimley, M., 2009).
An experiment during Project Expression put the
Public Key Encryption exercise to the test and the
activities were recorded with results. Pre and post surveys
were taken on 29 students to determine the effects of the
activity. The data revealed a successful learning
experience with the activity, and 62% of the participants
gained a better understanding of the connections between
the real and virtual world (see Figure 10).

It's hard to imagine a multimedia project without
sound. That's why Project Expression encompasses the
audio station where participants can make music for their
videos (see Figure 12). The setup allows students to
record using a digital keyboard and microphone. Students
are free to create any sounds they want to go along with
their film. The sense of sound is a great way to capture the
imagination and engages an area of the brain that
motivates learning. The recordings generate wave forms
and help students understand the logistics of digital
recording and data graphs stored on a computer hard
drive. They must also learn the concept of “layering”
video and audio tracks, and how to control the timing and
volume levels of their recordings. This is also a good way
to introduce the concept of file formats, and the difference
between an audio (.wav file) and (.mov) video file is
easily observed.
When the video project is complete, students are
introduced to file transfer protocols. They get first-hand
experience when they upload their files to You-Tube and
learn how to control content with You-Tube's content
management system. After creating a website with Google
Sites, students can easily embed their videos into the site,
and share it with family and friends. Students are
encouraged to explore the abundance of free apps that
Google offers, and are challenged to visualize the
connections with a cloud mentality.
CONCLUSION
Summary
The explosion of multimedia-based activities has
resulted in a widespread dependence on multimediadriven information; and studies show that people are
consuming three times the information per day when
compared to the year 1960 (Ritchtel, M., 2010). For this
reason, there is a growing demand for computer science
and software engineering curricula that accommodate
students who thrive on the multimedia experience. The
present study, known as Project Expression, was
undertaken during Robo Camp, a K12 computing outreach
camp offered at Auburn University. Project Expression's
curriculum revolves around a method that challenges
students to make connections between modern trends such
as Google cloud computing, Alice 3-D programming,
You-tube video creation, content management, audio
creation, green screening, and much more. The students
must combine their digital creations into a master film
project. With an emphasis on managing cloud computing
environments, an essential skill for modern computer
engineers, the course attempts to minimize the oftenconfusing aspects of cloud computing through hands on
experience. Project Expression gives participants access to
a working “cloud” environment right from the beginning.
The students' attention is focused on individual cloud
elements; Realization of connection points between

Using Project Expression to Differentiate between the
Real and Virtual World
One technique used in Project Expression, is the
combination of both real life footage and digital 3D
animations. This challenges the students to observe the
difference between the real world and the virtual world.
They are then further challenged to make connections
between the virtual and real world using a green screen;
they create a virtual environment, and then super-impose
themselves onto the 3D backdrop (see Figure 11).
Students gain experience using powerful development
environments. Their hard work allows them to “enter into”
their own creation. This is a great exercise for stretching
out the imagination, applying Java, and making real life
connections with computers.
Audio Station
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elements gives birth to a practical conception of cloud
computing. Another key aspect of Project Expression is in
response to recent studies that relate to human empathy
and technology. For instance, one study presented by the
Association for Psychological Science by University of
Michigan researchers, revealed students entering college
after 2000 have empathy levels that are 40% lower than
the previous class (Szalavitz, M., 2010). Healthy social
skills are extremely important for engineers; Project
Expression exists as a prototype for how future curricula
might sustain human empathy and does this by bridging
together the real world with the digital world. This is
accomplished with tutorials that emphasize object
recognition, green screening, storyboards, cameras,
texture maps, human computer interaction, and other
exercises that encourage the students to systematically
develop practical applications for computers. Related
work includes activities from csunplugged.org, a
computer curriculum that has become famous for teaching
“computational thinking” by creatively taking advantage
of real-world objects and scenarios (Bell, T. and
Alexander, J. and Freeman, I. and Grimley, M., 2009).

Future Work

Surveys and Results
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Future work includes extensive data collection,
surveys, and the development of a distributable model for
the curriculum. A model of this nature would be freely
distributable on the web, and include all of the necessary
requirements, lab equipment, software, tutorials, and step
by step information to execute a Project Expression
course.
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Fig. 8 Alice Corvette Tutorial
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Fig. 9 – Results from Alice Tutorial

Fig. 6 – VirtuSphere Virtual Reality System

Fig. 10 – Results of Unplugged activities survey
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Fig. 12 – Student Recording with Audio Station in
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ABSTRACT
The growing interest in education for creating highquality reusable learning elements, known as learning
objects, is being promoted by the Ministry of National
Education in Turkey (F@tih Projet, 2010). The purpose
of this project is to construct learning object
repositories, including digital resources accessible to
teachers, students, and other potential users. In this
paper we introduce and describe properties of a new
learning object repository developed specifically for
teachers at the elementary school level in Turkey. We
also describe design and procedures used in developing
this system.
INTRODUCTION
Technology in the classroom of today has been
increasingly promoted by educational policy specialists,
administrators, teachers and students (Compton &
Harwood, 2003). According to the International Society
for Technology in Education (ISTE), technology can be
used as a tool to change outdated educational systems
and to improve student performance in order to enhance
21st century work, communications, learning, and the
quality of life (ISTE, 2007). Fundamental to
information content in educational systems are “digital
learning objects”, generally defined as teaching and
learning resources that can be integrated in technologysupported learning environment (McGreal, 2004).
Wiley indicated that learning objects, compared to other
learning technologies in terms of implementation and
costs, are easily accessible, lower in cost, and easier to
learn and use across the internet (Wiley, 2000). Digital
libraries, online portals, collections, “learning objects
repositories” (LORs, as described in this paper), and
other resources are in wide development to make
learning objects more accessible for teachers, students,
and other potential audiences.
Repositories built with metadata standards allow
users to locate, evaluate, and manage learning objects
through these systems. To do this, a repository should
include a “metadata” guideline describing a learning
object in terms of different aspects from its technical to
its pedagogical contents (McGreal, 2004).

This paper describes some features of a learning
object repository, named as ELOR, Elementary Based
Learning Object Repository. The repository has been
developed to enhance the teaching and learning process
of elementary school teachers in Turkey and includes
different types of learning objects suitable for the
elementary level. In addition to this, the paper also
defines some features of these digital recourses, learning
objects, and the process of developing a learning object
repository.
A LEARNING OBJECT REPOSITORY
Recent developments and improvements of
integration of technology into education has led to the
more widespread use and greater popularity of learning
objects in classrooms. This mutually beneficial use of
computer technology and education has been noted by
many studies (e.g., Baker, Gearhart, & Herman, 1994;
Kozma, 2003). A technology (or internet)-based
approach to learning and teaching has been focus of
initiatives recognizing the need for sharing digital
educational resources (Nash, 2005). A shared,
centralized system (Sherwood, 2003) is established in
order to create an effective environment that provides
for searching, retrieval, and reuse. These systems have
the potential to organize large number of learning
objects varying in terms of, among others, file format,
educational subject, grade level, and language.
However, the main purpose of a repository is to enhance
reusability by facilitating access to the learning objects
by many individuals (Yancolvelli, 2004). Boskic (2003)
notes that this system is not only a database technology
for storing the learning objects, but also includes
architectures to encourage different users group (e.g.,
teachers, learners, instructional designers) to discover,
exchange, and reuse of those resources.
The Structure of Using of LORs
Duncan (2002) defined LOR usage for teachers and
educators in five steps; locate, browse, preview, borrow
and publish digital resources. Locate refers to searching
and browsing by using keywords. Browse is the
capability to explore learning objects through
classification categories. Preview is a confirmation
procedure to determine whether or not the learning
objects serve their intended purpose. Borrow permits the
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saving of learning objects to the local computer after
previewing. The last step, publish, is an alternative way
to contribute material to the repository.

the interface of the objects is easy to use and is
readable),
3. the object fits the description in the metadata
section in ELOR,
4. the object does not require rarely used
applications to work,
5. the size of the object is within acceptable limits
(i.e., less than or equal to 5 megabytes), and
6. the object works independently in different
platforms.

Educational Reasons to use LORs
The effects of repository usage on teachers and
students have been investigated in the literature. For
example, Okamoto et al. (2001) reported that different
kinds of multimedia resources, such as intelligent and
media-rich learning environments, and distance
technology, should be the main focus for future
education. Furthermore, teachers perceived the
resources over the internet as information and
collaboration tools in order to obtain educational
content, and to effectively interact with each other. One
of the many benefits of LORs is to make educational
resources easily accessible to institutions and teachers.
Another potential benefit of LORs is to provide teachers
with information required for understanding and
incorporating existing internet resources into their
educational content and to meet current educational
norms. The effect of resources of a digital library in
supporting learning was investigated by Dong and
Agogino (2001). Results of the study showed that the
use of a constructivist model, as a current educational
norm, when incorporating the digital resources into
educational settings better meets the needs of teachers
and learners.

ELOR’s interface
ELOR, based on ASP technology, has a web-based
only interface and displays only in the Turkish
language. The repository has different capabilities for
unregistered and registered users. The registration
process is very simple and is available only for
elementary teachers. Fig. 2 indicates the homepage of
ELOR in Turkish for non-registered and registered
users. Caws (2005) found in a study that when students
evaluate a learning object repository, they prefer a
cleaner interface, with fewer elements. Thus, this
repository is developed under the principals of cognitive
load theory. According to this theory, there are different
types of memory; sensory memory, working memory,
and long-term memory (Sweller et al., 1988). The
theory indicates that learning occurs in working
memory, with limitations. To minimize the limitations,
some learning techniques are used to decrease negative
impact on repository use. The repository is designed in
light of (1) the split attention effect in which irrelevant
text and graphics are minimized, (2) the redundancy
effect in which redundant sources is decreased as much
as possible, and (3) the modality effect.

THE ELOR TEST-BED
Our learning object repository project, ELOR, has
been developed for elementary teachers to access and
share learning objects over the internet, and also to
provide a means for communication about these
learning objects. The working prototype can be accessed
at www.ilknesne.com. The prototype contains content
with metadata, meaning that the repository does not
store links for learning objects. Instead, it stores all the
learning objects on its own server. Teachers may search
for desired learning objects by keywords, title,
description, date, language and level of difficulty.
The prototype we have developed serves only
elementary school teachers, and it concentrates on
different subjects, such as mathematics, and science.
ELOR is also designed to share learning objects with
other institutions using CanCore’s standards, a basic
outline on how to create learning object metadata
(“LOM”) (Friesen, 2005).

Searching
Registered or unregistered users can use the basic
or advanced research functions to search learning
objects in the repository. The search function is
available on all screens in ELOR, and in this way users
can always change keywords to perform a search
according to different fields in the metadata tags of LOs.
These fields include the subject of learning object, grade
level, and score, as shown in Fig.3. While unregistered
users can only watch and download learning objects,
registered users, in addition, can also make comments
on each learning object and distribute these comments
via email. This is the most important property of ELOR
because it allows teachers to share with other teachers
information about the learning objects. Registered
teachers can also view other screens, such as those that
display personal information, learning objects they
upload, and a statistical page with information regarding
the learning objects they recently visited, downloaded,
reviewed, and about which they made comments.

ELOR’s Object Selection
In order to create a more effective repository,
learning objects are evaluated by administrator teachers
before making the objects visible to users. An interface
for administrator teachers is shown in Fig. 1. Teachers
authorized for administrative functions can examine a
learning object according to the criteria list as follows;
1. the object is appropriate for the elementary
level,
2. the quality of the objects in terms of language
and image is high (i.e., there are no language errors, and

Adding a learning Object to ELOR
Storing and labeling a learning object in the
repository consist of two steps. In the first step, teachers
tag the learning object with metadata. Registered
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teachers fill in necessary fields in the form as shown in
Fig. 5 and then upload the learning object to the
repository. During this step, users also have an
opportunity to see a control page in which teachers can
correct fields they have just filled out. The repository
also guides the teacher on how to correctly complete
this process. See Fig. 5. For some fields on this form,
such as the difficulty level (see Fig. 4), teachers select
values from a list of pre-defined inputs.
In the second step, teachers designated as content
reviewers analyze the newly added record to detect and
correct any language errors or other mistakes. These
users follow the same form as shown in Fig. 5 to
examine metadata tags of the learning objects. While
registered users are given access to the full set of
metadata for a learning object, unregistered users can
only view a short form of learning objects without the
listing of full metadata tags.
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DEVELOPMENT OF THE LEARNING OBJECT
REPOSITORY
ELOR development process consists of three steps,
based on design, development, and evaluation. A pilotstudy group initially evaluates how the system should
develop for effective use by teachers or other potential
users. This group includes three teachers, one of whom
teaches Turkish Language, one geography education,
and the last one science education.
In the design and development stage, the teachers
have the chance to control and manipulate all of the
process together with the designer. The evaluation stage
begins with the use of the repository. Changes of the
prototype and development of metadata guidelines is
covered again and some key properties of metadata are
re-organized according to teachers’ decisions and
opinions. This stage includes some critical changes for
shaping the last structure of metadata and the repository.
At the end of the process, the full-scale metadata and
formal evaluation of the repository is completed by
designers and teachers who participate the pilot study.
CONCLUSION
In this paper, we introduce ELOR, a new learning
object repository for Turkish elementary level teachers.
The repository provides for searching, downloading,
and uploading learning objects from personal computers
and tagging metadata. In the next development cycle,
we plan to survey a large scale group of teachers for
their opinions and experiences in using the repository,
and incorporate changes for improvement.
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AN EDUCATIONAL ENVIRONMENT FOR EVOLUTIONARY AND
ADAPTIVE CIRCUIT DESIGN
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implement the Evolvable Hardware (EHW) circuit, as
well as an interface between the evolvable circuit and the
PC. The PC is used for designing an evolvable circuit,
automatic generation of the interface logic, programming
the FPGA’s and as a debug tool for the designed circuit.
The presented environment is planned to be used in the
regular educational process and the teaching project plans
are summarized.

ABSTRACT
In our desire to develop an educational environment,
for evolutionary and adaptive circuit design at the
university of Alabama at Birmingham we decided to use a
Field Programmable Gate Array (FPGA) rapid
prototyping environment. As the name implies, a Fieldprogrammable Gate Array is an integrated circuit
designed to be configured by a designer in the field.
Our goal in developing this educational rapid
prototyping environment is that it can used by educators
in multiple classes as the teacher sees fit. We feel that the
environment can be used in many junior and senior level
classes. Therefore, the primary goal was to build an
FPGA-based hardware prototyping system that provides
sufficient flexibility for the implementation and functional
verification of evolvable hardware design. In this paper,
the environment is described in detail, and the potential
projects are described. It is our belief that, the inherent
reconfiguration ability of FPGA provides an ideal
platform to teach complex projects in a semester time
frame. We plan to obtain additional funding to prepare a
canned system to be distributed for applications
elsewhere.

BACKGROUND
The proposed environment is designed for higher
level undergraduate/graduate course. Evolvable hardware
is a relatively young research area. It is actively
researched in the early 1990s. EHW is a bio-inspired
approach which is a combination of evolutionary
algorithms and reconfigurable hardware. There are two
kinds of evolvable hardware. One is evolutionary circuit
design, the other is adaptive circuit. The advantages lie in
several aspects: 1) Circuit design for layman is possible.
One person doesn’t have to have circuit design knowledge
to design circuits. The “smart” evolutionary algorithm
could do the job; 2) by exploring the search space, EHW
could find solutions for those problems couldn’t or hard to
be solved, or find an more optimal solution than
traditional design; 3) Real design automation is possible.
By only giving the inputs and outputs of the circuit, the
circuit is automated generated.4) Evolvable hardware
could adapt to the new environment by changing its own
structure, circuit self-repair is possible. The concept could
be illustrated by Fig. 1.

INTRODUCTION
In this paper, we present a rapid prototyping
educational environment for teaching evolvable hardware
(Garrison 2006) design, more specifically, evolutionary
and self-adaptive circuit design. Our primary goal was to
build an FPGA-based hardware prototyping system that
provides sufficient flexibility for the implementation and
functional verification of evolvable hardware design.
Since the system is intended to be used as an experimental
and demonstration board to support higher level digital
circuit courses, practices as well as research for graduate
students. It is simple to use and completely supported by
the Electronic Design Automation (EDA) software [
http://en.wikipedia.org/wiki/Electronic_design_automatio
n] for automatic implementation of digital circuits.
The education environment consists of a PC and the
FPGA programmable board. The FPGA is used to

Inputs

Evolvable Hardware?

Outputs

Fig. 1 Evolvable hardware concept
The evolutionary process is shown in Fig.2. The
evolutionary algorithms generate random bit-sequences as
chromosomes for circuit configuration. Circuit structures
and parameters are encoded as chromosomes using one of
several predefined encoding methods. A circuit is created
based on the encoding method. A fitness value is then

1

207

calculated and used to guide the evolutionary process.
Fitness is an indicator of the quality of the solution
expressed by a particular chromosome. This is an iteration
process. The process stops when the stopping criteria
reaches, that could be either a solution is found or the
maximum generation reaches.

Evolutionary Chromosome
Algorithm

Fi

tn
e

Decoding

Configuration Reconfigurable
Device

s
Re

ss

e
ns
po
im
St

ul

us

Fitness
Function

Fig. 3 Xilinx XUPV2P board
The FPGA Environment
The education environment consists of a PC and the
XUPV2P FPGA prototyping board, as shown in Fig. 4.
The FPGA is used to implement the EHW circuit, and
also an interface between the evolvable circuit and the PC.
The PC is used for designing an evolvable circuit,
automatic generation of the interface logic, programming
the FPGA’s and as a debug tool for the designed circuit.
An RS232 port facilitates the communication between the
PC and the FPGA chip via an on-chip UART IP core
module. Configuration and debugging of the FPGA is
done through USB port.

Fig.2 Circuit evolutionary process

THE FPGA ENVIRONMENT
FPGA selection
Xilinx FPGAs are widely used in the EHW research
community due to its partially reconfigurable features.
Spantan-3 board could be use as an economic platform
(www.xilinx.com/support/documentation/spartan-3.htm)
although its resource is limited. XilinxTM XUPV2P
Virtex-II Pro FPGA prototyping board (Xilinx 2008) is
chosen as the result of tradeoff between available resource
and cost. In addition, the FPGA has IBM PowerPC 405
hard core embedded. This feature is especially useful for
this environment, since the hard core does not take any
FPGA resource while Microblaze soft core takes some
FPGA resources. The XUPV2P board is shown in Fig. 3.
This device contains 13696 slices, 428Kbit distributed
RAM, 428Kbit multiplier blocks, 2448 block RAMs, 8
Digital Clock Managers (DCMs), 2 PowerPC RISC
embedded processors and 8 multi-gigabit transceivers.
The maximum processor speed is 300MHZ.

Fig.4 XUPV2P platform
Software platform
The evolvable system is built using the XilinxTM
Embedded Development Kit (EDK) software (version
10.1) (Xilinx 2008). The implementation can be viewed as
a software/hardware co-design. The evolvable circuit
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The design of the EHWBlock uses a “building block”
method. The EHWBlock is built by different logic
blocks. The blocks could be multiplexers, LUTs, user
defined logic operation blocks and flip flops.

design is written in VHDL and communicates with the
PowerPC microprocessor using an Processor Local Bus
(PLB) bus structure. The C code ran on the processor to
generate the configuration chromosome used as a
configuration bit-stream for the FPGA. The EDK basic
system is shown in Fig. 5.

GRADUATE LEVEL USE EXAMPLES

This tool could be used in multidisciplinary
engineering field, electrical engineering and biomedical
engineering. Two graduate research projects are described
in this section.
Electrical engineering example
A graduate research project has been done to explore
the evolutionary design approach by applying information
theory (Xiong 2011a). The mutual information is used as
fitness function design, and genetic programming is used
as the evolutionary algorithm. A parity 4 check circuit and
a random minterm expression circuit were evolved to
demonstrate the technique. More optimized circuit
structure was obtained compared to traditional design
method; also it was the first time to explore finding allNANS solutions to further optimize the circuit from
integrated circuit physical design point of view.
Biomedical engineering example
A research project is going to explore an evolutionary
approach as a personalized medical simulation tool in
which cardiovascular system is modeled by digital logic
circuit based on ECG and ABP signal samples as input
and output respectively (Xiong 2011b). The research
project investigates the feasibility of creating a digital
system model for cardiovascular system. This is based on
the understanding that ABP (Arterial Blood Pressure)
waveforms are the cardiovascular system responses of the
heart pumping impulses (ECG is the close representation
of them). The ECG and ABP sample is shown in Fig. 7.

Fig. 5 The EDK basic system view Teaching Plans
Four projects are planned to explore the two features
of evolvable hardware: evolutionary circuit design and
adaptive circuit design. Both combinational logic circuit
and sequential logic circuit are taken into consideration.
The four projects are: One bit adder/ subtracter, 2 bit
multiplier, 3 bit sequence detector, and self-repair circuit
design for 4 bit parity check circuit. All the experiments
follow the same process. These circuits are all popular
circuits in the EHW research community.
All the experiments will follow the same system
block diagram shown in Fig. 6. The difference of different
projects lies in the EHWBlock. Based on the truth table of
different combinational logic circuits, different evolvable
hardware structures will be designed to carry out the
experiments. The sequential logic circuit EHWBlock
design is based on the state transition diagram.
FPGA
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EHWBlock
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0
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Fig. 7 ECG and ABP sample signals

Fig.6 System Block for the environment
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XilinxTM Inc., 2008, EDK Concepts, Tools, and
Techniques Reference Manual (V10.1), Sep. 2008
F. Xiong, Rafla, N.I., 2009, "On-chip intrinsic
evolution methodology for sequential logic circuit
design," Circuits and Systems, 2009. MWSCAS '09. 52nd
IEEE International Midwest Symposium on , vol., no.,
pp.200-203, 2-5 Aug. 2009
F. Xiong and M. M. Tanik, 2011, "An experiment on
evolutionary circuit design using information theory." in
Proc. IEEE Southeastcon 2011, Nashville, TN. March
2011, pp. 379-383.
Fan Xiong, Susan Vasana and Murat M. Tanik, 2011,
“A digital circuit model of cardiovascular system based on
ECG (electrocardiogram) and ABP (arterial blood
pressure) signals”, submitted to SDPS 2011.

This digital system breaks down ECG signal to
monotonic pieces which models going through different
stages of the heart pumping process and generates the
outputs which match with the corresponding ABP signal.
This model also can be used to gain insights about human
heart function and cardiovascular system in further
modeling.
This research focuses on analyzing and modeling the
cardiovascular
system,
using
raw
ECG
(Electrocardiogram) and its corresponding ABP (Arterial
Blood Pressure) signals. The analog information, ABP
and ECG signals, were captured and converted into digital
data that could be analyzed and modeled using digital
devices. The two signals become data streams sampled
simultaneously so that they can be modeled for an input
output relationship. Then digital circuits were designed
which piece wisely fit with the input-output relationship.
In the exploratory experiments, three combinational
circuits were extrinsically evolved using MATLAB. The
evolved circuits could be downloaded to the FPGA board
to see how closely the device can emulate the ABP output
based on a know ECG input. Furthermore, the circuit
could also be intrinsically evolved on the FPGA board.

CONCLUSION
The FPGA environment is a good platform for higher
level courses, senior design projects, and research purpose
on evolvable hardware area. Students will explore
multiple skill sets (hardware software co-design, FPGA
design, microprocessor, evolutionary algorithms etc) to
implement their project work. Multidisciplinary
cooperation also becomes possible. research paper has
published based on this platform (Xiong 2009).
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Abstract. Many web-based business models started to harnessing collective
intelligence by integrating users and customers into the value-adding process.
With common web applications users have the chance to be a significant
provider of contents and can commit themselves to deliver. Today, more and
more companies detect the commercial potential of this user-generated content
(UGC). Amazon, for example, is one of the pioneers in integrating customers
and users for providing comments and evaluations. More and more, business
models started to evolve which build on UGC at their core. These UGC
business models define a certain business model type which bases its primary
service offering on UGC.
This paper describes and analyzes building blocks of business models for
UGC to be found in the existing literature and in case studies. For that, the
research method of multiple case study analysis is employed. As a result, a
reference framework for business models for UGC is proposed, which can be
used for the definition, development, comparison as well as the assessment of
such business models.

1

Introduction

O’Reilly [17] started the discussion of new ways how to use the Internet already in
the year 2005 with his paper “What is Web 2.0“. With that he introduced the term
Web 2.0 and already hinted at the meaning of collective intelligence (CI). Harnessing
CI promises a considerable potential for value adding and benefits in many different
areas, e.g. economy, research, and society. There are already well-known examples
for the potential benefit of using CI, such as Wikipedia. However, research on the
basic mechanisms and a deeper understanding of CI is only in its beginnings [11]
[15]. An important part of CI is the creation of content by customers as well as users,
who are not yet customers, using the Internet as a platform and with that creating
web-based CI. This is also called user-generated content (UGC) and is a defining
characteristic of Web 2.0 and social commerce, which is a part of it [9] [10]. New and
existing business models have started to integrate UGC to a certain degree into their
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production processes and sometimes even use it as primary service offering. Business
models have been subject to research for some time now [20] [24], but business
models for UGC are still not in the center of attention and are often only mentioned as
a side note in connection with Web 2.0 business models [9]. However, if web-based
CI is to be effectively harnessed for value-adding, it is mandatory to understand how
business models have to be designed [13]. As a consequence, a first and important
step is to understand already existing business models using web-based CI.
This paper contributes by providing a suggestion for closing this gap. It presents an
analysis approach for variants of UGC business models, basing on a literature and
multiple case study analysis. The result is a reference framework consisting of nine
building blocks for respective business models and their characteristics as well as
instances.
Based on the research question what the constituting characteristics of UGC
business models are and how they can be integrated into a reference framework for
this type of business models, the paper is organized as follows: After the introduction,
a literature review is presented which aims at describing and defining relevant terms,
such as UGC and business model. In the next part, the research method is briefly
described before deducing and discussing the building block of the reference
framework. Then, the framework is used to show how a concrete UGC business
model can be described. The paper concludes with a brief summary.

2

Literature review

2.1

User-generated content

Decreasing costs of use and more user-friendly applications led to a dramatic rise
of Internet user, or rather Web users of the past few years. At the same time, a change
of user behavior could be noticed [1]. The Web of today is characterized by
participation and interaction. Users have changed from being passive consumers of
content to active producers. Many users willingly provide content, such as comments
and evaluations, pictures, or video clips, for other users. Terms used for this
phenomenon are user-created content (UCC), consumer-generated media (CGM) or
user-generated content (UGC) [32]. All these terms focus on the “consumer” or
“user”. A user is defined as a person who creates content and does that in an Internetindependent way. Moreover, he or she publishes it for addressees who are not fully
specified beforehand [27]. This person is not a professional publisher and does not
pursue commercial purposes [28]. Typical UGC are text-based content, such as
descriptions, evaluations based on pre-defined cells, pictures, videos, and audio files
[3]. In this context, the user fulfills two tasks: First of all, he creates (e.g. a text) or he
selects (e.g. in case of an evaluation) [15]. It is possible to define UGC based on three
characteristics [32]:
─ Publication: The content has to be published online and made available for a
broad public.
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─ Creative effort: The user has to have put in a certain degree of creativity to
create content (dependent on the context).
─ Creation outside of professional routines and practices: The user creates content
outside of professional routines and practices.
2.2

Business model

The term „business model“ evolved around the year 2000 in connection with the
new economy boom and came to be a much used expression. Astonishingly, a
commonly accepted definition could neither in research nor in practice be established
[21]. One definition in the broader sense interprets a business model as a description
of how the business actually works [5]. Other definitions in literature differ according
to the focus they address. With respect to Timmers [29] and Heinrich [8], we define
the term “business model” as follows: A business model describes the architecture of
a company at a specific point of time. It models all relevant dimensions of the
company and explains how products and services are produced and profit is
generated. Moreover, it describes the benefit, i.e. the value proposition, and service
offering (products and services) for all internal and external actors, the actors
themselves as well as the information flow and flow of goods and services.
Scientific literature deals with the subject of business models from two different
perspectives. Some publications deal with the definition of the term or specific
instances of business models [22]. Others focus on the classification of business
models and the definition of typologies [e.g. 14, 29] or building blocks of business
models to analyze existing models or propose new ones [e.g. 2]. Wirtz [30] and
Osterwalder [18] suggested well-known and widely used approaches. Wirtz suggests
the breakdown of the entire business model into partial models, such as the
production or the profit model. Osterwalder devised a so called Business Model
Ontology (BMO), which allows for a holistic modeling of the business model based
on nine building blocks [18, 19]. The BMO has been derived from elements and
models to be found in literature. The resulting building blocks are: value proposition,
target customer, distribution channel, customer relationship, key resources, key
activities, partnership, revenue model, and cost structure. These nine building blocks
are well established for the description and analysis of business models [19]. Due to
this and its holistic approach, the BMO is used for the following analysis of UGC
business models.
2.3

Business models for user-generated content

Business models can make use of UGC in many different ways (e.g. [9], [32]). It
can, for example, be integrated into an existing business model and be used to support
the original service offering. Amazon or ebay make use of this by letting the
customers evaluate products and/or sellers to build a reputation and with that trust for
other customers. Another possibility is to focus the business model on supporting the
creation and publication of UGC for third-parties. This is, for example, done by
Wordpress who offers users to run a blog and with that support their UGC process.
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In this paper, we only refer to business models as UGC business models, if UGC is
the primary service offering. Here, two types of so called intermediaries can be
differentiated and with that two types of business models: On the one hand, we find
intermediaries who offer market places [7]. They provide, according to the classical
definition of a market place, a place where demand and supply meet. On the other
hand, there are intermediaries, who serve as information suppliers by offering
information and supporting their use [23].

3

Research Methodology

The research process in this paper is based on the multiple case study research as
proposed by Yin [33] and Eisenhardt [6]. Multiple case study research belongs to the
class of qualitative research methods and is used to analyze an object within its real
context without being able to clearly distinguish between object and its environment.
The cases studies analyzed in this paper aim at observing and explaining UGC
business models. Multiple case study research represents, as the name suggests, a
cross-section across multiple objects and compares as well as analyzes these objects
at a specific point of time [26]. The selection of cases has to fulfill the requirement
that they have to have a connection to the goal of research [6] [26]. We have analyzed
six cases for our research: Ciao, HolidayCheck, iStockphoto, Qype, Tvype, and
YouTube. The main selection criterion was that the business model has to correspond
to the definition of a UGC business model as defined before, i.e. the use and support
of UGC is the primary service offering. The selection has been done based on a
thorough research of literature and the Internet. Scientific literature has been searched
for relevant examples which show the implementation of UGC in practice. Moreover,
non-scientific sources, such as online journals and weblogs, have been taken into
consideration. Data collection was done based on document analysis and observations
[33] and structured according to the BMO. Websites and the documents to be found
there (company flyers, etc.) have been searched for relevant information. Online
platforms as well as their functionality have been tested and evaluated by registration
and participatory use. The information found for each case was assigned to the
building blocks of the BMO, with the effect that for each building block a crosssection analysis could be made across all cases. The resulting building blocks have
then been summed up within a morphological box [34]. Three steps lead to a
morphological box [16]. First of all, the building block is further distinguished into
different characteristics. Then, instances of these characteristics are assigned. The
characteristics are listed in the first column and the respective instances are aligned to
their characteristic in the rows. The third step refers to the use of the morphological
box: If a business model is analyzed, the instances to be found for each characteristic
are marked so that the overall instance of the business model is elicited.
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4

Building blocks of business models for UGC

4.1

Value proposition

The first building block to be analyzed is the „value proposition“. It takes into
account the products and services as well as the benefits or value a company offers for
the customers [18]. It has to be defined which needs are to be satisfied and with that,
the focus of the service offering is set. Three different groups of stakeholders are
addressed in the case of UGC business models: consumer (i.e. the consuming
customer), author, and customers for adverts (i.e. advertisers). These groups of
stakeholders are not strictly separated and a consumer can be an author at the same
time (also refer to the definition of the building block “target customer”). We
differentiate two different characteristics for the stakeholder group “consumer”:
“service offering (consumer)” and “type of content”. For the stakeholder group
“author”, we also found two characteristics: “service offering (author)” and “benefit
for the author”. Finally, for the stakeholder group “advertisers” we found the
characteristics “type of advert” and “benefit for the advertiser”. Now, the different
instances for the characteristics have to be deduced.
Both types of UGC business models base on an online platform. The access to the
platform and its functionality is in both types the basic service offering. The consumer
gains either access to information (e.g. Ciao for products, HolidayCheck for holiday
destinations, or Qype for service providers) or can buy the right of use or property
rights. In the case of iStockphoto, the consumer is interested in the photo as a
resource, but not in the information the photo provides. Moreover, additional services
are offered, such as the booking of hotel rooms when using HolidayCheck. As far as
the type of content is concerned, the consumer has access to the typical types of UGC
(e.g. text or video).
The basic service offering for the author is also the access to the platform or the
market place, respectively, with the provided functionality. The author can either
directly create content on the platform or upload externally created content, refine it,
if need be, and can then publish it. YouTube, for example, allows for the upload of
videos and provides a considerable amount of storage space for the author as well as a
registration of the content in a directory. Moreover, the author can evaluate and
comment on already existing videos. Qype, as another example, offers functionality to
create content directly on the platform. Both the categorization of the content as well
as the registration in a directory is also offered on this platform. Another service
offering is the definition of a user profile which offers different possibilities of selfexpression. In addition to the publication of personal data (e.g. e-mail address), the
provided content is listed and communication as well as network opportunities with
other users of this platform are offered. These platforms base on typical social
networking applications with the focus on self-expression. Other platforms, such as
HolidayCheck, aim at creating topic-driven communities with various alternatives to
exchange opinions and experiences. The benefit for the author can basically be
differentiated into the three instances “money”, “glory”, and “love” [15].
Intermediaries of market places often offer a financial share (money), information
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intermediaries can create a benefit by offering a certain status (e.g. expert traveler)
(glory), and very often benefit is intrinsically created by the author himself, e.g. to be
proud of the new design he proposed (love). A study conducted by Stöckl et al. [28],
which analyzed the motivation of authors of UGC also proved this differentiation.
The stakeholder group “advertisers” can make use of two forms of advertizing:
typical online adverts with, e.g., banners, or affiliate marketing, where users are
forwarded to the advertizing company. Ciao, for example, offers both alternatives to
its advertisers. Advertisers can “rent” space on the platform to promote products or
the company. Promoted products can moreover be linked to the respective products in
the online shop of the advertiser. Ciao integrates this form of advertizing with a
product comparison. YouTube offers its advertisers both, the possibility to rent
advertizing space on the platform as well as to integrate adverts into the contents
provided by other users or allow for links to products. iStockphoto and Tvype do not
especially cater for advertisers. The benefit for advertisers is the opportunity to
directly address their target customers, which are a fairly large group and well
segmented (e.g. according to the topic of the community or the self-expression of the
users). Moreover, the advertisers might have a higher communication frequency with
their customers based on affiliate marketing. Affiliate marketing can also provide a
benefit for the consumer, as the case study Ciao shows. Many of Ciao’s consumers
using the product description and evaluations perceive the direct links to the products
in connection with prices as an additional benefit, as they get more detailed
information on the product. Table 1 presents the morphological box for the building
block “value proposition“ and the characteristics as well as instances derived from the
case studies.
Characteristic

Instances
Consumer

Service offering
(consumer)
Type of content

Access to the platform
Text

Information
Evaluation

Right of use or property
rights
Picture

Intermediation

Video

Audio

Author
Service offering
(author)

Access to the platform

Benefits for the author

Storage space/
directory registration

Money

Self-expression
Glory

Community
Love

Advertiser
Type of advert

Typical online adverts

Affiliate marketing

Benefits for the
advertiser

Opportunity to directly address target customers

Higher communication frequency

Table 1: Value proposition „UGC Business Model“

4.2

Target customer

The building block “target customer” describes the group or rather groups of
customers which gain the highest benefit and satisfaction of needs by the value
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proposition [18]. The stakeholder groups are the same as for the building block “value
proposition”: consumers, authors, and advertisers. As mentioned before, target
customers can have more than one role within the different stakeholder groups and it
might be necessary to adapt the form of communication. However, in the case of the
intermediaries of market places, such as iStockphoto or Tvype, the target customers
do not take different roles. Consumers are only interested in the information provided
and authors are normally only interested in the creation of content.
In contrast to that, Qype and YouTube show that target customers can be assigned
to more than one stakeholder group. In the case of Qype, it is possible that authors
provide evaluations and make an entry into a registry, if the object to be evaluated has
not yet been registered. Moreover, advertisers can act as authors by making an entry
for their company (i.e. advertiser = author). Users of YouTube can be both, consumer
and author, because they do not only provide content, but also consume content of
others. With this, the characteristic “role combination” can be jointly defined for all
three stakeholder groups (cf. Table 2).
For the characteristic “customer relationship” the three stakeholders groups address
three customer types: business (B), private consumers (C), and administration (A).
The value proposition can be addressed to one or more of these customer types.
iStockphoto and Tvype have mainly other companies (i.e. businesses) as target
customers, for example media companies. Ciao or HolidayCheck do not restrict
themselves to a specific customer type, but address mainly private consumers with the
information offered. A specific focus on administration could not be found in any of
the case studies. The definition of the target customer as well as a restriction to a
specific group is based on the content that is to be provided, i.e. the topical focus of
the information or the concentration on an industry. The target customers belonging to
the group “author” are also diverse and there is no focus on one single customer type.
The intermediaries for market places address private persons as well as freelancers
and companies. The delimitation of the group of target customers is based on the
competencies necessary for providing the content traded on the platform. iStockphoto,
for example, requires professional media content in a certain quality. Other
intermediaries, such as the information intermediary YouTube, do not have specific
requirements with respect to quality and competencies; requirements with respect to
content are defined by the file format and the respecting of basic rules, e.g. copyright.
The target customers belonging to the stakeholder group “advertisers” are mainly
companies, even though the service offering is open for any stakeholder group. The
delimitation of the group of target customers is based on the content offered with
respect to a specific topic, the community or the industry focus. It is possible to
provide content with a broader focus and with that address advertisers from diverse
industries (e.g. Ciao) or to focus on specific content and with that only address those
advertisers having the fitting service offering. Qype offers a broad range of content
for companies from different industries, but also allows for a focus on a certain sector:
The advertizing space on the homepage addresses a broad range of customers.
Moreover, there is also advertizing space offered for specific categories which only
and specifically addresses customers fitting to the category.
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Table 2 presents the morphological box for the building block “target customer”
and the characteristics and instances derived from the case studies.
Characteristic
Role combination

Instances
None

Consumer=Author

Advertiser=Author

Consumer
Customer relationship

B2C

Specific topic/industry
focus

B2B
Yes

B2A
No

Author
Customer relationship

B2C

Competencies

B2B
Expert

B2A
Everybody

Advertiser
Customer relationship

B2C

B2B

B2A

Specific topic/industry
focus

Yes

No

Partly

Table 2: Target customer „UGC Business Model“

4.3

Distribution channel

The building block “distribution channel“ represents the connection between the
value proposition and the target customer. It describes the different ways a company
can establish contact with its customers to fulfill the service offering and
communicate with them [18]. Both types of intermediaries, those offering market
places as well as those offering information, only allow for an access via online
platforms, i.e. through the medium Internet. The type of distribution channel is a
direct sales or direct marketing channel. In addition, information intermediaries can
also pursue indirect sales through other online media. YouTube, e.g., allows for the
integration of content into other online media. It is, for example, possible that an
online magazine integrates a YouTube video into a news article. The video is marked
with the YouTube logo which leads the reader to the YouTube platform. When
watching the video, the reader gets the same ads as if watching it on YouTube. Even
though the Internet is the uniform sales medium, it is possible to access the content
through more ways than only the browser. Qype and Tvype, for example, offer their
customers mobile applications for accessing their platforms. Table 3 shows the
morphological box for the building block “distribution channel” and the
characteristics as well as instances derived from the case studies.
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Characteristic

Instances

Channel type

Direct

Distribution medium

Indirect
Internet

Access

Browser

Mobile application

Table 3: Distribution channel „UGC Business Model“

4.4

Customer relationship

The building block “customer relationship” describes the type of relationship a
company and a customer share. As a consequence, it serves the same purpose as the
building block “distribution channel” and defines the connection between the value
proposition and the target customer [18]. For the stakeholder groups “consumer” and
“author”, the relationship is defined based on “self services” or automated services
provided by the online platform. The intermediaries provide the platform, but do not
engage in customer care activities. Consumers and authors using the analyzed
platforms in the case studies can access the service offering totally independently and
can access, create and upload content. The cases of YouTube and Ciao show, how
automated services are used to shape the customer relationship. Automated
recommender systems suggest content which is supposed to be of additional interest
for the customer, but has not directly been requested by him or her. Only general
questions are supported by personal contact channels, e.g. email. Moreover,
community tools, such as forums or accounts on social networks, are used for shaping
the customer relationship. iStockphoto offers a forum for general discussions as well
as for specialized discussions concerning questions and requests with respect to
iStockphoto. Tvype uses the social network Facebook and the micro-blogging service
Twitter for communicating with its customers, e.g. for receiving ideas for
improvement and for answering questions. These forms of communication and
building relationships form a customer relationship on a pure technical level.
For the stakeholder group of advertisers, the relationship can also be built on self
service through the online platform. Qype offers its advertisers the possibility to
calculate and book their preferred advertizing directly through the platform.
Advertisers often get a personalized customer care due to the different types and
forms of advertizing. Ciao offers its advertisers detailed information on available
forms of advertizing on the online platform. The consulting on the design of
advertizing campaigns is done personally by Ciao employees. The customer
relationships built here can either be technical or personal. Table 4 shows the
characteristics and instances of the building block “customer relationship”.
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Characteristic

Instances
Consumer and author

Relationship type

Self service

Automated service

Relationship level

Community

Technical
Advertiser

Relationship type

Self service

Personal assistance

Relationship level

Technical

Personal

Table 4: Customer relationship „UGC Business Model“

4.5

Key resources

The building block “key resources” describes those resources which are of critical
relevance for the production of the service offering [19]. Normally, key resources are
differentiated into the categories “physical assets”, “intangible items”, “human
resource”, and “financial resources” [19]. The categories “physical assets” and
“intangible items” have the highest relevance for UGC business models. The main
key resource is the technical infrastructure, belonging to the physical assets. Almost
all analyzed business models are dependent on the online platform and its availability
as well as functionality. Intangible items also play an important role. They are the
existing content as well as the base of authors and consumers. Ciao and Qype are
dependent on an extensive content base to be attractive for their customers. This
means at the same time to entertain a large base of authors for the creation of content.
In contrast to that, Tvype needs a large network of consumers due to the strict
delimitation of the addressed target customers. Moreover, the brand has a high
relevance as an immaterial good (intangible item) for UGC business models. This can
be explained using YouTube as an example: YouTube is a brand which has been
influenced by Google during its development; this supports its differentiation from
competitors like MyVideo or Clipfish. The category “human resource“ does only play
a subordinate role. The production of the service offering is only marginally
dependent on highly specialized employees, because the content is provided by the
crowd, i.e. the authors. Financial resources also are of lower importance since most of
the business models normally do not need financial guarantees or high credit lines.
Table 5 presents the two characteristics and the respective instances for the building
block “key resources”.
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Characteristics
Resource category

Important resource

Instances
Physical assets
Technical
infrastructure/
Online-platform

Intangible items

Content base

Human resources

Consumer/author base

Brand

Financial resources

Other

Table 5: Key resources „UGC Business Model“

4.6

Key activities

The building block “key activities” describes those activities which are of
relevance for the implementation of the business model [19]. Basing on the
explanation with respect to key resources, it can be said that a key activity of UGC
business models is the operation of the online platform. The value proposition as well
as the service offering can only and exclusively be provided by the platform. The
operation of the platform in connection with its maintenance and development is one
of the most important activities of this type of business model. In addition to this, the
design of the platform with respect to the requirements of the stakeholder groups (e.g.
functionality or usability) plays an important role. Moreover, marketing and sales are
important activities. The attractiveness for the target customers for this type of online
platforms is dependent on net effects [12]. This also has an impact on the key
resources content base as well as base of consumers and authors. The online platform
of HolidayCheck is only interesting for the consumer of content, if he actually gets
the evaluation for the hotel he wants to book. The authors at Tvype are also only
interested in publishing their content on the platform, if enough consumers visit the
platform and with that demand exists for their work. And advertisers are interested in
an as high as possible number of users which take interest in the adverts. In all UGC
business models, the content is the main part of the service offering; that is why
quality control is another important activity. Quality control at Ciao is, for example,
done by the consumers and other authors. HolidayCheck or iStockphoto coordinate
their quality control through employees. Table 6 shows the characteristics and
instances of the building block “key activities”.
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Characteristic
Important activity

Instances
Maintenance/development

Marketing and sales

Quality control

Other

Target group for
marketing and sales

Author

Consumer

Advertiser

Quality control

Employee

Author

Consumer

Table 6: Key activities „UGC Business Model“

4.7

Partnership

The building block “partnership” describes the network activities within a business
model. If key resources or key activities are sourced through external partners, this
building block explains the existing partners, the relationships between the partners
and their role in the value adding [18]. The design of the partner network considerably
varies in the analyzed case studies. The following partnerships could be observed:
partnerships with content providers, advertisers, marketers of advertizing space or
other content providers. The type of partnership also varies: HolidayCheck
established a classical demand-supplier-relationship with travel agencies and sells
their products through the platform. iStockphoto implemented strategic partnerships
with companies who have a connection to the content provided on the platform (e.g.
printer companies). In general, partnerships are built for the sourcing and distribution
of content. Sourcing of content is done through partners coming from the stakeholder
groups “author” and “advertiser”. The two cases Ciao and Qype show that content,
i.e. information on products and companies, is offset with the return service
“advertizing” (linking/presentation). With that, advertisers are systematically used as
content providers. YouTube promotes a so called “content partnership” and praises
the reach of the platform and the related advantages for advertizing purposes.
YouTube establishes partnerships with private authors, who regularly provide content
which is used by many consumers, in addition to partnerships with advertisers and
companies. Authors accepting a partnership with YouTube participate in the
advertizing revenues. Authors without a partnership status do not participate in the
revenues. iStockphoto pursues a similar approach: Authors who regularly provide
content are offered partnerships.
The distribution of content and the promotion of the platform can also be pursued
through partnerships. HolidayCheck offers partner programs for other content
providers. These providers can integrate content of HolidayCheck into their platforms
and get a financial reward if the user is from there forwarded to HolidayCheck.
Advertisers and authors normally also have the opportunity to use other content and
support sales by that. Qype offers another form of partnership: Qype uses a partner for
the marketing of advertizing space on their platform. Advertizing customers of Qype
are thus completely attended to by the marketing partner and not by Qype itself. In
addition to these already mentioned types of partnerships, there are financial
partnerships with investors, who support young businesses in the early stages of
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formation. Table 7 shows the characteristics and instances for the building block
“partnership” which could be derived from the case studies.
Characteristic
Type of partnership

Content partner
Distribution partner

Instances
Product
partner

Content
partner

Advertise customer
Content provider

Distribution Marketers of
partner
advertizing
(Content)
space

Strategic
partner

Author
Advertise customer

Financial
partner
Other

Author

Other

None

None
Other

None

Table 7: Partnership „UGC Business Model“

4.8

Revenue model

The building block “revenue model” describes how the company generates
revenues. There can be different sources of revenue [18]. Revenues can either be
generated being dependent on transactions or being independent from transactions.
Moreover, they can be generated directly or indirectly through non-core business [31].
Intermediaries of market places normally choose a direct and transaction-dependent
revenue generation by participation in the revenues coming from the UGC.
Depending on the specific design of the revenue model, either the author receives a
fee from the intermediary of the market place or the intermediary receives a fee from
the author.
Information intermediaries generate revenues through advertizing. Revenue is on
the one hand generated indirectly and in a transaction-independent way by providing
advertizing space on the platform. It can also be generated directly and in a
transaction-dependent way by forwarding to products and services of advertisers. If
not only UGC is provided but products are placed and sold, revenues are generated
directly and in a transaction-dependent way in the form of fees. Revenues are
generated by intermediaries of market places and those of information through
consumers and advertisers. Author can normally use the platforms free of cost. Table
8 presents the morphological box for the building block “revenue model” and the
characteristics and instances derived from the case studies.
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Characteristics

Instances

Revenue source
Revenue type
Revenue stream

Consumer
Transaction-dependent/direct
Sale (UGC)

Advertiser
Transactiondependent/indirect

Commission
(Intermediation)

Transactionindependent/direct

Advert (typical online
advert)

Transactionindependent/indirect

Advert (affiliate
marketing)

Other

Table 8: Revenue model „UGC Business Model“

4.9

Cost structure

The building block “cost structure” describes which costs occur in connection with
the production of the service offering [18]. We differentiate between cost-driven
business models, which try to keep costs as low as possible and value-driven business
models, which focus on the best possible fulfillment of the value proposition [19].
Moreover, we find business models with a high degree of fixed costs and those with a
high degree of variable costs. The costs occurring in UGC business models primarily
stem from the key activities and the key resources; these can either represent fixed or
variable cost, depending on the implementation of the business model. The type of
UGC also influences the cost structure. Requirements with respect to the technical
infrastructure are much higher as regards video clips in comparison to mere textbased content. An important cost driver can be quality control. Costs are higher if it is
done by internal staff compared to automated control by the author. Table 9 shows the
characteristics and instances of the ninth and last building block “cost structure”.
Characteristic

Instances

Class of cost
structure

Cost-driven

Value-driven

Cost characteristic

Fixed costs

Variable costs

Costs

Technical
infrastructure

Building/facilities

Workforce

Marketing and
Quality control
sales

Commissions
(authors etc.)

Other

Table 9: Cost structure „UGC Business Model“

5

An Example

The following example of YouTube shows how a business model for UGC can be
analyzed based on the single morphological boxes. In combination the single tables
result in a holistic reference framework for business models for UGC.
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Characteristic

Instances
Value Proposition
Consumer

Service offering
(consumer)
Type of content

Access to the platform

Right of use or property
rights

Information

Text

Evaluation

Picture

Intermediation

Video

Audio

Author
Service offering
(author)
Benefits for the author

Storage space/
directory registration

Access to the platform
Money
(if author is partner)

Self-expression

Community

Glory

Love

Advertise customer
Type of advert

Typical online adverts

Affiliate marketing

Benefit for the
advertiser

Opportunity to directly address target customers

Higher communication frequency

Target Customer
Role combination

None

Consumer=Author

Advertiser=Author

Consumer
Customer relationship

B2C

B2B

Specific topic/industry
focus

Yes

B2A
No

Author
Customer relationship

B2C

B2B

Competencies

B2A

Expert

Everybody
Advertiser

Customer relationship

B2C

B2B

B2A

Specific topic/industry
focus

Yes

No

Partly
(depends on video content)

Distribution Channel
Channel type

Direct

Indirect

Distribution medium
Access

Internet
Browser

Mobile application

Customer Relationship
Consumer and author
Relationship type
Relationship level

Self service

Automated service

Community

Technical
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Advertiser
Relationship type

Self service

Personal assistance

Relationship level

Technical

Personal
(only general support)

Key Resources
Resource category

Physical assets

Important resource

Technical
infrastructure/Onlineplatform

Intangible items

Human resources

Consumer/author
base

Content base

Financial resources

Brand

Other

Key Activities
Important activity

Maintenance/development

Marketing and sales

Quality control

Other

Target group for
marketing and sales

Author

Consumer

Advertise customer

Quality control

Employee

Author

Consumer

Partnership
Type of partnership

Product
partner

Content partner
Distribution partner

Content
partner

Distribution Marketers of
partner
advertizing
(Content)
space

Advertiser

Strategic
partner

Author

Content provider

Advertiser

Financial
partner

Other

Other
Author

None

None
Other

None

Revenue Model
Revenue source
Revenue type
Revenue stream

Consumer
Transaction-dependent/direct
Sale (UGC)

Advertiser
Transactiondependent/indirect

Commission
(Intermediation)

Transactionindependent/direct

Advert (typical online
advert)

Transactionindependent/indirect

Advert (affiliate
marketing)

Other

Cost Structure
Class of cost
structure

Cost-driven

Value-driven

Cost
characteristic

Fixed costs

Variable costs

Costs

Technical
infrastructure

Building/facilities

Workforce

Marketing and
sales

Quality control

Commissions
(authors etc.)

Other

Table 10: Business model of YouTube

6

Conclusion

The sharing of knowledge and creativity as well as the participation of the many in
the design and evaluation of products and services is a very important development
regarding today’s value creation. Boyd [4] stated in an interview: “Once companies
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realize the potential of social networking, we will see a revolution.” As a
consequence, it is time to analyze the mechanisms of creating value starting with
researching the basis for that business models. This paper presents characteristics and
instances of nine building blocks for UGC business models that finally result in a
reference framework. Based on the BMO of Osterwalder [18] [19] these nine building
blocks are value proposition, target customer, distribution channel, customer
relationship, key activities, key resources, partnership, revenue model and cost
structure, which allow for a holistic representation of business models. The presented
building blocks and their characteristics and instances permit a classification of
existing UGC business models and based on that a comparison of different UGC
business models. Companies thinking about integrating this kind of business model
can also develop, enhance or evaluate their already existing business model.
Furthermore, entrepreneurs gain an overview and a design concept to implement such
business models.
The presented building blocks are dependent on each other and as a consequence
correlate. These correlations could only be addressed superficially. Further research
has to be done to have a better understanding of these interdependencies and to make
more extensive conclusions regarding this business model type. Case study research
always results only in theoretical propositions and merely offers an analytical
generalization [33]. Consequently, a further step could be an empirical validation of
the presented characteristics and instances. Overall, the paper proposes a
comprehensive reference framework for business models for UGC which can be used
to study this business model type and to create new business models of this type for
value creation.
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A large number of scientific research exists, describing forms of collective
intelligence (e.g. Wikipedia). But there are only few publications that describe how
different forms of collective intelligence be described in general. In this paper, we
therefore describe an approach how to characterise different forms of collective
intelligence. We draw from existing research and build a comprehensive model
and identify further characteristics to describe collective intelligence in a finegrained manner. We propose a model with different characteristics, like form of
cooperation, organisational pattern, and decision making process, which
distinctively describe forms of collective intelligence and suggest possible attribute
values.
Keywords: Collective Intelligence, Model

1. Introduction
Groups of individuals acting together to achieve better and superior results are not a new
phenomenon. People have always teamed up since humans exist (e.g. for chasing deer,
waging war, producing goods). What distinguishes collective intelligence from such
common forms of cooperation is that information technology plays an important role in
enabling the desired outcome. Without technology facilitating communication and
coordination among participants, it would not be possible for large groups (such as for
instance all the authors of Wikipedia) to coordinate their effort and disseminate
information in such a fast way as it happens today. During the approximately last five
years a significant shift in people’s behavior of how they use the internet has taken place.
This is due to new forms of communication and information exchange. People have
created a taxonomy to tag (called folksonomy) the content of pictures which they upload
to Flickr [1] or similar platforms, built knowledge bases such as Wikipedia [2] or created
t-shirt designs and share them on platforms like Threadless [3], where the best designs
win to be printed and sold. By doing so, group participants act collectively and achieve
results, which would not have been possible before. This is reflected in the definition of
Malone et al. of the MIT Center for Collective Intelligence who define collective
intelligence as “people and computers who are connected and act collectively more
intelligently than individuals, groups, or computers have ever done before” [4].
A lot of companies apply collective intelligence in a more or less successful way to solve
problems, but many are still not able to do so systematically. This makes the
outcome/results of using collective intelligence up to a certain degree unpredictable. In
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order to successfully apply the principles of collective intelligence the way platforms
such as InnoCentive [5] or GalaxyZoo [6] do, it is important to know the relevant
characteristics which describe the various types of collective intelligence. A model
which contains those characteristics will help invoking collective intelligence
successfully in the future. Our long term research objective therefore is to build a
situational method (the design artefact of the design science research approach as
described by Hevner et al., [7]) which allows invoking collective intelligence based on
specific requirements.
In the field of collective intelligence, research found is either about very specific
examples of collective intelligence (such as Crowdsourcing or Wikinomics) or about
collective intelligence in general. In what regards publications, the vast majority is about
specific examples of collective intelligence while only little research is conducted about
how to describe collective intelligence in general. The aim of this paper is to make a
contribution to the latter. Drawing on existing knowledge, different research papers that
propose models of how to describe collective intelligence are evaluated and then
integrated into a more comprehensive model. Furthermore, additional characteristics,
identified as relevant for the description of collective intelligence, are derived from
system theory, process and task management.
The present paper is structured as follows: in the subsequent second part related research
(i.e. existing approaches describing collective intelligence in general terms) is discussed
and integrated into one large model. In section three further characteristics describing
collective intelligence are identified and inserted/incorporated into the model derived in
the second part. In chapter four a conclusion and outlook on further research is
presented.

2. Related Work and a Synthesis of Existing Models
We identified only few contributions describing collective intelligence models. Malone
et al. [8], [9] describe collective intelligence by means of the collective intelligence
genome (see 2.2), Bonabeau [10] identifies collective intelligence approaches to mitigate
biases in decision task (see 2.3), and Lykourentzou et al. [11] describe collective
intelligence from system theory point of view (see 2.4).
In paragraph 2.1 of this chapter in the existing definitions are discussed and we present
the definition of collective intelligence which will be used in this paper. In paragraphs
2.2 to 2.4 the above mentioned contributions are discussed while in paragraph 2.5 further
contributions are summarized. In paragraph 2.6 we present the synthesis of the existing
models.
2.1. Defining Collective Intelligence
The research question of Malone et al. is “How can people and computers be connected
so that — collectively—they act more intelligently than any individuals, groups, or
computers have ever done before?” [4]. Lykourentzou et al. define a collective
intelligence system as a “system which hosts an adequately large group of people, who
act for their individual benefit, but whose group actions aim at and may result – through
technology facilitation – in a higher-level intelligence and benefit of the community”
[11]. Both research teams stress the fact that computers and technology respectively are
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part of collective intelligence. In addition to Malone et al., Lykourentzou et al. include
the existence of individuals’ and groups’ objectives into their definition.
Bonabeau, surprisingly, forgoes the opportunity of stating his own definition of
collective intelligence. He looks at collective intelligence with regard to making better
decisions and, comparable to the other two research groups, he stresses the fact that
recent technologies such as Web 2.0 applications enable companies to “tap into ‚the
collective‘ on a greater scale than ever before“ [10].
We define collective intelligence similarly to Malone et al. but expand the definition by
people’s goal to gain a benefit from the participation: People interact more intelligently
(e.g. supported by information technology such as computers) than this has ever been
done before. Thus, they achieve superior results than would have been possible by
individuals alone. While contributing to the main goal by participating people pursue
their own goals.
2.2. The Collective Intelligence Genome
Malone et al. speak of “CI building blocks or ‘genes’ [that] can be recombined to create
the right kind of system” [8], [9]. They have identified four dimensions which need to be
described in order to describe collective intelligence: what is how done by whom and
why people are doing it. The description of each of these dimensions is called a gene,
which is part of the genome representing a specific form of collective intelligence [8],
[9]. The different genes have various values, which we briefly summarise here:
• What-Gene: Malone et al. identified two different main tasks. People either create
something (like t-shirt designs at threadless.com) or people decide about something
(which t-shirt designs should be printed).
• Who-Gene: It is either a crowd who fulfils the task, or if the criteria for the crow
are not met, it is a hierarchy (management) who is responsible.
• Why-Gene: People contribute or participate in collective intelligence to gain either
money (financial reward), love (intrinsic motivation) or glory (recognition of one’s
achievements; often found in open source programming communities).
• How-Gene: this gene is dependent on what is being done:
o Creation can be carried out in the form of a collection (the task can be split
into items which can be solved independently of each other), a contest
(subtype of collection with competing people), or a collaboration (there exist
dependences between the various subtasks of the main task).
o Decisions can be made either as a group (voting, consensus, averaging or
prediction market) or by individuals
2.3. Mitigating Biases in Decision Tasks
Bonabeau identifies two distinct basic tasks for which collective intelligence can be
used: generating solutions and evaluating different alternatives [10] which are similar to
the tasks identified by Malone et al.: create and decide. According to Bonabeau, each of
the above mentioned tasks is subject to various biases (e.g. self-serving bias, pattern
obsession etc.) which can be overcome by tapping into the collective intelligence of
people. In order to achieve this, he proposes three different approaches [10] which he
calls ‘outreach’ (“tap into people or groups that have not traditionally been included”),
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‘additive aggregation’ (“collect information from myriad sources and then perform some
kind of averaging), and ‘self-organisation’ (“mechanisms that enable interactions among
group members can result in the whole being more than the sum of its parts”). He
furthermore identified various key issues which need to be thought of, such as the
decision process (decentralized decisions vs. distributed decisions), diversity vs.
expertise of individuals of the crowd, and engagement which refers to people’s
motivation to participate: cash rewards, recognition, and the desire to transfer
knowledge or share experiences.
2.4. The Collective Intelligence System
Lykourentzou et al. provide a model for the description of collective intelligence systems
[11] which consists of a categorization of passive (crowd behavior does not pre-exist but
is created and coordinated through specific system requests) and active systems
(individuals act as they would normally do without the system’s presence). The latter
systems can be subdivided into one of following three kinds: collaboration, competition,
or a hybrid type. Lykourentzou et al.’s model further contains a collective intelligence
model which includes certain attributes such as sets of actions, system state and the
objectives of the participants as well as three important functions (user action function,
future system state function and objective function). They additionally identify important
factors of influence which need to be considered such as the critical mass of the system
and the participants’ motivation (monetary compensation, intrinsic motivation like selffulfilment motivator, and social recognition).
2.5. Further Contributions
Each of the following three sources describes a specific approach about how collective
intelligence can be utilized in a very specific form. Despite the fact that each approach in
its original publication is described in rather general terms, the descriptions are much
more specific (even too specific for our purposes) than the above mentioned three
models and are therefore also of some importance for the field and research of collective
intelligence. Thus, the respective approach is mentioned and briefly described hereafter
but not incorporated into our collective intelligence model.
In their 2006 publication Tapscott and Williams describe what they call Wikinomics and
how mass collaboration can change everything [12]. They identify four main aspects
which are important for Wikinomics: being open, sharing, peering, and acting globally.
In his famous wired.com article Howe proposes a form of mass collaboration which he
calls Crowdsourcing [13], [14]. Tasks which were formerly executed by the company
itself shall be published to a large audience which then can turn in possible solutions.
Crowdsourcing is related to outsourcing [15] and is partially based on its values [16] but
differs insofar as tasks are not outsourced to known companies but to a group of
unknown people called the crowd. In his work on the wisdom of crowds Surowiecki
identifies [17] four main aspects which need to be met in order to form a wise crowd:
diversity of people, independence of people’s opinions, decentralisation, and aggregation
of the individual’s judgments into a collective decision.
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2.6. Synthesis of the Three Models
The three models presented in paragraphs 2.2 to 2.4 share some similarities but each
model in its turn also contributes new, unrelated characteristics to describe collective
intelligence. We deem the existing models to be of very good quality already, but think
that they need to be expanded in order to describe collective intelligence in a more
accurate way. Our model and its characteristics with corresponding values derived there
from is summarized in table 1.
Table 1. Collective intelligence model with characteristics and values
Goal
Individuals

Depends on each
individual
Community Create, Decide
Basic Collective Intelligence Form
Passive System, Active System
Organisational Pattern
Crowd, Hierarchy
Form of Cooperation
Collaboration, Competition,
Collection (as a special case of the
competition),
Hybrid Type of competing groups
with collaborating individuals

Approach to utilise collective
intelligence
Outreach, Aggregation, SelfOrganisation
Professional Background of
Individuals
Experts, Amateurs
Decision Making Process
Groups
Voting, Consensus,
Averaging, Prediction
Markets
Individuals Markets, Social
Networks, Final Ballot
Form of the Decision-Making Process
Distributed, Decentralised

Our model differentiates between individuals’ and goals of the community while the
basic collective intelligence form can either be passive or active. Crowds or hierarchies
(which are formed of professionals and/or amateurs) characterise the organisational
pattern and cooperation can take place as collaboration, competition, collection or hybrid
types. To use collective intelligence outreach, aggregation or self-organisation can be
use as approaches. Groups know different decision making forms than individuals do
while the decision-making process takes part either distributed or decentralised. Various
reasons motivate people to participate: money, fame/glory, recognition, love and/or the
desire to share knowledge.
The new and extensive model we derived from the existing models needs to be enhanced
further in order to unambiguously describe collective intelligence. In the following
chapter we identify additional characteristics which need to be taken into account when
describing collective intelligence.

3. Characteristics Describing Collective Intelligence
As mentioned above, the existing models used to describe collective intelligence are
already of a very good quality but describe the phenomenon still in very generic terms.
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In this chapter we will present further characteristics which lead to a better
understanding of collective intelligence.
In paragraph 3.1 of this chapter, we discuss the objective of a task, look at the size of a
contribution needed for collective intelligence in paragraph 3.2, the input and output of
the process are discussed in paragraphs 3.3. and 3.4 and identify the various stakeholders
involved in using collective intelligence in paragraph 3.5. The chapter closes with a
synopsis of the newly identified characteristics describing collective intelligence.
3.1. Objective of a Task
According to Hoffmann [18] in organization theory a task can be characterised by an
objective which needs to be achieved through a physical or mental target performance.
Each task can, therefore, be paraphrased as “the objective to be achieved”, “what needs
to be done to achieve the objective”, “how is it achieved”, and “who is doing it”. The
just mentioned constituents “what needs to be done”, “how it is achieved” and “who is
doing it” are already sufficiently described by the model presented in chapter 2. The
objective of the task, i.e. “what is to be done”, is also described but only in a very broad
way: create or decide. We argue that there is a need for a more fine-grained description
of the objective of a task or rather the objective which shall be achieved through the use
of collective intelligence. Creating and deciding may serve as main categories
comprising several sub-categories like creation of knowledge, (product)
design/descriptions, or physical objects for creation (see also paragraph 3.4). , Decisions,
on the other hand, can be made about the correctness of knowledge (Wikipedia), the best
design/description (Threadless, InnoCentive) or the most suitable physical product
(InnoCentive).
3.2. Size of Contribution
When looking at collective intelligence it becomes clear that in most cases people
contribute (very) small parts to a greater goal. At Galaxy Zoo for instance, galaxies are
identified among other characteristics by their form (completely round, in between, or
cigar shaped) or by the number of their spiral arms (see Fig. 1). The final classification
of a galaxy is accomplished through a number of votes expressed by individuals used to
create the average of ~39 distinct votes per galaxy [19] for the same galaxy), a behaviour
we call averaging in the decision process. People contributing such small parts to a
greater goal are named clickworkers after the homonymic NASA project in which craters
on planets and asteroids were identified.
Wikipedia, as another example of collective intelligence, contains millions of articles
while the average author contributes only to a small number of articles to this
encyclopaedia. InnoCentive also makes use of a large mass of so-called solvers [20] who
answer questions asked by companies. In contrast to the just mentioned examples,
however, the problems to be solved range from rather small to large amounts of effort.
This leads to the conclusion that the size of the contribution of each person varies
according to the specific problem and the form of collective intelligence used to resolve
it.
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3.3. Form of Input
According to Johansson et al. [21] a process is “a set of linked activities that take an
input and transform it to create an output. Ideally, the transformation that occurs in the
process should add value to the input and create an output that is more useful and
effective to the recipient either upstream or downstream.” Hammer & Champy [22]
define a process as “a collection of activities that takes one or more kinds of input and
creates an output that is of value to the customer.” When looking at the various platforms
that use collective intelligence it can be noticed that different forms of input and output
can be identified.
Threadless offers on its submit page a “TeeSubmissionKit” [23] with a template, design
rules and example pictures, which can be summarized as some sort of “instruction”. A
similar instruction is offered at Wikipedia where a tutorial about how to become a
Wikipedia contributor can be found [24]. In both cases no actual input is provided as
only instructions are offered about how to achieve the desired output. Rather, the input is
the imaginativeness for shirt designs (Threadless) resp. people’s knowledge (Wikipedia).
Admittedly, however, in the case of Wikipedia there can be some sort of input if the
contributors do not initiate a new article but only edit an existing one. In the latter
situation, the available knowledge serves as an input that needs to be ameliorated.
At InnoCentive the solvers get a challenge description as an input and are then asked to
use their intellect to find a solution. At Galaxy Zoo clickworkers first receive some
instructions about the nomenclature to be used in the form of a short tutorial [25] and
then get displayed randomly chosen pictures of galaxies as an input. These pictures, in a
similar way as the challenge descriptions of InnoCentive, can be considered as raw
material which is then transformed into the desired output, i.e. denomination or the
solution to the problem.
Summing up, it can be noted that in most cases some sort of instruction is provided
which sometimes serves as an input (e.g. at Threadless) while in some cases other input
is necessary like pictures etc.
3.4. Form of Output
Both Johansson et al. [21] as well as Hammer & Champy [22] include in their definitions
that the result of a process is, through transformation/creation, an output. Collective
intelligence can be used to generate various forms of output which needs to be looked at
more closely. In the case of Wikipedia the output produced by the editors is knowledge
while at Threadless is the result is the print designs of shirts (or pullovers, hoodies etc.,
and at InnoCentive it may be both knowledge or product designs in the form of either
descriptions or physical evidence [26]. While knowledge is a form of output which is
intangible, a shirt design or a design for a product in general is (at least when it is
printed/produced) a tangible form of output.
We argue that the type of the output of a task solved with collective intelligence varies
according to the specific form of collective intelligence used and can either be tangible
or intangible.
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3.5. Stakeholder
According to ISO 10006 stakeholders of a project are all those people who are interested
in or in some way affected by it. In Freeman’s book on Strategic Management. A
Stakeholder Approach, one of the most renowned contributions to the identification of
stakeholders of a company, the term stakeholder is defined as “those groups without
whose support the organization would cease to exist” [27] and it originally included
shareowners, employees, customers, lenders and society.
When looking at the use of collective intelligence, various stakeholders can be identified.
First of all, there is the group of people who wants to use collective intelligence to
achieve a desired objective. In case of Threadless a stakeholder is the organization
behind Threadless who above all wishes to earn money while at Galaxy Zoo the
scientists, who need their data examined resp. galaxies classified, represent a
stakeholder. At InnoCentive, comparably to Threadless, CEO Dwaine Spradlin and his
company want to make money. With InnoCentive, however, the company is not just the
“owner” or initiator of collective intelligence like in the other two cases but it also
serves as a mediator for others, i.e. the seekers, to utilize collective intelligence for the
problem solving. The seekers ultimately also wish to earn money but are not the
initiators of the collective intelligence.
Another group of stakeholders which can be identified is the contributors. These
contributors do the actual work resp. are actually the intelligence needed. They provide
knowledge (Wikipedia), imagine designs (Threadless), come up with innovative
solutions for challenges (InnoCentive), or do the hard work of classifying galaxies
(although most people claim that it is pure fun watching the pictures and classifying
galaxies that no one else might have seen before and that “couch potato universe surfing
is just plain cool” [28]).
A third group of stakeholders are the actual beneficiaries of the use of collective
intelligence. This group overlaps with the initiators, who benefit by achieving their
objective of earning money. The beneficiaries, however, also consists of people who
profit from the output of employing collective intelligence. They for instance have
access to a free online encyclopaedia (whose quality is close to the encyclopaedia
Britannica [29]), and they get stylish t-shirts (Threadless).
3.6. Synopsis of the Identified Characteristics
So far we have identified five new characteristics in chapter 3 which need to be
considered when describing collective intelligence (see table 2): ): objectives of the task
are creation of knowledge, design/description of products or building physical products
or decisions about the correctness of knowledge, the best design/description or the most
suitable physical product. The size of people’s contributions ranges from small to large
while input is instruction (manuals, tutorials etc.), intellect or raw material which results
in tangible or intangible output. Stakeholders of collective intelligence are initiators (of
the collective intelligence), contributors and beneficiaries.
Table 2. Characteristics describing collective intelligence
Characteristic
Objective of task

Possible Values
Creation of knowledge,

designs/descriptions

of
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Size of contribution
Form of input
Form of output
Stakeholders

products/services, physical products
Decision about the correctness of knowledge, the best
design/description, the most suitable physical product.
Ranges from small to large
Instruction, Intellect, Raw Material
Tangible Output, Intangible Output
Initiators, Contributors, Beneficiaries

4. Conclusion and Outlook
It is not a recent invention that people collaborate and join their knowledge and
workforce. For as long as humans have existed, they have collaborated and thus
achieved more as a group than they would have been able just on their own. The boost
which collective intelligence has witnessed in the last two decades mainly comes from
newly available information technologies. They enable people to connect with each other
very easily and to exchange information in very short periods of time.
Many contributions can be found that present fascinating ideas about how collective
intelligence can be used and how specific systems look like. However, only few research
papers are available which offer models for the description of collective intelligence in
general terms.
In this paper we synthesized existing models based on the work of other research groups
into a new and more comprehensive framework. This synthesized model already helps to
describe collective intelligence with more accuracy but still needs to be expanded. We
do so by identifying the additional characteristics of the objective of a task, the form of
the input and output of the process, the size of the contribution, and the various
stakeholders involved.
A category system needs as many characteristics as are necessary to unequivocally
describe the categorized objects and the categories must be both collectively exhaustive
and mutually exclusive. For the time being we accept the characteristics and their
possible values identified by Malone et al., Bonabeau and Lykourentzou et al. as being
the proper characteristics to describe collective intelligence. Whether this holds true or
not for the future and whether more and/or other characteristics in addition to those
presented in chapter 3 are needed to describe collective intelligence must be examined
further. Furthermore we do not so far consider dependencies among the characteristics in
our model. Further research must thus be conducted to establish more and above all the
appropriate dependencies among the identified characteristics. In order to do so, we plan
to identify and analyse a number of forms of collective intelligence and derive their
unique characteristics. With enough forms described it should be possible to identify
types of collective intelligence, i.e. clusters of forms with identical attribute values for
the various characteristics, and therefore build categories. Based on this, we plan to build
a situational method to systematically invoke collective intelligence to solve specific
problems.

238

5. References
1.
2.
3.
4.
5.
6.
7.

Flickr Foto Sharing, www.flickr.com
Wickipedia, www.wikipedia.com
Threadless graphic t-shirt designs, www.threadless.com
MIT Center for Collective Intelligence: Research Overview, http://cci.mit.edu/research/index
InnoCentive, where the world innovates, www.innocentive.com
Galaxy Zoo Hubble, www.galaxyzoo.org
Hevner, A., March, S., Park, J., and Ram, S.: Design Science in Information Systems Research.
MIS Quarterly 28, 75--105 (2004)
8. Malone T.W., Laubacher R. and Dellarocas C.: Harnessing crowds: mapping the genome of
collective intelligence. Working Paper, MIT Center for Collective Intelligence.
http://cci.mit.edu/publications/CCIwp2009-01.pdf, (2009)A
9. Malone T.W., Laubacher R. and Dellarocas C.: The Collective Intelligence Genome. MIT
Sloan Management Review 2, 20--31 (2010)
10. Bonabeau E.: Decisions 2.0: The Power of Collective Intelligence. MIT Sloan Management
Review 2, 45--52, (2009)
11. Lykourentzou I., Vergados D.J. and Loumos V.: Collective Intelligence System Engineering.
In: Proceedings of the International Conference on Management of Emergent Digital
EcoSystems, pp 134--140, (2009)
12. Tapscott D. and Williams A.D.: Wikinomics : How mass collaboration changes everything.
Atlantic, London (2008)
13. Howe J.: The Rise of Crowdsourcing. Wired 14.06. http://www.wired.com/wired/archive/
14.06/crowds.html (2006)
14. Howe J.: Crowdsourcing : How the power of the crowd is driving the future of business. Crown
Business, New York ( 2008)
15. Schenk E. and Guittard C.: Crowdsourcing: What can be Outsourced to the Crowd, and Why?
Working Paper, aboratoire de Génie de la Conception - Institut National des Sciences
Appliquées de Strasbourg, BETA - Bureau d'économie théorique et appliqué, Université de
Strasbourg. http://ideas.repec.org/p/hal/wpaper/halshs-00439256_v1.html#download, (2009)
16. Storey M.D.: Beyond the Lone Reverse Engineer: Insourcing, Outsourcing and Crowdsourcing.
In: IEEE 16th Working Conference on Reverse Engineering, Lille, France (2009)
17. Surowiecki J.: The wisdom of crowds. Anchor Books, New York (2005)
18. Hoffmann, F: Aufgabe. In: Grochla, Erwin (Ed.): Handwörterbuch der Organisation, pp. 200-207, Poeschl, Stuttgart 1980
19. Lintott, C., Land, K., Slosar, A., Andreescu, D., Bamford, S., Murray, P., Nichol, R., Raddick,
M.J., Schawinski, K., Szalay, A., Thomas, D., Vandenberg, J.: Galaxy Zoo: the large-scale spin
statistics of spiral galaxies in the Sloan Digital Sky Survey. Monthly Notices of the Royal
Astronomical Society 4, 1686--1692 (2008)
20. Innocentive Problem Solvers, http://www2.innocentive.com/problem-solvers
21. Johansson, H. J., McHugh, P., Pendlebury, A.J., Wheeler, W.A. : Business Process
Reengineering: BreakPoint Strategies for Market Dominance. Wiley, New York (1993)
22. Hammer, M., Champy, J. Reengineering the Corporation: A Manifesto for Business
Revolution. Harper Business, New York (1993)
23. Threadless Submit, http://www.threadless.com/submit
24. Wikipedia editing tutorial – introduction, http://en.wikipedia.org/wiki/Wikipedia:Tutorial
25. Galaxy Zoo Hubble: How to take part, http://www.galaxyzoo.org/how_to_take_part
26. InnoCentive
Innovation
Challenge
Types,
http://www2.InnoCentive.com/problemsolvers/innovation-challenge-types
27. Freeman, R.E.: Strategic Management. A Stakeholder Approach. Pitman, Boston (1984)
28. Galaxy Zoo Hubble Forum, What makes Galaxy Zoo interesting , About this board,
http://www.galaxyzooforum.org/index.php?topic=68.0
29. Giles J.: Internet encyclopaedias go head to head. Nature 438, 900--901, (2005)

239

The participatory roles play simulation in a social and
collective learning context
Aurelie Aurilla Bechina1, Tone Vold 2,3,
1

University College of Buskerud, HIBU, Kongsberg, Norway
2
University College of Hedmark, ØSIR, Rena , Norway
3
Norwegian University of Science and Technology, Trondheim, Norway
aurillaa@hihm.no
tone.vold@hihm.no

Abstract. Knowledge building and behavioral change takes place by
participation in collective learning process. Participatory learning methods and
intellectual interaction between people are an effective part of professional
development. This paper discusses the role of game play in engaging actively
stakeholder in a collective learning. This paper intends to investigate the factors
facilitating the learning capability while designing a participatory role play
model process. In order to delineate a general model, we have conducted two
experiments in two different Norwegian organizations. The goal was to
investigate the evidences of using role play game in a participatory as a suitable
tool fostering collective learning.

Keywords: Social Game, Knowledge acquisition, social learning, Collective
Intelligence,

1 Introduction
The last decades, the use of personal computers, smart mobile device and the
internet has changed the way people are learning and acquiring new Knowledge. The
emergences of games and the increasing number of players have pushed the industry
to develop more and more educational games. Recently the academic world started to
investigate how serious games and computer simulation games can facilitate the
learning processes [1-3]. Recent research works have demonstrated that people tend
to learn more easily when they are entertained and are engaged in the creativity
process involving thinking and emotion [4, 5]. For example, the work done by Blunt
concludes, the application of serious games significantly increases learning [6]. One
reason that is often invoked is closely related to the concept of constructivist learning.
In constructivism, the learner actively constructs knowledge and learning by
integrating new information and experiences into what they have previously
understood. The learner by building cognitive structure combines propositional
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knowledge often referred as fact, concepts and procedural knowledge. This
knowledge is usually related to the techniques, skills and abilities [7]. In addition, it
has been demonstrated that knowledge construction is best effective when taken place
in social context, and in a setting in which new knowledge and skills are being used.
Furthermore, people learn best through interaction with others [8].
Compared to the traditional learning environment, game based learning involves
the learner actively in the learning environment. They are several factors in favors of
using games to educational practices or to foster knowledge acquisition [2]. One of
them is the recognition that play, constitutes an important part of human cognitive and
social development. Gee reported in his study of video games as a learning tool that
students are more likely to assimilate content by engaging themselves in a process of
discovery [4].
In addition, people tend to construct knowledge in a best way when they are
engaged personally; therefore game for learning purpose should involve contentbased scenario or purpose. Furthermore, active participation in tasks is seen as a
requirement for an active learning process; in fact, it is crucial to not separate the
acquired knowledge from its everyday usage.
It is important to be aware as stated by Schnotz [9], that cognitive processing is not
the only factor contributing to effective learning, but affective impacts and
motivational goals should be taken into account as well. Moreover, if educational
games are more engaging and appealing to learners interacting actively with these
learning environment, it is worth to investigate further use of these new game based
learning approaches [10]. In our research studies, we focus mainly on the role play
game simulation.
There are plethora of studies highlighting the benefits of using Role Play Game
(RPG) [11, 12] as an innovative way to teach and learn new skills or acquire
knowledge.
RPG simulation is considered to be a good approach by fostering Collective
learning in functional groups. Collective learning contributes for groups or teams to
acquire collectively new competences or knowledge that will help them to deal or to adapt
to new business or social setting [13].
Playing Role play simulation is suitable in creating group dynamic with evolving
relationship ties among the participants. It is recognized that playing RPG simulation
in a business context can contribute to facilitate team development, improve
communications effectiveness, disclose some behavioral attitude toward a specific
issue and so forth [14]. Literature investigation indicates that using role play
simulation for fostering learning capability is not new and that most of the time the
game has a predefined learning objective described in the scenario. This experiential
learning technique is generally used with predefined roles and role play scripts [1517]. However, in our approach we intend rather to involve the learners in the
development process of their own learning objectives. Participants are encouraged to
define the roles and scripts/scenario based on their own learning objectives. This
participatory view is based on several learning theorists that claim the importance of
the personal involvement by the learner [18-21].
The paper discusses the concepts and challenges in using role play game
simulation in order to foster user’s participation in a collective learning effort. In
order to validate our assumptions or hypothesis, we have conducted two experiments
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involving two Norwegian organizations. The goal was to investigate the evidences of
using role play game in a participatory as a suitable tool fostering collective learning
in a group of people. To this end, we have conducted an interactive workshop
encompassing two sessions. During the first session, the participants were requested
to define collectively some learning objectives, to design a script/scenario for the role
play. The second session gave the opportunity to evaluate the process and the
outcome of the first part of the session by using an action after review approach.
The next section discusses how the learning processes can take both at individual
and organizational level. A literature review based on collective learning, user
participation and role play is outlined. The third part presents the context of study
based on the experience gathered from the both involved organizations. This section
describes the adopted methodologies to conduct a role play session using a
participatory approach. Based on literature reviews, data collected during the
workshop a model encompassing factors facilitating the learning capability while
using a participatory approach is presented in the section four.

2 Social and Collective Learning
The concept of collective social learning is seen as a process that occurs among a
group of people in which shared meanings are constructed and who seeks to improve
a common situation and take action collectively [22]. This concept of collective
learning reflects the growing interest among adult learning theorists in developing
alternatives learning theories to explain how and why learning occurs in groups [22].
Although some research studies highlight that cognitive dimension is an integral part
of the rule and routines and is taking part in a collective learning process, there are
still others factors that need to be further investigated [23]. For example, active user
participation in a learning process is considered as a positive approach. Eikeland and
Berg claim that learning cannot be based on theoretical input only, but that there is a
need for experiencing [24]. In the same line, the work of Dewey [19] demonstrates
that learning by experiencing is essential but linking action and thought to the
experience is even more fundamental in order to enhance the learning capability [19].
Silberman’s defines this process as an experiential learning reflecting the learner’s
involvement in some specific activities that enable them to “experience” what they
are learning. In addition, experiential learning provides the opportunity to reflect on
these activities [15]. The experiencing can range from simulating real life to working
situations.
Another theorist that has influenced experiential learning is David A. Kolb. He
states: “Learning is the process whereby knowledge is created through the
transformation of experience” [25]. Knowledge about what they have learned is to a
large extent what we want the participants to display during the phase of idea and
scenario building. This is reflected in the Kolb’s model of experiential learning cycle
that is depicted in figure 1.
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Fig. 1. Kolb's experiential learning cycle (1984)

To achieve learning from an experience, the knowledge obtained from the concrete
experience must be contemplated on through reflective observations. An articulation
can provide an abstract conceptualization that can be tested through active
experimentations and gives new experiences to reflect upon.
However, one major drawback of experiential learning is related to the lack of
clarity in the learning outcomes. Furthermore, Academic institutions believe that this
learning approach is quite restrictive since experiential learning could legitimize
individual experience as the main source of knowledge and understanding [26]. It is
recognized that Social interaction and co-operation are important dimensions in the
social learning. As stated by Wenger learners are social beings that are learning
through developing competencies by taking part in activities where it is possible to
derive meanings from [27]. Therefore, taking into account the social dimension in
experiential learning gives the participants a collective opportunity of learning from
each others.
Amongst innovative learning approaches, Role play game simulation is considered
as a good way to enhance experiential learning combined with social interaction
between participants within a specific context that will simulate for example a
business case situation. Participants can simulate a situation collectively and thus
increase the collective intelligence that contributes to suggest new problems solving
approaches.
Role play simulation is a game where social conflicts and group decision making
are simulated. Traditionally, the topic and the roles are already predefined while the
outcomes of the game are non-determinist. During the role play simulation games,
learners are in a situation where decisions making is based on real or hypothetical
model situations defined by a set of rules that govern their fictitious reality [28]. This
approach is particularly suitable for social learning emphasizing not only knowledge
acquisition but as well competences and communication skill building, behavioral
attitude improvement and so forth. The learners through a simulated situation will
learn in a safe, friendly and motivating environment.
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Several research studies have demonstrated the benefit of using RPG simulation in
various application domains. Moroccan smallholder farmers have used a role play
game together with a simulation tools in order to learn how to design drip irrigation
systems. The researchers have designed and developed a role-playing game that was
in first instance used to raise awareness among farmers about the scope and contents
of a joint irrigation project and to know the knowledge level of the farmers. A policy
simulation exercise based on the actual field situation enabled farmer groups to design
their own joint drip irrigation project. The evaluation of the experiment demonstrated
that a role-playing game provided valid learning experience while the realistic
simulation supported concrete decision making [29].
Role play simulations have been as well used to help new custody officers to learn
how to deal with different type of prisoners in custody ward [26]. The game have
been developed using the knowledge of experienced custody officers, the
scenario/script has been written by a professional writer. In order to conduct an
assessment of the knowledge acquired by the participants, the role play session have
been video recorded. It has been used during the debriefing process in order to discuss
various decision taking, or attitude while playing the role play game. The learning
outcomes have been defined as a preamble of the role play game. This is quite often
the case in most of the research studies that we investigated.
In our approach, we take a step further by including the participants in the design
of the scenario or the script and in the role specifications. The participatory process
will contribute to secure a collective understanding of the learning outcomes that will
be defined during the session. The participatory learning has been widely discussed in
the literature as an interesting approach to professional skill development in order to
enhance learning to improve one’s practice. The argument for this approach is related
to the belief that continuous professional development is not only engaging the
learner in the process; but it also includes learning from others.
Although few research studies have been conducted in order to evaluate the impact
of active participation in a learning process, there is still too little research done on the
participatory process in a role play game simulation. This paper intends to investigate
the factors facilitating or hampering the learning capability while designing a
participatory role play model process.
In order to delineate this model, we have conducted two experiments in two
different Norwegian organizations. We intend to investigate how the usage of social
game contributes to the increase the level of participation in collective learning
process. The next section describes the context of study and the adopted methodology
in order to conduct our investigation.

3 Context of Study
In order to investigate the effectiveness of User participation in role play game
setting, two Norwegian organizations were selected. The first one is The
Norwegian Army Military Academy. This institution was keen to participate to the
experiment as they wanted to investigate new alternative way of teaching. The
second organization as association for enterprises, is focusing on forestry and wood
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industry sector. This organization aims at providing mechanisms contributing to
foster innovation within small and medium enterprises. Tretorget intends to
investigate the best alternative leaning methods for their members.
3.1 The Norwegian Army Military Academy
The Norwegian Army Military Academy (NAMA) was established in 1750 and is
considered to be one of the oldest active military academies in the world. The school
focuses on providing vocational education and training to Norwegian officers that
might be sent to war zones. Games have been traditionally used by military schools in
order to improve strategies and planning skill of the cadets. The simulation role play
(RPG) techniques are being used today in a variety of military programs designed to
enhance the skills of learners. Hence, RPG enables learners to practice necessary
skills such as strategy competence in an environment that allows for errors and
professional growth without risk. Following this trend of using game, the Norwegian
Army Academy has already promoted the use of game in the educational program.
Live training might require stringent planning; resources, expensive equipments;
therefore virtual simulation or role play simulation can allow some of the activities to
be first trained in a safe environment. This approach will not only reduce the cost of
the training but will eliminate most the danger associated with real weapons or bad
decision making. This is not of course like real action, but this approach is allowed to
repeat some actions or learn to improve their decision making process or to
understand the behavioral attitude of people while being in experiencing different
situations.
This school was selected due to the natural use of games in education. Therefore,
we believe that we could get interesting insights in understanding the factors
facilitating or hampering the participatory process while designing the rules and
defining collectively the learning objectives for a role play game. There were 11 last
year cadets volunteering for experiential and experimental learning.
3.2 Tretorget
Tretorget is forestry and wood industry's related organization. It aims to enhance
innovation capability in the forestry and wood industry by leveraging competence and
skills of people. The objectives are to provide technical and organizational support for
fostering entrepreneurship or helping companies to adopt processes leading to
innovation. Network building among several stakeholders is seen as essential to build
knowledge and to provide means to facilitate the sharing or the transfer of the critical
knowledge. Therefore, the organization is keen to investigate innovative learning
approach since most of the learners come from a low tech industry with in some case
very little level of instruction. Conventional training has proved to be not very
efficient since participants were not favorable to passive learning.
This organization was selected since the leaders expressed a positive attitude
toward investigation of new learning techniques for people having strong practical
competences and experiences. We believed that the participatory learning process in
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their willingness to acquire different type of knowledge should be further
investigated. It was interesting to analyze how the active participations of the learners
could increase the reflection process which in turn will contribute in the effectiveness
of the learning process. In addition, it was important to observe the attitude of the
learners while participating in the design of role play simulation. The 15 participants
have attended a Health Security Environment (HSE) lecture and they express their
interest to learn on how to deal with environmental issues that may arise during a
working setting.
3.3 Research methodology
The project was broken down in several phases as follow:
− Definition of the goal of our experiment and methodology delineation in order to
conduct our experiments in both organizations
− Raise awareness among the leaders of both organizations through several meetings
− Organization of an interactive workshop with each organization. During this
session a group of participants (11 from Nama and 15 from tretorget) had the
mission through participatory approach to design collectively a role play game
with role and scrip delineation. The participants had to come up with some
suggested learning outcomes. They were asked based on previous lectures,
experiences, current issues in the organizations, to come up with some learning
outcomes. The idea was to involve participants in the very first step in the topic
they feel they need to learn about. The session was intended to understand how
people interact and collaborate in designing a narrative game. The focus was
voluntary limited to Human resources issues such for i.e conflict solving,
communication improvement and so forth. Once the learning objectives have been
defined by the both groups, the scenario was played. In this session, the
participants shared roles in order to cooperate and learn from each other whilst
playing. This also supposed to serve a purpose of impersonalize the input and yet
collectively create a role character. The role play session was intended to depict a
possible outcome of the script.
− A second session took place after the role play simulation. In this session, we
collected data about their individual and collective experience of the first session.
This session was based on After Action Review model. Informal interviews have
been as well conducted.
− Based on the literature review, data collected during the both sessions, we have
delineated a general model encompassing several factors facilitating or hampering
the participatory design.
− Validation of the model. The elaborated model needs to be further validated in
another type of setting such different organizations or learning outcomes and so
forth. The project is still ongoing and we are planning to conduct the evaluation
process in a near future. We are in the process of looking others organizations
willing to test our model.
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The experiment was conducted at the school of NAMA while the workshop for
Tretorget took place in a conference room of a hotel. In both cases, the workshop
duration lasts for three hours including the break between 2 sessions.
3.4 Data collection process
The empirical data was analyzed through the use of various tools and methods. In
order to involve the participants at different stages of the project, we decided to use
Action research method. The goal was to conduct a research process with the
participants instead on them; therefore, they were involved in all steps of the project
and more specifically during the both sessions. We have conducted our data collection
process by adopting a qualitative approach such as observations, focused group
interviews and informal discussions during the breaks that has taken place in the
interactive workshop. The after action review gave us the possibility to record and
analyze some of the attitudes expressed b the participants during the first session.
During the first part of the workshop, the participants were defining collectively
the learning objectives and co-designing the role play game. The researchers and the
instructors of both organizations have observed the working collaboration and
communication models processes. Attitude and behaviors of participants have been as
well observed. An After Action (AAR) review was performed after the first session.
This assessment allowed all the participant and the researchers to discover (learn)
what happened and why. The goal was to conduct a soft discussion of the previous
event in order to learn from that experience. It gave as well the opportunity to analyze
and to reflect on the behavioral attitudes and participatory models of the learners.
In addition, it was important to grasp some insights about how the learning process
is taking place, how the information should be presented to the learners, how we can
use learners experiences and expectations. Additional information is as well important
such as how to encourage learners to share and to participate actively in the role play
or the collective or individual decision making process is taken.
Prior to the general discussion, a questionnaire investigating their perception on
their experience of the role play design was handed out to the participants. The aim of
this questionnaire was to trigger a reflection process. The idea was as well to gather
data at individual level and then at the group level during the general discussion. The
questions were a mix between answers on the Likert scale (nominal) and open ended.

4

Data Analysis

Preliminary observations of the process in both organizations and Analysis of the
answers of the questionnaire indicate that the participants were very confused and
unsecure about what the researchers expected from them.
One reason of this general confusion was due to this new approach to trigger a
learning process. Being active participants in defining collectively the learning
objectives was at first very disturbing. This confusion to some extend was greater
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at NAMA organization than at Tretorget. Most of the cadets were disoriented by
the lack of description of the task to be performed. This is probably due to the fact
that the military school usually does not encourage too much participatory process
in elaborating learning objectives. It is of course, very important that cadets obey
to orders and to be passive receptacles of information. Therefore, they find difficult
to break out of the traditional learning model. This is as well stated in the work of
Torrs and Inderbitzen that students have difficulties imagining alternative forms of
learning and thus require more innovative and transformative learning experiences
as central components of today’s liberal education [30]. The general attitude was a
negative feeling of this new approach to learn something that they have defined
themselves. After some discussions, they decided to define the goal of the learning
tactic in a military context. During the discussion, it was interesting to observe the
communication patterns of the participants. The script/scenario delineation
engaged somewhat a lot of discussion as they could not see the benefits of such
approach. It was a bit surprising as we expected them to have already some
experiences in using simulation tool in their education. But the overall negative
feeling about the whole experiment led them to have a lot of discussions
highlighting the little pertinence of this participatory process in the design of the
role play. This was probably as well due to the selected topic. Military tactic is a
wide domain and the lack of clarity in defining a more focused learning objective
might have influence their perception of the difficulty of writing a scrip or playing
a role in the simulated situation.
The learners at NAMA that do report on the role playing having an impact
on the learning, respond that it gave them new insight on their plan. However, the
instructor was positive towards the RPS and could in the excerpt from the written
dialogue point to increased understanding of the tactics curriculum.
The learners at Tretorget have a profile of professional with a very pragmatic and
practical working life experience. Although they expressed some surprises on the
required task for the session, they quickly came up with the idea to define a role
play on the drug or alcohol abuse at the workplace. They actually found out that
being involved at earlier stages of the role play design was a good approach as they
get the possibility to adopt a consensual approach to define collectively the
learning goal. In addition, people tend to construct knowledge in a best way when
they are engaged personally, therefore the content-based scenario proved to be
interesting alternative teaching approach. Furthermore, active participation in tasks
has demonstrated that role-play games could be considered as a very good means
to encourage every player (learner) to take individual responsibilities, practices
real-life simulated tasks and experience the outcomes of any decision making.
The learners at Tretorget also reported on gaining a new insight, not only
about the collective process of coming up with a scenario, but also with regards to
the topic they had chosen. Some of what they had learned during the lecturing on
the course was confirmed and even if this was no surprise, it was something
different to “experience” it.
Based on data analysis, we have delineated this following model encompassing
factors that contribute to the efficiency of a participatory learning process.
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Fig. 2 Participatory learning effectiveness model
Individual and organizational factors, concrete experience and reflective learning
catalyze an effective participatory learning.
The four components that contribute to enhance he participatory learning
effectiveness are user motivation, Organizational involvement, concrete experiences
and the reflective learning outcomes.
In order to foster user motivation, the participants claimed during second session of
the workshop for both organizations, that they had to see clear potential benefits, or
the usability of such method, adequate skills was needed. Rewards or incentives were
as well important for increasing the participation in the learning process.
At organizational level, it is important to specify a clear communication flow, or
provide some adequate mechanisms supporting an effective training. The top
management involvement is considered as a key to introduce new innovative teaching
or learning methods.

5 Conclusion
This paper discusses the concepts in using role play game simulation in order to foster
user’s participation in a collective learning effort. In order to validate our assumptions
or hypothesis, we have conducted two experiments involving two Norwegian
organizations. The goal was to investigate the evidences of using role play game in a
participatory as a suitable tool fostering collective learning in a group of people. To
this end, we have conducted an interactive workshop encompassing two sessions.
Our investigation has demonstrated that Role play game is a powerful tool to foster
collective learning capability by creating group dynamics, team’s development. Based
on the collected data, we have outlined a general model encompassing factors
facilitating the participatory learning in a role play context such as communication
patterns, decision making and so forth. Collective learning and developing collective
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competencies can make groups to adapt to new circumstances and to develop new
competencies in thinking and doing.
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Abstract. Web2.0 service providers allow Internet users to access their Web2.0
services so that these users can create new Web2.0 services, which are called
mashups. This creation of mashups generates the Web2.0 service network,
where a node represents an existing Web2.0 service and a link between two
nodes represents a mashup using these two Web2.0 services. The Web2.0
service network is constructed without the control of any entity. The network
topology of the Web2.0 service network has been examined to understand the
self-organizing feature of the Web2.0 system. However, the prior research did
not concern the property of weighted graphs. In this research we investigated
the topology of the weighted graph of the Web2.0 service network to examine
the behavioral pattern of Web2.0 service creation. Our results show that the
weighted graph of the Web2.0 service network is an ordinary scale-free small
world network.
Keywords: Web2.0 Service, Mashup, Network Analysis, Self-Organized
Network, Small World Network, Scale-Free Network, Weighted Graph.

1

Introduction

Web2.0 service providers allow Internet users (or Web2.0 service developer) to
access their Web2.0 services (e.g., functions and/or data) through open Application
Programming Interfaces (API). An Internet user, who is able to use Web2.0
technologies (e.g., Asynchronous JavaScript and XML), can combine Web2.0
services to develop new ones [1] [2]. These new Web2.0 services are called Web2.0
mashups, or simply mashups [3] [4] [5]. It is also possible that an Internet user adds
her own data and/or function to existing Web2.0 services.
The Web2.0 services are continuously innovated through collective intelligence,
the open APIs of Web2.0 services allow combining existing Web2.0 services. In this
context, users (i.e., any user who is able to mandate Web service source codes) are
considered the collective intelligence. Therefore, the connection between existing
Web2.0 services through developing new services (i.e., mashups) generates a
network, which evolves to a complex network by the drive of collective intelligence.
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To analyze the creation of Web2.0 services, we introduce the Web2.0 service
network. A node of the Web2.0 service network represents an existing Web2.0
service, and a link between two nodes represents the existence of a mashup using
these two Web2.0 services.
Since the Web2.0 service network is based on user decisions, we expect the
Web2.0 service network to be self-organized. In particular, we expect the Web2.0
service network to show features that appear in self-organized social networks such as
random networks, small world networks, and scale-free networks.
For about a decade, prior research has examined the mechanisms that generate
networks appearing in social networks. Watts and Strogatz showed that the random
rewiring model, which transforms a regular network to a random network by
randomly rewiring a link, yields a small world network [6]. In small world networks
generated by Watts and Strogatz, an individual is embedded in a cohesive cluster but
can reach any other individual in the network through a very few intermediates only.
This low number of intermediaries is related to the role of hubs. Hubs are located in
the long tail region of a power function. They make the network small through dense
connections to other nodes within the network [7]. Furthermore, empirical studies of
the WWW, open source social networks, and academic collaboration networks
suggest that a majority of self-organized networks are scale-free. Under this property,
the degree frequency decays following a power function [8] [9] [10] [11] [12].
In general, it is important to analyze the topology and characteristics of a selforganized network, since they affect the performance of communication and
robustness of the network. For example, a scale-free network is “smaller” than a small
world network, i.e., two nodes within a scale-free network are connected in average
through shortest path lengths shorter than those of two nodes in small world networks.
For a network of N nodes, the average shortest path length in a scale-free network is
proportional to log(log(N)), while that in small world networks is proportional to
log(N) [13]. Information diffuses quickly if the information initiates at a hub within a
scale-free network [14] [15]. Another example shows that links within a scale-free
network are concentrated on a few hubs while links are equally distributed among all
nodes in small world and random networks. Therefore, scale-free networks are robust
to intentional attacks comparing to small world networks and random networks [16].
On the other hand, due to the same reason, scale-free networks are not stronger to
failures than small world and random networks.
Several studies examined the topology of the Web2.0 service network. Fu et al. and
Hwang et al. analyzed the network topology of social networking services and
Web2.0 services to show the scale-free property of the networks [17] [18]. Kim et al.
investigated the openness between subgroups, showing that openness impacts the
evolution of complex network and, in particular, Web2.0 services [19]. Kim et al. also
showed numerically that the openness between subgroups affects the network
evolution. It deviates the degree distribution [30].
However, these studies do not concern the weights of the Web2.0 service network
comprehensively. Though Hwang et al. (2009) and Kim et al. (2010) considered
weights in the Web2.0 service network, their weight of links is the simple summation
of the number of mashups [18] [19]. The weight as a simple summation overestimates
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the strength of a link between two nodes, which is defined as the summation of
weights of the links that a node involves. For example, consider mashup i created
with two Web2.0 services and mashup j created with three Web2.0 services. The
contribution of one of the two Web2.0 services to mashup i is larger than one of the
three Web2.0 services to mashup j. Therefore, the link through mashup i should be
weighted larger than the link through mashup j. In order to avoid this overestimation
problem, Newman calculated the weight of a link in an academic collaboration
network as the number of collaboration between two authors divided by the number
of collaborators in their paper [10].
In this paper, we establish the weighted graph of Web2.0 service network
following Newman’s technique [10], investigating how the weighting technique
affects the result of the network analysis. In this analysis we try to check whether the
behavioral pattern of the mashup creation corresponds to that of any well-known selforganized network. In particular, our network analysis examines whether the Web2.0
service network shows small world and scale-free properties. At last, we compare the
result with the network analysis of the Web2.0 service network in the previous
research [18], In the previous research, the network, whose links were weighted by
the simple summation of the overlapping links between two nodes, showed an
extraordinarily low exponent of a scale-free pattern.
The remainder of this paper is organized in 3 sections. The next section introduces
the literature on small world networks, on scale-free networks, on the analysis of
hierarchical network structures, and on weighted graphs. In section 3, the Web2.0
service network is analyzed with respect to those indicators of small world networks
and hierarchical network structures. In section 4, we conclude the paper with a
discussion on behavioral pattern of mashup creation of the Web2.0 service network
and a comparison with those of well-known self-organized networks.

2
2.1

Theoretical Background
Homogeneity of Networks

The topologies of networks can be classified into two groups according to the
homogeneity of degrees. The first group comprises a regular network, a small world
network, and a random network [6], which have no node with a distinctive central
position. The difference of these three topologies is that the small world network has
more randomness than the regular network, and the random network more
randomness than the small world network.
The second group of networks is identified through the existence of distinctive
central nodes, which are connected to a lot of terminal nodes, and through the lack of
nodes with common neighbors. An example of this group is a scale-free network [16]
[22]. Because of this heterogeneity of connectivity, the topology of the scale-free
network looks like a tree network and a star network rather than a regular network,
small world network, or Poison distributed random network. A tree network has a
heterogeneous structure, since a central node stretches to terminal nodes through few
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intermediary nodes. A star network is a tree network where all nodes have exactly one
link except for one node that connects all other nodes.
2.2

Small World Networks

Watts and Strogatz generated a small world network by rewiring links of a regular
network with probability p [6]. They used the average clustering coefficient to
measure how the network is clustered, and the average shortest path length to evaluate
how near the members in the network are. The clustering coefficient Clν(g) of node ν
in graph g is defined as the ratio of the number of links between neighbors of node ν,
to the theoretically maximum number of links between them:
 i, jN ( g ) aij .
(1)
Cl ( g ) 
k (k  1) / 2
aij is an element of adjacency matrix A. aij is 1 if node i is connected with node j,
otherwise 0. Nν(g) means the set of neighbors of node ν. kν is the degree of node ν
(i.e., the number of links of node ν). That is,

ki   j aij .

(2)

The shortest path length d(i,j) between node i and node j is defined as the number
of links in the shortest path.
Regular networks have the same number of links per node. Consequently, the
degree distribution shows a peak at a certain degree. In this kind of network, each
node is embedded in a cluster but far from other nodes. If the rewiring probability
(i.e., the probability that a link is chosen to be rewired) goes to 1 (i.e., all links in the
regular network are rearranged), the network transforms to a Poisson distributed
random network. In a random network, nodes rarely share neighbors.
The interesting network is a ‘small world’ network, one between the Poisson
distributed random network and the regular network. A small world network is a
network, which is highly clustered and has nodes that are connected closely [6]. It
implies that the nodes in the small world network are connected to each other
efficiently. It was empirically tested by Milgram that a real social network has a small
world structure [20]. The small world structure implies that a person will frequently
meet a friend of his friend where least expected.

2.3

Scale Free Networks

Empirical studies of the WWW, open source social networks, and academic
collaboration networks suggest that a substantial number of self-organized networks
are scale-free [8] [9] [10] [11] [12]. Scale-free networks are networks, whose
frequency P(k) of node degree k decays by a power function k-γ. Prior research
explained a scale-free network is generated by a simple rule such as preferential
attachment [22], and merging and regeneration [23] [24].
Generally, noise appears in the high node degree range, which represents important
information about a scale-free network, due to the low frequency in this range. In
order to eliminate the problem of low frequency, the cumulative degree distribution is
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more useful. It determines the scale-free characteristic of a network by calculating k>,
i.e., the frequency of node degrees larger than k [21]:


P (k  )   P (k )dk ~ k  ( 1) .
k

(3)

The distribution of a scale-free network is very inhomogeneous (i.e., highly
skewed), compared to the distributions of Poisson distributed random networks and
small world networks. It implies that a few hubs have a large number of links and a
large part of nodes has only a small number of links [7] [8].

2.4

Weighted Graphs

So far, the indicators calculated the properties of a binary graph. The element aij of
an adjacency matrix A distinguishes only the presence of a link between node i and j.
But the weight of a link also usually involves important information in networks. That
is, the weight is used to analyze how frequently or how much the nodes interact to
each other, while the presence of a link described which node is a neighbor of which
node.
The weight can be defined as a variety of measures according to the context of the
network analysis. For example, the weight of a link between two adjacent routers in
an internet network can be defined as the data traffic between them. The degree of
intimacy, or goodwill, between two friends is also a good indicator for measuring the
weight of the link between them.
Newman suggested an interesting technique that measures the intimacy between
two coauthors of an academic article [25]. He assumed that the intimacy between two
authors is proportional to the number of articles they collaborated, and that it is
inversely proportional to the number of authors participating in the article. Under this
assumption the weight wij of a link between author i and author j in an academic
collaboration network is defined as:
wij  

 i p jp

.
(4)
np 1
Here, δip represents the contribution of author i to paper p. δip is 1 if author i
contributed to paper p, otherwise 0. np is the number of authors who contributed to
paper p.
With the weight between node i and node j, the indicators in a weighted graph are
defined, corresponding to the indicators of a binary graph. The strength of node i,
which is analogous to the degree in a binary graph, is defined as the sum of weights
that node i involves [25] [26] [27] [28]:
p

si   j wij .

(5)

Using these quantities considering the weight of a link, we are able to modify the
definition of path length and clustering coefficient. The weighted shortest path length
dw(i,j) between node i and node j is defined as the minimum sum of inversed weights
of the links on the path between node i and node j [28]:
 1
1 
d w (i, j )  min 

(6)
.
w
whj 
 ih
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If each weight goes to 1, or if each weight implies only the presence of a link, the
equation of the weighted shortest path length dw(i,j) is reduced to that of a binary
graph.
We can assume that a node is clustered more cohesively with its neighbors as it is
more interdependent to them. So the clustering coefficient Clν of node ν is extended to
the weighted version Clνw by embracing the weight between node ν and its neighbors
[26] [27]:
( w i  w j )
1
(7)
Clw 
a i a j aij .

s (k  1) i , j
2
Here, the number of triplets is substituted by sν(kν-1), considering the weight. Under
the assumption that the weight is the multiple of the number of links, if node ν
chooses one link with node j among sν links, node ν can choose another node among
kν-1 neighbors.

3
3.1

Analysis
Description of Data

A list of Web2.0 services and mashups has been gathered from the Website
www.programmableweb.com. It includes 445 Web2.0 services with open APIs and
1,929 Web2.0 mashups. These services have registered with the Website between
September 1, 2005 and May 21, 2007. From this initial data set, 214 Web2.0 services
were deleted in the data set, because they were not used to develop Web2.0 mashups
during the study period. Furthermore, we eliminated 15 Web2.0 services that were
solely utilized to create mashups from the data set. They do not affect the network
characteristic since they are isolated in the Web2.0 service network. Therefore, the
number of Web2.0 actually used for the analysis is 216.
The network was constructed under the assumption that the Web2.0 service
network is a binary graph. The binary graph indicates which two Web2.0 services
were jointly used to create a new Web2.0 mashup. Therefore, an element aij of the
adjacency matrix A of the Web2.0 service network is 1, if the two Web2.0 services
were used at least once to create a Web2.0 mashup. Otherwise, aij is 0. Within the
network, 1929 Web2.0 mashups generated 1,916 links. The average degree of a node
is k = 8.870.

3.2

Properties of Weights

The weights of the Web2.0 service network were measured by Newman’s (2001)
technique [10]. In equation 6, it was assumed that δip is 1 if Web2.0 service i was used
to create mashup p, otherwise 0. As a result, total weights were calculated as 924.738
for 1,929 links in the Web2.0 service network.
The weights allocated on the links in the Web2.0 service network shows a power
law distribution. The logarithm of the cumulative number of weight decays linearly
according to the logarithm of the weight (Fig. 1 a). In the result of the linear
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regression on this data, the slope is 1.945, the significance probability is 0.000 and the
determination coefficient R2 is 0.974. That is, the distribution function of the weight
w is P(w) ~ w-2.945, and the relationship is statistically significant.

Fig. 1. Properties of weights of the Web2.0 service network: a) the weight distribution in the
log-log scale, and b) the relation between the degree k and the logarithm of the strength
conditional on k

The strength s of a node tends to increase exponentially as degree k of the node
increases. The logarithm of the strength s(k) conditional on k shows a slightly positive
linear correlation with k (Fig. 1 b). The slope in the log-linear regression model is
0.013. The significance probability is 0.000 and the determination coefficient R2 is
0.450. These results mean that the Web2.0 service which has collaboration with more
other Web2.0 services is utilized to develop a mashup more frequently.

3.3

Small World Properties

As mentioned above, to evaluate the small world property of the weighted graph of
the Web2.0 service network, we need to measure the weighted clustering coefficients
and the weighted average shortest path length of the network. The average weighted
clustering coefficient of the Web2.0 service network is calculated as 5.594. The
standard deviation of the weighted clustering coefficient is calculated as 0.476. The
weighted clustering coefficients of the Web2.0 service network range from 0
(theoretical minimum) to 1 (theoretical maximum). Among 216 nodes, 68 nodes have
a clustering coefficient of 1, and 35 nodes have 0.
The calculation of the average weighted shortest path length of the Web2.0 service
network results in 5.990. The standard deviation of the average shortest path length is
13.443. That is, the majority of Web2.0 services are linked through 0 to 19 weighted
links. Therefore, it is hard to say that the average weighted path length characterizes
the distance between any nodes because the deviation from the average is
substantially large.
In order to interpret the measured small world indicator values (i.e., weighted
clustering coefficient and the weighted average shortest path length) of the Web2.0
service network, we compare them with indicator values of artificial small world
networks that have the same number of nodes, the same average node degree, and the

258

8

Kibae Kim† and Jörn Altmann‡

same weight distribution of the nodes. The artificial small world networks, which we
consider, are created using the random redirecting process of Watts and Strogatz [6].
The random redirection process starts with a regular network that has 216 nodes. Each
node of this regular network has 8 neighbors. Applying Yang and Yu algorithm to the
small world network [29], the weights are allocated on the links of the network by the
power distribution function P(w) ~ w-2.945 where w indicates the weight. The average
weighted clustering coefficient Clw(0) and the average weighted path length Lw(0) of
the regular network are 0.649 and 14.102, respectively.
Likewise, the weighted graph of the small world networks were generated by
randomly weighting on the links redirected by Watts and Strogatz procedure [6]. The
values of Clw(0) and Lw(0) are used for normalizing the values obtained for networks
that are derived using different redirection probabilities p. As the probability p that a
link is redirected increases, the two indicator values decreases (Fig. 2 a). While the
average path length decreases quickly with small p, the clustering coefficient keeps a
high value until p ≈ 0.10 before it decreases rapidly as well. Fig. 2 a) shows that there
is a range between p = 0.032 and p = 0.056 with a high clustering coefficient and a
low average path length, indicating small world networks.
The average weighted clustering coefficient of the Web2.0 service network
normalized by that of a regular network is 0.916. The normalized average weighted
path length is 0.425. The comparison of the two small world indicators of the Web2.0
service network with the values shown in Fig. 2 a) suggests that the Web2.0 service
network locates almost in the small world area.
In Fig. 2 b), the area at the right bottom is the small world area that Watts and
Strogatz defined [6]. The Web2.0 service network marks a point almost at the
interpolation between two adjacent small world networks.

Fig. 2. Small World property of the Web2.0 service network: a) the clustering coefficient and
the average path length of a network generated by the random rewiring mechanism, b)
relationship between the average shortest path length and the average clustering coefficient for
networks generated using the random rewiring process (circle), and for the Web2.0 service
network (filled black circle).

For a comprehensive comparison, we also measured the average weighted
clustering coefficients and the average weighted shortest path lengths of a star
network, a tree network and a scale-free network. The networks used in the analysis
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consist of 216 nodes. The tree network consists of 3 hierarchies of 7 branches so that
it includes 57 nodes. Finally, a scale-free network was generated applying the
preferential attachment model to 2 initial nodes linked [22]. Weights were randomly
distributed under the power distribution P(w) ~ w-2.945 on the links of each network.
As expected theoretically, the average weighted clustering coefficients of all these
networks are zero. The average weighted path lengths of the networks are larger than
L(0). The average weighted path lengths of a star, a tree and a scale-free network are
24.267, 70.297 and 24.577, respectively. Therefore, these networks are not marked in
Fig. 2 b) because the normalized average weighted path lengths of these networks
exceed the reasonable range (i.e. between 0 and 1).

3.4

Scale-Free Properties

To examine the scale-free property of the weighted graph of the Web2.0 service
network, we calculate the strengths of nodes. The cumulative strength distribution of
the Web2.0 service network looks like a regular scale-free network. The cumulative
frequency P(s>) of strength s decays linearly in the log-log scale coordinate plane
(Fig. 3 a). The log-log regression of the distribution results in the slope of -0.953, the
significance probability of 0.000 and the determination coefficient R2 of 0.978. That
is, it is statistically significant that the weighted graph of the Web2.0 service network
has the strength distribution of the power law:

P( s) ~ s 1.953 .

(8)

In order to avoid the failure of mistaking the exponential decaying for the power
law, we drew the cumulative strength distribution in a log-linear scale coordinate
plane (Fig. 3 b). With a degree distribution P(k)~exp(-ζk), the cumulative degree
distribution P(k>) can be calculated to be:




s

k

P ( s )   P ( s ')ds '   exp(  s ')ds '  exp(  s ) .

(9)

If the distribution of the strength is exponentially decaying, the cumulative strength
distribution should be linear in the log-linear scale coordinate plane. However, the
cumulative strength distribution in the log-linear scale is convex below considerably.
Thus, we conclude that the weighted graph of the Web2.0 service network shows a
scale-free property.
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Fig. 3. The cumulative degree distribution of the Web2.0 service network a) in the log-log scale
coordinates plane, and b) in the log-linear scale coordinates plane.

4

Discussion and Conclusion

To analyze the behavioral pattern of the mashup creation on the Web2.0 service
network, we measured the average weighted clustering coefficient, the average
weighted shortest path length, the node strength of the Web2.0 service network.
Based on the analysis results, two conclusions can be drawn: First, the Web2.0
service is a small network just that Watts and Strogatz called [6]. While the average
weighted clustering coefficient of the network is close to the maximum possible
value, the average weighted shortest path length is very small in the Web2.0 service
network.
Second, the Web2.0 service network has an inhomogeneous strength distribution,
which looks like a scale-free network. The cumulative strength distribution of the
Web2.0 service network significantly fits well into a power function. These results
suggest that the weighted Web2.0 service network is an ordinary scale-free, small
world network. This result is interesting because it is contrary to the result of the prior
research of the Web2.0 service network [18]. Hwang et al. (2009) suggested that the
Web2.0 service network has an extraordinarily low exponent of the power law
distribution. The difference of our analysis from Hwang et al. (2009) is only how to
endowing a link with the weight. We used Newman’s (2001) technique for the weight
[10] [25], while Hwang et al. (2009) simply summed up all the creation of mashups.
This dependency of the network structure on the weighting technique requires further
investigation on the network analysis of the Web2.0 service network.
The analysis result of the Web2.0 service network structure determined which
Web2.0 services dominate the Web2.0 service system. The power law distribution
analysis shows that a small number of nodes with high degree, or hubs, possess a
majority of links in the network. In the network with low exponent of the power
distribution, this difference is more serious than in the network with higher exponent.
Prior research [18] showed that few hub Web2.0 services such as Google Maps and
Amazon.com are located at extremely important place in the Web2.0 service network.
However, considering the contribution of a Web2.0 service to a mashup creation by

261

The Weighted Graph of the Web2.0 Service Network

11

Newman’s technique [25], our research showed that the importance of the hub
Web2.0 services is not as high compared to the usual self-organized networks.
Though we analyzed the behavioral pattern of the mashup creation on the Web2.0
service network comprehensively, this research involves two limitation. First of all,
self-links within the Web2.0 service network were omitted in this research. Although
a new mashup can be generated in two ways: either by just adding value to an existing
Web2.0 service, or by combining several Web2.0 services, we considered the latter
way only, concentrating on the pattern of collaboration of Web2.0 services. Second,
we randomly weighted the value of links in the self-organized networks generated for
comparing the Web2.0 service network with them. But we have checked that the
strength has a relation with the degree. To generate a more proper network for
comparing to the Web2.0 service network, we need a weighting scheme where the
weight of a link is dependent on the degrees of two nodes at its end.
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Abstract
Heterogeneous document landscapes in companies hold knowledge in
the form of potential linkage between domain-specific documents of
various document systems. To access this (hidden) knowledge, we developed design patterns for an ontology to derive a homogeneous access
structure from the heterogeneous document landscape.
Like in [19], we describe an Advanced Ontology-based Information Retrieval System (AIRS) that includes this ontology to generate retrieval strategies and to find document relationships.
In a case study we demonstrate, how the concept of the AIRS can
be used to combine the knowledge of different document systems to
improve various workshop processes.
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1

Introduction

Companies deal with large quantities of different data in a variety of fields.
These data result from business process-oriented and domain-specific work
procedures and, depending on how they are used, serve as the basis for
further processes. The data management systems developed in this way in
the past and in various corporate units often operate independently of one
another. However, new business processes require this data to be considered
as a whole in order to harness knowledge initially hidden that can only be
derived by means of semantic grouping and utilize this in various application
scenarios.
For example, the following document systems are used in the workshop process in the specialist domains of After-Sales Management at Mercedes-Benz
Cars:
• A diagnosis data system in which error code-specific and symptombased checks are managed for vehicle diagnosis processes,
• A workshop information system in which workshop literature is managed to support vehicle maintenance, repairs and diagnosis,
• A workshop help system in which documents are managed that provide
information about current remedial measures for technical complaints
from customers regarding their vehicles,
• Taxonomies for the standardized recording of symptom locations and
symptoms in vehicles used by customers, as well as
• Electronic catalogs for replacement parts, work units and flat rates.
However, these systems must be regarded as part of a whole network of systems used in certain areas of the overall workshop process. For example,
documents including the workshop information system and the workshop
help system are required for the vehicle diagnosis and vehicle repair processes. In the optimized vehicle reception process, symptoms (experienced
by customers) should be recorded in a standardized fashion and parts and
documents that may be useful for repairing the vehicles should be compiled.
Driven by the potential to network service operators1 with the Mercedes-Benz
Cars After-Sales departments that manage the various document systems,
the challenge is to bundle the knowledge offered by the systems in order to
optimize the workshop process.
Harnessing the full potential for data linking to support the decision-making
process would increase the efficiency of the entire workshop process, enabling
1

This applied to both branches and authorized workshops.
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even better customer service. To achieve this, existing data sources as yet
insufficiently linked must be integrated in the decision support process. The
assumption of addressing one heterogeneous document landscape with different data gives rise to the following questions:
1. How should the heterogeneous document landscape be modeled –including the potential for linking documents– in order to establish a homogeneous access structure?
2. How are links to be recognized, generated and mapped between (unapparent) semantically correlated documents?
3. How can these links be utilized in an application context?
The approach presented here envisages the establishment of an ontology as
a meta level across the heterogeneous document landscape in order to relate documents from different document systems (sources) to each other. In
this way, a link can be mapped between semantically correlated documents.
These links can be used, for example, to search for documents across all
sources.
With a view to the After-Sales department at Mercedes-Benz Cars, this
could, for example, produce the following scenario: A symptom experienced
by a customer when using his vehicle becomes part of the information requirement2 in the workshop reception process3 . During vehicle reception,
the task of the service specialists should now be to compile relevant workshop
documents as well as any replacement parts required in order to provide (the
customer, for example) with useful information about possible repairs.
Figure 1 offers the following insight into exploiting potential for linking documents: Here, a symptom description could be assigned to the taxonomically
recorded symptoms, and this symptom could, in turn, be linked with two documents in the workshop help system. Since these workshop help documents
could refer to replacement parts in a parts catalog, this means that as soon as
a symptom is recognized, replacement parts and informative workshop help
documents can be identified for potential repairs.
Thus, the potential of the heterogeneous document landscape can be employed in the relevant application context. For these document links to prove
profitable, an ontology that describes the heterogeneous document landscape
must be modeled that allows initial tapping of the linking potential offered
by the documents. An extended information retrieval system should then
be introduced to this ontology in order to control the retrieval process. For
2

The need to find documents relevant for repairs from the perspective of the workshop
process and with regard to the symptom experienced by the customer.
3
The reception process is part of the (overall) workshop process.
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example, to traverse relevant data sources in an appropriate order and, in
this way, combine fragments of information into semantically-related groups.

Source: A

Information need
Source: X

Source: B

Source: C

...
Source: Y

Source: Z

DBS

Figure 1: heterogeneous document landscape and information need
In chapter 2, we describe the concept of knowledge presentation and we give
design patterns for the ontology modeling process. In chapter 3, we show
how this ontology can be used in the context of AIRS. After that we present
in chapter 4 a case study and in chapter 5 we give a summary and describe
our further research.

2

Knowledge Representation in Context

What is a knowledge representation? In [4], the answer is given by five
roles a knowledge representation plays. So, a knowledge representation is a
surrogate, a set of ontological commitments, a fragmentary theory of intelligent reasoning, a medium for efficient computation and a medium of human
expression. In [1], a knowledge representation is defined as “. . . the field of
concerned with using formal symbols to present a collections of propositions
believed by some putative agent.”.
One can argue that knowledge representation involves the mapping of knowledge. Furthermore, it should be possible to use this mapping efficiently in
various contexts and to solve certain problems. By knowledge representation, we understand a modeling of the heterogeneous document landscape
for the purpose of retrieving new, previously unknown information. The
4
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model is an ontological description of the domains.
Ontologies can be classified according to degree of formalization and expressivity4 as well as their domain scope5 . It must be noted here that integration
into these classifications depends on the definition of the term “ontology”
itself.However, we believe that the application context should be viewed as
a further, significant characteristic feature of ontologies. An application
context is an application-oriented form of modeling the ontology. In this
way, a distinction can made between, among others, the following application contexts:
• A world of entities that relate to one another. This allows domainspecific specialist knowledge to be modeled (see, for example, OpenCyc6 ).
• A lexical knowledge base consisting of concepts, terms and relations
models specialist vocabulary, for example in an intelligent search (such
as in [6]) or a concept-based classification (for example in [5]).
• Modeling of a document world for ontology-based search. This
form of ontology is not based on concepts, but on documents. The
documents are modeled as ontological individuals and the document
systems are mapped as sources. Existing relations between documents
and sources are mapped here as relations between the ontological individuals.
It must be noted that the application contexts may overlap and intermix.
Any impact on the modeling of the ontology must then be considered in
detail. Thus, an ontology should be made up of three elementary components: Application context, conceptualization (classes, individuals and
semantic relations) and the inference rules7 . The requirement for conceptualization is fulfilled through classes, individuals and semantic relations.
The inference rules embody the degree of formalization and inferences required in order to derive knowledge. In contrast, the application context
influences both the conceptualization, the degree of formalization and the
explicit requirement for ontological specification.
4

This ranges from informal lightweight ontologies through to formal heavyweight ontologies
(see [8] and [3]).
5
This ranges from application ontologies restricted to one field of application through to
top-level ontologies, which cover an all-embracing domain (see [10] and [9]).
6
See [7] and http://www.opencyc.org/, version dated March 28, 2011.
7
Different approaches also set out the basic elements of ontologies. In [14], it is postulated that in structural terms, an ontology should comprise four elements: Lexicon
(terminological mapping of domains), concepts, semantic relations and rule-based links.
In contrast, the approach presented in this work also considers the application context
an element of ontologies.
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2.1

Ontology Modeling

In literature one can find various recommendations for ontology building.
So, [16] postuleted five phases of ontology engineering (Indentify Purpose,
Building the Ontology, Evaluation and Documentation). In [2], the five
steps “Emergence of ideas”, “Consolidation in Communities”, “Formalization” and “Axiomatization” to build an ontology are explained. In [12],
five approaches (“Inspiration”,“Induction”, “Deduction”, “Synthesis” and
“Collaboration”) of ontology-design are described.
The elements of the ontology created in this article are modeled based on the
approach proposed in chapter 2 and, in accordance with this, are divided
into three elements: Application context, conceptualization and inference
rules.
2.1.1

The Application Context

To grasp the application context, the domains to be described must be
contemplated. The focus is on top-down observations of a requirements
analysis. These manifest themselves in questions regarding the application
scenario and the possibility of identifying a suitable model for the domains.
Questions regarding how relations are to be derived and whether (and if
so, which) factors influence the model must also be answered. Based on
the application context introduced in the article, a purely document-based
modeling approach is proposed for the ontology. This is realized directly in
the conceptualization.
2.1.2

Conceptualization

With regard to the application context and by exploring the heterogeneous
document landscape, we have obtained the following insights:
• Documents are managed (or can be located) in document systems (of
any type).
• These documents can be assigned attributes/segmented in their document systems.
• Documents from one source are always assigned the same attributes.
• Documents can be connected to other documents (also from the same
source) in various ways. For example: Standardized symptoms and
symptom locations are recorded taxonomically in the After-Sales area
of Mercedes-Benz Cars. Approaching taxonomy concepts as documents
identifies a taxonomic order (or taxonomic relation) between the documents (taxonomy concepts).

6
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• There are various types of relations: With regard to the After-Sales
area of Mercedes-Benz Cars, standardized symptoms can relate to workshop help documents, for example (is-related-to relation). However,
symptoms can also relate to one another (taxonomic relation).
• Relations and documents can also be valid in certain contexts. For
example: Model series-independent replacement part x is only relevant
for a repair if the workshop help document through which it was identified is valid in the context of a specific model series. Otherwise, the
vehicle reception service personnel would select replacement parts that
do not fit the customer’s vehicle.
• The contextual validities correlate with the information requirement
of the person searching (search based on the condition that . . . 8 ).
It must therefore be possible to map documents and their sources by means
of ontological entities. There must also be links between the entities. Furthermore, the attributes of the documents must also be taken into account9 .
This encompasses both the existence of document attributes (at document
and source level) and the possibility of assigning attributes to document
links. If valid pathways can be followed at document level (i.e. multiple document links, see Fig. 1), relations and (optimal) pathways between
documents must be defined. To identify the potential for linking between
documents, relations and (optimal) pathways must also be defined between
sources. To achieve this, the connection between document links and source
links must be described. Furthermore, validities of documents and relations
must be detected by means of modeling or the inference rules.
Documents can have validities, which depends on the context. In contrast
to document attributes, context attributes directly influence the validity of
the documents. However, the distinction between attribute and context is
not trivial. Attributes can provide information about how documents (or
sources) link to one another. By comparison, contexts indicate when (these)
links are valid.
Building on this findings, Fig. 2 outlines an ontology mapping the heterogeneous document landscape. Documents are shown (small circles) that are
grouped into different document systems (the big circles Source A, Source B,
Source X, Source Y and Source Z ). Document links not yet defined in detail
are represented by intersections between documents, while source links are
8

For example: Search for relevant replacement parts based on the condition of a specific
model series.
9
Attributes are assigned, for example, if a document contains field-oriented information.
Fields such as columns in an RDBS table or fields of a search index can be regarded as
document attributes.
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represented by intersections between sources. This model does not show the
assignment of attributes to documents and sources or context dependencies.

Source: A
Source: B

Source: X
Source: Y

Source: Z

Figure 2: Ontology representing the heterogeneous document landscape
(without attributes and contexts). One can see sources (the cluster circles
Source A, Source B, Source X, Source Y and Source Z ), documents (circles
in the clusters) and relations between sources (the thick edges between the
clusters) and documents (edges between document circles).
In [19], we address the elements of the ontology further. For example, we
describe how document validities and attributes are to be handled during
conceptualization. We also explain how the elements of an ontology can
be obtained from document systems. A concrete application example is
provided in the case study in chapter 4.
2.1.3

Inference Rules

In order to assess relations and identify valid (best) pathways in the ontology, pathways must be defined and weightings given to valuate these
pathways. The objective is to demonstrate how to best describe optimal
pathways through the ontology and the influence contexts can have on these
pathways. The shown formalizations are our recommendation how to define
the best context sensitive pathways at document level.
Let Q1 , Q2 , . . . , Qi , . . . , Qn be sources and let di ∈ Qi be a document of
the source Qi 10 .
10

di ∈ Qi stands for the document-of-source relation between the document di and the
source Qi .
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Let ka ∈ AK be a context attribute of the context attribute set AK and let
k be the context of the context attribute ka. For a source Qp :
Qk p ⊆ Qka p ⊆ Qp
Let R(dp , dq ) be an unnamed binary relation between document dp and dq
for dp 6= dq .
Let Rk (dp , dq ) be the context-sensitive relation between dp and dq for
dp 6= dq , defined by
Rk (dp , dq ) := R(dp , dq )dp ∈Qk p ,dq ∈Qk q
Let wk (d1 , dn ) be the context-sensitive pathway from d1 to dn , for 1 6= n
and ⊕ as a yet undefined operator, defined by
wk (d1 , dn ) := Rk (d1 , d2 ) ⊕ . . . ⊕ Rk (dn−2 , dn−1 ) ⊕ Rk (dn−1 , dn )
Let Wk (d1 , dn ) be the set containing all context sensitive pathways
wk (d1 , dn ) from d1 to dn .
Let f be a function and let fk min (wk (d1 , dn )) be the weight of the cheapest
pathway from d1 to dn , defined by
fk min (wk (d1 , dn )) :=
min({x|x = fk (wk (d1 , dn )), ∀wk (d1 , dn ) ∈ Wk (d1 , dn )})
Let wk min (d1 , dn ) be the best context sensitive pathway from d1 to dn ,
defined by
wk min (d1 , dn ) := fk min (wk (d1 , dn ))
The shown formalizations are part of the ones we proposed in [19].

3

Advanced Ontology-based Information Retrieval System (AIRS)

In line with [13], information retrieval refers to the locating of information
(that fulfills a particular requirement) in a (large) unstructured set of data.
An unstructured set of data is a collection of documents represented by
a document system. In this context, locating means relating an information requirement to a subset within the collection of documents based on
9
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a retrieval model and depending on the context. An information retrieval
system (IRS) is thus a system that supports the locating of documents. Heterogeneous document landscapes with different document systems limit the
locating of documents with the aid of conventional document retrieval systems since only “relevant”, but not “related”, documents are found11 .
In our Advanced Ontology-based Information Retrieval System, we
expand on the traditional approach of IRS by including an ontology component12 for managing retrieval and document linking. Figure 3 depicts the
principal structure of a system of this type and how it works. As with a
conventional IRS, the AIRS comprises two distinct, separate workflows: Indexing and searching. The crucial factor here is how ontology component
and the IRS interact.

Indexing + ontology design
Source: A

Source: B

Source: C

Source: X

Source: Y

Source: Z

Advanced index

Searching

Information Retrieval
System

Information need
(+ context)
(+ source info)

User

Index

Ontology
Ontology
design

Non indexable data

Interface

DBS

advanced
Information
Retrieval System
context specific
relevant documents

Interface

Figure 3: The document systems will be indexed (“Indexing + ontology
design”, see chapter 3.1) and the ontology will be build (Ontology design).
The “Advanced index” will be used in the ontology based search workflow
(“Searching”, chapter 3.2).

3.1

AIRS: Workflow Indexing

The indexing process comprises two elements: The individual document
systems must be indexed (as far as possible) and an ontology must be created
11
12

In addition, a search can generally only be performed across one document system.
Other works also address ontology- or concept-based information retrieval. Approaches
are described in [15] and [17], for example.
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that describes the heterogeneous document landscape. This means that in
the ontology design (Figure 3, the box, middle left) both sources that can
and cannot be indexed must be modeled in the ontology and filled by means
of a document processing procedure13 . This procedure must also include the
locating of document links in order to describe relations at ontological level.
Another important step in both the indexing and ontology creation processes
is the linking of index documents with associated ontology individuals. This
is required to enable interaction between the IRS and ontology.

3.2

AIRS: Workflow Search

Figure 3 depicts the following search workflow: A user specifies the information he requires by means of a query. He can also choose to define the
context 14 and source information. To that effect, the response of the AIRS
is influenced by the context in that it only permits documents considered
valid (for the context) to be included in the result set15 . In contrast, the
source information affects the determination of the query strategy.
In this way, initial and target sources can be defined by means of the
source information. In this case, the AIRS knows that the user’s information requirement is to be linked with the initial source and that documents
from the target source are to be output as the result. Here, the task of
the ontology component is to identify possible links at source level 16 . The
task of the IRS is to provide documents from the initial source. Those documents result from the linking of the information requirement with the initial
source documents indexed. The documents located in this way would then
act as the starting point for a further process step17 , which18 pursues valid,
optimal pathways at document level to the target source. This would, in
turn, be a task for the ontology component. Finally, the documents located
in this way are transferred to the user as the result set by the AIRS.
If the initial source is specified but the target source is not, the information
requirement must be linked with the initial sources (IRS) and documents
considered relevant (IRS) could be presented in the result set with selected
links to other documents (ontology component).
If, however, only the target source is specified, the AIRS itself must de13

The procedure should be automated as far as possible, and be at least semi-automated.
Strictly speaking, the system could also determine the context itself, for example by
collecting peripheral data.
15
Accordingly, if the context is not defined, the result set is not influenced.
16
Therefore, the best pathway from source X to source Y must have been found.
17
Which of the documents found are relevant for further process steps could be decided
by the AIRS or the user himself.
18
Based on the pathways found at source level by the ontology component.
14
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termine the source with which the information requirement can be linked
(IRS) in order to subsequently identify the optimal pathways to the target
source (ontology component).
If neither the initial nor the target source is specified, the sources with
which the information requirement can be linked (IRS) are determined by
the AIRS (as described for the previous two cases). All documents considered relevant (IRS) are output in the result set with their links to other
documents (ontology component).
The next chapter summarizes the tasks of the two elements (IRS and ontology component).

3.3

AIRS: Ontology Component

Locating Potential Links at Source Level
The formal procedure for this task consists of finding the best contextsensitive pathway wka Source min (Qp , Qq ) from Source Qp to Source Qq . For
this to be possible, relations between sources must be identified and used to
find a pathway. The pathways located in this manner must then be valuated
with a weighting function gka (wka Source (Q1 , Qn )) and the best pathway (if
at all available) selected.
Pursuing Valid Pathways at Document Level
This task can also be set out in a formal procedure and comprises identifying
the best context-sensitive pathway wk min (d1 , dn ) from document d1 to document dn or determining the best context-sensitive pathways wk min (dp , Qk q )
from document dp to documents of the source Qk q . This facilitates navigation through the documents on the basis of specific relations and contexts.
Recording Non-Indexable Sources and Documents
Companies do not just have document systems whose documents can be
recorded in an IRS. Some documents can only be requested via defined interfaces from other systems. Links between these documents and others
(documents included in the index of the IRS) must be recorded in the ontology. In this way, the systems to be requested via the interfaces only can
be integrated in the AIRS workflow.
Defining Relations
User feedback could be recorded by the AIRS and integrated in the ontology.
If, during a document search, a system user detects a link between any two
documents that has not yet been recorded in the system, this link should
be defined as a relation between the two documents and taken into account
during subsequent queries. In this case, the task is to label the relation
12
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R(dp , dq ) between the two documents dp and dq and specify a weighting
f (R(dp , dq )).

3.4

AIRS: IRS Component

Linking Information Requirements and Documents
The actual task of the IRS is to search across text-rich collections of documents and document attributes. If the query strategy was defined by the
AIRS and with the aid of the ontology component, the IRS can be used to
search for relevant documents in the indexed data of a specific document
system. The most relevant of these documents can then be used for further
work procedures.

4

Case Study

In order to validate the AIRS approach, a study was conducted to identify
the potential for linking various document systems in the After-Sales area
of Mercedes-Benz Cars. To do so, the following steps were required:
• Exploring the data sources, including identifying documents, finding
attributes, checking documents for context dependencies as well as
recognizing and assessing links between documents.
• Generating an index structure relating to the documents identified.
• Modeling the ontological entities.
• Interpreting the recognized document links as relations and mapping
these (relations) at ontological level.

4.1

Application Scenarios

Two different application scenarios were considered that play a role in the
workshop process:
• In reception, the symptom experienced by the customer must be recorded for downstream work procedures. In the current workflow, the
reception personnel interpret the symptom (experienced by the customer) and assign a standardized symptom. To do so, the employee
clicks through the symptom taxonomy until he reaches the corresponding symptom node. Symptom assignment should be supported
through the generation of proposal lists.
• It would help the vehicle repair process if relevant repair help documents were proposed on the basis of symptoms recorded systematically
and replacement parts required for potential repairs were selected.
13
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4.2

Exploring the Data Landscape

As part of the AIRS study, three document systems from the After-Sales area
of Mercedes-Benz Cars were examined for potential links: The workshop
help system, the symptom taxonomy and a subset of an electronic parts
catalog.
Type
documents

relations

Description
count of extracted documents
symptom documents
workshop help documents
part documents
count of extracted relations
taxonomic relations (symptom taxonomy)
workshop help document to symptom
document relations
workshop help document to part relations

Count
13503
3297
4981
5225
21917
3297
12535
6085

Table 1: Count and description of extracted documents and relations.

Documents and Relations
No problems were experienced when identifying documents in the workshop
help system as the structure of the document system meant that the source
was already separated in documents. Extracting appropriate attributes and
searching the documents for context dependencies proved more difficult. By
concentrating on the internal structure of the individual documents, it was
possible to select thematic fields that could be interpreted as attributes.
For example, workshop help documents contain “Cause” and “Remedy” sections. Accordingly, the documents were assigned the attributes “Cause” and
“Remedy”.
Due to the fact that they convey information (see chapter 1), both symptom nodes of the symptom taxonomy and replacement parts were regarded
as documents. In these documents, properties were then identified as attributes and validities were identified as contextual dependencies.
This means, for example, that a symptom node has a language-dependent,
textual symptom description and a (unique) ID in the document system. A
replacement part has a part text and a part number.
Determining contextual dependencies is particularly challenging: For ex14
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ample, workshop help documents can be assigned to both model series and
numerous other validities. Symptom nodes are valid across various model series and replacement parts can be assigned to specific model series. However,
other (context-related) validity restrictions may also be identified, devised
and, in turn, linked. For this reason, contextual dependencies were not taken
into account in the study for the time being.
Links were established between the documents identified in various ways.
The following document relations were identified:
• Symptom nodes are integrated in a taxonomy. Accordingly, a taxonomic hyponymy exists between the taxonomy concepts from the
superordinate term to the specific term.
• Workshop help documents contains sections that name replacement
parts explicitly.
• Workshop help documents include labeled fields with symptom information. These information relates to symptom nodes of the symptom
taxonomy.
Based on these findings, we have extracted documents and document links
and generated our ontological structure. In table 1 a summary of all extracted documents and relations is given.

4.3

Transferring the Extracted Documents to an Index Structure

As part of the study, the IRS component of the AIRS was implemented
using the open source Apache Solr enterprise search server19 . The insights
obtained from exploring the data landscape were integrated directly in the
indexing process. This allowed a complex ETL process20 to be implemented
for copying data from the original systems to the Solr index. The workshop
help documents, the symptom taxonomy and the replacement part descriptions were processed and stored in the Solr index with field-based attributes
on the basis of various criteria. The documents identified, as well as their
attributes, were assigned to index fields of the Solr documents. This allowed
the documents and their attributes to be accessed directly.

4.4

Ontology Modeling

The Source, Document, Attribute and Document Attribute classes
were modeled. The individuals of the Source class are the Symptom Taxonomy, Workshop Help System and Parts document systems. Docu19
20

See http://lucene.apache.org/solr/, version dated April 16, 2011.
ETL stands for Extract, Transform, Load.
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ments in the document systems are represented by individuals of the Document class. The document individuals are linked with their document
systems by means of the document-of relation. Attributes are represented
by individuals and are linked with the document or source individuals via
an attribute-of-document or attribute-of-source relation respectively.
A hyponym-of relation was modeled between document individuals of
the symptom taxonomy that enables the taxonomic structure of the symptom taxonomy to be applied to the ontology. Further document links were
mapped in the model with the simple is-related-to relation, which allows
document, source and attribute individuals to be connected to one another.
Figures 4 and 5 illustrate this approach with some example documents21 .
Figures 6 and 7 shows the ontology derived from the document systems.
Figure 6 maps a subset comprising around 1,000 nodes per document system, while Fig. 7 maps the entire ontology. The document individuals are
shown as nodes and document links are shown as intersections between the
nodes.

4.5

Application in Context

This section explains the AIRS workflow in terms of the two application
scenarios. Particular attention will be paid to the roles of the two AIRS
components22 .
4.5.1

Structured Symptom Recording

Symptom nodes of the symptom taxonomy are assigned a textual symptom
description. This description was recorded as an attributed field in the Solr
index when the index was created. In this way, relevant symptoms recorded
taxonomically can be searched for when a customer symptom is entered.
However, the textual symptom descriptions are only of limited use for document searches since the texts are generally very short23 , giving rise to the
familiar problem experienced during text-based information retrieval of discrepancies between concepts and terms24 . This discrepancy arises because
different terms can address the same concept. In the information retrieval
environment, solution strategies call for the generation of conceptual synonym clusters in which terms are combined according to their contextual
semantics. The synonym clusters are then combined to form concepts and
applied to the retrieval process.
21

If contextual dependencies are to be modeled in the ontology in future, this must take
place in the form of context attributes.
22
The IRS component and the ontology component, see chapter 3.
23
E.g. “engine rattles”.
24
In literature, this is also termed the word mismatch problem [11].
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doc 2

doc 1
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symptom 2
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symptom 3
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document-of
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is-a document-of
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part 2
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is-a document-of

Symptom-Taxonomy

Document

Parts
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is-a

is-a
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Workshop-Help-System
is-a
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Figure 4: The ontology contains the classes Source, Document, the individuals Symptom-Taxonomy, Parts, Workshop-Help-System and the relations
document-of, hyponym-of and is-related-to. Furthermore, one can see examples for document individuals (doc 1, doc 2, Symptom 1, Symptom 2, Symptom 3, part 1 und part 2 ) and document relations (document-of, hyponym-of
and is-related-to).

part id
is-related-to
symptom
is-related-to

parts
attribute-of-document

tree node id

doc 1

attribute-of-document is-related-to
attribute-of-source

attribute-of-source

symptom 3

is-a

attribute-of-document

is-a

is-a

is-a

attribute-of-source

is-related-to
Document-Attribute

document-of

attribute-of-document

document-of

Symptom-Taxonomy

part 1

subclass-of
Attribute

is-related-to

attribute-of-source

document-of
Parts
is-related-to

Workshop-Help-System

Figure 5: The class Attribute is the super class of all attributes. The sub
class Document-Attribute is a container for all attribute individuals (like
symptom, tree node id, parts and part id ). The attribute individuals are
related to the source individuals (attribute-of-source relation) and to the
document individuals (attribute-of-document relation).
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Figure 6: A part of the ontology, which was derived from the document
systems workshop help system, symptom taxonomy and the parts catalogue.
Nodes represent documents and edges relations. One can see the taxonomic
structure in the middle of the picture.

Figure 7: The whole ontology, which was derived from the document systems
workshop help system (right), symptom taxonomy (top) and parts catalogue
(bottom left).
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This can take place both during indexing and during searches via query
expansion technologies25 . Unfortunately, it may be that the same term
addresses various concepts. The ambiguity of terms is one reason for the
context dependency of query expansion.
The findings were integrated in the implementation of the AIRS and, in this
way, initial efforts were made to expand the index via synonym lists. The
synonym lexicon maintained manually in the After-Sales area of MercedesBenz Cars was used for this purpose26 . The aim was to ensure the domainspecific contextual accuracy of searches. However, the short symptom descriptions meant that it was not possible to locate a symptom recorded
taxonomically by means of a textual description. Instead, the symptom (or
a synonym defined in the index) had to be named exactly.
Workshop help documents contain large amounts of text and, furthermore,
are still directly related to symptom nodes. In a semantic symptom node
search, the search space must be extended to these documents. For this
purpose, an AIRS workflow for supported symptom taxonomy searches was
created in which the IRS component and the ontology component interact.
This workflow is shown in Fig. 8. The IRS component is responsible for
both of the following work steps:
1. Direct search via the index with the symptom taxonomy components.
2. Indirect search via the index with the workshop help documents. This
is only triggered if the direct search is unsuccessful and serves as an
intermediate step in which a list is created with workshop help documents.
The ontology component is responsible for the following step:
1. The list generated by the IRS component with workshop help documents is integrated in an ontology search by searching for the corresponding individuals in the ontology created and then localizing the
related symptom taxonomy individuals by “following valid pathways
at document level” (see 3.3, section: Pursuing valid pathways at document level.) The symptom nodes found then form the result set.
wk min (dW orkshop−Help−System , Qk Symptom−T axonomy )
from the workshop help document dW orkshop−Help−System to symptom taxonomy documents of the source Qk W orkshop−Help−System . Since a baseline
25

In fact, further semantic relations are used depending on the query expansion approach.
One approach for expanding queries with synonyms and other semantic relations is laid
out in [18], for example.
26
Where possible, every symptom description in the Solr index was supplemented with
appropriate synonyms.
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procedure was employed in this study, contextual dependencies were not
taken into account. Furthermore, the is-related-to relation was weighted as
“1”, which meant that all context-sensitive pathways could be assessed as
“1” in the model of the supported symptom search.

Build Symptom query

Symptom-Taxonomy search

Check result list

Result list is empty
Workshop-Document search

Check result list

Result list is not empty
Validate results

IRS Component
Result list is not empty

Result list is not empty
Result list is empty

Build Workshop-Help-Document list

Result list is empty

Ontology search

Check related object

Ontology Component
No related objectsFound related objects
Print empty result

Print results

Figure 8: Symptom Search

In Conclusion
The workflow comprises a direct search for symptom nodes via the index of
the symptom taxonomy. If symptom nodes were found, the search terminates. Otherwise, the search strategy is extended, whereby the workshop
help documents, which contain large amounts of text, are included in the
retrieval process. If the results list is not empty, a search is performed in
the ontology for relevant (related) symptom nodes for every workshop help
document on the list. In the study, the approach proclaimed improved the
20
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search significantly27 . Further examinations are to evaluate the extent to
which both approaches can be combined and/or the search approach can be
extended to cover additional document systems.
4.5.2

Selecting Relevant Documents

The second application scenario requires a list of symptoms recorded taxonomically in order to find workshop help documents and replacement parts
connected to the symptoms specified. In an initial step, the ontology component is tasked with finding the best context-sensitive pathways
wka Source min (QSymptom−T axonomy , QW orkshop−Help−System )
and
wka Source min (QSymptom−T axonomy , QP arts ).
The pathways are defined in our ontology, resulting in a workflow illustrated
in Fig. 928 :
1. The first step consists of processing the symptom list sequentially and
finding the best context-sensitive pathways for every symptom
wk min (dSymptom−T axonomy , Qk W orkshop−Help−System )
from the symptom document dSymptom−T axonomy to the workshop help
documents of the source Qk W orkshop−Help−System . The list created
in this way is validated in further steps29 , output as a result and
transferred to the second step.
2. In the second step, the workshop document list created is processed
sequentially and a search is performed in the ontology for related replacement parts for every workshop help document. In a formal sense,
the best context-sensitive pathways
wk min (dW orkshop−Help−System , Qk P arts )
are calculated from the workshop help document dW orkshop−Help−System
to documents of the source Qk P arts ).
27

Since above all the first, direct search returned no results in many cases.
The weightings of source pathways were disregarded in the study.
29
The best context-sensitive pathways were weighted as “1” in the study. The validation
step was therefore omitted.
28
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Build Symptom list
Ontology search for related Workshop-Help-Documents
Check resusult list

Found related objects
Validate results

Ontology Component

Found related objects
Print Workshop-Help-Documents
Build Workshop-Help-Document list
Ontology search for related parts
Check resusult list

No related objects
No related objects

Found related objects
Validate results

Ontology Component
No related objects

Found related objectsNo related objects
Print Parts

Print empty result

Figure 9: Search of Workshop-Help-Documents and parts.
In Conclusion
The workflow consists of two-stage navigation through the ontology to find
all documents related to a synonym list. Documents of the initial source were
defined (symptom list provided) and target sources were specified (workshop
help system, parts). The AIRS was tasked with finding pathways at source
level and following them at document level. This meant it was possible to
specify related workshop help documents and replacement parts for existing
symptom lists.

5

Summary and Outlook

This article presented the AIRS approach. It described how the two AIRS
components (IRS and ontology components) must interact in order that
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a cross-document system intelligent search can be implemented and (new)
document links can be identified. Theoretical aspects of ontology modeling
were also addressed and the need to consider the application context was
also explained. An initial case study showed how the AIRS approach can be
integrated in the domains of the Mercedes-Benz Cars workshop process in a
beneficial manner. The study showed that document systems (managed by
different author processes) can be linked intelligently in order to optimize
the entire workshop process by bundling knowledge.
For further steps, it is important to recognize which particular challenges
must be overcome for an AIRS to prove profitable. Some questions are raised
below that determine what further action will be taken:
• Are sources involved effectively in the information flow and are attributes (to be) assigned to information flows?
• How is this knowledge to be labeled by means of relations and how
are relations to be weighted?
• What methods can be used to identify links between documents automatically and what is the quality of these links?
• How exactly are pathways identified in practice?
• What is the distinction between context and attribute?
• What methods can be used to store the ontology?
The following tasks therefore come into question30 :
Locating, Naming and Weighting Relations Between Documents.
The challenge here is to evaluate procedures and methods that allow links to
be identified (semi-) automatically between (any) documents from (different)
document systems. Semantic relations must be assigned names based on
these links. In the next step, these relations must be assessed with regard
to their expressivity and a weighting function f (R(dp , dq )) determined31 .
Pathways
Pathways32 can be valuated by means of weighting functions. The challenge is to find the best pathways. In the case, weighting functions must be
determined for defining pathways through the ontology.
30

More related tasks are described in [19].
It must also be checked whether the relations are context-dependent.
32
Pathways through the ontology at document, attribute or source level.
31
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AIRS
In terms of actual application, it must be determined how the ontology can
be integrated in the AIRS workflow in order to reap benefits and through
which exponents of the ontology languages. For this purpose, various approaches to ontology-based information retrieval must be evaluated and an
architecture proposal developed.
Consistency
How can the index and ontology be kept consistent? A process must be
developed that enables versioning of index documents and the associated
modeled individual of the ontology (in terms of the original data).
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On presence, collective performance and assumptions of
causality.
Mark McGovern
Queensland University of Technology

Abstract. The ways we assume, observe and model “presence” and its effects
are the focus in this paper. Entities with selectively shared presences are the
basis of any collective, and of attributions (such as “humorous”, “efficient” or
”intelligent”). The subtleties of any joint presence can markedly influence
potentials, perceptions and performance of the collective as demonstrated when
a humorous tale is counterpoised with disciplined thought. Disciplines build on
presences assumed known or knowable while fluid and interpretable presences
pervade humor. Explorations in this paper allow considerations of collectives,
causality and the philosophy of computing. Economics has long considered
issues of collective action in ways circumscribed by assumptions about the
presence of economic entities. Such entities are deemed rational but they are
clearly not intelligent. To reach its potential, collective intelligence research
needs more adequate considerations of alternate presences and their impacts.
Keywords: presence, humour, causality, collective performance, economics

1

Introduction

An assumption apparent in much discussion of collective intelligence is that
“together is better”, but this is not necessarily so. After all, history is replete with
collective failures. Collective issues lie at the heart of much social theorising,
probably most famously in the “problem identification” of Karl Marx and the various
“solutions” since offered which have shaped humanities lot. Noted here are the more
conceptual aspects of the works of Olson, Chandler and Coase in economics who
considered problems of “collective” attribution, action and achievement. Though
paths differed, all effectively responded to the broad question of “what causes
collective successes?”
To begin the development, a tale is considered with an implicit context of “What
causes it to be humorous?” While the structure of the tale and the attributions made
to story elements are part of the story, fluidity in interpretations appears to be a key
element. This appears especially important when the listener revises interpretations,
contrasts alternate views and/or enjoys the resolution of dissonances.
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A simple schema is used to outline and explore a range of “possible presences” and
how these might be alternately demarcated, joined and interpreted as “a collective”.
In a humorous tale, a collective of interpretable entities are assumed alternately
present during the relating of a tale. Alternate presences of the same entities take on
importance as path, node and context dependencies unfold with distinctive impacts.
Such a multiplicity of presences associated with an entity stands in sharp
contradistinction to the convergent, determinate approaches widely favoured today, be
these styled in mechanistic, statistical, formulaic, or habituated terms. Functionally, a
better logic is needed, and an aor (and/or) relational offers a promising if frustrating
development (as is discussed in a companion paper to this one). Dynamically, an
impact approach opens doors that other approaches close. More ambitiously, we need
better paths through the complexities of indeterminate experiences, a more apt
metaphor for the actualities of life, a more enabling thinking framework, and a deeper
philosophy of computing. These later aspects are a focus in this paper though the
argument remains discursive and many relevant aspects are only touched on lightly.
In all, a deeper appreciation of intelligence is sought. An improved ability to
express alternate configurations and their impacts is a goal. Exposition touches on
several aspects that together offer a trail towards improved understanding of
collective intelligence. Humour provides a rich setting for our explorations. There are
clear challenges. Those working as investigators and arbiters of collective intelligence
can do much good if the issues and challenges presented are well addressed.

2

Learning anew from an old joke

Humour1 is one of the hallmarks of humans and, arguably, intelligence. It may be
found in many tales, such as:.
What is the definition of Heaven? A French cook, Italian lover, English
policeman and German engineer.
And of Hell? An English cook, German lover, Italian policeman and French
engineer.
And of Subprime EUrope? An Irish banker, Greek statistician, Spanish investor
and Portuguese administrator.
Consider your response to this ordered selection of words: affront, mirth,
indifference, curiosity, boredom and/or something else. What is the intensity of your
response? What are the elements of your response and which attributes or dimensions
would be important in you articulating “my response” - and how might the perceived
motivation of the teller influence your position and its communication to the teller or
an other? In which ways is this response shared, by some others or collectively? How,
also, would your response vary if the nations were from Asia, Africa or the Americas?
1

The alternate spelling of “Humour” with a “u” is used here to assist in highlighting an aspect.
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3

Responses to a common stimulus can vary widely, for all manner of reasons. The
nature and intensity of responses is based upon some selected attributes, predilections
and perceptions with communications particularly conditioned “both ways”.
Importantly with humour, the real intent and meaning lie beyond the text with any
literal translation missing the whole point of the tale. The “u” in humour is pivotal,
perhaps via “you” or “U2+” (encompassing “us both”, “we together” and the like).
Areas with potential in researching humour and “collective intelligence” include:
• roles of humour. Why do humans tell a joke, and do other entities share a
sense of humour? The pervasiveness of humour points to a range of roles
as well as strong motivations.
• humour and intelligence research.2 Does humour reflect or require
intelligence of some ilk? Links between humour and intelligence (both
natural and artificial) though long discussed remain speculative [1-5]
While intelligence of the producer, teller, listener and peer group can be
variously considered, much humour does rely upon sufficient prior shared
knowledge, a recognition of parody, “knowledge about knowledge” [6]
and knowledge of the world [1]. Some minimal intelligence and
knowledge do seem to be needed if humour is to be appreciated,
especially when complex meanings are implicit in the text or tale.
• causes of mirth. Why is something seen as humorous by an audience, be it
of one or many? Surprise is one important element of humour: what was
expected does not result and the pleasant irony of our situation (as we
“clear thinkers” are tricked) evokes enjoyment and mirth.
• repetition. Why is repetition common, how does it affect enjoyment, and how
does it use memory and context sensitivities?
o Repetition in the tale is here a key structural element that allows
simplicity and reinforcement of a particular line of development.
o Repetition of “signature parts” of a tale predisposes the listener.
“What is the definition…?” may not be as familiar as “Why did
the chicken…?” or “Knock, Knock.” but each quickly orients
the reader as to the nature and anticipated impacts of the tale.
o Repetition of a tale may well reduce enjoyment, but such
repetition may be part of long-term bonding where the lack of
novelty is itself a sign of familiarity and a source of amusement
to those involved.
• aspects in the tale itself. What groupings, relations and stereotypes are used
and in what ways are they important? In the tale above, nominated
parties are assigned particular roles with role reversals and associated
dissonances marking the difference between Heaven and Hell, while a
new twist (using the now twice-related structure) reflects on a
contemporary situation.
The roles, nature, impacts and formulations of humour are many and varied.
2

The considerable literature in this area can only be touched on very lightly in this paper.
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However, is it something not yet mentioned that “really makes the humour work”:
the supposed presence of some quality in each nominated entity and associated
evaluations by listeners? The tale engenders mirth due to associated but hidden
presences and implicit processing by the parties communicating. Combinations
offered are sufficiently plausible and mutually supportive to allow easy acceptance,
especially since humour involves playful fun, whatever the intents of the parties.
Suggestiveness and interpretability subsist in the tale3.
• via structure, for example. A humorous tale is typically concise or punchy
with a reliance on structures. The order of parts matters as each adds
something new while selectively building on what went before. A break
in a telling of the tale sees a loss of momentum, framing and impact.
• via fluid innuendo. A meaning may be suggested but not defined. A
meaning need not persist across the life of attribute, entity, tale or event.
• via anticipation. Expectation builds of something more. In the tale, some
may have appreciated “the hint” of an extension, to a further part for
EUrope with not just some better mix of elements but also new (Union)
elements. Whether this would be towards Heaven or Hell remains open.4
The text itself is deliberately underdefined so as to allow flexible positioning and
more active or imaginative engagements.
Positioning occurs during both the setting of the episode and the relating itself.
Telling the tale at a funeral service would be in bad taste but may well be appropriate
at a wake afterwards. A teller who interrupts to begin, stumbles on parts and rushes
to the end can make even the best tale forgettable. Warm engagement outshines
serious demeanour, and so on. Such things are contextual. They transcend the tale
itself externally but can be pivotal in the development of good humour. Such things
involve external referents and presences beyond the tale.
Internal transcendence involves presences implicit in the tale itself that provide
both connectives and bases for evaluations that make the tale work. Qualities such as
fairness, creativity, passion and spontaneity as each assumed variously associated (as
in the “fair” “English police” of “Heaven”). The assumed transcendence of qualities5
which are also constitutive of “the broad state” (of Heaven or Hell) holds the tale and
evaluations of it together. Those making literal interpretations or those not adept at
using fluid idealisations would find the whole thing confusing,
3

Reducing such an ability “to manage to survive” is, of course, a goal of clear definitions and
objective specifications. Hints, suggestiveness and alternate interpretations are not welcome
in formal analysis, contracts, well-disciplined discussions and the like. Considerable efforts
are made to reduce ambiguity, irrespective of whether any ambiguities persist in actuality.
4
The suggestive big-collective “U” (as in EU or European Union) is able to enter explicitly
here due to a property of print and also alphabet correspondence of symbols “u” and “U”.
Such an artifice would not be available in an oral presentation, reflecting how the medium
influences the telling of the tale.
5
which exist and can persist beyond and/or within their hosts
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Bundling roles and questions in a collective
The structure used in our tale is a simple one: pick four activities; assign four
actors firstly according to a stereotype and secondly via some outrage on the
stereotype; thirdly use some switch while maintaining four roles and four actors,
while hinting at some further presence as a basis for a fourth stage.
Patterning occurs when assembling any collective, be it for humorous or “more
serious” purposes. The frame in use is illustrated in Table 1. Four main areas are:
• an encompassing outcome, here selectively instanced as “Heaven”,
“Hell” and “Subprime Europe”, or H1 , H2 and H3.
• an active actor, a, specifiable by successive selective drawings
(without replacement) from a chosen set of actor A
• a qualifier nationality, n, specifiable by successive selective drawings
(without replacement) from a chosen set of nationalities N
• a select combination area comprised of four combinations, each
having been drawn deliberatively from A and N.

The “whole joke” seems captured in such a table, but have we captured the “essence
of (the) humour” or why some combinations “are “funny” and are so regarded, or not?
Table 1: Framing a tale

A table such as this is a representation that could be used further, or it could be
simply appreciated as capturing a description efficiently. For example, the table could
be passed around at a party but confusion rather than mirth would be likely (unless,
perhaps, the party goers are “matrix obsessives” at a convention). The new medium,
in interposing itself and its peculiar properties between the parties, loses (at least
much of) the message while the proffering party misses the intent of opening rich
lines of communications between persons.
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“Welcome”, we may say, “to email and the world of modern communications,
management and the like” where the medium constrains the message and messages in
a minimal medium abound. Text messaging appears cheap to users but the frequent
need for multiple messages indicates a limited quality of communication. Such
messaging is excellent for some purposes but inadequate for others. “Fit for purpose”
involves a whole range of evaluative factors.
Suppose we were to now subject Table 1 in isolation to exhaustive analysis.
Placing it in a “suitably secure” environment we would “expertly apply sophisticated
methods” to determine the properties of the table and (we assume) the key to
humour,6 Alternately, we may seek a very comprehensive knowledge base that is
assumed all-encompassing with the keys to humour “in there some where”.
Have we now “lost the plot”? No matter how energetic our efforts, skilled our
application, noble our intents or well-informed our actions, we have embarked on a
risky path in our quest for the key to humour. What considerations apply to collective
intelligence research? Tellingly, Coase notes the divorce of economic theory from its
subject matter as pivotal in the transferability of “the economic method” to other
disciplines and their “rejuvenation”. The result is expressed in his famous statement:
“the rational utility maximizer of economic theory bears no resemblance to the man
on the Clapham bus or, indeed, to any man (or woman) on any bus.” [7]

4

Dissecting a frog…
"Explaining a joke is like dissecting a frog. You understand it better but the
frog dies in the process."7 [8]

Explaining humour is something of a thankless task. Yet it is an important
challenge, particularly if humour is regarded as “by far the most significant behaviour
of the human mind.”[9]

6

For example, We could posit optimal cell patterns, perhaps diagonalising the cells of Heaven
and analyzing the suboptimality (and Hellishness) of other patterns, perhaps in terms of
distance from the diagonal (as clearly Heaven is “best practice”). The results of such
analysis might then inform “scientific management” schools, “human resource” practices
and all manner of theories.
7
E.B. White as at http://tvtropes.org/pmwiki/pmwiki.php/Main/ptitle0t9r68ih. Several
variations can be found including:
•
"Analyzing humor is like dissecting a frog. Few people are interested and the frog dies of
it." http://www.quotedb.com/quotes/704
•
“Humor can be dissected, as a frog can, but the thing dies in the process and the innards
are discouraging to any but the pure scientific mind.” "Some Remarks on Humor," preface
to A Subtreasury of American Humor (1941) http://en.wikiquote.org/wiki/E._B._White
Each has differences, including as to its essential meaning and moral. The last appears original.

294

On presence, collective performance and assumptions of causality.

7

Interestingly, each listener can bring can bring distinctive responses as they enjoy
the tale. Consider, for example, the need to consonate8 and concatenate9 Heaven,
English and police in our tale. The three words need to not only be linked in some
way but also to “sound in sympathy”. Linking by juxtaposition within a simple
repetitive structure is easy but “consonation” plays on unstated, underlying presences
presumed known by all parties.
If pressed to explain such a consonating presence, a listener might return a word
like “fair”, but in listening to the tale he or she may not have explicitly identified any
word or phrase. “Reliable” or “neutral” or “polite” could work as well as “fair” for
example for various listeners. The “essential presence” that allows the combination to
appear plausible is not only undetermined but also variable across participants.
In moving to Hell, the original attributions10 alter as both “English” and “police”
are reassociated in a new and polar-opposite setting. Something adverse about
“English” citizens is supposed revealed when they are in a kitchen, and similarly “an
Italian” is supposed ill-suited to a policing role. Whatever “essential presence” each
carries, “it” works to good effect in some situations and to bad effect in others.
Alternately if multiple attributes are allowed, those supposedly evidenced in one
setting are more beneficent than those evidenced in another. So we allow a presence
with differentiated effects depending on context or, alternately, a mix of presences
which are alternately displayed in one context or another.
There is an important further consideration: that a group attribution need not apply
to all individuals, or to some individuals for some of the time. While there are many
fair English police, there are some who are not and some who may only act unfairly at
some time(s) during their career. Also, I am sure there are superb German lovers and
fair Italian police, but I know none and have observed few. I lack evidence to
challenge the stereotype (or class attributes) but in humour I recognize that the
attributions are not meant to be taken seriously. The speciousness of both the
particular attributions and their generality across individuals and times is recognized.
We are now deeply enmeshed in problems bordering quiddity and haecceity11,
words (largely) vanquished from modern times but ones inseparable from medieval
theorizing as to the essence of “this thing”, of what “this” shares with “that” thing, of
why a man can do both right and wrong and how “an English” (or other so-defined)
man could be in both Heaven and/or Hell. Unless we allow sheer randomness and so

8

consonate: to sound in sympathy
concatenate : to link or join together as in a series or chain
10
whether explicit or implicit, idiosyncratic or shared
11
quiddity involves the real nature or essence of a thing or that which makes it what it is;
haecceity involves what makes some thing “this thing” allowing a unique identity. These are
answers to the questions “what makes it?” (or “of what is this thing essentially composed?”)
and “what makes it it?” respectively. Such presences need not be always present.
9
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embed chaos in the heart of Man and caprice in the actions of men and women12 OR
determine that objects, including perhaps humans, can only have definitive properties
that persist over time and place (mechanics following Newton), there will be a
necessary indeterminateness in at least some properties. The grand OR arguably
captures the foundational preferences of postmodernism and modernism along with
their ability to determine “solutions”. Otherwise, uncertainties evident in situ may be
variously important and influential, or not here or now. “Non-essents” can matter.
Intelligence appears to involve appropriate recognition of such things.
These three approaches to collectives outlined can be considered as:
• “calm collectives”. Groups or collections that are chaotic at the individual
level but well-ordered in aggregate. There is some consistency or
constancy in aggregate, overall or collectively which can condition
“elements”. The whole is sufficiently influential on the parts to ensure
global orders are maintained.
• “reliable objects”. Objects that are well-ordered both in isolation and
aggregation. Some individualisable attributes (are assumed to) persist and
provide a basis for extensive orders. Some orders are both associated
with an individual (set) and external-to-such-an-individual in effect.
• “uncertain entities”. Such entities are somehow-ordered and ordering in
various situations (and perhaps repeatedly or consistently so) but they are
not a priori nor situatedly determined or determinable. Rather order
“occurs in situations” or impact events for reasons or via causes that may
not be apparent.
These reflect the three great types of dynamical theories that underlie Western
philosophy [10]: the all pervading influence or plenum; the unextended centre of
influence as in the particle or force of Newton; and the interacting many of impact
analysis These can be symbolically expressed as ]1 , 1] and 1]1 where the “1” is the
definitional unity in each case13 and the “]” portrays an “encompassing”14 hierarchical
relation. This representation is further developed in another place.

12

13

14

typically using a statistical artifice to allow well-behaved collectives with “likely” outcomes
then conveniently deemed “almost certain”
the unit “1” is effectively an expression of whatever quiddity might present in the situation
under consideration. It requires further assumptions for the unit to be assumed as the
foundational existence or a universally present manifestation. Haecceity could be
acknowledged by qualifying the unit, as in 1i or 1# where i is a set-order indicator and #
involves some instancing (or partial revelation).
the square bracket “]” is encompassing to the left (which is the side enclosed) and
excompassing (or moving to things somehow beyond the individual realm) to the right. The
bracket demarcates space into “here” (with the unit) and “there” (away from it).
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“Collective choice” in economics, and elsewhere

Considerations of choices and their various individual and collective impacts are
central to much effort in economics. This is so not only at the individual level but
also in aggregate, at the collective level. However, there has been a particular
stylization that has become conventional which essentially assumes away problems of
aggregation. The unresolved and arguably irresolvable gap between short run and
long run considerations in microeconomics is testimony to this as are the distinctive
differences and gaps between macro- and micro- economics. The development of a
“bridging” meso-economics has been long neglected while studies in industry,
institutional and regional economics have been regarded as peripheral or worse.
Ways by which grouped individual actions blend to collective outcomes are a
particular focus of Olson while inadequacies in our notions of choice concern Coase.
Chandler views the “visible hand” of the firm as instrumental in the operations of a
market rather than the fabled “invisible hand” in its various guises. Consider these
comments from each in turn:
• To deliver overall optimal aggregate outcomes Olson [7] considers explicit
groups and their collective impacts. His foundational position is that:
“unless the number of individuals in a group is quite small, or unless there is
some coercion or some other special device to make individuals act in their
common interest, rational self-interested individuals will not act to achieve
their common or group interests. … The notion that groups of individuals
will act to achieve their common or group interests, far from being a logical
implication of the assumption that the individuals in a group will rationally
further their individual interest, is in fact inconsistent with that assumption.”
(p 2)
• For Coase [11], the posing of choice in economics results in “the divorce of
the theory from its subject matter…the entities whose decisions economists
are engaged in analyzing have not been made the subject of study and in
consequence lack any substance. The consumer is not a human being but a
consistent set of preferences… We have consumers without humanity, firms
without organization, and even exchange without markets.” (p 3)
• While many rely upon an invisible hand in a free market to monitor and
coordinate economic activities, Chandler [12] instead sees the “visible hand
of management” as actively structuring outcomes. Effects are uneven across
sectors. “These industries, where the visible hand of management had the
greatest opportunity to increase productivity and reduce costs, were the most
critical to the current health and continuing growth of the rapidly
industrializing American economy.” (p 371)
Reflecting, hints to the development of a subprime EU appear. Unrecognised
“choice” inconsistencies (Olson) allowed untenable collective impacts to build while
many visible hands (Chandler) were distractedly working on EU “Dreams” (château
de cartes) and economic analysis was rendered impotent by its divorce (Coase), Hints
as to resolution also appear, but their full consideration must be left to another place.
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Several view of “causality” can be derived from such statements including:
A. informed
1. individual knowledge is a sufficient cause. Individual
rationality leads to, or can lead to, optimality overall;
2. promotion of a common view is a necessary influence.
Coercion or suitable devices are needed to direct individuals
towards realising a common interest;
B. behaviour influencers
1. preferences alone cause behaviours. Preference sets suffice to
explain behaviours, there being no other matters of substance;
2. a mix of substantial influences cause behaviours. The setting
and substance of decision makers also matter in the making of
decisions and associated behaviours;
C. performance
1. self direction delivers optimality. Freely-associating, suitablyinformed and self-interested individuals can self direct so as to
achieve optimal outcomes;
2. direction by others delivers optimally. Management by
professionals drives performance.
It is important to note that these are neither complete representations of any author’s
position nor the only formulations possible. Rather they are simply propositions that
might be tested for validity in various situations or circumstances.
A common failure is to associate wider explanatory power to a proposition than
might reasonably be expected. A desire for a single line of argument or explanation
runs strong in many people seeking to make order out of life experiences. Holding
two lines of explanation simultaneously may broker plausibilities but it introduces
uncertainties, Avoiding uncertainty, an analyst may consider (and perhaps specialize
in) a single line in search of determinable solutions. Special solutions can result but
their applicability need not be general nor in accord with any other special solution.
“The long concatenations of simple and easy reasoning which geometricians use in
achieving their most difficult demonstrations gave me occasion to imagine that all
matters which may enter the human mind were interrelated in the same fashion.”
Descartes as cited [13] ( p ix) The integration of the sciences by logical methods was
“Descartes’ Dream” (op cit). Mathematics was to be the universal language with
deductive logics serving as the means of connection and determination. Long chains
of mathematical forms were to mirror actuality and reveal the Realities of our World
and a wider Universe. All six “causes” above share this dream.
However, and as was raised centuries ago in objection to the Dream, what happens
when “an irresistible force meets an immovable object”? Each reflects a particular
analytical position and distinctive dynamic. Each works from a specific basis: one
focuses on a tendency to change position while the latter tendency is to maintain
position. If either alone were adequate and absolute then all or none would be in
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motion respectively. Each special position leads to chaos or stasis respectively. A
binary divide is introduced when “all” or “none” are assumed to change.15
In life, however, some things remain while others change. So some neglect life.
By employing analyses where certain outcomes depend only on constancy
assumptions and notions of cause used within formal models and some great
dynamical theory, they build dreams that hold sway over the minds and lives of many.
Such attitudes and positions present major challenges. As a more specific challenge,
in seeking to program a computer, swarm, agent and the like to appreciate expressed
humour you may need to explain the joke to the machine, to not only dissect the frog
but to put it back together alive in another language and medium.
The wider issue is how we might move towards a more adequate philosophy of
computing, one that can not only accommodate humour but also help guide “wise” (or
at least “more sound”) choices. The ways we use and develop “intelligence” in
computing will be pivotal and potentially highly influential in societal progress.

6

Conclusion and challenges.

Problems arise in any “being together”, as do potentials. Interdependencies exist
and entities cannot be assumed to be fully analyzable as if they were in isolation.
This is the practical experience of couples, families, firms and any organization of
distinct parties or interests that adopt positions of interdependence. Each may have
their motivation but the common assumption since Adam Smith has been that
engagement is willingly undertaken where there is sufficient self-interest served.
Newton and others have provided a compelling model of analysis predicated upon
certainty, clearly observable and stable values, explicit properties and the like. This
powerful method resting with the third of the great dynamical theory types has
allowed Descartes Dream of encompassing unification to be massively extended but
perverted in the process. The global financial situation embodies such an extended
perversion. The Dream is well suited to beams and stable bodies or the remoteness
(from influence) of space but ill suited to the complexities of life, the dense
interdependencies of uncertain living and the fluid interpretations used as humour
engenders mirth and/or other impacts.
What may be said of solutions for subprime Europe? We may offer alternate fourth
parts to our tale. Some suggestions of principal actors (and actions) to restore
European prosperity (perhaps a recoverable Dream of Heaven in EU on Earth?) are:
• An Irish taxpayer, Greek worker, German investor and French depositor.

15

Any solution is then determined by a preference for either the irresistible or the immovable,
and the relegation of the other to another universe of discourse or analysis. Incompatibilities
and internal unsolvability are resolved by externalisations.
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A continent-wide bank, Commission statisticians, restored investors and
administrators taxing anywhere funds can be raised to meet “obligations”.
• Rebalanced accounts via repositioned bankers, investors, administrators,
taxpayers and borrowers.
• A suitable share of $100 trillion over the next decade globally.16
The real but tragic joke is that three such “Solutions” are being taken seriously. The
arrival of previously uninvolved parties adds new complexities, but their potency is
assumed rather than reasonably established. While elements of each “Solution” may
have merit, ignored in all but the third is an underlying presence, that of unrepayable
debts.17 Ignoring such underlying presences because they are not easily formalisable,
explicit or definitively certain just perpetuates folly. What lessons can be drawn by
those researching collective intelligence, or the lack of it?
•
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Abstract In design and engineering, it is important to preserve more than just the
actual documents making up the product data. For knowledge-heavy industries it
is of critical importance to also preserve the soft knowledge of the overall process,
the so-called product lifecycle. The idea here is not only to send the designs into
the future, but also the knowledge about processes, decision making, and people. In
order to preserve this knowledge, it needs to be captured at content creation time,
a process currently mostly independent from the act of preservation. This paper
discusses how to make tools and applications used at content creation time, especially in design and engineering, but also, in general, preservation-aware by using
the OpenConjurer approach and framework.

1 Introduction
For innovation driven industries like design and engineering digital preservation is
an important challenge. Legal regulations and contractual requirements often make
the preservation of product data for decades mandatory. Product data is all data generated during the product lifecycle, e.g., including text, presentations, simulation
data, and designs. The reuse of product data and knowledge in a rapidly evolving
technological environment is both a goal and a difficult problem. The motivation
for digital preservation in design and engineering is discussed in detail by Heutelbeck et al. [8, 9]. A key motivation is to preserve and reuse the knowledge about
the actual design and decision making process. This includes documentation about
who did what with the product data. The ’who’ part of this information is called
social context and not only consists of information about a unique identity of an
actor, but also about his role and position within the social network of the people
and organizations involved in the creation of the product data. The ’what’ part of
this documentation is called collaboration context and covers operations on the actual data as well as communication and collaboration surrounding the data, such as

1
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decision making, i.e., why something was done or decided. For instance, it could
be important to understand why a component in a design was chosen over an alternative. This contextual metadata is required to answer potential questions of future
users, who access the product data within the live environment, or later by accessing a preservation system. The following questions came up repeatedly during our
interviews and discussions with potential industry users and experts:
1. Forensics and analysis of the past
a. Reasons for commercial or technical failure?
b. Which decision or negotiation process led to a fault?
2. Knowledge reuse
a. How can we improve our products?
b. How can we improve our processes?
3. Design reuse
a. How can we enable a complete reuse of original designs in a new design?
b. How can we reuse functional parameters for reengineering or maintenance?
Especially for questions 1a, 1b, and 2b the preserved knowledge about the processes and the social context of the content creation is important to both find the
appropriate content, as well as for achieving the goals of the users. We assume that
in practice, archival of a set of data into a preservation system, is done at critical
points in the product lifecycle. Such dedicated points in time are often the transitions between different phases of the product lifecycle. Typical points would be the
transition between the ideation phase and the development phase, or the transition
between development and production of a product. The phase before the archival
can be arbitrary long. Thus, it is difficult to manually recreate the knowledge about
social and collaboration context at archival time for reasons of human memory,
availability, and cost. This paper discusses an approach to enable the tools used during the creation of the product data to become aware of the social and collaboration
context, to enable them to express themselves in the terms of these contexts, and to
capture the knowledge for preservation and reuse semi-automatically. The paper is
structured as follows. First the requirements for making applications preservationaware are discussed, and then related work is presented. The next sections discuss
the OpenConjurer approach of providing a flexible ontology-based vocabulary and
infrastructure. This is followed by the introduction of a demonstration application
which is used to illustrate how to implement a preservation aware collaborative application in practice. Then it is discussed how to integrate the preservation aware
applications with content repositories, PLM systems, and preservation systems. The
paper concludes with a discussion and an outlook to future work.
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2 Requirements
The problem addressed by this paper is the question on how to enable the tools used
during the creation of the product data to become aware of the social and collaboration context, to enable them to express themselves in the terms of these contexts,
and to capture the knowledge for preservation and reuse semi-automatically. The
first sub-problem in order to capture such processes and social context is to specify
the matching vocabulary describing the social context as well as the collaboration
context. As individual enterprises differ significantly regarding their structure and
corporate culture, the vocabulary needs to be customizable to match the real world
context of use. In addition to the vocabulary it is also necessary to operationalize the
management of an inter-organizational social graph by providing an infrastructure
and APIs. In practice, product data is stored across a very heterogeneous population
of document management systems, file shares, and PLM systems. In order to enable
the capturing of contextual metadata, product data repositories are necessary that
offer interfaces for annotating product data with custom metadata. For integration
with the overall workflows such as decision making or archival the repositories need
to be linked to legacy PLM systems. For archival, the repositories need to provide
interfaces for collecting the product data and collected context metadata.

3 Related Work
Gathering information about what happened in a collaborative environment is not
a new concept, and is called activity log, event history, or elephant’s brain. From
a software engineering perspective this can be considered a design pattern and is
described in detail by Schümmer and Lukosch, 2007 [14]. The intent of this pattern is to: ”Store information about users’ activities in a log to provide a history of
their activities and the artifacts’ evolution.” This pattern regularly applied in various
collaboration environments, and is especially prominent with software development
environments. A system keeping an activity log is already capturing a basic social context (user names) and collaboration context (what has been done). However,
usually the type of activities to be logged is hard wired, and the vocabulary is not
customizable.
Models for social graphs already exist. Two of the most popular vocabularies
are the friend of a friend (FOAF) [6] ontology and Xhtml Friends Network (XFN)
[17]. FOAF models a distributed social network, by offering an RDF vocabulary to
be embedded into web pages or other documents. The vocabulary already includes
specific concepts and properties, which do not apply to all use-case scenarios.
XFN is a micro format, in the sense that allows adding machine interpretable
markup into HTML documents, modeling a social graph. A notable concept provided by XFN is the possibility to consolidate identities by so-called me-links. A
me-link expresses that two online identities are essentially the same person.
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Fig. 1 The Social Ontologies
Hierarchy

In digital preservation, the OAIS reference model [5] is commonly adopted
and illustrates the common understanding of preservation systems and workflows
adopted by the digital preservation community. In OAIS, the tools used for content
creation are mostly unaware of the archival system. Data from a producer is put
into a so-called Submission Information Package (SIP) which is ingested into the
archival system and is transformed into a so-called Archival Information Package
(AIP) and is preserved within the archive. In essence, this means that the actual data
from the producer is created independently from the preservation environment. Usually during the creation of the SIP, metadata for the data is cleaned up and added,
either automatically or with manual intervention. The result of this view of preservation being completely decoupled from the actual data creation results in scenarios, where metadata which is readily available during data creation is lost before
reaching the creation of the AIP. For example, change logs and user information are
available in MS Office documents, but in practice digital libraries often only archive
a PDF version of the source material. In the conversion process usually most of the
metadata is lost. While it is certainly possible to archive the original documents,
the loose coupling of the preservation systems with the content creation environment and the lack of awareness of the content creation tools for requirements from
preservation result in this common loss of important data.
This paper proposes to make the tools and environments used during data or
content creation more preservation-aware by providing a common framework for
expressing social and collaboration context.

4 Vocabulary
The organizational context of the usage of a collaboration environment in design
and engineering is not a priori well defined. The reason for this is that in each organization or enterprise the corporate culture may vary significantly. For example
some organizations use a very hierarchical organization, others are structured very
flat. In addition, the vocabulary in which a hierarchy and relations between individuals are expressed also varies from organization to organization. For example, in a
university a relation to express hierarchy may be ”X is PhD advisor of Y”, while in a
design and engineering company ”X is supervisor of Y” may express a relation with
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Fig. 2 The General Social
Ontology

the same operational consequences, but with a different vocabulary. Thus, a customizable approach is required in order to ensure the adaptability of the resulting
system to changing target environments. In order to accommodate the wide range of
possibilities for organizational structures, this paper proposes to use a minimal upper layer ontology to express the basic concepts of social and collaboration context.
This upper layer ontology is called general social ontology (GSO) and is supposed
to be adapted to practical scenarios by specifying domain ontologies extending the
GSO, as illustrated in Figure 1.
The description of the whole ontology and approach is beyond the scope of this
paper. Figure 2 illustrates the class hierarchy of the ontology. Active entities in the
system are modeled as agents. Agents can be applications, groups, and users. Users
are a sub-class of Group, as a single user can have multiple identities and the union
(grouping) of all identities of a user can be considered to identify a single user.
Profile data is modeled under Content. In order to describe collaboration context,
Action and ”Activity” are provided. ”Action” provides a concept for describing the
type of something that can be done within a collaborative environment, or with
data. Activities are then the actual instances of Action which are actually performed.
In this paper, a log of activities is exactly what provides collaboration metadata.
Further information making up a social graph, such as relations and details, are
modeled as object or data properties.
Figure 3 illustrates how, for example, the data in the profiles of users can be
customized by extending the User Content concept. In a similar way, individual
relations can be specified.
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Fig. 3 A Domain Ontology
extending parts of the General
Social Ontology

Fig. 4 The OpenConjurer
Infrastructure

5 Infrastructure and API
The framework OpenConjurer realizes the concept of a social collaborative platform in order to enable the actual tools used for content creation, design, engineering, coordination and collaboration to become aware of social context, collaboration
context, and preservation.
As a first step it is necessary to provide an identity management infrastructure
(e.g., see Maler and Reed 2008 [12]) for managing the identities of users, groups,
and relations.
Figure 4 illustrates the tiered approach of the OpenConjurer infrastructure. On
the data layer, the social graph is expressed by means of instances of the vocabulary
as discussed in the previous section. The social graph consists of the general social
ontology, a domain ontology, and the triple data describing the actual individuals,
the user data, and relations. This data is persisted in a triple-store. In the prototypical implementation, the data layer is implemented using the Jena [10] sematic
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Fig. 5 The OpenConjurer
binding to OpenSocial

web framework, offering SPARQL [16] queries on the social graph and persistent
storage.
The middleware layer of OpenConjurer is based on the context management API
which is designed to abstract from the basic SPARQL queries used to interact with
the data tier. Instead the context management API provides an interface which is
much more natural for the actual interaction with a social graph.
On top of the context management API, OpenConjurer implements a container
for social web applications, similar to social networking sites like Facebook and
Orkut. In addition, OpenConjurer implements an OpenSocial [7] container, i.e., a
social web application that can execute custom social applications.
OpenConjurer uses Apache Shindig [2], a Java EE reference implementation of
OpenSocial. This reference implementation offers the possibility to expose any social network via OpenSocial APIs. However, in order to bind these APIs to the data
layer of OpenConjurer, an appropriate bridging mechanism has to be implemented.
Figure 5 illustrates the OpenSocial binding to OpenConjurer. OpenSocial itself is
not able to express itself through the same kind of configurable vocabulary as the
general social ontology bundled with specific domain ontologies.
In order to resolve these problems, i.e., bridging and limited semantic expressivity of OpenSocial, OpenConjurer implements an API extension to OpenSocial,
the so-called entity service. The entity service offers calls to access the context API
using the OpenConjurer ontologies. In this way, OpenSocial applications harness
the expressiveness of the OpenConjurer models. To provide the bridging between
the stub implementations of the OpenSocial services provided by Apache Shindig
and OpenConjurer, OpenConjurer implements a mapping of the individual service
calls to the matching calls of the entity service. This way the separation of concerns within OpenConjurer is maximized, as the context management API can be
kept clean, only dealing with OpenConjurer concepts, without directly emulating
OpenSocial, and the implementation of the mapping can be limited to the actual
OpenSocial implementation.
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6 A Collaborative Preservation-Aware Application
This section describes a collaborative application and how exactly such a collaborative application is turned into an application which is aware of the social context,
the collaboration context, and preservation by using the OpenConjurer framework.
The application is based on an analysis of the design and engineering scenarios
provided within the SHAMAN project. These scenarios are built around the notion
of the product lifecycle. The following is a simplified description of a typical product
lifecycle which has been identified within practice of the SHAMAN project industry partners. The product lifecycle starts with the ideation process, where new ideas
for potential products are generated and evaluated. Next, ideas that are approved are
entering a phase of prototyping, where first designs are created and evaluated. Once
prototyping is successful and after approval of the project, the actual development
of the product is starting. In the consumer electronics industries that have been examined, a major difference between the prototyping and development phase is that
the prototyping is considered to be a very creative process. Thus, the companies do
not constrict their developers by specifying which tools shall be used. The developers have free choice of tools during this time in order to maximize creative freedom,
resulting in a very heterogeneous environment. Once entering the actual product development, the tools to be used are pre-defined very specifically in order to provide
an efficient process and quick time to market. Following the development, the product lifecycle enters the production phase, followed by maintenance and finally the
disposal and recycling of the product.
The prototype application described here is residing in the prototyping or development phase. In practice, companies are reluctant to provide access to the actual
live development environments, tools, and data. The reasons for this are very clear.
The company would risk leaking of confidential intellectual property, as well as
disruption of critical processes. In addition, in practical environments specialized
development tools are used which are very expensive, customized, and have very
specific licensing schemes making it hard to customize within the context of a research project.
Thus, an example collaborative application, based on the product lifecycle has
been developed as a proof of concept demonstrator. The demo application, the socalled decision room, emulates a synchronous meeting for reviewing product data
and for managing related tasks, e.g., for deciding if a product shall make the transition from prototyping to the design phase. The tool itself is not designed with the
intention of providing domain specific support for decision-making, but to contain
key components of collaborative software to illustrate the capturing of social and
collaboration context during content creations and to demonstrate some new ideas
of how to dynamically scope collaboration based on documents in a repository.
The decision room application is a social web application. The implementation
is based on the OpenConjurer OpenSocial implementation as a social Gadget, using
the OpenSocial extensions to the API. The application consists of several collaboration widgets, as illustrated by Figure 6:
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Fig. 6 The Decision Room Application

a)
b)
c)
d)

Collaborative content repository browser
Group task list
Document centric chat
Collaborative viewer
The individual widgets are described in the following sections.

6.1 The Repository Browser
The concept of the decision room is based on a document centric scoping mechanism for collaboration. The repository browser is used to select the current scope,
i.e., a folder or document of the user. The scope is signaled to all other widgets
which update their view accordingly.
The repository browser is the front-end to an actual content repository based on
the Java Content Repository [11] specification, using the Apache Jackrabbit implementation [1]. This hierarchical content repository provides extended capabilities,
by explicitly managing metadata for each individual folder and document stored
inside. For each document or folder an additional document of metadata can be associated. These metadata documents are not visible while browsing the repository,
but can be accessed directly if required via an API.
The collaborative repository browser provides a tree view of the data repository.
The users can browse the structure and content of the repository. The scope of a user
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for the entire decision room is set by selecting a node in the tree view representing
either a folder, or a document in the repository. The collaborative component of the
repository browser is the support for document centric collaboration awareness. In
the tree view of the repository browser, every node is annotated with the number of
users, and the respective user names, which have selected the node as their individual scope. In this way, the users know where within a project or product their team
members are working and can join them for collaboration, using the other collaboration widgets.

6.2 The Group Task List
The group task list collaboration widget allows the users to assign tasks to individual scopes (documents or projects). Users can create tasks, edit them, and mark
them as done. The group task list is a very simple tool, which is used to illustrate
the capturing of process-oriented collaboration metadata, which would be available
from workflow for decision support systems.

6.3 Document Centric Chat
For demonstrating the capturing of contextualized communication the document
centric chat allows users to exchange text messages in real time. For the chat the
scoping of the decision room on a single document or file acts similar to the concept
of chat rooms or chat channels. The chat widget automatically provides an individual chat room for each folder and document. Collaborative Viewer
To access the actual design data, the collaborative viewer widget provides a
shared viewing environment. Once the scope is set to a document, the viewer loads
the documents and renders a view. The viewer provides a synchronized view for
all users who have selected the same document at the same time as their individual
focus in the repository browser. The viewer supports zooming and panning. These
operations are also replicated for all users with the document as focus, resulting in
an identical view for all users.
Currently, the collaborative viewer is limited to bitmap graphics. However, development of integration with multivalent viewing technology [13] is in progress, enabling the viewing of different formats such as JT [15] for 3D CAD models, which
stems from Siemens PLM technology and is widely adopted as a visualization and
exchange format in industry.

310

Preservation of Enterprise Engineering Processes by Social Collaboration Software

11

7 Making the Application Preservation-Aware
By implementing the decision room on top of the OpenConjurer framework the
individual widgets can access the extended OpenSocial API, and can express themselves regarding the social context. The widgets can identify the user, the repository,
scope, and the activities performed by the users. Using the API provided by the content repository, the decision room can add such captured metadata to the individual
documents in the repository.

7.1 Actions and Activities
As discussed above, the GSO differentiates between actions and activities. An action
determines the type of something that can be done with an application in a certain
scope. For example, within the collaborative repository browser typical actions are
to select and unselect a scope. An activity is the actual event or process of performing an action, such as selecting a specific scope in the repository browser, or taking
the decision that a design is production ready. An action consists of:
• the scope of the action: a unique identifier pointing to the repository, folder and
document,
• the applications involved in performing the action: a unique identification of the
application, version, and a description of the runtime environment,
• the users involved in the action: user IDs from the social graph,
• the type of the action: unique identifier of the action,
• a timestamp: a timestamp when the action occurred. The time (client/server) to
use depends on the action.
• Action specific information: Actions can be very domain specific. Thus, applications need to be able to add domain and action specific information. For the
decision room, this can be any XML encoded content.

7.2 Capturing Social Context and Collaboration Context
As OpenConjurer is designed as a generic framework for capturing social and collaboration context, the framework cannot know in advance which tools will be built
on top of it. Thus, it is also not possible to identify the relevant actions in advance.
In addition, the type of actions is domain specific within the individual tools for
content creation, design and engineering tools.
In order to make an application preservation-aware, domain experts designing
the application have to identify the relevant actions to be captured. Typical generic
actions are: read, change, delete, and create. However, more specific action such
as triggering a computation intensive simulation process on a new electronic de-
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sign may be relevant and are directly depending on the type of application at hand.
Table 1 lists the actions that were identified as relevant within the decision room
application.
In order to be able to capture the activity log, the application must know the
following parameters:
• scope of an activity to be performed
• users using the application and triggering an activity

Application Action Type Scope
Repository
Browser
Repository
Browser
Task List

Task List

Task List

Task List

Task List

Chat

Viewer

Select Scope scope selected
by user
Unselect Scope scope unselected
by user
Add Task
current scope of
user adding the
task
Delete Task current scope of
user deleting the
task
Edit Task
current scope of
user editing the
task
Mark Done current scope of
user marking the
task
Mark Not Done current scope of
user marking the
task
Chat Message current scope of
user posting the
chat message
Configure View current scope of
user changing
view

Users

Timestamp Action specific
information
user selecting Server NA
the scope
user unselecting Server NA
the scope
user adding the Server Task Descriptask
tion
user deleting the
task

Server

Task
tion

user deleting the
task

Server

Resulting Task
Description

user marking the
task

Server

Task
tion

Descrip-

user marking the
task

Server

Task
tion

Descrip-

user posting the
chat message

Server

Chat Message

user
view

Server

Pan and Zoom

changing

Descrip-

Table 1 Example activities to be tracked in the collaborative application

In the case of the decision room, the scope is determined through the repository
browser by selecting a folder or document. In addition, the decision room is implemented as an OpenSocial application running inside a custom container. Thus, the
application can easily identify the user through the appropriate extended OpenSocial API calls. In general, the scope of an action is again determined in a very domain specific way which cannot be predicted on the framework level. However,
the knowledge about the users’ identity can be gained by using the OpenConjurer
framework as an identity management back end. In addition to the OpenSocial API,
OpenConjurer also offers web services providing the same information to other applications.
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Once the list of actions has been identified the domain experts have to identify
the appropriate parts within the applications code, where these actions are actually
performed. At these points within the code, the individual activities have to be captured and the metadata set for each activity has to be written into the metadata set
of the current scope. In the decision room application, the used content repository
offers the matching scoped web services to collect such activities. In this case this
means that XML fragments describing activities are collected for each folder and
document.
Once this metadata is available in the working repository or PLM systems, it
can be taken account of during an archival process and ingest into an archive. An
application actively collecting such social and collaboration metadata during content
creation time is called preservation aware. The next section describes how such a
preservation-aware system can be integrated with a PLM system and the SHAMAN
preservation environment.

7.3 Integration with PLM and Preservation Environment
In interviews with industry, it became obvious that in practice a company does often
not rely on a single content repository, document management, or product lifecycle system. Product data is often distributed across a heterogeneous population of
systems, and needs to be consolidated and normalized for preservation.
As discussed before, access to live production systems was not available. Thus,
we simulate such a real-world scenario, by providing two different repositories. On
the one hand we have a professional product lifecycle management system, i.e., Aras
Innovator [3], and on the other hand we have the JCR-based repository described
above. In order to demonstrate integration and data harmonization, we defined the
Aras PLM system as the so-called leading system which is used to trigger the preservation process. Within the PLM system, the JCR repository of the decision room is
referenced. This reference allows access to the content of the repository.
Figure 7 illustrates the integration of the decision room and the product lifecycle
management for preservation. On the left hand side, the decision room application
runs on top of the OpenConjurer framework, using a demo domain ontology which
is an extension of the general social ontology. Within the decision room, users work
on documents stored within the content repository.
When the preservation is triggered from within the PLM system, the preservation component ADI traverses the content in the PLM system, building a normalized
information package for the ingest process of the SHAMAN preservation environment. When the ADI traverses a node within the PLM containing a link to a different
content repository, the ADI continues by traversing the target content repository and
integrates into the information package for ingest. The union of the content of both
systems is harmonized on a data level before the actual ingest is done. The actual
normalization process is out of scope of this paper and will be documented in future
papers.

313

14

Authors Suppressed Due to Excessive Length

Fig. 7 Integration with preservation system

8 Results and Discussion
The problem addressed by this paper is the question on how to enable the tools used
during the creation of the product data to become aware of the social and collaboration context, to enable them to express themselves in the terms of these contexts,
and to capture the knowledge for preservation and reuse semi automatically. The
general social ontology presented in this paper provides the base for a vocabulary
describing the social context as well as the collaboration context. The differences
between individual enterprises can be addressed by domain ontologies extending
and customizing the general social ontology. In addition to the vocabulary, it is also
necessary to operationalize the management of an inter-organizational social graph
by providing an infrastructure and APIs. This is realized through the OpenConjurer framework, providing access to the social graph via web services and an extended OpenSocial binding. However, currently OpenConjurer is not able to handle
cross-organizational or inter-enterprise scenarios. As discussed above, product data
is stored across a heterogeneous population of document management systems, file
shares, and PLM systems. An example of a repository that supports the capturing
of contextual metadata, the scoped metadata collection in the extended JCR repository has been presented above. The integration with the overall workflows such as
decision making or archival the repository has been integrated with a legacy PLM
system. This paper also outlined the basic prerequisites for making applications
preservation-aware and the basic steps in the implementation of preservation-aware
collaborative applications.
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9 Conclusion and Future Work
In this paper we have illustrated an approach to make the data and content creation
tools aware of social and collaboration context as well as aware of preservation
by providing vocabulary, frameworks and APIs that enable the applications to express themselves in terms of context, to access context information, and to annotate
data with captured domain specific metadata. This way, new categories of metadata become available to preservation systems, which previously were not available
because of cost and complexity of generating the metadata at ingest time. The presence of this metadata supports the users’ needs for knowledge reuse regarding the
processes within the product lifecycle.
This paper only looked at products developed within a single organization. However, in practice products have reached a complexity that makes it impossible for a
single enterprise to create a product on their own. Research and development as well
as production now often happen within a complex network of enterprises, resulting
in the emerging rise of virtual enterprises and new more service-oriented business
models for manufacturing industries. It will be necessary to extend the models and
frameworks presented in this paper to accommodate such inter-enterprise distributed
scenarios, resulting in various interoperability problems. One of these problems is
the question on how to express relations between two organizations which are using
different vocabularies for modeling their social graph.
By providing the notion of a customizable social graph, expressing the corporate
culture and relations between individuals, projects, and data, it may also be feasible
to use the social graph of an enterprise, or even a network of organizations for setting of a federated identity management environment which can be integrated with
access rights management.
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Abstract. This paper introduces a new approach to solve the pursuit problem
based on a univector field method. In our proposed method, a set of robots work
together instantaneously to find suitable moving directions and follow the
univector field to surround and capture a prey robot. In addition, a set of
strategies is proposed to make the pursuit problem more realistic in the real
world environment. This is a general approach based on univector field, and it
can be extended for an environment that contains static or moving obstacles.
Experimental results show that our proposed algorithm is effective for the
pursuit problem.
Keywords: Univector field; Predator robots; Prey robot; Pursuit problem

1 Introduction
The pursuit problem is a well-known class of test problems for the study of
cooperative behavior in Distributed Artificial Intelligence (DAI) systems. This
problem was first introduced by Benda et al. [1], and has recently been received a
great deal of attention from the research community due to its important role in a wide
range of applications, especially in some areas such as robotics and computer games.
In Benda's formulation, a group of four predator agents try to capture a prey agent by
surrounding it from four directions on a grid-world. Agent movements are limited to
either a horizontal or a vertical step per time unit. The prey agent moves randomly,
and two predator agents are allowed to occupy the same location. He proposed a
solution to this problem by using computations of the center of gravity of the agents.
Gasser et al. [2], introduces an approach to this problem in which the grid-world is
divided into four quadrants by using diagonal lines crossing at the prey agent's
position. Each of the predator agents tries to occupy a position within their assigned
quadrant to attain the "Lieb configuration". Once the predator agents have attained the
"Lieb configuration", they use a set of rules called the "Lieb rules" that determine the
movements of the predators to capture the prey agent. However, no experimental
results were presented for the performance of this approach.
Stephens and Merx [3] present a version of the pursuit problem that does not allow
two agents to occupy the same position. The predators alternated moves and the prey
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moves randomly. In their approach, a centralized control mechanism is used to
implement a scheme similar to the Lieb rules of [2] for the predator agents.
Korf [4] proposes a greedy algorithm to solve the pursuit problem. In his approach,
each predator agent measures the distances between coordinates of its empty
neighboring cells and the prey agent's coordinates, and then moves to a cell that
minimizes distance to the prey agent's position. Three versions of the pursuit problem
are presented. The first version is called the orthogonal game that corresponds to the
original version, where agent movements are horizontal or vertical. He claims that a
discretization of the continuous world with only horizontal and vertical movements is
poor approximation. Therefore, he develops the diagonal game that allows eight
agents to move orthogonally, diagonally, and then surrounds the prey. Finally, the
hexagonal game is implemented on an environment of hexagonal grid, where each
cell has six neighboring cells and there are six predator agents. In the first and second
versions, a max norm distance metric is used by the predator agents to choose their
next steps. However, the Euclidean distance metric is used instead of the max norm
distance metric in the third version. He also improves the performance of the
algorithm by adding an “attractive forces” between the predators and the prey, and
“repulsive forces” between the predators. He assumes that the predators have the
knowledge of existence of all the other predators and the prey. As a result, every
single predator computes the “resultant force” to choose their next move.
In Korf’s model, agents are able to see the complete world at once. Therefore, Juan
Reverte et. al. [5], extend Korf’s ideas to improve his model. First, they propose a
simple extension of Korf’s fitness function and consider the problems related to a
partial view of the world. Second, they propose a communication protocol to partially
overcome them. They conclude that with these two simple extensions, Korf’s ideas
get results comparable to most machine learning approaches.
Although all the approaches mentioned above might potentially solve the pursuit
problem. However, in our opinion, these approaches are insufficient to implement in
the real world environment for mobile robots. They are only applicable for the
simulated pursuit games. Because when robots are used instead of agents in the
pursuit problem, the posture of the robots at each position of the environment need be
considered. Therefore, we propose a new approach for the pursuit problem that can be
applied to real world environment in the area of robotics. In our approach, a set of
predator agents, called predator robots, work together to find suitable moving
directions and follow the univector field of the environment to surround and capture a
prey agent, called prey robot. In addition, strategies of the predator robots and prey
robot are defined to test the proposed approach. The experimental results prove that
the proposed approach guarantees to find a solution of the pursuit problem in the
finite moving steps of the predator robots if the environment is large enough.
Moreover, our approach provides a general solution since with minor modifications it
can be applied to multi-agent real-time pursuit (MAPS) problem in a partially
observable environment with obstacles.
The rest of this paper is organized as follows: Section 2 overviews related
background knowledge consisting of the two-wheel robot modeling and the univector
field method. The proposed approach is described in Section 3. Section 4 shows the
experimental results. Finally, we conclude our work in Section 5.
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2 Background
2.1 Two-wheel robot modeling
The mechanical structure of a two-wheel robot is shown in Fig. 1 [6, 7], where L is
the base width of the robot and R is the radius of the wheel. It is assumed that the
position and orientation of the robot are known at each instant time through sensory
inputs. Let ωL and ωR be the rotational velocities of the left and the right wheels
respectively, and assume that no slipping of the wheels, the wheel velocities at the
contact points are determined as in equation (1),

VL = RωL ,VR = RωR .

(1)

Fig. 1. Two-wheel robot modeling

Let v be the velocity of the robot at its center and ω be the turning velocity with
respect to the center of the robot. The velocity vector s is defined as in equation (2),

⎡VR
⎡v ⎤ ⎢
s = ⎢ ⎥ = ⎢
⎣ω ⎦ ⎢VR
⎢⎣

+ VL ⎤ ⎡ 1
2 ⎥ = ⎢ 2
⎥ ⎢
− VL ⎥ ⎢ 1
−
L ⎥⎦ ⎢⎣ L

1 ⎤
2 ⎥ ⎡VL ⎤.
⎥
1 ⎥ ⎢⎣VR ⎥⎦
L ⎥⎦

(2)

The kinematics of the robot is illustrated in Fig. 1. Posture ps and position p of the
robot are defined as in equation (3), where (xc,yc) is position of the center of the robot,
and θc is the heading angle of the robot with respect to absolute coordinates (xc,yc).

⎡ xc ⎤
⎡ xc ⎤
ps = ⎢⎢ yc ⎥⎥, p = ⎢ ⎥
⎣ yc ⎦
⎢⎣θ c ⎥⎦

(3)
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The robot kinematics associated with the Jacobian matrix and velocity vector s is
defined as in equation (4),

⎡ xc ⎤ ⎡cosθ c
⎢ ⎥ ⎢
p s = ⎢ y c ⎥ = ⎢sin θ c
⎢θ ⎥ ⎢ 0
⎣ c ⎦ ⎣

0 ⎤
⎥ ⎡v ⎤
0 ⎥ ⎢ ⎥.
⎣ω ⎦
1⎥⎦

(4)

To get the robot position and orientation, equation (4) should satisfy the
nonholonomic constraint as shown in equation (5), which is equivalent to

dy c
= tan θ c .
dx c

This means that the moving direction at every instant time is the

same as the heading angle of robots.

xc sin θ c − y c cosθ c = 0

(5)

2.2 Univector field method
Univector field method is an improvement of the potential vector field which is
designed for fast mobile robots. In a univector field, the magnitude of each vector is
unity at all positions, so a vector field contains only directional information. By using
the univector navigation method, a robot can navigate rapidly to the target position
with desired posture without oscillating and taking unnecessarily longer paths [7].
The univector field is classified into two categories. The first category is concerned
with a robot going at the desired posture. The other is concerned with a robot
avoiding obstacles. Since we only solve the pursuit problem in an obstacle-free
environment, so the first category is considered. A univector field F(p) at the position
p(x,y) is defined as in equation (6), where n is a positive constant to be determined, g
is the desired goal point, r is a guidance point, and the symbol ∠ denotes the angle of
a vector mapped onto the range (-π, π]. The value of the univector field F(p) at the
position p(x,y) is equivalent to the desired heading angle θc of the robot as in equation
(3).

∠F ( p) = ∠ pg − nα with α = ∠ pr − ∠ pg

(6)

All univector fields constitute a univector field space N(p) for an environment of
the robot. Fig. 2 shows a univector field space, where each tiny circle represents a
position and the straight line attached to it represents a moving direction.
It is clear that the larger n is, the smaller the F(p) is at the same robot position.
Thus, if n increases, the univector field spreads out to a larger area, making the path to
be traversed by the robot in reaching its goal larger. The univector field F(p) of the
robot at the position p(x,y) changes according to the parameter n and the length of the
line gr.
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Fig. 2. Univector field space

3 The Pursuit Problem
In the classical pursuit games [1], a group of four predator agents try to capture a prey
agent by surrounding it from four directions on a grid-world. In this paper, the model
of two-wheel robots is used for pursuit problem, called predator robots and prey
robot, instead of the predator agents and prey agent respectively. To solve this
problem, a Univector Field method based Multi-Robot Navigation (UFMRN) is
proposed to make the pursuit problem more realistic in the real world environment.
Our pursuit problem is described as follows: It is assumed that there are eight
predator robots and a prey robot within the system. The simulations allow all robots to
move to any of eight neighboring cells, including horizontal move, vertical move and
diagonal moves. The solution to the pursuit problem is to completely surround a prey
robot with eight predator robots as shown in Figure 3. In the next subsections, we are
going to propose strategies of robots and an UFMRN algorithm to solve this problem.
3.1 Strategies of predator robots
a) Greedy strategy: It is assumed that each predator robot knows only the position
of the prey robot at each instant time through sensory inputs. Each predator robot
measures the distances from its position to empty neighboring cells of the prey robot's
position, and moves to an empty neighboring cell that has the minimum distance.
Fig.4 (a) depicts a situation of the greedy strategy in which the predator robots 1, 2,
3, 5 and 7 chose a neighboring cell of the prey robot for each of them that minimizes
distance to the neighboring cell of the prey robot. Therefore, the predator robots 4, 6
and 8 have to choose a cell from the empty neighboring cells that has the minimum
distance from its position to those cells.
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Fig. 3. A solution to the pursuit problem based on univector field, the circle is the prey robot

(a) Greedy strategy

(b) Cooperation strategy

Fig. 4. The capture directions of the predator robots based on greedy and cooperation strategy

b) Cooperation strategy: The cooperation is one of the most important strategies
in making an agent community more intelligent to achieve a common goal. The goal
of the cooperation strategy is to share short-term benefits of agents to increase
efficiency of overall agents for a task. Accordingly, we assume that each predator
robot communicates to each other to know positions and orientations of the other
predator robots and the prey robot at each instant time through sensory inputs. The
predator robots cooperate to determine a strategy that has the minimum sum of
distances from all predator robots to eight neighboring cells of the prey robot. Fig.4
(b) shows a situation that the predator robots occupy positions as the Fig.4 (a), but by
using cooperation strategy, the predator robots share directions to surround the prey
robot.
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From Fig. 4, it is clear that by applying the univector field method for the pursuit
problem, the directions of robots 1, 4, 6 and 8 change when the capture direction of
these robots changes.
c) Mixed strategy: To make the pursuit problem more realistic, we consider the
pursuit problem related to a partial observation of the environment and propose a
mixed strategy of greedy strategy and cooperation strategy. It is assumed that each
predator robot knows the position of prey robot at each instant time, but it only
communicates its position and direction with some predator robots in a predefined
radius. If a predator robot cannot communicate its information to the other predator
robots, a greedy strategy is applied for this predator robot. Otherwise, a cooperation
strategy is applied for predator robots in such a manner that they can communicate to
each other.
3.2 Strategies of prey robot
a) Random strategy: It is assumed that prey robot does not know about positions
and directions of the predator robots. At each instant time, the prey robot moves
randomly to an empty neighboring cell from the set of its eight neighboring cells.
b) Greedy strategy: it is assumed that the prey robot knows about positions and
directions of the predator robots at each instant time. In this strategy, the prey robot
measures the distances to eight predator robots and moves an empty neighboring cell
from the set of its eight neighboring cells that maximizes the distance to the nearest
predator robot. However, if each predator robot moves at the same speed as the prey
robot and the positions of eight predator robots are initialized at the same side of the
prey position, then the predator robots cannot capture the prey robot. Therefore, we
assume that the prey robot will move with a probability of q0 (0 < q0 < 1) and it will
remain stationary with a probability of 1 - q0.
c) ε -greedy strategy: The combination of the random strategy and the greedy
strategy makes an ε-greedy strategy. That is, with small probability ε (0 < ε <1), the
random strategy is applied for the prey robot, and with probability 1 - ε, the greedy
strategy is applied for the prey robot.
3.3 The proposed algorithm
An UFMRN algorithm is proposed for the pursuit problem as in Algorithm 1. This
algorithm implements the mixed strategy of the predator robots and the ε-greedy
strategy of the prey robot. With minor modifications, the other strategies can be easily
applied to this algorithm. Parameters of UFMRN algorithm are described as follows:
p(x,y) is the position at the coordination (x,y) of the environment.
A(k,p) is the current position of the kth predator robot (k = 1,..,8).
F(k,p) is a value of the univector field at p(x,y) of the kth predator robot.
g(x,y) is the position at the coordination (x,y) of the prey robot.
D(k,g) is a guidance point of the kth predator robot (it's a neighboring cell of g(x,y)).
C(k,g) is a neighboring cell of the prey robot's position for the kth predator robot.
r is a radius parameter of the mixed strategy.
ε is a parameter of the ε-greedy strategy.
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q0 is a parameter of the greedy strategy of the prey robot.
Algorithm 1. The UFMRN algorithm for the pursuit problem
1:
Initialize A(k,p) arbitrarily for all k = 1,..,8
2:
Initialize g(x,y) arbitrarily
3:
stop = false;
4:
t = 0;
5:
Repeat
6:
for k = 1 to 8 do
7:
C(k,g) =0;
8:
if (the kth predator robot does not find a predator robot in the radius r) then
9:
The kth predator robot find the empty nearest C(k,g) (e.g., greedy strategy)
10:
C(k,g) = k;
11:
end if
12:
end for
13:
Find empty cells C(k,g) for the group of communicated predator robots that has the
minimum sum of distances of C(k,g) and A(k,p) (e.g., the cooperation strategy).
14:
Determine the guidance points D(k,g) of the univector field F(k,p) from C(k,g) by
symmetry C(k,g) through the prey robot's position g(x, y) for all predator robots.
15:
for k = 1 to 8 do
16:
17:
18
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:

∠F (k , p) = ∠ A(k , p) g − nα , where α = ∠ A(k , p) D(k , g ) − ∠ A(k , p) g
The kth predator robot moves to next cell based on the value of vector field F(k,p).
end for
if (eight predator robots capture the prey robot) then
stop = true;
else
if (a probability of ε) then
The prey robot moves to an empty neighboring cell at random.
else
if (a probability of q0) then
The prey robot compute the distances between C(k,g) and the nearest A(k,p)
and move to a cell C(k,g) that has maximum distance to A(k,p) (k = 1,..,8).
end if
end if
end if
t = t + 1;
Until (stop) or (t < MAX_ITER).

At each iteration t of the UFMRN algorithm, each predator robot finds its
community in a predefined radius r. If a predator robot does not find any the other
predator robots, it finds an empty neighboring cell of the prey robot's position that
minimizes its distance. Otherwise, the communicated predator robots cooperate to
determine empty neighboring cells C(k,g) that have the minimum sum of distances
from them to empty neighboring cells C(k,g). Once all predator robots have
determined their cells C(k,g), the guidance points D(k,g) of the univector field F(k,p)
are determined by symmetry C(k,g) through the prey robot's position g(x,y). After
having the guidance points D(k,g), the values of univector field F(k,p) are determined
and then all predator robots move to their neighboring cell based on their F(k,g). For
the prey robot, with a probability of ε, it moves to an empty neighboring cell at
random. Otherwise, and with a probability of q0, it moves to an empty neighboring
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cell that maximizes the distance to the nearest predator robot. The algorithm will end
if the prey robot is captured by eight predator robots or after a predefined number of
iterations.
Note that, the value of univetor field F(k,p) of the kth predator robot at the position
p(x,y) is the heading angle θc of the robot as in equation (3). Therefore, the posture ps
at the position p(x,y) is ps = [x, y, F(k,p)]T. To apply this algorithm to the real twowheel robots, the rotational velocities of the left wheel, ωL, and the right wheel, ωR,
need to be defined. Since the base width, L, and the radius of the wheels, R, of the
robot are known. Based on equations (1) and (2), the velocity vector s as in equation
(2) and the robot kinematics p s as in equation (4) are totally determined. A robot
moves from the current position to the next position based on its kinematics p s .

4 Experiments

The sum of moves of eight predator robots

We implement the UFMRN algorithm along with proposed strategies to evaluate
the efficiency of the proposed method for the pursuit problem. Evaluations are based
on the successful capture rate and the sum of moves of eight predator robots for each
simulation. In all simulations, we set up an experimental environment with 100x100
grids, all predator robots are randomly initialized at the distinct positions. The
coefficient of the univector field ∠F(p) in equation (6) is set n = 5. The other
parameters are set for all simulations as follows: the radius r = 10, q0 = 0.9, ε = 0.1,
and MAX_ITER = 150.
To compare the efficiency of the three strategies of the predator robots, we apply
these strategies to each strategy of the prey robot as follows:
a) Random strategy: In this case, we carry out 100 simulations. Each simulation
is implemented by three steps: Firstly, the predator robots' positions are randomly
initialized at the distinct positions. Next, a random path with length of 100 moves of
the prey robots is generated. Finally, eight predator robots try to catch the prey robot
and the prey robot follows the generated path.
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Fig. 5. Comparison of sum of moves of predator robots by using random strategy of the prey robot
The experimental results show that if eight predator robots use the greedy strategy,
the successful capture rate of the predator robots is 78%. If eight predator robots use
the cooperation strategy, the successful capture rate of predator robots is 94%. And if

325

eight predator robots use the mixed strategy, the successful capture rate of predator
robots is 93%.
Figure 5 shows 50 first simulations. It is clear that the sum of moves of eight
predator robots using the mixed strategy is approximately same as using the
cooperation strategy. However, the sum of moves of eight predator robots using the
cooperation strategy is smaller than that of eight predator robots using the greedy
strategy for each simulation.
b) Greedy strategy: 100 simulations were carried out to compare the predator
robots' strategies. For each simulation, the predator robots' positions and the prey
robot's position are randomly initialized at the distinct positions, eight predator robots
try to capture the prey robot based on the designed strategy. In this case, the
successful capture rate of the predator robots is 72%, 89% and 87% for the greedy
strategy, cooperation strategy, and mixed strategy respectively.
c) ε-greedy strategy: we also carry out 100 simulations. The predator robots'
positions and the prey robot's position are randomly initialized at the distinct positions
for each simulation. The successful capture rate of the predator robots is 73%, 90%
and 90% for the greedy strategy, cooperation strategy, and mixed strategy
respectively.
Finally, to evaluate the UFMAP algorithm for the pursuit problem from some
special initial positions of eight predator robots and the prey robot, we position eight
predator robots from the same side of the prey robot's position. The strategies applied
for the predator robots and the prey robot are the cooperation strategy and the greedy
strategy respectively. In these simulations, the predator robots almost capture the prey
robot. Fig. 6 (a) depicts a simulation, where the bold circles are the track of the prey
robot and the other trajectories are tracks of the predator robots. The small rectangle
shows the position that the prey robot is captured by eight predator robots. Fig. 6 (b)
depicts another simulation in which tracks and directions of the predator robots are
shown at each instant time.
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(a) The tracks of predator and prey robots

(b) The moving directions of predator robots

Fig. 6. The tracks and directions of the predator robots and the prey robot

The experimental results show that the pursuit problem can be solved by a simple
greedy strategy without requirement for the cooperation strategy. However, if the
cooperation strategy or the mixed strategy is applied for multi-predator robots, the
successful capture rate of the predator robots is approximately 90%. In addition, if the
mixed strategy is used, when the predator robots move nearly to the prey robot
position, it will become the cooperation strategy. Therefore, the successful capture
rate of the predator robots by these two strategies is approximately same.

5 Conclusions
In this paper, we propose a new algorithm, UFMRN, to solve the pursuit problem
based on univector field method for two-wheel robots. In addition, three strategies of
the predator robots and three strategies the prey robot are defined to test the proposed
approach. For a predefined strategy, at each instant time, each predator robot
determines the value of vector field at its position, and then follows the univector field
to surround and capture the prey robot. Since univector filed method guarantees
mobile robots to reach the target with a desired posture [7]. Therefore, our proposed
method always finds the solution of the pursuit problem in the finite moving steps of
the predator robots if the environment is large enough. By experimental evaluation,
we have successfully shown the application of the UFMRN algorithm to the pursuit
problem. However, we have only solved the well-known pursuit problem in an
obstacle-free environment. In the future, we plan to extend the proposed approach to
the pursuit problem in an environment with obstacles [8].
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Numerous studies have examined the impact of ERP
implementation on business performance (Pairin et al.,
2006; Liang and Xue, 2004; Lin et al., 2006). However,
most studies have targeted large enterprises, while ERP
performance in SMEs is rarely taken into consideration.
Prior research results showed that SMEs are not merely
scaled-down versions of large businesses, and thus
management theories for large companies cannot be
applied to SMEs (Schubert et al., 2006; Thong et al.,
1996). In the same vein, studies on ERP implementation
in large businesses cannot be directly applied to SMEs.
Most SME manufacturers apply the market-to-order
(MTO) method to produce a wide range of products in
small volume and thereby deal successfully with
downward pressure on costs in the ever-globalized
business environment. Thus, SMEs have developed
unique business processes compared to those of large
businesses, and these distinct characteristics need to be
taken into account for ERP performance measurement.
In the case of these SME manufacturers, embedded in
ERP packages are well-established best practices, and
accordingly, companies can improve their processes by
adopting such packages. The result of previous studies
(e.g., Light, 2001) showed that, however, the efficacy of
ERP implementation may be undermined if ERP packages
are largely customized to the respective processes of
businesses. This study addresses this important research
question by studying whether the ERP performance of
Korean SME manufacturers is different according to the
levels of ERP customization.

ABSTRACT
This study evaluates how ERP performance of
Korean SME manufacturers differs according to levels of
ERP customization. To do this, a questionnaire survey
was carried out. Responses from 96 small and medium
manufacturing companies that have adopted ERP systems
were analyzed. The results of this study suggest that the
level of customization does not influence performance.
The contributions and limitations of this research are also
discussed.

INTRODUCTION
Introducing ERP allows companies to enjoy financial
and non-financial benefits, including inventory reduction,
data integration, and cost reduction (Lee et al., 2003;
Holsapple and Sena, 2005; Gefen and Ragowsky, 2005;
Aloini et al., 2007; Nah et al., 2007; Sammon and Adam,
2010). Initially employed for internal integration, ERP is
now applied toward external integration with management
executive systems (MES) and supply chain management
(SCM). In fact, ERP is increasingly being recognized as a
business strategy tool for improving corporate
competitiveness, and more and more small- and mediumsized manufacturers have been adopting ERP systems.
According to the 2007 ERP Market Report by Samsung
SDS in Korea, for example, the ERP market for smalland medium-sized enterprises (SMEs) is predicted to post
more remarkable growth than that of large organizations
(KIPA, 2007).
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First, the goal of financial perspective—creation of
long-term profits—is the same as what has been aimed at
in conventional performance measurement systems. This
perspective is associated with the goals of other
perspectives in the BSC model (i.e., customer, internal
process, and learning/growth). In other words, financial
performance is the result of the other three aspects of BSC.
Second, customers are the source of profits from the
viewpoint of businesses, so performance indices from the
customer perspective basically involve whether customers
are provided with the results and services they desire, and
whether they are satisfied with the services. This can be
summarized as a single question: “Has ERP adoption
improved your customer relations?”
Third, satisfying customers requires efficient internal
management of business procedures, the decision-making
process, and well-organized internal processes. In this
regard, the internal process perspective is closely
associated with BPR.
Fourth, the learning/growth perspective constitutes an
infrastructure for realizing the goals of financial, customer,
and internal process perspectives. This includes laying the
groundwork for better performance, providing training
sessions for employees, and building an information
system to offer necessary information in a timely manner.

ERP Success
Various studies have been carried out to ensure
successful ERP implementations. The major areas of
research regarding successful ERP are divided into two
categories: critical success or failure factors and ERP
performance measurement. The former, which initially
focused on large companies, has expanded to focus on
SMEs. Studies on major success factors have useful
implications for ERP implementation problems (Liang
and Xue, 2004) and provided practitioners with guidelines
for successful ERP implementations.
DeLone and McLean’s (1992; 2003) IS success
model is widely used as the methodology for measuring
ERP performance (Bernroider, 2008). This model is
useful in identifying a wide variety of independent
variables constituting success factors from previous
studies, examining the associations between these
independent variables and parameters (e.g., information
quality, system quality, and user satisfaction/usage), and
verifying their relationships with ERP performance (e.g.,
individual, group and corporate performance). Meanwhile,
other studies have measured ERP performance using
Kaplan and Norton’s (1992) Balanced Score Card (BSC)
model. For instance, Pairin et al. (2006) measured the
ERP performance of manufacturers based on the BSC,
and Lin et al. (2006) proposed an ERP performance
measurement framework that incorporates the IS success
model and the BSC model.
Recent studies on the implementation of ERP in
SMEs do not differ from previous ones on large
enterprises in terms of methodology and scope. Liang and
Xue (2004) identified contextual issues for successful
ERP implementation in SMEs from the perspective of
vendors, while Federici (2009) empirically identified
factors that affect ERP performance in 50 Italian SMEs.
With an aim of finding factors that influence SMEs’
adoption of ERP, Shiau et al. (2009) conducted a survey
on 126 Taiwanese SMEs and drew implications. In a case
study of two SMEs in China, Newman and Zhao (2008)
explained successful ERP implementation from the BPR
viewpoint.

Hypotheses on
Performance

Customization

Levels

and

ERP

ERP-adopting companies tend to customize their ERP
packages to some extent. Some companies use processes
embedded in the ERP packages without modifications, but
the majority of companies customize their packages to
different extents. Most SME manufacturers in Korea use
the market-to-order (MTO) approach in which a
production order is released to the manufacturing site only
after a firm’s demand has been received. For example,
according to Pairin et al.’s (2006) research results in
which 256 survey data were collected from manufacturing
companies, the majority of the responding companies
(70%) used the MTO approach (65% or more MTO);
whereas only 10.2% of the responding firms used the
market-to-stock (MTS) (65% or more MTS).
SME manufacturers, in particular, often have unique
manufacturing processes, and thus, their ERP packages
need to be customized in most cases. Some researchers
(Kang, Park and Yang, 2008; Kim and Nam, 2001) have
argued that customization should be minimized to ensure
successful ERP implementation. For example, Kang, Park
and Yang (2008) cited the following three reasons for
minimized customization: (a) customization is very timeconsuming; (b) customization is extremely difficult; and
(c) customization undermines the original purpose of
process innovation, hindering the development of an
optimized integrated system.

Measuring ERP Performance
When one thinks of performance, the variable that
comes to mind is typically financial measurement.
Kaplan and Norton (1992) argued that conventional
methodologies for performance measurement leaned too
much toward financial measurement. They proposed the
Balanced Score Card (BSC). In this study, we adopted
some of the BSC variables in measuring ERP performance.
BSC consists of the following four variables:
financial perspective, customer perspective, internal
process perspective, and learning/growth perspective.
2
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Additionally, Sumner (2000) insisted that companies
should “re-engineer business processes to fit the package
rather than trying to modify the software to fit the
organization's current business processes” to implement
ERP successfully.
Thus, it is essential for SME manufacturers to select
an ERP package that fits the existing process well in order
to minimize customization of an ERP package. According
to European surveys, the most important selection
criterion for ERP is the fit between ERP and the firm's
business process (Waarts, 2002).
Based on these previous studies, the following
hypotheses were drawn to identify the correlation between
customization levels and ERP success in SME
manufacturers.

higher-level officials of departments responsible for
ERP implementation (i.e., planning, maintenance or IT
departments) were asked to complete the questionnaire.
One hundred and ten questionnaires were returned
during a three-month period mid-February 2008 through
early May 2008. Excluding those with incomplete
answers, 96 questionnaires were used for the analysis.
Results of Hypotheses Test
To verify the differences in ERP performance by the
degree of customization, the levels of customization are
divided into three groups: (a) a significant number of
changes are made to the ERP module to fit the existing
processes; (b) some changes are made to the ERP module
to fit the existing processes; and (c) few or no changes are
made to the ERP module to fit the existing processes. The
number of samples and average performance for each of
the three groups are shown in Table 5. No statistical
difference was observed in the ANOVA test described in
Table 3. In other words, the level of customization does
not affect ERP performance.
This result is somewhat expected because SME
manufacturers in Korea have a unique production process
that requires customization of an ERP package. Further
analysis tested how the customization and consulting costs
affect ERP performance. We assume that proper
customization and consulting costs may affect ERP
performance if ERP customization is required. To
evaluate the customization and consulting costs, the
statement, “Consulting and customization costs were
sufficient” was applied along with a five-point Likert
scale from “strongly disagree” through “strongly agree.”
A simple regression analysis indicated positive
correlations at a significance level of p=0.05 for the
financial and customer perspectives and at p=0.10 for the
process perspective. This implies that consulting and
customization costs directly influence ERP performance.

Hypothesis 1: The financial performance of SME
manufacturers will vary according to the level of
customization of an ERP package.
Hypothesis 2: The customer performance of SME
manufacturers will vary according to the level of
customization of an ERP package.
Hypothesis 3: The internal process performance of
SME manufacturers will vary according to the level of
customization of an ERP package.
Data Analysis
To collect data, a survey was carried out on SME
manufacturers that have adopted and run ERP systems in
Korea. Before a t-test was conducted to verify the
hypotheses, validity and reliability tests were performed.
Statistical Package for Social Sciences (SPSS) for
Windows 14.0 was used for the data analysis.
Questionnaires
The questionnaire was developed based on relevant
previous studies. A preliminary survey was carried out on
five companies before the main survey, and some of the
items in the questionnaire were modified. The operational
definitions and measurement items of variables are
described in Table 1.

Conclusions
Contributions to Research and Practice
The research informs practice. The vast majority of
the studies conducted has recommended minimizing
customization of ERP packages as much as possible, and
recommend changing current business processes to fit the
ERP system. However, previous studies have found that
Korean SMEs prefer customization. For instance, Jin and
Chung (2001) indicate that 77% of 82 businesses surveyed
modified their ERP packages. A survey of 74 companies
by Choi and Hwang (2007) also shows that 100% and
89.2% of those surveyed performed customization of
“script modification” and “database modification,”
respectively. Our study results have demonstrated that
ERP performance is not related to the level of
customization but to consulting and customization costs.

Data Collection
To verify the proposed research model,
questionnaires were sent either via mail or e-mail to
SME manufacturers across Korea that have adopted and
run ERP systems. For the data collection, the objective
of this study was first explained via e-mail and
telephone to relevant officials at SI (System Integrator)
and consulting firms that have implemented ERP
systems in SMEs, and then the list of applicable SMEs
was obtained from these firms. Two hundred
questionnaires were sent by mail or e-mail. Managers or
3
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This is largely because of the unique processes utilized by
SME manufacturers, as they need to produce various
types of products in response to differing demands from
their clients. This indicates that customization is necessary
for SME manufacturers, which employ unique processes
in contrast to the standardized business processes of larger
enterprises. This result is consistent with the findings of
Gattiker and Goodhue (2002). In their study, 70
manufacturing firms were surveyed to discover how ERPdriven process changes affect ERP impacts. The
researchers concluded that not all process changes affect
ERP performance, but business processes that contribute
business strategy are related to ERP performance. In this
regard, these results suggest that seeking adequate
consulting services and making sufficient investments for
customization will improve the performance of ERP in
SME manufactures.

accounting)
Reduced costs for management
coordination
Reduced costs for logistics
Reduced costs for business processing
Reduced costs for sales
Improved customer retention rate
Improved on-time delivery rate
Customer
Satisfactio
n

Perceptual
customer
satisfaction

Reduced number of customer
complaints submitted
Reduced response time to customers
Reduced time in claims processing
and handling

Internal
Business
Process

Limitations and Future Research Directions
This study has some limitations. First, potential
confounding variables, including top management support,
the ERP consultants’ capability, and users’ participations
and training, may contribute to the impact of ERP.
Second, this study measured the level of
customization for the whole ERP systems and not for
individual modules of ERP systems. In addition,
customization methods (e.g., bolt-on software, exit
routines, or modifications to ERP source code) may affect
the impact of ERP. For further research, it may be
worthwhile to investigate ERP performance based on the
level of customization of each module. This may provide
more detailed implications for practitioners.

Perceptual
efficient
improvement of
internal
management
tasks

Standardized business tasks
Streamlined business procedure
Accurate processing of transactions
Streamlined settlement of accounts

Table 2. Classification of Groups and Average of ERP
Performance by Customization Level
ERP Performance
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Customization
Level

No. of
Samples

Average of
Financial
Perspective

Aver
age
of
Custo
mer
Persp
ective

Significant
Changes

31

3.384

3.368

3.233

Some
Changes

39

3.808

3.390

3.243

Few or No
Changes

25

3.604

3.360

3.234

Total

95

3.766

3.375

3.238

Average of
Internal
Process
Perspective

Table 3. ANOVA Test Results for Customization Level

Figures and Tables
Perfor
mance
Table 1. Operational Definitions and Measurement Items of
Variables

Financial
ANCE

PERFORM

Variable

Performan
ce

Definition

Measurement Item
Reduced ratio of general

Perceptual
reduced costs

administration expenses to sales
Reduced costs for general
administrative tasks (e.g., opportunity,

4

Sum
of
Square
s

Df

Mean
Square

Fvalue

Sig.

Financ
ial
Perspe
ctive

Between
Groups
Within
Groups
Total

0.016
50.484
50.499

2
92
94

0.008
0.549

0.014

0.986

Custo
mer
Perspe

Between
Groups
Within

.860
31.741
32.601

2
91
93

0.430
0.349

1.233

0.296
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ctive
Intern
al
Proces
s
Perspe
ctive

Groups
Total
Between
Groups
Within
Groups
Total

0.002
44.866
44.868

2
89
91

0.001
0.504

0.002

0.998

Table 4. Correlation between Consulting/Customization
Costs and ERP Performance
Performa
nce

Items

Coeffic
ient

Stand.
Dev.

T-value

Financial
Perspecti
ve

(Con
stant)

2.333

0.263

8.877

Cost

0.297

0.083

3.577

Customer
Perspecti
ve

(Con
stant)

2.581

0.281

9.192

Cost

0.255

0.088

2.889

Internal
Process
Perspecti
ve

(Con
stant)

3.346

0.230

14.521

Cost

0.138

0.072

1.900

R2

Sig.

0.123

0.001*

0.082

0.005*

0.037

0.061**

* significant at p = 0.01
** significant at p = 0.1
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ABSTRACT
In the 1990s and 2000s there was considerable growth in implementation of Enterprise
Resource Planning(ERP) Systems. It is estimated that the ERP market will grow to
about $65 billion by 2009. Companies expect these systems to support many of the day
to day business transactions. However, the implementation projects of ERP are big,
strategic and complex projects which involve lots of time, scope and costs. Because of
that, companies have to create conditions, in which they can implement chosen solution
in expected time, scope and budgeted costs. This means that companies should be
aware of what most critical factors for success of ERP implementations are. This
study will first investigate the ERP implementation CSFs by studying prior published
researches on the field of ERP implementation. Then, this study will discuss in depth
some important factors of ERP implementation and represent preliminary results CSFs
of ERP implementation empirical survey.
Keywords: Enterprise Resource Planning(ERP), Critical Success Factors(CSF), ERP
implementation, ERP education/training.
1. INTRODUCTION
In the past two decades, many organizations have initiated Enterprise Resource
Planning(ERP) systems, using such packages SAP, Oracle, PeopleSoft, etc. The ERP
market is one of the fastest growing markets in the software industry. According to
AMR research(2005), the No. 1 advisory firm focused on the intersection of business
processes with enterprise technologies, the ERP market will grow to about $65 billion
by 2009. ERP systems are expensive. The total cost of the initial implementation
ranges from $50,000 to hundreds of millions of dollars including software, hardware,
consultants and internal costs.
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There are various purposes to adopt ERP systems: replacement of legacy systems,
reduction in cycle times from order to delivery, reduction in operating costs, and so on.
As one of the most important enterprise systems, ERP has attracted attention from both
researchers and practitioners. Information systems researchers have extensively
studied various topics in ERP. However, to date, there appears to be few studies that
focused on the issue of ERP system education/training function. This study examines
ERP education/training factor intensively in relation with other critical success factors
that influence ERP system success.
A mixed-methods design was adopted to investigate the ERP education/training
function. First, this study will research the CSFs in ERP implementation by studying
published prior research on the field of ERP implementation. Based on the CSFs,
especially on those factors of recent Sternad and Bobek's study(Sternad et al., 2006),
this study will present preliminary results of important CSFs of ERP implementation in
Korean organizations. From this analysis, this study will identify that ERP system
education/training factor is significantly correlated with ERP system success.
Additionally, this study will discuss the more detail issues such as ERP education
curriculum development. This new ERP education/training suggestion could be adopted
and expanded by other organizations that keep struggling to solve the ERP system
maintenance problems.
2. RECENT ERP SYSTEMS RESEARCH REVIEW
ERP attempts to meet the practical needs of industries. The Siemens, in cooperation
with SAP, a German based software company, was first to implement an
enterprise-wide ERP system in 1987. Later, Dow Chemical Company implemented its
own ERP system designed to enable the complete globalization of business operations
in 1988(Schaaf, 1999). Since then, the ERP market has expanded worldwide and is
over $47 billion in 2004 and expected to reach up to 64.7 billion in 2009(AMR, 2005).
With the emergency of global value chains, ERP systems have become very important in
modern business operations and are considered as a basic/core element for
enterprises(Olson, 2004).
Adopting an ERP system gives a number of advantages to organization(Olson, 2004;
Trimi et al., 2005).
Improved understanding across users
Greater accuracy
Adoption of business best practices
Improved business operations
However, there are some disadvantages of ERP systems(Olson, 2004; Gulledge et al.,
2005).
Cost of implementation
Decreased lead of flexibility, freedom, and creativity
Less empowerment because of the centralization
Constrained team-based group decision making
Less openness to business partners
Unstable vendor environment
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The research literature on ERP systems has grown exponentially in recent years.
Botta-Genoulaz and Millet(2005) classified recent trends in ERP literature: 1)
implementation of ERP, 2) management through ERP, 3) ERP tool, 4) ERP for supply
chain management(SCM), 5) case studies about ERP and 6) optimization of ERP.
An ERP system is major managerial tool and technology for organizational operations
management.
Researchers have attempted to identify ERP impacts on
organizations(Dillard et al., 2005), such as best practices(Gulledge et al., 2005) and
culture issues(Martinsons, 2004).
Research on ERP tools has focused on technical issues, such as ERP architecture(Lea et
al.. 2005), software evaluation(Fisher et al., 2004), embedded modules(Debreceny et al.,
2005) and data analysis tools(Bendoly, 2003).
More research has been done on optimizing implemented ERP systems after companies
completed their initial ERP implementation(Worley et al., 2005). ERP acceptance
models, such as the Technology Acceptance Model(Amoako-Gyampah & Salam, 2004),
and Diffusion of Innovation(Waarts et al., 2002) have been studied.
Since most companies are reluctant to communicate about their ERP systems,
researchers have difficulty in conducting empirical studies about ERP systems.
Therefore, case study is a good research method to explore some important issues of
ERP applications. ERP studies have been conducted in different industries, such as
industrial manufacturing, oil & gas, healthcare, and high technology. There are also
case studies focusing on special geographical areas, such as China(Wang et al., 2005).
ERP maintenance and end-user education/training are two major activities in ERP
post-implementation. However, only a few studies were found in ERP maintenance and
there is few empirical study focused on ERP system education/training. In next section,
ERP maintenance is discussed and then will focus on ERP education.

2.1 ERP EDUCATION AND TRAINING
Lack of User Education/Training and not understanding how ERP system works, appear
to be responsible for many problems ERP implementations and failures(Somers et al.,
2004). Inadequate training has been one of the significant reasons of many ERP
systems failure. If the employees do not understand how a system works, they will
invent their own processes using those parts of the system they are able to manipulate.
So, the full benefits of ERP can not be realized until end users are using the new system
properly. The main reason for education and training is to increase the expertise and
knowledge level of the people within the company. User education and training
strategies should be developed in advance and continually updated during the
implementation,
Education and training refers to the process of providing management and employees
with the logic and overall concepts of ERP system. To make end user training
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successful, the training should start early, preferably well before the implementation
begins(Umble et al., 2002). Zhang et al.(2002) described the contents of training as
consisting of three aspects: (1) logic and concepts of ERP; (2) features of the ERP
system software; and (3) hands-on training.
Education and training takes on a moderately important role during the latter stages,
when training on continuous basis is required to meet the changing needs of the
business and enhance employee skill. It may only take days to change hardware and
software, but it takes weeks or months to scale learning curves(Al-Sehali, 2000).
Executives often dramatically underestimate the level of education and training because
of associated costs. Al-Sehali(2000) suggested that reserving 10 to 15 % of the total
ERP implementation budget for training will give an organization an 80 % of chance of
implementation success.

2.2 OTHER EDUCATION/TRAINING RELATED CRITICAL FACTORS
2.2.1 Change Management
The existing organizational structure and processes found in most companies are not
compatible with the structure, types of information provided by ERP systems because
every ERP system imposes its own logic on an organization's strategy, organization and
culture. These changes may significantly affect organizational structures, structures,
policies, processes and employees, and can cause resistance, confusion, redundancies,
and errors if not managed effectively. Many ERP implementations fail to achieve
expected benefits because companies underestimate the efforts involved in change
management(Somers et al., 2004). Because of that, it is important that an organization
goes through a carefully planned transformation that is based on adequate strategy and
well-defined change education and training methodologies.
Such activities appear to be important from the early stages of a project and continue
throughout the adaptation and acceptance stages. If people are not properly prepared
for the imminent changes, then denial, resistance and chaos will be predictable
consequences of the changes created by the implementation. All employees must be
educated to understand how the new system can both benefit the company and make
their jobs easier.
2.2.2 Top Management's Understanding and Support for ERP
Bradford et al.(2003) identified that consensus among top managers about the
determining objectives of the ERP implementation, and how these objectives will be
monitored and measured, will lead higher implementation success. Well defined
objectives help to keep the project constantly focused, and are essential for analyzing
and measuring success. They must be clearly defined, must be measurable and
controllable, and the savings must be quantified for each objective.
Akkermans and Helden(2002) added that clear goals and objectives seem to form a
clear-cut CSF(Critical Success Factor), but can actually be rather problematic. This is
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because, at the outset of an ERP project, it is often very difficult to determine them in a
clear-cut manner.
Reif(2001) pointed out that the project scope is defined as closely corresponding to the
range of outcomes and the portions of the organization that will be affected by the ERP
system. After that, extensive planning and an understanding of the concepts of ERP
system will result in the company saving much more time in the implementation and the
implementation plan and subsequent progress should be communicated regularly to
employees, suppliers and customers.
2.2.3 User Involvement
ERP systems cross-functional and departmental boundaries, cooperation and
involvement of all people in the organization are essential(Somers et al., 2004).
Involving users, in the stage of defining organizational information system needs, can
decrease their resistance to the potential ERP systems, since by which users have
feelings that they are the people who choose and make the decision.
User involvement refers to participation in the system development and implementation
processes by representatives of the target user groups. There are two types for user
involvement: (1)Users involvement in the stage of definition of the company's ERP
system needs, and (2) users participating in the implementation of ERP systems. Open
and honest communication across the organization is of paramount importance to satisfy
the information needs of users, and to prevent the circulation of unfounded rumours.
Users need reliable information, because any project affects them directly and may
even threaten their jobs. These help the user to become acquainted with the new
situation, to build up confidence in the project and its members, and finally to accept the
project.
2.2.4 Effective Communication
The importance of communication across different business functions and departments
is well known in the IT implementation literature, because communication has a high
impact from initiation phase until system acceptance, as it helps to minimize possible
user resistance. Communication has to cover the scope, objectives and tasks of an
ERP implementation project(Al-Mashari et al., 2003).
We need effective
communication in project team and within the organization. Good communication in
project team can be ensured by: weekly team meetings where team and project status
updates are provided; postings on the company intranet; formal and informal information
sessions; etc.
The progress of the ERP project should be readily discernible to all of the employees in
the organization.
It has to include project status, impending changes, training
announcements through company intranet, newsletters, e-mails, etc. Organization
should have a communication plan in addition to education/training plan.
The communication plan has to detail several areas including the rationale for the ERP
implementation, details of the business process management change, demonstration of
applicable software modules, briefings of change management strategies and tactics,
and establishment of contact points.
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3. PRIOR RESEARCH ERP IMPLEMENTATION CSFs
In the past years several papers on subject CSFs in ERP implementation have been
published. Sternad and Bobek(2006) searched computer databases and published
books on that theme. They have summarized major CSFs mentioned by authors. They
showed fourteen factors were mentioned more than five times by nineteen authors.
Number in brackets represents number of authors, who mentioned CSF.
These factors are:
top management support and involvement(16);
Clear goals, objectives and scope(14);
project team competence and organization(13);
user education and training(13);
business process reengineering(BPR) (11);
change management (10);
effective communication (9);
user involvement (9);
data analysis and conversion(9);
consultants(8);
project management(8);
project champion(7);
architecture choice(package selection)(7);
minimal customization(7).
4. PRELIMINARY SURVEY RESULTS
To investigate important CSFs of ERP implementation in Korean ERP system adopting
companies an empirical study was designed. Prepared was structured interview
questionnaire, which was mailed 168 companies with implemented SAP solution(SAP
R/3 or mySAP ERP), Oracle or other solution. Mailed were 75 companies, which have
implemented SAP solution; 42 companies, which have implemented Oracle solution and
51 companies, which have implemented other solution. There were 61 responses to
the survey questionnaire, which represent 30 percentages.
Of the 61 answers
received, 28(or 46 percent) belonged to SAP solution, 26(or 43 percent) belonged to
Oracle solution and 7(or 11 percent) belonged to other solution(see Table 1). In Table
1 we can also see that 15 received answers belonged to small companies, 22 answers
belonged to medium companies and 24 answers belonged to large companies.
Table 1: Distribution of organization size and solution
SAP
Oracle
Small companies
2
7
Medium companies 8
13
Large companies
18
6
Total
28
26

Other
6
1
0
7

* Korean classification of organization size used.
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Companies had to make own ranking list of fifteen the most important CSF of ERP
implementation. 1 meant the most important factor and 15 meant the least important
factor. CSFs from survey by importance from most important to least important factor
are:
1. top management understanding and support (Mean = 2.59 )
2. user involvement(M = 4.76)
3. education and training(M= 4.81)
4. communication between project team and organization(M = 6.80)
5. communication within project team(M = 7.44)
6. change management(M = 7.62)
7. project team(M = 7.98)
8. consultants(M = 8.39)
9. business process reengineering(M = 9.53)
10. architecture choice(M = 9.65)
11. minimal customization(M = 9.88)
12. project management(M = 10.49)
13. data analysis and conversion(M = 11.66)
Table 2: Comparison of ranking list CSF of Sternad&Bobek and survey
Sternad&Bobek
Top management support
1
User involvement
3
Education and training
6
Communication between project team and
4
organization
Communication within project team
5
Change management
12
Project team
2
Consultants
7
Business process reengineering
8
Architecture choice
13
Minimal customization
10
Project management
11
Data analysis and conversion
9

Survey
1
2
3
4
5
6
7
8
9
10
11
12
13

In Table 2 is represented comparison of ranking list CSF by prior literature and ranking
list of CSF by this survey. It can be seen, those very top rank CSFs in both
studies(Sternad&Bobek and in survey) are: top management support, user involvement,
communication between project team and organization, communication within project
team. The biggest differences in place of CSF between the two studies are for factors
education and training, change management and project team.
Sternad&Bobek put the factor education and training on sixth place, but this survey put
it on third place. Likewise, they put the factor change management on 12th place, but
this survey put it on sixth place. They put the factor project team competence and
organization on second place, but this survey put it on seventh place. For the other
CSFs, the place of rank is changing for place up or down in table but not so much.
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5. CONCLUSION
First, this study researched the CSFs in ERP implementation by studying published
prior research on the field of ERP implementation. Based on the CSFs, especially on
those factors of recent Sternad and Bobek's study, this study presented preliminary
results of important CSFs of ERP implementation in Korean organizations.
The implementation projects of ERP systems are big, strategic and complex projects
which involve lots of risks. This means that companies should be aware of what most
critical factors for success of ERP implementations are. This study researched the
ERP implementation CSFs by reviewing prior published research results on the field of
ERP implementation. After some most important factors of ERP implementation were
discussed in depth, the preliminary results CSFs of ERP implementation survey was
represented.
The survey results in this paper are somehow comparable but almost the same as in the
other prior studies about CSFs.
Those very top rank CSFs in both
studies(Sternad&Bobek and in survey) such as top management support, user
involvement, communication between project team and organization, communication
within project team were considered as highly important factors.
The biggest
differences in place of CSF between the two studies are for factors education and
training, change management and project team. The Korean company ERP managers
put those factors on higher rank places than other country ERP managers. For
example, Sternad and Bobek put the factor education and training on sixth place, but
this survey put it on third place. They put the factor change management on 12th
place, but this survey put it on sixth place.
In conclusion, from this analysis, this study identified that ERP system
education/training factor and education/related factors such as top management
understanding and support, user involvement, effective communication, change
management are significantly correlated with ERP system success. This study results
give valuable practical implications to field managers who are responsible for operating
their ERP systems. They should put more emphasis on education/training related
factors during and after ERP system implementation process. They should be sure to
reserve at least 10 to 15 % of the total ERP implementation budgets for
education/training.
As the field managers pointed out through the survey, the shortage of required ERP
knowledge and skills will be increased in future. ERP system is a large complex total
information system. To understand and use the system is never easy job and requires
lots of education and training times to study ERP solution itself. ERP practitioners and
researchers recommend in union that universities should recognize this demand and
take over more roles to provide ERP educated skilled students for their society.
Universities should incorporate ERP systems into their curriculum and use more ERP
system softwares as teaching tools.
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ABSTRACT:This paper presents a cooperative predictive
method for the features of multi-production multi-level supply chain (MMSC) with fixed lifetime using model predictive control (MPC), an advanced control with receding horizon optimization. MMSC consists of various productions
and different customers in the same plant where manufacturing runs correspondingly under customers’ uncertain demands and retailers’ orders. To coordinate with different
levels’ strategies, each level is considered as an agent exchanging their own information and adjusting their plans
for a finite period in the future. From the experimental results, the study plays better performance on bullwhip effect
from stochastic demands than the method without cooperation.
I. I NTRODUCTION
Model predictive control (MPC) is utilized to process
industries such as chemical plants and oil refineries since
the 1980s firstly, and spreads to industrial predictive control quickly, then broad optimal control problems are all
involved into model predictive control till 1990s, demonstrating that a powerful technique does not always require complex control algorithms [𝐷𝑖𝑛𝑔(2008)]. The applied models based on iteration and finite horizon optimization are determined to describe the behavior of complex dynamical systems who shall compensate for the impact of non-linearity of variables and the chasm caused by
non-coherent process devolution. For favorable robustness
and stability, MPC is employed for various field successfully, including supply chain management (SCM) shown
that it can be used effectively as a strategic controller.
(Edgar Perea-Lopez et al, 2003) made a ultimate profit in
a multi-product multi-echelon supply chain networks based
on model predictive control method. Subsequently, (Wenlin Wang et al,2003) adopted centralized MPC on semiconductor manufacturing supply chain for a steady inventory management under conditions of mismatch mathematical model and random disturbances who performs well
finally. Then, (Kirk D. Smith et al,2005) extended this
method for meeting the daily requirement between supply
and demand profiles by replenishing supply-side. (Hessam
S. Sarjoughian et al,2005) present a environment integrat-

ing discrete-event System specification(DEVS) with MPC
and knowledge interchange broker(KIB) for discrete event
simulation of semiconductor manufacturing SCM. On top
of it, (Dongping Huang et al,2009) annotated impact on
DEVS,MPC and KIB further. With fluid analogy is employed for describing the dynamics of semiconductor manufacturing supply chain with high stochastic and nonlinearity (Wenlin Wang et al,2007) and utilized Kalman filter
to estimate the unmeasured disturbance (Wenlin Wang et
al,2008), being familiar to it, some control-theoretic principles are presented to tactical inventory management in a
supply chain (Schwartz JD et al,2010). Some heuristic algorithms are integrated into previous research for improving inventory management or advancing profit. Adaptive
control method is joined to SCM with MPC to eliminate
the inventory drift (Eleni Aggelogiannaki et al,2008) and a
two-level hierarchical structure established with high volume networks and capacitated, nonlinear, and stochastic
demands in a supply chain (Wenlin Wang et al,2009). Recently, an online model is proposed for supply chain based
on MPC (Niu J et al,2010) where demands are seen as
autoregressive integrated moving average to maximize the
profit. By this token, availability of MPC running in a supply chain is proven strongly and it results well mostly.
Expect for demand prediction, how to cooperate with each
level in a supply chain is also significant. With application
of multi-agent algorithm on various areas successfully, we
ponder if reinforcement learning could improve the performance of SCM for many years. (LI Ling-feng et al,2005)
developed an integrated production-inventory model avoiding multi-production waste by cooperation of each echelon
in a supply chain. Cooperation is utilized to MPC in a two
constrained linear system where two different agents who
communicate to make decisions by assuming each agent
only has local information with the state of the system (J.
M. Maestre et al,2009). The aim of cooperation is to share
information and strategy gaining ultimate profit in a global
angle where definitions of agents depend on the understanding of problems working on. (Wu lun et al,2009) admired
cooperation mechanism between mobile operator and service provider in the China-telecom supply chain and (Xujin
Pu,2009) exploited researches on BOM for coordinating the
inventories of different plants in SCM and MRP. Coopera-
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tion has also worked on perishable production 𝑆𝐶𝑀 (Kong
Jie-hong et al,2008 and Dongjie Shen et al,2009).
In a reminder of this paper, we present a cooperation mechanism based on 𝑀 𝑃 𝐶 for demand prediction in a 𝑀 𝑀 𝑆𝐶
with fixed leadtime as a time-varying discrete system. The
organization of this paper is as follows: Session 2 gives
description of our problem. Session 3 presents a cooperative predictive algorithm for the multi-production multilevel supply chain. Simulation results are shown in Session
4 and conclusion is in Session 5.
II. P ROBLEM D ESCRIPTION
Analysis is on the basis of milk multi-level supply chain
model, similar to what [𝐶ℎ𝑒𝑛𝑊 𝑒𝑛 − 𝑏𝑜(2009)] proposed,
the most difference is the fixed leadtime is considered here.
As shown in Fig 2, the model is a four-level supply chain
where more than two kinds of products are composed of and
uncertain demands are seen as disturbance of system. Generally, supply chain operation is driven by orders from customers during the process. Information flow is going from
bottom node customers to top-node raw materials. Once
demands from customers arriving, if orders is higher than
safety inventory, the performance could stop here. On the
opposite, producer will get the extra orders and safety inventory and send the information to raw materials supplier
at the same time. So there exist a time difference between
demands and production leading to a bullwhip effect.

the process, customer satisfaction should decrease by delay
manufacture.
Nomenclature:
𝑖: index numbers as 10,11,20,21,22,23,30,31,32,33
𝑖𝑖: index numbers as 10,20
𝑘: time in the receding horizon period
𝛼

𝛽:

fixed leadtime

𝐼𝑛𝑣𝑖 (𝑘):

inventory at time k

𝑊 𝐼𝑃𝑖𝑖 (𝑘):

work in process at time k

𝐵𝑖 : weight of input
𝑆𝑖 : start amount
𝐼𝑛𝑣 𝑚𝑖𝑛 : lower bound on inventory level
𝐼𝑛𝑣 𝑚𝑎𝑥 :
Δ𝑆

𝑚𝑖𝑛

Δ𝑆

𝑚𝑎𝑥

upper bound on inventory level

: lower bound on input difference value
:

upper bound on input difference value

𝑤𝑠 , 𝑤𝑐 , 𝑤𝑜 : weight object function
𝜃: learning rate
𝑇 𝐼𝑛𝑣:

safety storage

𝑇 𝑆: target input value
𝑅(𝑘 + 𝑗∣𝑘): reward at time k, could be negative or non-negative

III. C OOPERATIVE P REDICTIVE O PTIMIZATION
.1 MPC formulation for SCM

Fig. 1: Sequence of steps in the manufacturing process
The milk manufacture contains several kinds of products, such as yoghurt, pure milk, milk powder and so on,
and freshness of some products asks raw materials to be
provided in a certain period, then fixed leadtime is needed.
Product availability is the key problem leading to bullwhip
effect who is variance amplifier between random demands
and safety inventory; retailers should estimate the customer
demands before real ones landing to keep a well customer
satisfaction simultaneously. If there are fewer orders than
safety storage, extra storage and inventory costs should be
paid. On the opposite, the customer satisfaction should be
dropped. Demands from different productions are coming
to retailers who ask the corresponding productions for order quantity. As meeting limited raw materials and abrupt
demands, more multi-product should be satisfied firstly.
The role of Work-In-Process (WIP) is critical in the inventory structure, referring to performance of our algorithm.
It should be under control in a certain domain. If it is too
much in the stock quantity, the efficiency of Just In Time
(JIT) will reduce. On the other hand, if it is too less during

The main idea of a 𝑀 𝑃 𝐶 controller is to predict response over a finite horizon states from current states and
system characteristics. By minimizing an objective function, a sequence of performances indexes refers to a finite
horizon j in the future at sampling time k where optimal
time domain goes forward with prediction at the next moment (illustrated in fig 2) where line 1 is the reference trajectory, line 2 is the optimal predictive output and line 3 is
the optimal control signal.

Fig. 2: Receding horizon optimization
One character is suitability for a large multi-variable system and efficiency for constraints. Current output feedbacks to prediction model given measured disturbances
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where future controlled outputs under some finite number
of time steps are operated. The error between future outputs
and target trajectories correlated with expected customer
demand is moved to our optimizer as cooperated manipulated control variables are calculated by some constraints
and a objective function over moving horizon as controlled
variables (see Figure 3).

demands from customers are deemed as disturbance of our
control system, inventory level is represented as states of
process control and predictive control, in other words, it
is ” tanks” connected with inputs directly and it helps us
to supervise system inputs who are composed of start rates
of each node, and processes of cooperation between two
different nodes are defined as Work-In-Process (𝑊 𝐼𝑃 ) respectively.

Fig. 3: Optimization framework

Fig. 4: Optimization framework

A decision strategy based on 𝑀 𝑃 𝐶 has advantages of
acceptable performance in the course of crucial inventory and demands as well as constraints on raw materials, safety storage and order delay with large and stochastic
changes from diverse customer demands. Demand forecasting stands a significant place in establishing this decision
strategy, especially since it could affect dramatically supply
orders within receding horizon. When it comes, stochastically demands are deem as disturbance for the system, and
predictive before its arriving. The error between real demands and predictive one should help controller to correct
the next prediction error. An integrated objective function
is to calculate a sequence of periods of future control steps
with system constraints in a timely manner.
We research the benefits and nature of the control process of
discrete 𝑆𝐶𝑀 model and the advantages of a 𝑀 𝑃 𝐶 controller through a description of its application to the model
as fig 1, a four-level supply chain.

The distinguishing features of milk manufacturing supply chain are one customer may need kinds of productions
from retailers. Likewise, while orders is arriving at retailers
or predicting before they get there, retailers must ask suitable amount of relevant productions to the manufacturer. So
cooperation comes out twice in the whole control process
of supply chain. According to descriptions above, demand
forecasting plays a significant role in judicious decisions,
especially since demand is the headstream changing control impression dramatically in the time horizon.

.2 Supply chain modeling
Through analogy method, information flow is modeled
under suitable descriptions based on control principles having appropriate impact on it where contains some assumptions including stochastic demand, management of inventory in the unique warehouse, ample raw materials for
manufacturing and problems involving multiple productions with independent capacity but corresponding demand.
Three concern parts of fluid representation consist of one
Product/Inventory1 (P/T1) node, one Retailer/Inventory2
(R/T2) node and one Customer/Finish (C/F) node and other
corresponding information in Fig 3. If a little perturbation
in C/F node, it blows up to R/T2 node for several times bigger. For reaching to P/T1 node, this little disturbance leads
to trivial solution however small it is. In a general view,

.3 Predictive model
The predictive model expresses the mass conservation
relationships among inventory, producer and transportation
(also 𝑊 𝐼𝑃 ). The unit we used for discussion is day. For
each inventory at day 𝑘, the dynamic system is described
as:
𝐼𝑛𝑣11 (𝑘 + 1) = 𝐼𝑛𝑣11 (𝑘) + 𝐵10 𝑆10 (𝑘 − 𝛼1 )
−𝑆20 (𝑘) − 𝑆22 (𝑘)

(1)

𝐼𝑛𝑣12 (𝑘 + 1) = 𝐼𝑛𝑣12 (𝑘) + 𝐵11 𝑆11 (𝑘 − 𝛼2 )
−𝑆21 (𝑘) − 𝑆23 (𝑘)

(2)

𝐼𝑛𝑣21 (𝑘 + 1) = 𝐼𝑛𝑣21 (𝑘) + 𝐵20 𝑆20 (𝑘 − 𝛼3 )
+𝐵22 𝑆22 (𝑘 − 𝛼3 ) − 𝑆30 (𝑘) − 𝑆32 (𝑘)

(3)

𝐼𝑛𝑣22 (𝑘 + 1) = 𝐼𝑛𝑣22 (𝑘) + 𝐵21 𝑆21 (𝑘 − 𝛼4 )
+𝐵23 𝑆23 (𝑘 − 𝛼4 ) − 𝑆31 (𝑘) − 𝑆33 (𝑘)

(4)
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𝑊 𝐼𝑃10 (𝑘 + 1) = 𝑊 𝐼𝑃10 (𝑘) + 𝑆10 − 𝑆10 (𝑘 − 𝛽1 )
+𝑆11 (𝑘) − 𝑆11 (𝑘 − 𝛽1 )

(5)

𝑊 𝐼𝑃20 (𝑘 + 1) = 𝑊 𝐼𝑃20 (𝑘) + 𝑆20 − 𝑆20 (𝑘 − 𝛽2 )
+𝑆21 (𝑘) − 𝑆21 (𝑘 − 𝛽2 ) + 𝑆22
−𝑆22 (𝑘 − 𝛽2 ) + 𝑆23 (𝑘) − 𝑆23 (𝑘 − 𝛽2 )

(6)

Depending on the state space equations, the controller
utilizes information of inventories and starts among past,
current, and forecast time to establish anticipated inventory levels in a time horizon. Before simulation, predictive model should transform into more convenient model
for operations. Then the predictive model is converted to a
standard control model as follows:
⎧
𝑥(𝑘 + 1) = 𝑥(𝑘) + 𝑇0 𝑆(𝑘) + 𝑇1 𝑆(𝑘 − 𝛼1 )





+𝑇2 𝑆(𝑘 − 𝛼2 ) + 𝑇3 𝑆(𝑘 − 𝛼3 )

⎨
+𝑇4 𝑆(𝑘 − 𝛼4 )



𝑦(𝑘
+
1)
=
𝑦(𝑘)
+
𝑃
𝑆(𝑘)
+
𝑃1 𝑆(𝑘 − 𝛽1 )

0


⎩
+𝑃2 𝑆(𝑘 − 𝛽2 )

.5 Constraints
Inventory levels have a certain set point domain including
high limits and low limits bounding to customer orders:
𝐼𝑛𝑣𝑖𝑚𝑖𝑛 ≤ 𝐼𝑛𝑣𝑖 (𝑘 + 𝑗∣𝑘) ≤ 𝐼𝑛𝑣𝑖𝑚𝑎𝑥

The optimizer has an objective function and a set of constraints. Cooperative predictive model intends to manipulate system variables under some conditions every time
horizon by minimizing an objective functions as:

𝑚𝑖𝑛 𝐽 =

∥𝑤𝑠 ⋅ (𝐼𝑛𝑣𝑖 (𝑘 + 𝑗∣𝑘) −

(9)

For the same situation of 𝑊 𝐼𝑃 due to physical limitations
such as staff operating and machinery capability:

.4 Predictive model

𝑁
∑

discussed here:
A. First expression is eager to set inventory levels close to
safety storage through optimal process. It changes over the
time horizon and needs not be constant, keeping tracking
dynamic inventory under a stochastically circumstance by
regulating penalty weight 𝑤𝑠 .
B. Second expression keeps the input value error down with
penalty parameter 𝑤𝑐 .
C. Maintaining starts errors at every day is to avoid amplitude fluctuation even out of control. Penalty weight 𝑤𝑜
decides how significant it is in the control process.
D. The basic thought of reinforce learning is to make learning strategy well for updating knowledge. When this step
misleads to a suboptimal solution in the future, it would be
punished through reward function 𝑅(𝑘 +𝑗∣𝑘) that isn’t constant and updates with learning, let this strategy be worse
than others so that it reduces the chance to choose trivial
strategy for this step.

𝑇 𝐼𝑛𝑣)∥22

𝑊 𝐼𝑃𝑖𝑖𝑚𝑖𝑛 ≤ 𝑊 𝐼𝑃𝑖 (𝑘 + 𝑗∣𝑘) ≤ 𝑊 𝐼𝑃𝑖𝑖𝑚𝑎𝑥

(10)

Starts limits can be constant to confine starts under our control:
𝑚𝑎𝑥
0 ≤ 𝑆𝑚 (𝑘 + 𝑗∣𝑘) ≤ 𝑆𝑚

(11)

𝑚𝑖𝑛
𝑚𝑎𝑥
△𝑆𝑚
≤ △𝑆𝑚 (𝑘 + 𝑗∣𝑘) ≤ △𝑆𝑚

(12)

△𝑆(𝑘 + 𝑗∣𝑘) = 𝑆(𝑘 + 𝑗∣𝑘) − 𝑆(𝑘 + 𝑗 − 1∣𝑘)

(13)

𝑗=1
𝑁
∑

+

∥𝑤𝑐 ⋅ (𝑆𝑖 (𝑘 + 𝑗∣𝑘) −

𝑇 𝑆)∥22

𝑗=1

+

𝑁
∑

∥𝑤𝑜 ⋅ △𝑆𝑖 (𝑘 + 𝑗∣𝑘)∥22 +𝑚𝑎𝑥𝜋𝑘∗ (𝑆𝑖 , 𝑆𝑗 )

𝑗=1

𝜋𝑘∗ (𝑆𝑖 , 𝑆𝑗 ) =

∑

[𝑚𝑎𝑥𝑄(𝑆𝑖 , 𝑆𝑗 , 𝑘) − 𝑄(𝑆𝑖 , 𝑆𝑗 , 𝑠𝑡)] (7)

𝑠𝑡∈𝐴

The trend of reward function has a tight relationship with
starts errors at day 𝑘 and horizon time 𝑗 as the definition
of objective function. To contact with prediction, reward
function is defined as:
𝑅(𝑘 + 𝑗∣𝑘) = 𝛿 ⋅ △𝑆(𝑘 + 𝑗∣𝑘)

𝑄(𝑆𝑖 , 𝑆𝑗 , 𝑘) = (1 − 𝜃)𝑄 + 𝜃[𝑅(𝑘 + 𝑗∣𝑘)
+𝛾 ⋅ 𝑚𝑎𝑥𝑄𝑘 (𝑆𝑖 , 𝑆𝑗 )]

(8)

Where𝐴 = {𝑆10 , 𝑆11 , 𝑆20 , 𝑆21 , 𝑆22 , 𝑆23 , 𝑆30 , 𝑆31 , 𝑆32 , 𝑆33 }.
The objective function addresses the main tactical operations in 𝑀 𝑀 𝑆𝐶 where parameters who are employed for
adjusting a percentage of control capability by tradeoff are

(14)

IV. S IMULATION R ESULTS
The simulations were evaluated using Matlab R2008a/
Simulation7.6. Work began by quadratic programming
functions. All simulation moves reported in the paper were
executed on a desktop computer running Windows on a
2.00GHz Intel CPU at 2-3 hours.
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A. Inventory control

B. Bullwhip effect analysis

To focus on the demand prediction, random demand values are chosen during the simulation. The time delay is set
as:
𝑎𝑙𝑝ℎ𝑎1 = 2, 𝛼2 = 3, 𝛼3 = 5, 𝑎𝑙𝑝ℎ𝑎4 = 4. Receding
horizon 𝑁 is 15. Penalty weights are installed as:𝑤𝑠 =
10,𝑤𝑐 = 10,𝑤𝑜 = 10. Learning rate is 0.85.
The purpose of our inventory control isn’t zero stock, but
stable inventory around safety storage keeping customer demand satisfaction high. During the simulation, safety storage is deemed as 5000.
From fig5 to fig7, it is clear to see input and inventory is
under control where fluctuation performs in a certain small
domain. For stochastic demands created by computer, not
obey a specific distribution, start values (input) fluctuate by
customer demands and inventory amount runs fluctuation
around 5000. This means manufacturing planning follows
customer orders nearly.

The quantitative description of bullwhip effect is from
[𝑁 𝑖𝑢 𝐽𝑖𝑎𝑛 𝑒𝑡 𝑎𝑙(2010)]. In our model, it is described as:
∑
∑
𝐼𝑛𝑣𝑖
𝑉 𝑎𝑟(𝑖𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦𝑙𝑒𝑣𝑒𝑙)
= ∑
(15)
𝐵𝐸 = ∑
𝑉 𝑎𝑟(𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑑𝑒𝑚𝑎𝑛𝑑)
𝐷𝑖
𝑉 𝑎𝑟(∙) is the variance value.
The discussion of bullwhip effect in the paper from two
points, including retailers’ inventory and producers’ inventory. Bullwhip effect rate in retailers’ inventory is 𝐵𝐸1 =
𝐼𝑛𝑣21 +𝐼𝑛𝑣22
. From fig8, the one with cooperation is less
𝐷1+𝐷2
amplitude than the situation without cooperation obviously.
The bullwhip effect isn’t zero because of the circumstance
interference and demand prediction error.
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Fig. 5: input diagram in 100 days
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Bullwhip effect rate in producers’ inventory is 𝐵𝐸2 =
With upstream nodes in the supply chain, they
are more sensitive than downstream nodes. From fig 9, average value of bullwhip effect rate is bigger than the one
in fig 8. Furthermore, cooperation is helpful for inhibiting
bullwhip effect.
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Multi-production multi-level supply chain is a complex
system, involving multiple transverse and longitudinal variables. Cooperative predictive algorithm manifests well in
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the inventory control and bullwhip effect inhibition from
uncertain demands. The next work will constrain disturbance from the environment to gain zero inventory.
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features.
Furthermore, the economic trend of
globalization encourages the original manufacturers to
outsource some design and production works to other
companies for better quality and lower cost. This trend
eventually leads to collaborative design across different
engineering companies. In this paper, we define that the
original manufacturers design and sell the final product
for profits, and the suppliers receive the orders from the
original manufacturers for producing component(s) of the
final product.
To foster the collaborative relationship, the original
manufacturers (OM) need to share the information of its
own product to their suppliers. However, as the suppliers
receive exclusive product information from OM, there
exists some chance that they can discover some
confidential information of the final product via the effort
of reverse engineering. For example, in order to design
and produce a carrying case, the OM of the mobile
devices (e.g., Apple and RIM) need to share some
specifications of their products to the suppliers of the
carrying cases (e.g., the dimensions of the devices, the
input/output jacks, etc).
By knowing these partial
specifications, the suppliers may be able to guess some
features and functions of the mobile devices that are not
yet available in the market. In this context, this paper is
intended to analyze the risk of leaking important design
information via reverse engineering in collaborative
design.
Roughly speaking, the issues of information leakage
in the collaborative relationships between manufacturers
and suppliers can be classified into two categories: supply
chain information and design information. To control the
bullwhip effect, the manufacturers are encouraged to share
the supply chain information (e.g., demand and price) to
their suppliers (Lee et al. 1997). However, this practice of
information sharing may trigger the leakage of businesssensitive information to their competitors, and a number
of researchers have investigated this topic. For instance,
Li (2002) studied the leakage of demand and price
information to horizontal competitors via the vertical
supplier relationships.
Anand and Goyal (2009)
demonstrated the significance of the control of
information flows to prevent operational losses due to
information leakage.
Hoecht and Trott (2006)

ABSTRACT
To establish supportive partnerships with various
suppliers in collaborative design, the original
manufacturer needs to share some product information
with its suppliers. At the same time, the original
manufacturer wants to protect some critical product
information from being known by suppliers via reverse
engineering. In this context, the purpose of this paper is
to investigate the dependency relationships of product
information and examine the reverse engineering process
by the suppliers. The product information is captured by a
function-parameter (FP) matrix, which confines the lists
of product functions and design parameters. In addition,
the FP matrix indicates the dependency relationships
between functions and parameters. In this work, it is
assumed that parametric information can be deducted (i.e.,
reverse-engineered) due to such dependency relationships.
Then, two types of parameters are classified: shared and
protected. The shared parameters are the parameters to be
known by the suppliers for collaborative design, while the
protected parameters are assumed to be the confidential
product information. Given the FP matrix and the shared
and protected parameters, this paper utilizes the clustering
techniques to examine the reverse engineering process.
Particularly, the clustering method is used to group the
product functions and parameters in order to suggest
various modular structures of the product. Given a
modular structure, the measurement approach is proposed
to estimate the risk of protected parameters being known
by suppliers due to the disclosed shared parameters. At
the end, the relief valve system is used to examine the
concepts and the proposed clustering and measurement
methods.
1. INTRODUCTION
Collaborative design is referred to the engineering
design environment, in which designers and engineers of
different domains contribute collectively to achieve the
whole design of a product. This collaboration becomes
inevitable nowadays since an engineered product often
requires a wide range of experts for competitive product

1

351

geometric constraints, physical laws and engineering
principles according to the engineering design context.
Consider a design system that contains m design
functions and n design parameters. To capture the
dependency relationships among these functions and
parameters, a rectangular matrix is applied in which the
matrix’s rows and columns represent the design functions
(symbolized fi) and parameters (symbolized pj),
respectively. In this paper, this matrix is termed the
function-parameter (FP) matrix. The value of each matrix
entry (symbolized mij) can be either positive (indicating
the presence of dependency) or zero (indicating the
absence of dependency). Mathematically, an m-by-n
rectangular matrix (symbolized as M) representing a
design system can be defined as

characterized different management strategies on
collaboration and their corresponding risks and control of
information leakage.
In contrast to the supply chain information, this paper
investigates the leakage of design information, which
includes the functional and physical descriptions of a
design. For original manufacturers, design information
can contain the intellectual property of their products and
represent their competitive edges in the industry. While
computer-aided design (CAD) becomes popular in
engineering design, it is often used to store and transmit
the design information in design collaboration. In this
context, one important research issue is to control the
accessibility of CAD information with suppliers, the
examples of related works include the role-based viewing
approach (Cera et al. 2004) and the skeleton method (Mun
et al. 2009). Besides, another research direction is to
incorporate the concern of information protection in the
optimization and decision-making models. Accordingly,
several estimation techniques of information protection
have been proposed, including the effort of reverse
engineering (Harston and Mattson 2010), the risk of
information leakage due to inferences (Zhang et al. 2010)
and the security of product architecture in component
sharing (Arciniegas et al. 2010).
In contrast to the previous works, the approach
proposed in this paper uses the matrix-based modeling and
techniques to address the security issues in collaborative
design.
Particularly, we focus on the dependency
information among design functions and parameters. This
research assumes that the information leakage takes place
via reverse engineering due to the existence of such
dependencies. Then, capturing and evaluating these
dependencies become the key approach in this research.
The paper is organized as follows. Section 2 will
introduce a matrix model to capture the dependency of
design functions and parameters, with the characterization
of security-specific information. Section 3 will describe a
clustering method that yields the modular structure of the
matrix-based design model. Based on the modular
structure, Section 4 will propose a measure to estimate the
risk of information leakage. Section 5 will provide and
discuss a demonstrative study on a relief valve system.
Section 6 will conclude this paper.

M = [mij], (i = 1, 2, …, m; j = 1, 2, …, n)

(1)

Thus, each matrix entry (mij) indicates the strength of
dependency between the function fi and the parameter pj.
Figure 1 has shown a sample of a FP matrix for the
illustration purpose. This FP matrix represents a design
system of 10 functions (rows) and 12 parameters
(columns). For simplicity, this paper considers the binary
dependency, where mij = 1 indicates that the
corresponding functions and parameter are related. For
better visuals, the matrix entry that has the value ‘1’ will
be shaded. In literature, the format of the FP matrix is
similar to the design matrix in axiomatic design (Suh
1990) and the functional dependence table in optimal
design (Michelena and Papalambros 1995).
Given a FP matrix that represents a design system of
functions and parameters, further characterization is
required for reverse engineering problems. In this
context, three sets of parameters are defined, and they are
listed and described as follows.
 Protected parameters: the information of these
parameters is not supposed to be known by others,
including suppliers and collaborators, in order to
protect the competitive edges of the original
manufacturer. In other words, the protect parameters
are defined as the confidential information of the
original manufacturer.
 Shared parameters: the information of these
parameters is fully disclosed to suppliers in order to
facilitate design collaboration. The shared parameters
specify the common information known by the
original manufacturer and its suppliers.
 Neutral parameters: these parameters are neither
protected nor shared. The original manufacturer does
not purposely disclose the information of neutral
parameters. Yet, it is not considered as harmful if the
information of neutral parameters is known by
suppliers.

2. FUNCTION-PARAMETER MATRIX FOR
REVERSE ENGINEERING
In this paper, the design information of a product is
characterized by two sets of entities: design functions and
parameters.
Design parameters are referred to the
physical constituents and/or behavioral properties of a
design, and the specifications of parametric values define
the actual design details of the final product. In contrast,
design functions capture the correlations among
parameters, and these correlations can be based on
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 Step 3: form the clusters according to the tree
obtained in Step 2.

Based on the above characterization of design
parameters, reverse engineering is defined as a process
starting from shared parameters to investigate the
information of protected parameters. For better visuals,
special markings are made for the FP matrix to distinguish
different types of parameters. Figure 1 has shown such
markings. Particularly, the labels of protected parameters
are shaded (e.g., p4), the labels of shared parameters are
bolded and italicized (e.g., p9), and the labels of neutral
parameters does not have any specific format. After the
construction of the FP matrix with characterized
parameters, the research inquiry is how likely the
information of shared parameters will derive the
information of protected parameters via reverse
engineering. The next section will discuss the matrix
clustering approach to investigate this issue.

To illustrate the hierarchical clustering procedure, a
small example with five objects (labeled as a, b, c, d, e) is
used. Figure 2a shows the similarity matrix that records
the similarity values between any two objects. As
similarity values are non-directional, only the lower
portion of similarity values is shown. If two objects have
a higher similarity value, they are more likely to be
clustered.
From Figure 2a, it is found that objects ‘c’ and ‘d’
have the highest similarity value. Thus, they are grouped
to form an object ‘cd’. Accordingly, the similarity values
related to object ‘cd’ are updated by averaging the related
values. The updated similarity matrix is formed, as shown
in Figure 2b. As object ‘cd’ is formed at the similarity
value 0.92, this information is captured in the tree
structure, in which objects ‘c’ and ‘d’ form a branch to
represent new object ‘cd’. The newly-formed branch is
shown in Figure 3. The same procedure can be applied to
the updated similarity matrix until it cannot be further
reduced. The resulting tree is provided in Figure 3.
After obtaining the tree, we can perform clustering
for these five objects. If three clusters are desired, we will
form the groups of {c,d}, {b,e} and {a}. If only two
clusters are desired, we will form the groups of {c,d,b,e}
and {a}. Further information of the problem context is
required to make the final clustering decisions. Yet, the
tree structure provides some useful grouping information
for the formation of final clusters.

p1 p2 p3 p4 p5 p6 p7 p8 p9 p10p11p12
f1
f2
f3
f4
f5
f6
f7
f8
f9
f10
Figure 1. FP matrix with three types of parameters

3. MATRIX-BASED CLUSTERING METHOD

a
X
0.42
0.16
0.52
0.22

a
b
c
d
e

3.1. Fundamental of Clustering
Clustering is a numerical method to group a set of
objects that exhibit certain relationships (Romesburg
2004). The field of clustering is vast, and it covers several
applications such as market research and archeological
taxonomy (Everitt et al. 2010). The reason of using
clustering in this research is to analyze the dependency
between protected and shared parameters via their
modular structure.
In this research, the hierarchical clustering analysis is
adapted. Particularly, the agglomerative (i.e., bottom-up)
procedure is used, and it approximately consists of the
following three steps:
 Step 1: measure the dissimilarity (or similarity)
between objects.
 Step 2: construct the tree (or dendrogram) of objects
according to their measured dissimilarity (or
similarity).
The tree shows the hierarchical
arrangement about how objects should be grouped
progressively.

b

c

d

e

X
0.84
0.12
0.58

X
0.92
0.36

X
0.44

X

a) Original similarity matrix

a
b
e
cd

a
X
0.42
0.22
0.34

b

e

cd

X
0.58
0.48

X
0.4

X

b) Similarity matrix after combining ‘c’ and ‘d’
Figure 2. Similarity matrices in hierarchical clustering
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etc). This reasoning step corresponds to the coupling
analysis in terms of examining the contextual meaning of
similarity or coupling.
After understanding the coupling context among the
books, we can tentatively sort the books. This sorting
practice provides some insights about the distribution of
the books among different categories (e.g., how many
books can be defined in one category and how many
books involve multiple categories). Instead of placing the
books directly on the shelves, the sorting results help us to
briefly organize the books to minimize the efforts of
moving books between shelves. This sorting effort
corresponds to the sorting analysis.
After sorting, we can place the sorted books on the
shelves.
This placement practice depends on the
properties of bookshelves (e.g., size and number of them),
which can be independent of the sorting result of the
books. That is, different bookshelves can lead to different
placements of the same set of books.
This step
corresponds to the partitioning analysis, which considers
several structural criteria (e.g., size and number of blocks)
to yield matrix structures based on the result of the sorting
analysis.
The details of these three analyses for the clustering
of the FP matrix will be discussed in the following subsections.

0.4

0.5

0.6

0.7

0.8

Branch ‘cd’

0.9
c

d

b

e

a

Figure 3. Tree structure in hierarchical clustering

3.2. Three-Phase Matrix Clustering Framework
By adapting the above clustering procedure, a threephase clustering method has been proposed for matrix
clustering (Li 2010). The three phases of the clustering
method characterize three generic types of analysis for
matrix clustering, and they essentially correspond to the
three steps of the hierarchical clustering procedure
mentioned above. The brief descriptions of these three
phases are provided as follows.
 Coupling analysis: transform the context-specific
dependency information into the coupling strengths
between any design entities. The notion of coupling
is defined as the measure of the appropriateness about
putting two entities in the same group.
 Sorting analysis: sequence the design entities
according to the coupling strengths computed in
coupling analysis so that the highly-coupled entities
are brought close to each other. A sorted matrix is
obtained after this analysis.
 Partitioning analysis: partition the sorted matrix in
order to identify the groups of entities and the
interactions of the groups according to some
structural criteria (e.g., number of groups, size limit
of groups).

3.3. Coupling Analysis for FP Matrix
In the context of reverse engineering, we are
concerned with how likely the information of one
parameter will derive the information of another
parameter. With the FP matrix, it is assumed that such
derivation is conducted via the functional dependency
between design functions and parameters. To illustrate
the evaluation of coupling in this context, consider the
sample FP matrix in Figure 1, which represents 10
functions (denoted as f1, f2, …, f10) and 12 parameters
(denoted as p1, p2, …, p12). Based on Figure 1, we can say
that p1 and p2 are coupled since the information of p1 can
be used to derive the information of p2 via f7 (and vice
versa). To normalize the coupling measure, we also count
the number of functions that affect p1 and p2. Using the
notation of FP matrix formulated in (1), the coupling
between two parameters, pi and pj, can be calculated using
the min/max coefficient formulated as follows.

By analogy, the three-phase matrix clustering
framework corresponds to some basic logic to organize
numerous and complicated items. For instance, suppose
that we want to organize several hundreds of books and
put them on the bookshelves after moving. How do we
proceed in this situation? Normally, we do not put the
books on the shelves randomly and directly. Instead, we
first check the books and determine the basic principles to
organize them, i.e., some brief reasoning about why two
books should be placed closely.
The organization
principles may go by the books’ subjects, authors or even
sizes. It depends on the actual context (e.g., the
preference of the organizers, the nature of those books,

m

Rmin/ max ( pi , p j ) =

∑ min(m
k =1
m

ki

∑ max(m
k =1

ki

, mkj )

i, j ∈ [1, n]

(2)

, mkj )

In the above formulation, the min operator is used to
count the number of common functions that both
parameters depend on. The max operator is used to count
the total number of functions that are related to the two
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parameters. By the same reasoning, the coupling between
two functions can be calculated by the number of common
parameters and the total number of parameters that are
involved. The corresponding min/max coefficient is given
below.

the average coupling of both rows (CMr) and columns
(CMc). This CM can be then used to construct a tree via
the sorting analysis.

f1
f2
f3
f4
f5
f6
f7
f8
f9
f10

n

Rmin/ max ( f i , f j ) =

∑ min(m

ik

k =1
n

∑ max(m

ik

k =1

, m jk )

i, j ∈ [1, m]

(3)

, m jk )

Furthermore, we evaluate how likely a function and a
parameter as two different types of objects are clustered.
In this context, the two-mode coupling coefficient is used
(Li 2010a), and its formulation is given below.

f1 f2 f3 f4 f5
0
0 0.25 0
0
0
0
0
0
0
0 0.5
0.25 0
0
0
0
0 0.5 0
0.25 0
0
0
0
0.17 0.2 0.17 0 0.17
0.2 0
0 0.25 0
0
0 0.25 0 0.25
0 0.33 0
0
0

f6
0.25
0
0
0
0
0.2
0.25
0
0

f7
0.17
0.2
0.17
0
0.17
0.2
0
0
0.2

f8 f9 f10
0.2 0
0
0
0 0.33
0 0.25 0
0.25 0
0
0 0.25 0
0.25 0
0
0
0 0.2
0
0
0
0
0
0
-

a) Row coupling matrix (CMr)

Rrc ( f i , p j ) =

2mij
m

∑m
k =1

n

ik

i ∈ [1, m], j ∈ [1, n]

(4)

+ ∑ m kj

p1
p2
p3
p4
p5
p6
p7
p8
p9
p10
p11
p12

k =1

The value of Rrc(fi, pj) is bounded between zero (i.e.,
no coupling) and one (i.e., fi and pj must be grouped in the
same block). If Rrc(fi, pj) is equal to one, it means that the
function fi is only related to the parameter pj and vice
versa. Then, fi and pj have to be clustered in the same
group. In contrast, if fi is related to more than one
parameter and pj is related to more than one function, they
are less likely to be grouped together. This situation is
captured in the denominator of Formulation (4).
Then, we can get three coupling matrices to record
the coupling values between two rows (CMr), between
two columns (CMc), and between a row and a column
(CMrc). To illustrate, these three types of coupling
matrices of the sample FP matrix are shown in Figure 4.
Then, we can construct a concatenated coupling matrix
(denoted as CM) that combines these three types of
coupling matrices as follows.

 w ⋅ CM r
CM =  r
T
 wrc ⋅ CM rc

wrc ⋅ CM rc 
wc ⋅ CM c 

p1
0.25
0.33
0
0.33
0
0
0
0
0.25
0
0

p2 p3 p4 p5 p6 p7 p8
0.25 0.33 0 0.33 0
0
0
0 0.25 0.25 0.25 0.25 0
0
0 0.33 0
0
0
0.25 0
0
0 0.33 0
0.25 0.33 0
0
0
0
0.25 0
0
0
- 0.33 0
0.25 0 0.33 0 0.33 0
0
0
0
0
0
0
0
0
0
0
0
0 0.33
0.2 0
0 0.25 0
0 0.25
0
0 0.33 0 0.33 0.33 0
0
0
0
0
0
0 0.33

p9
0
0
0
0
0
0
0
0.33
0.67
0
0.33

p10
0.25
0.2
0
0
0.25
0
0
0.25
0.67
0
0.25

p11
0
0
0
0.33
0
0.33
0.33
0
0
0
0

p12
0
0
0
0
0
0
0
0.33
0.33
0.25
0
-

b) Column coupling matrix (CMc)
p1 p2 p3 p4 p5 p6 p7 p8 p9 p10 p11 p12
f1
0 0.33 0
0
0 0.4 0.4 0
0
0
0
0
f2 0.5 0 0.5 0
0
0
0
0
0
0
0
0
f3
0
0
0
0
0
0
0
0 0.4 0.33 0 0.4
f4
0
0
0
0
0 0.5 0
0
0
0 0.5 0
f5
0
0
0
0
0
0
0 0.4 0.4 0.33 0
0
f6
0 0.4 0 0.5 0
0
0
0
0
0
0
0
f7 0.33 0.29 0
0 0.33 0
0
0
0 0.29 0
0
f8
0
0
0 0.4 0
0 0.4 0
0
0 0.4 0
f9
0
0
0
0
0
0
0 0.5 0
0
0 0.5
f10 0
0 0.5 0 0.5 0
0
0
0
0
0
0

(5)

c) Row-column coupling matrix (CMrc)

This combined CM is a square and symmetric matrix
that records the coupling values between any two design
objects, and a design object can be either a design
function or a design parameter. To assign the weight, we
set wr = wc = 1, and set wrc according to the following
criterion.
wrc ≥

∑ CM

r

(m 2 − m) + ∑ CM c (n 2 − n)
2 ∗ ∑ CM rc (m ⋅ n)

Figure 4. Coupling matrices of the sample matrix

3.4. Sorting Analysis
Given the coupling matrix obtained from the coupling
analysis, the function of the sorting analysis is to bring the
highly coupled entities close to each other. In the matrix
representation, it is to re-order the sequences of the
matrix’s rows and columns based on the coupling
strengths of entities. That is, if the coupling strength of
the two entities is high, the corresponding rows (columns)

(6)

This criterion essentially indicates that the weighted
average coupling of CMrc should be larger than or equal to
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Figure 6 also illustrates the modular structure of the
sample FP matrix in this paper. After clustering, the
modular structure can be described by two types of
blocks: module blocks and interaction blocks. The
module blocks are referred to the diagonal blocks, each of
which identifies the composition of a module. For
instance, the first block (i.e., Module 1) in Figure 6 shows
the composition of {f9, f3, f5} and {p12, p8, p9, p10}. The
combination of all modules covers all functions and
parameters in the FP matrix. In contrast, the interaction
blocks are referred to the area other than the diagonal
blocks. Any nonzero matrix entries in the interaction
blocks indicate the existence of interactions between the
corresponding modules. For instance, p10 and f7 belong to
Module 1 and Module 2, respectively. Since there is a
dependency between p10 and f7, there exists an interaction
between these two modules, as shown in Figure 6.
Once the modular FP matrix is obtained after the
three-phase clustering method, we can use this specialized
structure to estimate the risk of leaking the information of
protected parameters, and this is the topic of the next
section.

are more likely to be placed close to each other on the reordered sequences.
Adapting the procedure of hierarchical clustering
analysis, the algorithm for the sorting analysis is provided
as follows.
 Step 1: tree branch construction. Pick two entities that
yield the highest value from the coupling matrix.
Then label the leaves of the tree according to the
picked entities. Form the branch of the tree by
combining the leaves (or branches). The vertical axis
of the tree is labeled with the coupling values. The
leaves (or branches) are merged to form a new branch
at their coupling value.
 Step 2: Coupling matrix update. Modify the coupling
matrix to represent the newly formed branch. Such
modification is achieved through the average distance
formulation as follows.
rik + r jk
(7)
r( ij ) k =
1≤ k ≤ n k ≠ i k ≠ j
2

where rik is the coupling value between the ith and kth
entities, and the subscript ij refers to the newly
combined branch.
 Step 3: Iteration check. Repeat Step 1 and Step 2 until
the coupling matrix cannot be further reduced.

p8 p12 p9 p10 p3 p5 p1 p2 p4 p7 p11 p6
f9
f3
f5
f10
f2
f7
f6
f1
f8
f4

The tree (or dendrogram) is obtained after completing
the sorting analysis. The sequence of the nodes on the
tree will be used to re-order the row and column
sequences of the FP matrix. The resulting matrix is a
banded diagonal matrix. Figure 5a shows the diagonal
matrix of the sample matrix, and Figure 5b shows the
corresponding tree.

a) Sorted matrix

3.5. Partitioning Analysis
Given the sorted matrix, the purpose of the
partitioning analysis is to identify the modules of design
functions and parameters based on some structural
criteria. For a matrix of small or moderate size, domain
experts can use their experience to perform partitioning to
yield a suitable modular structure for the FP matrix. For a
messy or large matrix, some algorithms have been
proposed to generate modular structures, such as the
enumerative approach (Chen et al. 2005), the heuristic
approach (Li 2010b), and the tree-based approach (Li
2009).
In this paper, the tree-based approach is used to
partition the sorted matrix. The sample matrix is used for
illustration. The top branch of the tree in Figure 5b
essentially suggests a break point between p10 and p3.
Similarly, the second top branch suggests another break
point between f7 and p2. These break points essentially
correspond to the locations to partition the sorted matrix.
The partitioning locations are shown at dashed lines in
Figure 6.

b) Tree obtained by the sorting analysis
Figure 5. Results of the sample matrix after sorting analysis

6

356

S-related. In Figure 7, Module 1 is S-labeled, and Module
2 is S-related.
In view of the distribution of protected parameters,
any module that contains protected parameters is labeled
with “P” (i.e., symbolize the meaning of “protected”). To
illustrate, suppose that p4 is a protected parameter in
Figure 7. Then, the corresponding module (i.e., Module
3) is P-labeled. In this context, the original manufacturers
intend to protect the information of the parameters in the
P-labeled module. Then, we want to examine how the Plabeled modules are related to other modules. By
definition, any module that is directly related to P-labeled
module(s) in the modular FP matrix is described as Prelated. In Figure 7, since p2 in the P-labeled module is
related to f7 of another module (i.e., Module 2), Module 2
is identified as P-related. In Figure 7, Module 3 is Plabeled, and Module 2 is P-related.
After defining S- (P-) labeled and S- (P-) related
modules, we classify three cases using the FP matrix in
Figure 7. First of all, we assume that p4 is the protected
parameter for all cases. Accordingly, Module 3 is Plabeled and Module 2 is P-related. At the same time, we
set one shared parameter in each of the three modules
respectively. In Case 1, we set p9 as a shared parameter,
making Module 1 S-labeled and Module 2 S-related. In
Case 2, we set p5 as a shared parameter, making Module 2
S-labeled and Modules 2 & 3 S-related. In Case 3, we set
p6 as a shared parameter, making Module 3 S-labeled and
Module 2 S-related. Table 1 has summarized the details
of the case setup.
In the qualitative comparison, Case 3 should present
the highest risk of information leakage because both
protected and shared parameters appear in the same
module. In contrast, Case 1 should present a relatively
low risk of information leakage as protected and shared
parameters are only linked via the P-related and S-related
module (i.e., Module 2). Case 2 in this context should
represent a medium risk of information leakage compared
with Case 1 and Case 3. In light of this qualitative
comparison, we proceed to quantify the risk of
information leakage.
The quantification of the risk of information leakage
is based on the proportion of P-modules (both P-labeled
and P-related) associated to shared parameters (in terms of
S-labeled and S-related modules). First of all, the size of
a module is defined by the product of the number of its
functions and the number of its parameters. For example,
the size of Module 1 in Figure 7 is 3 (functions)
multiplied with 4 (parameters), which is equal to 12.
Then, we denote the size of four types of modules as
follows:
 Ap_label = the total size of P-labeled modules
 Ap_relate = the total size of P-related modules
 As_label = the total size of S-labeled modules that are
also P-labeled or P-related

p8 p12 p9 p10 p3 p5 p1 p2 p4 p7 p11 p6
f9
f3
Module 1
f5
f10
Module 2
f2
f7
f6
Interaction
f1
f8
f4

Module 3

Figure 6. Modular structure of the FP matrix after
partitioning

4. RISK ESTIMATION OF INFORMATION
LEAKAGE
While the clustering method discussed in Section 3
helps us to identify the modular structure of the FP matrix,
the next step in this research is to estimate the risk of
information leakage concerning protected parameters due
to the disclosure of shared parameters. The estimation
approach is to examine the distribution of both shared and
protected parameters in the modular structure of the FP
matrix.
In the reasoning of estimation, if both shared and
protected parameters are clustered in different modules,
the risk of information leakage of protected parameters
tends to be relatively low. In contrast, if both shared and
protected parameters are contained in the same module,
the risk of information leakage should be high. In this
view, we first examine the distribution of shared and
protected parameters separately in the modular FP matrix.
Then we examine the modules that are overlapped with
shared and protected parameters to estimate the risk of
information leakage.
In view of the distribution of shared parameters, any
module that contains shared parameters is labeled with
“S” (i.e., symbolize the meaning of “shared”). To
illustrate, suppose that the sample modular FP matrix (i.e.,
Figure 6) has p9 as a shared parameter, and it is marked in
Figure 7. Then, the corresponding module (i.e., Module
1) is S-labeled. In this context, it is assumed that the
suppliers are able to know the information of parameters
pertaining to the S-labeled module (i.e., p8, p12 and p10 in
Module 1). Then, we want to examine how the S-labeled
modules interact with other modules. By definition, any
module that is directly related to S-labeled module(s) in
the modular FP matrix is described as S-related. In Figure
7, since p10 in the S-labeled module is related to f7 of
another module (i.e., Module 2), Module 2 is identified as
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 As_relate = the total size of S-related modules that are
also P-labeled or P-related

5. DEMONSTRATIVE STUDY
The relief valve system is adapted from Kannapan
and Marshek (1992), which schematic is shown in Figure
8. To characterize this valve system, 49 parameters are
defined, and they are related with 29 functions. Figure 9
shows the FP matrix that captures the dependency
between these functions (represented in rows) and
parameters (represented in columns). For better visuals,
the letters f and p are omitted in the labels of the FP
matrix in Figure 9. To set up the study, we assume that
p22 and p35 are protected parameters, which labels are
shaded in Figure 9. In collaborative design, we may need
to disclose some parametric information to the suppliers.
The inquiry in this context is how to select the parameters
for sharing with the suppliers in order to minimize the risk
of leaking the information of protected parameters.

Accordingly, the risk of information leakage can be
formulated as follows.
As _ label + w 2 ⋅ As _ relate
(8)
L=
Ap _ label + w1 ⋅ Ap _ relate
where w1 and w2 are the weights to capture the different
effects of P-related and S-related modules, respectively.
In our study, we set w1 = w2 = 0.5.
Consider Case 1 in Table 1 to explain the formulation
of information leakage. As Module 3 is P-labeled and
Module 2 is P-related, Ap_label = 4*5 = 20 and Ap_relate =
3*3 = 9. Among Modules 2 & 3, none of them is Slabeled, and only Module 2 is S-related. Thus, As_label = 0
and As_relate = 3*3 = 9. As a result, the information
leakage in Case 1 is equal to 4.5/24.5 = 0.18. Table 1 has
shown the resulting estimates of the information leakage
of the three cases. We can see that the ranking of these
leakage risk estimates matches up the earlier qualitative
comparison.

Helical spring

Inlet

Outlet

p8 p12 p9 p10 p3 p5 p1 p2 p4 p7 p11 p6

Poppet valve

f9
f3
f5
f10
f2
f7
f6
f1
f8
f4

Figure 8. Schematic of a relief valve system
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Figure 9. FP matrix of the relief valve system with protected
and shared parameters

Table 1. Case setup for the analysis of information leakage

Protected
Parameter
P-labeled
P-related
Shared
Parameter
S-labeled
S-related
Leakage
Estimate

Poppet valve stem

To address the above inquiry, we first yield the
modular structure of the FP matrix using the clustering
method discussed in Section 3. The result is shown in
Figure 10, in which four modules are identified. To
demonstrate the use of the risk measure formulated in (8)
for various situations, four cases are set up based on the
choice of shared parameters in different modules. Table 2
has summarized the case setup. The labels of shared
parameters are bolded and italicized in Figure 9 for better
identification.
Based on the modular structure in Figure 10, as
Module 2 contains protected parameters p22 and p35,
Module 2 is identified as P-labeled. Also, as Module 2 is
directly related to Module 1 (via p6) and Module 3 (via
8
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p24, p21, p4, p1), Modules 1 and 3 are identified as Prelated. In the case setup, Case 1 has p40 in Module 4 to
be a shared parameter. Accordingly, Module 4 becomes
S-labeled in Case 1, and Modules 1 and 3 become Srelated due to some related parameters (e.g., p16 and p46).
Similarly, Cases 2, 3 and 4 are set based on picking a
shared parameter from different modules, and the
corresponding S-labeled and S-related modules are listed
in Table 2. By applying the risk measure formulated in
(8), the leakage estimates are calculated and listed in
Table 2 for all cases.
Notably, the modular structure in Figure 9 exhibits a
diagonal pattern, in which the highly-coupled functions
and parameters are brought close to each other. While the
protected parameters are contained in Module 2, the
leakage risk should decrease if the shared parameters are
located far from Module 2. This is actually observed in
Table 2. Particularly, Case 4 has a shared parameter (i.e.,
p28) in Module 2, leading to the highest risk estimate.
Comparatively, Case 1 has a shared parameter (i.e., p40) in
Module 4, which is most far from Modular 2, leading to
the lowest risk estimate. In contrast, Cases 2 and 3 have
their shared parameters in the modules right next to
Module 2, leading to the medium risk estimates.
Besides the above observation, we can also trace the
dependency paths from a shared parameter to protected
parameters. Take Case 4 as an example. In Case 4,
knowing the shared parameter, p28, can help us to know
protected parameters (p22 and p35) via f1. Here we use the
notation p28  f1  p22 & p35 to represent such a
dependency path. Intuitively, if the dependency paths are
longer, the corresponding leakage risk should be lower.
Accordingly, the dependency paths of all cases are
presented below.
 Case 1: p28  f1  p22 & p35
 Case 2: p4  f9  p11 & p28  f1  p22 & p35
 Case 3: p25  f15  p6  f12  p33  f9, p11 & p28 
f1  p22 & p35
 Case 4: p40  f26  p39 & p43  f27  p46 & p42  f23
 p25  f15  p6  f12  p33  f9  p11 & p28  f1
 p22 & p35

jobs for outsourcing and select the corresponding
suppliers.
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Figure 10. Modular structure of the relief valve FP matrix
Table 2. Case setup for leakage risk analysis for relief valve

Protected
Parameter
P-labeled
P-related
Shared
Parameter
S-labeled
S-related
Leakage
Estimate

Case 1
p22, p35

Case 2
p22, p35

Case 3
p22, p35

Case 4
p22, p35

Module
2
Modules
1&3
p40

Module
2
Modules
1&3
p4

Module
2
Modules
1&3
p25

Module
2
Modules
1&3
p28

Module
4
Modules
1&3
0.38

Module
3
Modules
2&4
0.68

Module
1
Modules
2&4
0.70

Module
2
Modules
1&3
1.00

6. CLOSING REMARKS
This paper is our preliminary investigation of the
security of design information in the collaborative
environment. The method of approach in this paper has
two major components: modeling and measurement. In
modeling, we focus on the dependency relationships
between design functions and parameters as the major
means of information leakage. Accordingly, the FP
matrix is used to capture such dependency with the
characterization of protected and shared parameters.
Also, the three-phase clustering method is used to identify
the modular structure of the FP matrix for analyzing the
information leakage from shared parameters to protected
parameters.
In measurement, the risk estimate of
information leakage is formulated based on the modular
structure of the FP matrix. The demonstrative study has
shown the sensitivity of this measure in various situations
of sharing parameters.
In our continual efforts of this research, as the current
clustering method yields the modular structure of a design
without considering any protected parameters, we will

The lengths of the above dependency paths roughly
correspond to the ranking of the risk estimates in Table 2.
This exercise verifies the sensitivity of the risk measure
proposed in this paper for different situations of sharing
parameters with suppliers.
In this study of the relief valve system, the protected
parameters in Module 2 are about the fluid properties of
the valve design. To minimize the leakage risk, it is
suggested to share the parameters in Module 4, which is
about the information of the valve external geometry. In
turn, the clustering method and the risk estimate can help
us to identify a group of parameters that are appropriate to
share with suppliers. In practice, these techniques can be
used to strategically identify the design and production
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develop a modified clustering method that receives the
information of protected and/or shared parameters to form
a modular structure specified for the security concern.
Also, the current risk estimate proposed in this paper does
not concern the intensity of interactions between the
modules. Thus, the further revision of the risk measure is
to improve the sensitivity towards the interaction intensity
between modules.
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design methodology and information systems to identify
various design requirements and constraints, and reflect
them to their design at the early stages of product design.
Regulations on a product are important documents
that manufacturers have to identify before starting design.
Regulations on a product specify requirements or
constraints of the product that manufacturers must comply
with across the whole product lifecycle from design and
manufacture, through operation and maintenance, to
recycling and dispose. Recently regulations involving
product reliability, eco-friendliness, and product safety are
getting strengthened in many industries including
automobile, electronic appliances, and shipbuilding,
which makes it important to design a product considering
the regulations.
To facilitate regulation-based product design,
methods to find regulations related to a product and to
apply them for product design are provided.
 It is necessary to search regulations of a product
as well as its components of parts which involve
the whole lifecycle of the product and are
developed on their own and other foreign
countries.
 Since it is practically impossible for a designer to
be well-acquainted with all regulations related to
a product, it is important to provide a tool which
automatically checks design results of a product
in accordance with the regulations involved.
In this paper, the authors propose the concept of
regulation-based design checking service which can be
outsourced by external organizations and discuss its
technical details including data which need to be
exchanged between a design verification organization and
a manufacturer, design checking service procedure, and

ABSTRACT
When designing a product, a designer has to follow
all sorts of regulations involved in all phases of product
lifecycle. However, it is practically impossible for a
designer to be well-acquainted with all regulations related
to a product. Furthermore, a designer is prone to make
mistakes in applying regulations. Therefore, from the
viewpoint of a company’s competitiveness, it is important
to provide a tool which automatically checks design
results of a product in accordance with the regulations
involved. Outsourcing a design checking service instead
of in-house development is an appropriate choice,
considering facilities, human resources, and cost required
for developing and managing design checking tools. In
this paper, the concept of regulation-based design
checking service is proposed. Discussed also are data
which need to be exchanged between a design verification
organization and a manufacturer, design checking service
procedure, and system architecture of a design checking
service. The authors suggest utilizing skeleton model data
in order to prevent the leak of intellectual property which
may occur when using the design checking service.
INTRODUCTION
Due to globalization of market and competition of
companies, the recent product manufacturing trend is that
there are efforts for shortening the development time and
enhancing the quality of the products. About 80% of the
cost of designing and manufacturing is decided during the
concept design phase, so it is important to find and
eliminate any errors at this phase which may occur after
design. Many manufacturing companies adopt various
1
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system architecture of a design checking service. The
authors also suggest using skeleton model data for
preventing the leak of intellectual property which may
occur when using the design checking service.

design support and checking. In the design support point
of view, CAD systems are responsible for creating the
shape of a product, and from the design checking
perspective, it is important to extract design information
required for the design checking from CAD systems.
Objects (i.e., window, door, and floor) specified in
regulations and those managed by CAD systems (i.e.,
geometry and topology) have different levels of
abstraction. Therefore, parameters and constraints of a
product are first defined considering regulations and are
then linked to CAD objects in order to extract required
design information or to control the shape of a product
[Lee and Lee 2001]. Regulation objects can be interpreted
to convert them into geometric data. For example, Faucher
and Nivet studied a system which can visually evaluate
the effect of the height and shape of a building on the
amount of sunshine on other buildings by using geometric
data (view volume) [Faucher and Nivet 2000].
Regulation-based product design system often has an
architecture independent from a CAD system, consisting
of regulation knowledgebase, knowledge reasoning
module, CAD hander, and system manager. The CAD
handler supports the integration with a CAD system.

REVIEW OF RELATED STUDIES AND
LITERATURE
Studies on regulation-based product design can be
classified into five categories; building regulation
knowledgebase, regulation document parsing, regulationbased knowledge reasoning, integration with a CAD
system, and regulation-based product design system
architecture, as shown in Fig. 1.
Regulation knowledgebase consists of product
ontology and product rules, as shown in Fig. 2. Product
ontology is comprised of concepts, taxonomy, and relation
between concepts. Product rules specify requirements and
constraints of a product with product ontology. Industrial
data standards including ISO 10303 STEP can be used to
define product ontology. For example, in architectural and
construction industry, IFC standard has been frequently
used
to
build
product
ontology
[Niemeijer09;Maissa02;Drogemuller10]. For the encoding
of regulation knowledgebase, use of programming
language, object-oriented modeling method [Cornick90],
and XML-based encoding method were proposed.
Regulation document parsing is used to convert
regulation documents into a computer-interpretable form
(regulation knowledge). Natural language processing is
ideal since it does not demand (or requires little) human
intervention. However, it needs more improvement from
the view point of robustness. As other approaches,
building knowledgebase with important key words
extracted from regulation document [AEC3 2009;
SMARTCODE builder 2009], building knowledgebase
using puzzle-formed GUI [Niemeijer, et al. 2009] were
studied. Lee, et al. defined an application activity model
(AAM) for product design in the shipbuilding industry
and then identified regulations and constraints belonging
to an individual activity of the AAM [Lee, et al. 1998].
In the process of product design, regulation
knowledgebase is used for design support and design
checking [Niemeijer, et al. 2010]. Design support is used
to create design specifications automatically from design
requirements whereas design checking is used to verify
the validity of product design according to regulations.
Knowledge reasoning is required for design support and
checking. For the design support, expert system and
genetic algorithm were applied [Lee and Lee 2001; Lee
and Lee 2004; Lee, et al. 1998]. For the design checking,
expert system was often used [Maissa, et al. 2002;
Drogemuller, et al. 2004].
Since the preliminary design and detail design are
performed with 3D computer-aided design (CAD) system,
the integration with CAD systems is needed to support

REGULATION-BASED DESIGN CHECKING
SERVICE
Concept of design checking service
In this study, the authors approach regulation-based
design checking not as a stand-alone in-house system, but
as a service which is outsourced by another external
organization. Therefore, regulation-based design checking
service is defined as “a service that identifies regulations
related to a product and verifies the validity of product
design according to the regulations on request by a
manufacturer”.
A variety of regulations related to a product are
applied to the whole lifecycle of the product, and
countries have different regulations for the same product.
Due to these circumstances, small and medium sized
companies have difficulty in investing additional human
resources and cost required for the development and
maintenance of a design verification system. Furthermore,
regulation knowledgebase needs to be updated regularly
according to the update of regulation documents, and the
integration with many types of automation system
including CAD and PDM systems is required, which
makes it more difficult for a manufacturer to develop and
manage such a verification system. Therefore, outsourcing
a design checking service instead of in-house
development is an appropriate choice.
From the view point of providing regulation-based
design checking server, existing studies have the
following limitations.

2
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information resources to cover design data that both
organizations are interested in.
A data model used to represent data exchanged
between two organizations needs to satisfy the following
information requirements.
 Manufacturer perspective: The exchanged data
need to be directly used for the preliminary and
detail design with a 3D CAD system and design
constraints are identified from the exchanged
data.
 Design verification organization perspective:
Information that is required for checking the
validity of product design with the regulation
knowledgebase needs to be extracted from the
exchanged data.
 Service implementation perspective: Model
(structures and types) of data that a design
verification
organization
provides/receives
to/from a manufacturer need to be the same so
that additional data conversion processes are not
necessary.
Protection of intellectual property is an important
requirement when a manufacturer gets the design
checking service from another external organization.
Actually, both of a manufacturer and a design verification
organization have intellectual property to be protected, as
shown in Fig. 4. CAD data containing detail design
information are intellectual property to be protected for a
manufacturer whereas design checking logics are
important to a design verification organization.
In this study, a skeleton model is used to represent
design data exchanged between a manufacturer and a
design verification organization. The skeleton model
contains the fundamental CAD structure that is intended
to be used in the detail modeling phase and it is created by
converting product structure and functions specified in the
abstract specification into a collection of basic geometric
modeling primitives such as planes and axes [Mun, et al.
2009].
From the viewpoint of a designer, skeleton model
data typically contain design constraints which must be
followed. Therefore, skeleton model data do not change as
product design proceeds with a 3D CAD system. However,
in this study, skeleton model data provided by a design
verification organization are used to specify design
information which a design verification organization is
interested in, and to store product design result. Therefore,
skeleton model data are changed during the detail design.

They did not consider that the manufacturer and
the design verification organization may be
different.
They developed stand-alone in-house type
systems and did not look at regulation-based
design checking as a service.
They also did not address the issue of intellectual
property protection which may occur when using
the design checking service.

Design checking service procedure
Usage procedure of a design checking service, as
shown in Fig. 3, consists of the identification of
regulations related to a product and design checking with
the regulations. It is postulated that the manufacturer and
the design verification organization are different and are
located in different places geographically.
A manufacturer establishes requirements of a product
and requests the design checking service to a design
verification organization with the type and key words of
the product sent. The design verification organization
searches regulations of a product involving the whole
lifecycle of the product with the input data from the
manufacturer and sends a list of identified regulations to
the manufacturer.
The design verification organization sends reference
data for product design to the manufacturer. Reference
data for product design are a general guide on product
design using reference data and a 3D modeling template
that a designer should refer to when performing product
design with a 3D CAD system.
The manufacturer proceeds product design by
referring to the 3D modeling template. When product
design is completed, the manufacturer sends the 3D
modeling template instead of 3D CAD part and assembly
files for the product and requests design checking to the
design verification organization. The design verification
organization checks the validity of product design with the
3D modeling template and feeds back the result to the
manufacturer.
After that, the manufacturer finishes product design
or changes it based on the feed-back from the design
verification organization.
Data exchanged between a design verification
organization and a manufacturer
There is a gap between the views of a design
verification organization and a manufacturer from which
they look at product design data. For the case of a golf
ball, the weight and size of a ball are important factors to
a design verification organization whereas detail shape of
a ball which affects driving distance is an important factor
to a manufacturer. Therefore, a data model used to
represent data exchanged between a design verification
organization and a manufacturer should provide

System architecture of regulation-based design
checking service
Regulation-based design checking service consists of
design checking service (DCS) server and DCS client, as
shown in Fig. 5. The DCS Client has DCS client manager
and skeleton model data converter as its sub-modules. The
DCS client manager is responsible for the communication
3
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with the DCS server and the skeleton model data
converter is used to translate neutral skeleton model data
received from the DCS sever into skeleton model data in a
native form of CAD system used by a manufacturer.
The DCS server consists of DCS server manager, DB
manager, skeleton model data handler, knowledge
reasoning module, and data reporting module. The DCS
server manager is responsible for the communication with
the DCS client as well as the management of other submodules of the DCS server. The DB manager stores
knowledgebase into and extracts knowledgebase from a
RDBMS. The skeleton model data handler finds skeleton
model data which are to be sent to the DCS client and
extracts design information necessary for the knowledge
reasoning from skeleton model data that the DCS client
sends. With the skeleton model data and regulation
knowledge, the knowledge reasoning module judges that
product design is in compliance with the related
regulations. The data reporting module produces a design
checking report which is to be fed-back to a manufacturer.

Ability to produce the right design checking
result when performing the knowledge reasoning
using the regulation knowledgebase and the
skeleton model data

CONCLUSION
When designing a product, a designer has to follow
all sorts of regulations involved in all phases of product
lifecycle. However, it is practically impossible for a
designer to be well-acquainted with all regulations related
to a product. Furthermore, a designer is prone to make
mistakes in applying regulations. Therefore, from the
viewpoint of a company’s competitiveness, it is important
to provide a tool which automatically checks design
results of a product in accordance with the regulations
involved. Outsourcing a design checking service instead
of in-house development is an appropriate choice,
considering facilities, human resources, and cost required
for developing and managing design checking tools.
In this paper, the concept of regulation-based design
checking service is proposed after analyzing existing
studies on design support and checking. Discussed also
are data which need to be exchanged between a design
verification organization and a manufacturer, design
checking service procedure, and system architecture of a
design checking service. The authors suggest utilizing
skeleton model data in order to prevent the leak of
intellectual property which may occur when using the
design checking service.
With the proposed design checking service, small and
medium sized manufacturers are able to verify whether
the design result of a product complies with regulations
involved with the product, without additional human
resources and cost required for the development and
maintenance of a design verification system.

IMPLEMENTATION AND EXPERIMENT PLAN
The feasibility of the proposed design checking
service will be demonstrated through a prototype system
development and experiment with the system after
determining an application domain.
The application domain will be selected among
furniture (office chair), medical equipment, and buildings
of which regulations are restrictive and specify design
constraints explicitly.
After the determination of the application domain,
regulation knowledgebase will be constructed through the
analysis of the related regulations. Skeleton model used
for representing design data will be defined by referring to
a previous study [Mun, et al. 2009].
When the regulation knowledgebase and the skeleton
model are ready, the prototype design checking service
system will be developed. The implementation
environments are as follows.
 CAD system: CATIA V5 R18
 Programming language: C++ (Client), JAVA
(Server)
 Web Service: Apache Axis 2
 Ontology data processing: JENA
 Database: MySQL
Experiment on the developed prototype system will
be performed with the data of test cases in order to ensure
the feasibility of the system. Main evaluation items are as
follows.
 Ability to represent design data required for the
design checking server with the skeleton model
 Update of skeleton model data without additional
intervention of a designer at the client side as
product design with 3D CAD system proceeds
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ABSTRACT
Aircraft structure is one of the most important aspects
in the design and manufacture process of aircrafts. A
typical aircraft includes several major sections, such as
fuselage, landing gear, stabilizer, wing, pylon and engine.
In order to save time and reduce cost, outsourcing parts is
a common practice in the aircraft manufacturing industry.
One of the main challenges faced by such outsourcing is
the potential risk of leaking confidential information or
parameters to competitors through shared suppliers. In this
paper, we propose a model to capture potential inferences
of confidential parameters through internal structures of
aircrafts. We provide three methods to infer confidential
parameters based on this model, and also apply those
methods to a real industry case. The study indicates that
such an inference based on internal structures is feasible,
and usually cannot be effectively prevented with existing
partitioning-based methods.
INTRODUCTION
A typical aircraft includes several major sections,
such as fuselage, landing gear, stabilizer, wing, pylon, and
engine. In order to save time, reduce cost and improve
efficiency, outsourcing some of those sections or parts is a
common practice in the aircraft manufacturing industry.
However, the protection of confidential parameters or
information is one of the main challenges faced by the
aircraft outsourcing process. To protect confidential
information, legal [1], bureaucratic and social measures [2,
3] are often taken; some technical methods [4, 5, 6, 7, 8, 9,
10, 11] are also developed recently. Confidential
information is also referred to as “trade secret” in some
cases [12]; it is protected only when it is not disclosed [1,


13]. This paper will focus on the disclosure of confidential
information caused by inferences using internal structures
of aircrafts.
Existing technical methods for protecting
confidential information can be roughly divided into two
categories: access control-based methods [4, 5, 7, 8, 10, 11]
and secure multi-party computation (SMC)-based methods
[6]. Access control-based methods ensure that only
authorized companies or users are allowed to access
specific shared information [14, 15, 16]; SMC-based
methods ensure that a joint computation on multiple sets
of data from multiple parties can be performed, while any
private information that is implicitly or explicitly included
in these data sets is not revealed [17, 18, 19]. However,
these methods are usually ineffective against indirect
inferences of private information [12].
In this paper, we model the indirect inferences of
confidential parameters using the internal structures of an
aircraft. We show that when aircraft parts are outsourced,
the partners or suppliers may infer confidential
information, which is not directly provided to them, based
on internal structures of those parts. Such an inference can
be achieved by studying the engineering relationships
between different mechanical parameters inside the same
part. Existing methods based on careful partitioning of a
product during outsourcing are usually ineffective in
preventing such inferences since internal structures are not
addressed in such a partitioning.
In this paper, we also present a case study of aircraft
pylon to demonstrate the feasibility of inferring
confidential parameters in practice. We show that, based
on internal structures of a pylon, some confidential
parameters, such as the engine thrust and materials of the
bolts, can be inferred. The case study clearly reveals
limitations of existing partitioning-based methods for
protecting confidential information.
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The rest of this paper is organized as follows.
Section 2 reviews related work. Section 3 introduces our
model and methods for inferring confidential information
from internal structures. Section 4 gives a case study about
applying our inference methods to aircraft pylon. Section
5 concludes the paper by summarizing the proposed
methods, its application and future work.
RELATED WORK
Leong et al. [5] proposed a mixed access control
model for a workspace-oriented distributed product data
management (DPDM) system. In their model, the
proposed DPDM system is stratified into multiply
workspaces, and every workspace is assigned a security
level. Users and product data are classified according to
workspace stratification, and different workspace users are
granted with different access rights on product data based
on the workspace security level.
Cera et al. [7, 10] and Kim et al. [8] developed a new
technique, role-based viewing, for collaborative 3D
assembly design. It is achieved through the integration of
multi-resolution geometry and Role Base Access Control
(RBAC) model [14, 16]. In their model, geometric regions,
features and constraints data of 3D assembly models are
related with a set of roles. For a specific user, a 3D model
is generated for viewing based on his or her assigned roles.
Wang et al. [4] proposed an access control model, SRBDDAC, for collaborative design data. S-RBDDAC
combines RBAC and cryptographic methods to support
RBAC with consideration of time, scheduling and value
adding activity, policy delegation relation in a distributed
context and fine-grained access control at dataset level. SRBDDAC allows a collaborator to send a subset of the
dataset he or she received to a third party with supply
chain relationships. Permissions are granted to roles
through key distribution and policy delegation. [4]
Chen et. al. [11] presented a trust evaluation method
for virtual project team (VPT). It can assist VPT members
in deterring whether resource holders have made
appropriate decisions to share resources with other VPT
members. Combining with access control, Chen's trust
evaluation method can enable secure resource sharing,
facilitate collaboration and enhance in-formation
transparency among members in a VPT [11].
Most existing access control-based methods can
defend
confidential
information
by preventing
unauthorized users from accessing private information,
but they cannot forbid users, authorized or unauthorized,
from inferring the private information from the shared
information.
Another approach, Secure Multi-party Computation
(SMC) [17, 18, 19], was introduced into collaborative
NPD by Atallah et al. [17]. They proposed several SMC
protocols for supply-chain interactions. Their method is
different from traditional information sharing. It enables
supply-chain partners to cooperatively achieve desired

system-wide goals without revealing any private
information, even though the jointly-computed decisions
require this information [17]. SMC based-methods protect
confidential information by allowing users to perform
joint computation on multiple datasets while not revealing
information in these data sets. But they cannot effectively
prevent the inferences from joint computation results to
confidential information in original datasets, if this kind of
inferences is possible.
PROBLEM STATEMENT
Model
For simplicity, the model is described by using a
simple example abstracted from a real and common
aircraft internal structure that will be used later, as
illustrated in Figure 1.

Figure 1 Three parts connected by bolts

In Figure 1, there are three parts (Part 1 and Part 3 are
not shown). Part 2 is composed of two components: Part
2A and Part 2B. Part 2 is connected with Part 1 by bolt 1
and Part 3 by bolt 4, Part 2A is connected with Part 2B by
bolt 2 and bolt 3. The stress of these bolts includes shear
stress (τ) and normal stress (σ) and can be calculated using
the below formulas [20]:
shear stress (τ) =
=
(1)
stress (σ) =
=
(2)
Whether shear stress (τ) or stress (σ) is more
important usually depends on nature of the load. In our
model, in order to simplify the problem, bending and
torsion can be ignored since they have smaller influence
than others. Therefore, if we know the bolt’s materials
(shear stress (τ) and stress (σ) of the bolt are specified and
identified) and size of the bolt (the area is known),
according to formula (1) and formula (2) the following
formulas can be developed:
Q=A* shear stress (τ)
(3)
P= A* stress (σ)
(4)
Therefore, we can obtain the load P and shear load Q.
In these three parts, Part 2 includes two sections: Part
2A and Part 2B. Part 2A is connected with Part 2B by
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bolt 2 and bolt 3. For bolt 2 and bolt 3, they bear the
weight of Part 2B and load from bolt 4. So once we know
the materials and size of bolt 2 and bolt 3 (assuming that
bolt 2 and bolt 3 have the same size and the materials), as
well as the weight of Part 2B, the load from bolt 4 can be
inferred based on formula (3) and formula (4). The
formulas are shown as the following:
Q4=2*A2*shear stress (τ2)
(5)
P4=2*[A2*stress(σ2)- the weight of the Part 2B]
(6)
Q4 and P4 represent the load from bolt 4; A2
represents the area of bolt 2 or bolt 3; shear stress (τ2) and
stress (σ2) represent the character of materials of bolt 2 or
bolt 3.
Part 2A is connected with Part 1 by bolt 1. Bolt 1
bears the weight of Part 2 (Part 2A and Part 2B), Part 3
and the load from bolt 4. So if we know the materials and
size of bolt 1, the load from bolt 4 can be inferred based
on formula (3) and formula (4). The formulas are shown
as following:
Q4=A1*shear stress (τ1)
(7)
P4=A1*stress (σ1) - the weight of the Part 2
(8)
Q4 and P4 represent the load from bolt 4; A1
represents the area of bolt 1; shear stress (τ1) and stress
(σ1) represent the character of materials of bolt 1.
On the other hand, assuming that we already know
load Q, load P and the size of bolts, if the materials of
these bolts comprise new materials, or apply new heat
treatment comparing with the normal bolts, we still can
infer what kind of materials are used to produce these
bolts or the new method of heat treatment. Because new
materials and heat treatment methods can improve bolts’
strength, which means new bolts have higher shear stress
(τ) and stress (σ) with the smaller area A, smaller diameter
(that can reduce weight of bolts; weight is one of the
major concerns and also an important factor in some
industry such as aviation industry). Comparing these
parameters with the normal bolts based on formula (1) and
formula (2), we can infer information about the new bolts.

materials of bolt 4. Therefore, the load from Part 3 can be
inferred.
 Method 2: according to formula (7) and formula (8),
Q4 and P4 are known, thus some characters of Part 3
can be inferred.
 Method 3: assuming that bolt 2 and bolt 3 have same
size and materials, basing on formula (5) and formula
(6), Q4 and P4 can be acquired, and then some
characters of Part 3 can be inferred.
Similarly, assuming the manufacturer of Part 2 can
correctly estimate the load value from Part 3, if he can
find the diameter of bolt, such as bolt 4, is smaller than
what he estimated, according to formula (1) and formula
(2), it is easy to calculate the value of shear stress (τ4) and
stress (σ4) and also find these values are higher than the
other bolts with the same diameter, so the manufacturer of
Part 2 can find out that the material of bolt 4 is different
from other bolts or the material of bolt 4 has different heat
treatment comparing with others.
Result
According to above discussion, there are two ways for
information inference: (1) Using the shear stress (τ) and
stress (σ) of materials, the diameters of bolt, load P and
load Q can be inferred. The characters of the connected
parts such as Part 3 can also be estimated. (2) If load P and
load Q can be correctly estimated and the diameter of the
bolt is known, we can deduce that the materials of the bolt
or the method of material heat treatment are different
from other bolts with the same diameters since this bolt
has higher value of the shear stress (τ) & stress (σ).
Figure 2 shows the ways of inference confidential
parameters.

Application
The assumption is that three manufactures are
assigned to fabricate Part 1, Part 2 and Part 3, which is
called outsourcing production. If the manufacture of Part 2
wants to know the load from Part 3, which may represent
the characters of Part 3 such as the thrust that are provided
by Part 3 or the weight of Part 3, even though he does not
have information about Part 3, some characters of the Part
3 still can be inferred. There are several methods as
follows to infer the load from Part 3.
 Method 1: according to the materials and size of bolt
4 and formula (3) and formula (4), we obtain
following results:
Q4=A4* shear stress (τ4)
(9)
P4= A4* stress (σ4)
(10)
Q4 and P4 represent the load from bolt 4, they are
provided by Part 3; A4 represents area of bolt 4; shear
stress (τ4) and stress (σ4) represent the character of

Figure 2 Ways of information inference

Implication
Zhang et al. [12] proposed a “partitioning” method to
protect confidential information. The manufacturer can
find one or more allocations from components and tasks to
suppliers, which satisfy the constraints of product
structure and supplier capabilities with low risks of
information leakage caused by inferences and minimum
operational cost. These allocations will make it possible
for the manufacturer to mitigate its risks of information
leakage caused by inferences before sharing information
with its suppliers [12].
However, this “partition” method can only address
the inferences at the border of allocation, for example, the
inferences caused by bolts 1 and 4 in Figure 1. It cannot
prevent a supplier inferring confidential parameters from

368

internal structures of its allocated component. It is not
realistic to partition all components whenever there is an
internal structure that can potentially lead to inference,
since such a partition may lead to too many suppliers for
manufacturing a single product. Therefore, with the
current partition method applied, there is still such a
possibility that partners or suppliers may be able to infer
confidential information from internal structures. Further
research is needed to address this issue.
CASE STUDY
In this section, we present a case study based on the
manufacturing of an aircraft pylon. We assume the pylon
is manufactured by company A, engine by company B and
wing by company C. These three parts will later be
assembled by the main manufacturer. We will show that
company A who is responsible or manufacturing the pylon
can actually infer confidential parameters of the engine
based on internal structures of the pylon used to connect
that engine. First, Table 1 shows the pylon components.
Table 1 Pylon components

Major component
Pylon Bulkhead
Engine to Pylon Mount
Firewall
Pylon mid spar
Upper link
Diagonal brace

Functionality
Including front and rear
section
Connecting pylon with
engine
Inner structures like web
Connecting pylon with wing
Connecting pylon with wing
Connecting pylon with wing

Figure 3 shows the connection of engine, pylon, and
wing. Between pylon and wing there are three joints
which are upper link, diagonal brace and mid-spar wing
fitting using bolts and fuse pins. Their positions are
similar to bolt 4 mentioned in the previous model. These
joints not only undertake the weight including overload
which is several times as the weight of pylon and engine,
but also bear bending, torsion load and aerodynamic load.
Therefore, using these joins to infer the parameters of
engine may not be feasible. However, company A can still
infer materials of these joints, assuming that company A
could correctly estimate the range of load value by
comparing with other similar products. If company A
finds that diameters of the bolt are smaller than the known
bolts, according to formula (1) and formula (2), the values
of shear stress (τ) and normal stress (σ) undertaken by the
bolts will become larger than the known bolts. So the new
materials or method of heat treatment will be inferred.
Figure 3 also shows the position of engine to pylon
mount using bolt connection. These are similar to bolt 1
that we mentioned in the model. Figure 4a and Figure 4b
show the detail of the front engine mount and the rear
engine mount which are connectors between pylon and
engine. According to design pattern of the engine mount,

we can find that the rear engine mount does not take the
thrust which is provided by engine and the front engine
mount does not take the engine weight at the lower joints.
So the thrust is taken by the bolts that connect with the
front engine mount at the lower joints. Although these
bolts also take other loads such as bending, the major load
is the thrust. According to formula (3) and formula (4), the
maximum thrust of the engine can be inferred. On the
other hand, assuming that company A knows the thrust
from other channels, the materials of bolt will be inferred
based on formula (1) and formula (2). The value of shear
stress (τ) and normal stress (σ) undertaken by the bolts
will become larger than the known bolts. So the new
materials or method of heat treatment will be inferred.
Using fuse pins as marked with circle in the Figure 3
which is similar to bolt 2 and bolt 3 as we discussed
before to infer parameters of engine would be difficult.
The reason is that we will face more unknown parameters
like aerodynamic load and more engine parameters. Under
some assumed conditions we may derive partial results,
while such results may clearly contain significant errors.
However, if company A knows the loads and compares
bolts with the similar products, according to the diameters
of the bolts, which are smaller than the others, and
formula (1) and formula (2), the materials of the bolts can
still be inferred.

Figure 3 Wing-to-Pylon-to-Engine connections: for the #3
pylon the left-hand side is inboard
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Figure 4a Front engine mount [21]

Figure 4b Rear engine mount [21]

CONCLUSION AND FUTURE WORK
In this paper, we describe a novel threat of
information leakage during product outsourcing. We
describe a model of inferring confidential parameters from
internal structures. We apply the model to aircraft
components as a case study. Our study shows that the
existing partitioning-based technical methods cannot
effectively prevent inferring confidential parameters with
our model. This means there is still a practical risk that
partners or suppliers may infer confidential information
not directly provided to them from internal structures.
In order to clarify our thoughts, we describe this risk
based on a simple model. In our future work, we will
consider other types of loads, such as three-dimensional
bending and torsion, and strive to develop a generic and
unified model that can capture most potential inferences of
confidential parameters. Also, we will study novel
methods for protecting confidential information from the
type of inferences we discovered in this paper.
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diverse groups of people such as cryptologists,
computer scientists, electrical engineers, IT
personnel, and business executives have studied
it. Each group of people have contributed their
perspective on security while it is now being
recognized that there is an urgent need to
integrate these multiple perspectives into one
holistic enterprise security tied to business risk.

1 Introduction
Security questions are not new to the computing
domain. Since the first computers were deployed
in the early 1940s, security has been of
paramount importance and concern. In the
beginning, it was all about physically protecting
the computer, as it was perhaps the most
expensive asset that organizations possessed. It
was essentially the beginning of the field of study
known as Computer Security. The domain of
computer security, including what it means and
signifies, has evolved since the early beginnings
of the field. For example, the classic access
control problems and mechanisms that have been
studied and proposed by Lampson [BL71],
Graham and Denning [PD71, GD72], Harrison,
Ruzzo, and Ullman [HRU76] provided numerous
significant results pertaining to the expressive
power of models based on access control
matrices. A later model that is based on military
classification schemes was proposed by BellLapadula [BL73]. In this model, the idea of data
compartments was introduced to deal with access
control. All objects are classified into
compartments based on their sensitivity and
controlling the information flow enforces the
confidentiality policies. In essence, computer
security quickly evolved from simple access
control matrices to models based on data
compartments and information flow rules. A
commercial model similar the Bell-Lapadula
model that came soon after is the Biba Integrity
model [KB77]. These models were proposed at
the time when security was a primary concern to
the military and government organizations. The
proposed models were well suited for these
environments. As computer security has evolved,

So, in today’s computing environment, how do
we exactly define security? What security model
or policy framework can represent an
organization’s expectation of a secure system?
What are the key business and technical questions
that one needs to ask in implementing enterprise
security? This paper addresses these questions
while presenting a broader perspective on
information security research. Additionally, it
allows people to draw their own conclusions
about the applicability of a particular security
model to their application domain.
Most of the information security research
centered on addressing a few fundamental issues,
as stated by Siponen [MS2002]:
1. How to control access to information?
2. How to ensure secure communication
between people?
3. How should organizations manage
security?
4. How should an Information System be
developed such that it is secure?
In order to take a holistic approach to enterprise
security, we have identified the following issues
that are relevant in information security research,
practice, and implementation:
1. What are the business goals driving
security?
2. What are the enterprise assets that
need
to
be
protected
from
unauthorized access?
3. What are the criteria used in deciding
information access rights?
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4. What is the business risk if there is an
information security breach?
5. How does an enterprise implement
information assurance?
6. How does an enterprise deal with
change management issues?
7. How does an enterprise define, adopt,
manage, and evolve their IT security
governance policies?
8. What is the role of an information
security framework in the context of
an
overall
Enterprise
Risk
Management Framework?
9. What is the impact of information
security on software security?
10. What is the security model for
collaboration environments?
11. What are the relevant security
metrics?
In the next section, we will review the evolution
of security and some of the key approaches in
security models. Then, in section 3, we will
discuss software security from the perspective of
how malicious hackers are attacking the system.
We will discuss the categories of attacks as well
as counter measures. In our opinion, an enterprise
security framework that does not address
software security is incomplete at best. In section
4, we present our assessment on where we are
with respect to existing as well as future needs of
information security. We conclude with the
relevance of our research to address both the
current as well as future needs in security.
2 Evolution of Security and Security Models
In section 1, we have briefly discussed the birth
of computer security. The evolution of computer
security can be mapped to the evolution of
computing
technology,
beginning
with
humongous mainframes, progressing to a few
networked minicomputers in one office, further
evolving into a geographically distributed client –
server environments, and today spanning global
networks of computers connecting businesses,

partners, vendors, customers, and more. Along
with the advances in computing environments,
the security issues addressed by the research
community evolved too. A new dimension was
added to this picture. As the power of computing
evolved, the size and complexity of applications
harnessing the computing power evolved too.
Starting with simple scientific applications, we
have progressed to data processing applications
on mainframes in the 1960s to using desk to
applications in the 1980s. Today, we are using
web enabled enterprise applications that are
universally accessed by a variety of entities and
people including businesses, customers, partners,
vendors, and others. The evolution of applications
has added an entirely new dimension to security.
In fact, the very nature of computer security has
changed dramatically. It has resulted in myriad
branches of study including operating systems
security, network security, database security,
application security, mobile security, and
software security. Figure 1 shows the evolution of
the branches of security, and Table 1 shows the
security research focus as the technology and
applications evolved.
The purpose of Figure 1 is to depict the evolution
of the information security field. It can be argued
that there are other branches of security as well;
for example, programming language security.
However, for the purpose of our research, we
chose to depict these branches, as they are
relevant to put our research in context. In
addition, this depiction closely models the
computing paradigm where we have Hardware
(computers), Operating Systems, Networks,
Databases, Software & Web Applications, and
Mobile Applications. We can clearly see the
progress of the security branches of study. First
came computer security in the 1950s, where the
prominent research focus was on cryptography
[DH76] followed by operating systems security in
late 1960s [MB2002]. 1970s witnessed maturing
database processing paradigms and the associated
database security frameworks in mainframes and
minicomputers. The advent of PCs in late 1970s,
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and the birth of Local Area Networks expanded
the scope of security and resulted in network
security branch of study. 1980s witnessed true
client-server distributed applications spread over
LANs/WANs and the network security field of
study expanded rapidly. It was also the time that

access control issues took on a new dimension as
computing was spread over a distributed network;
security came into more focus in the industry, and
the Chief Information Officers in the industry
began to talk about an Information Security
strategy encompassing all aspects of computing

Information Security Branches of Study
Mobile
Agent
Security
Software &
Web Security
Network
Security
Database
Security
Operating
Systems
Security
Computer
Security

Time
1950s

1960s

1970s

1980s

1990s

2000+

Figure 1: Evolution of Security Branches of Study

Table 1: Technology, Applications, and Security Research Focus

Time
1950s

Technology
Mainframe

Applications
Scientific

1960s

Minicomputers

Business Data
Processing

1970s

PCs, LANs

1980s

Client-Server,
LAN/WAN

1990s

Distributed
Computing,
Internet

2000+

Mobile
Computing,
Social
Networking

Database Processing,
Rudimentary PC based
applications
Desktop Applications,
Client-Server
Applications
Enterprise Resource
Planning Applications,
First Generation Ecommerce Applications
Mobile Applications, IP
Telephony,
Social Networking and
Collaboration

Security Research Focus
Physical access, Computer
Cryptography
Operating Systems Security, Access
Control Matrices, Information
Security
CIA model of information security,
information flow analysis based
security
Network Security, Database Security

Application Security, Information
Security

Enterprise Information Security,
Mobile Security, Software Security,
Collaboration Security
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environments. With the advent of the Internet and
E-commerce in the 1990s, security took on added
significance. Many legacy applications were
transformed into web-enabled applications.
However, they were not primarily designed with
wide access control policies in mind. This
resulted in significant spike in malicious hacker
attacks on these systems. It was in essence the
beginning of a new branch of security, called
software security. It must be noted that at this
time people were using the term application
security and software security interchangeably.
However, as we explain in section 3 there is a
clear distinction between application security and
software security. Currently, we have witnessing
an explosion in mobile computing [MT2006] and
this has further resulted in a branch of security,
called mobile agent security. The dimension that
is gaining prevalence is security in social network
driven enterprises
Table 1 depicts significant technology paradigms
over the last six decades, the type of applications
developed, the security research focus, and
significant research contributions. It should be
noted that the primary purpose of this table is to
show some key representative security research
areas and how they have evolved with other
advances in technology, application, and everincreasing requirements for different nuances of
security.
Security Paradigms and Models – The
Beginning:
Access
Control
and
Information Flow Models
As stated briefly in section 1, it all began with the
pioneering research of Lampson [BL71] who
presented perhaps the most intuitive as well as
significant security model using access control
matrix. This model was later refined by Graham
and Denning [GD72]. Access Control Models
control access to information. They were first
proposed in describing the protection features in
Operating Systems. The key conceptual elements
2.1

of the access control matrix are the Subject,
Object, and the Rights that the Subjects have over
the Objects (protection state). In addition, these
models have a set of rules for changing the
protection state of the system. Each column in the
matrix corresponds to an object, and each row
corresponds to a Subject. A Subject is an activity
entity that corresponds to a user or process, an
Object is something that we want to protect. The
cell that corresponds to the intersection of the
Subject and Object depicts the rights that a
Subject has over the Object. The HRU model by
Harrison, Ruzzo, and Ullman [HRU76]
demonstrated significant fundamental results in
the expressive power of models based on access
control matrices. Bell-LaPadula model [BL76] is
another seminal early research work in the area of
security paradigms and models. This model is
primarily based on military style classification. In
this classification scheme all objects are
categorized into compartments based on their
perceived importance and sensitivity. The
confidentiality policies are enforced by
controlling the information flow. In essence, this
model has a set of rules that prevent the flow of
information from a sensitive object to another
object at a lower sensitivity level. The Biba
Integrity model [KB77] refines and adapts the
Bell-LaPadula model for commercial purposes. It
is important to note, again, that during the early
days of security, it was a primary concern for
government and military organizations and the
proposed research models reflected the security
requirements of these organizations.
In addition to these models, a number of other
access control models were proposed. These
models essentially differ in terms of how they
address state changing rules. Some of the models
well known in the literature are the take-grant
model discussed by [LS81], SPM Model [RS88],
CPD model [BAA90], Types Access Matrix
Model [SA92], and ESPM model [AMM92].
Some of these models, for example the take-grant
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model, answer the safety question: is a particular
state reachable from the initial state?
Though the access control models are effective in
reasoning about protection features of operating
systems, they are not particularly effective in
reasoning about information flow. As defined by
Denning [DEN76], information is said to flow
from object A to object B if the value of object B
depends on the value of object A. The security
models based on information have been
formalized using the notion of state machines that
lead to the concept of information flow predicates
defined in terms of traces in a system. A trace is a
possible sequence of inputs and outputs
pertaining to the operations of a system. An
example of an information flow predicate is NonInterference [GM84]. It states that information
flows from object A to object B if the inputs of
object A impact either the inputs or outputs of
object B. Many different notions of information
flow have been considered along with their
associated
predicates.
Examples
include
Nondeducibility
[SUT86],
Restrictiveness
[MCC87], and Separability [MCL94].
The basic foundation of information flow analysis
is the operations and their effect on data.
Information flows from one data object to another
data object if a change in the first object causes a
change in the other object. The operation that
causes this cause this change is said to cause the
information flow. Information flows can be
explicit (assignment statement) or implicit
(conditional statements) [LL80]. Further, the
information flows can be because of functional
dependencies (X -> Y), meaning the value of Y is
dependent on the value of X, deductive reasoning
(knowing the value of X implies knowing the
value of Y). In essence, for an information flow
to exist between object A and object B, an input
to object A causes changes in output in object B.
Two axioms that capture these notions of
information are as follows [ DD77, LL80]:

Axiom 1: Basic Information Flow Axiom
A flow, X -> Y occurs only when the
value of Y is updated
Axiom 2: Flow
A flow, denoted X -> Y, takes place from
an object X to another object Y if object Y
contains information about object X after
execution of some program that involves
both objects.
The components of an information flow model
are:




A lattice
A set of labeled objects
The security policy: information flow
from an object, with label c1, to an object,
with label c2, is permitted only if c1 <=
c2. Any information flow that violates this
security policy is illegal.

Any information system designed based on
information flow is secure if there are no illegal
flows.
Though the advantage of information flow
models is that they cover all kinds of information
flow, it has been observed in practice that such
systems are hard to design. It has also been
shown that checking if a given information
system in information flow model is secure is an
undecidable problem [RP96].
One information flow model that has been studied
extensively is the one based on an information
flow predicate called Noninterference [GM82].
Most interface models of confidentiality aspect of
security are based on noninterference property
[JM94]. The interface models of security are
concerned with capturing the confidentiality
requirements and are used to specify restrictions
on a system interface (usually input/output
relations). Noninterference predicate places a
restriction that high level user input is not
allowed to interfere with low level user output.
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2.2

Next Phase of Security Paradigms and
Models
As the level of security awareness and its impact
on business in increasing, enterprises are using
different types of security models and paradigms
to manage their information assets. There are
many products and solutions offered by Vendors
to deal with enterprise security. In this section we
will present some of the security models
prevalent in enterprises today.
2.2.1

Models based on Access Control List
(ACLs)
Access Control Lists are a mechanism to
implement access rights. Strictly speaking these
cannot be classified as a security model. Instead,
these can be more appropriately termed as
mechanisms to implement permissions modeled
by an access control matrix. Using a matrix
directly has many drawbacks such as the size,
space utilization, and poor scalability [MB2004].
Access Control Lists have been used widely in
the industry because of their conceptual
simplicity. An Access Control List is defined as a
collection of pairs including subjects and the
rights they have over specific object or a system
resource. It also provides mechanisms to
aggregate subjects and objects into groups. The
space usage is effective in ACLS because there is
no need to maintain all subject-object pairs. The
specification of the rights of subjects over objects
could be either positive rights (Grant) or negative
rights (Deny). In other words ACLS allow us to
maintain both white lists and black lists. This
makes it possible to specify default rights, thus
facilitating further reduction in the size of lists.
ACLs have several drawbacks because of the fact
that they allow for aggregation and default
permissions. Writing the rules could be error
prone and also maintaining these rules from a
change management viewpoint is tedious and
challenging. This is because of the possibility of
conflicts and unforeseen rules conflicts. In spite
of its drawbacks, they have been very popular as

a security mechanism because using these lists
one can specify a large variety of security rules in
many different domains. They are widely used in
operating systems and network security
(firewalls).
2.2.2

Role Based Access Control (RBAC)
Models
In the 1990s, these types of models began
appearing in the security research community and
enterprises have adapted variations of this model
to implement their information security strategy.
While most of the early models focused on
Discretionary Access Control and Mandatory
Access Control, the RBAC model [SCFY96]
gained wider attention in implementation of
enterprise security. This is because of its inherent
conceptual simplicity in modeling enterprise
environments. An additional perceived benefit of
RBAC model is in user management [FCK95,
SCFY96, SAN97].
The foundation of the RBAC model is the notion
of a Role. A Role is characterized by a set of
tasks and permissions are associated with Roles.
Users are assigned to Roles based on their
responsibilities,
thereby
acquiring
the
corresponding permissions and access rights.
Users can be reassigned to Roles, Roles can be
given new permissions or some of the assigned
permissions can be revoked. As new applications
are integrated into an enterprise system, new roles
can be added, existing roles can be modified and
user-to-role mapping may be modified.
Conceptually, the RBAC model provided a
foundation well suited for enterprise security
management.
Several variations of the RBAC model have been
proposed in the literature, each one differs in how
role hierarchies and constraints are handled. The
model has been extend to include the notion of
time, called Temporal Role Based Access Control
(TRBAC) [BBF2000], Generalized Temporal
Role Based Access Control (GTRBAC)

377

[JBLG2001]. RBAC model’s acceptance and
popularity in the industry can be gauged by the
fact that it has been used to implement various
access management solutions in a wide spectrum
of industry domains such as the health care,
financial, network administration, and many
more. There is an entire conference, ACM
workshop on Role Based Access Control, devoted
to stimulating further research and applications of
the RBAC model. Though the model is intuitively
simpler, we have found that one of the
disadvantages
of
implementing
access
management based on functional roles is the
effort involved in configuration and change
management of Roles [PC2004]. In a typical
enterprise, users belong to multiple hierarchies in
an organization. It is not atypical to find more
than 20 hierarchies in an organization. For
example, in a large enterprise, employees can
belong to a HR hierarchy, Sales hierarchy,
Functional hierarchy etc. In such a context it
becomes a complex administrative process to
design, implement, and dynamically manage role
based access control mechanisms. RBAC is very
much an active area of research today for the
many benefits it provides in dealing with
enterprise security

2.2.3 Trust Based Models
In the mid 1990s Decentralized Trust Based
Management systems began to appear in the
security research community [BFL96]. The
principle behind these systems is the idea of
negotiating trust between strangers. It relies on
two concepts: security credentials, and security
policy. An owner is authorized to access
protected information object (granted trust) if the
owner’s security credentials satisfy the security
policies. The trust based security models research
has spawned various branches of research and is
also being used in implementing security
solutions in an enterprise. Some of active
research areas in this field are automated trust
negotiation [WSJ2000, WL2002]; discovering
credentials in distributed systems [LWM2001],

and protecting credentials in trust negotiations
[WL2002, HBSO2003, LDB2003].
Trust management becomes a key issue in today’s
environment of internet-enabled e-commerce.
The web necessitates decentralized systems that
span multiple domains, each one having its own
set of security policies. Trust management is a
framework for providing decentralized security
related decisions. It brings the level of abstraction
to the level where the focus is on why trust
should be granted in contrast to immediately
focusing on security mechanisms such as
cryptography, Read | Write | Execute access etc.
Trust management is based on three basic
elements: principles, principals, and policies
[KR97]. Principles focus on being certain about
what privileges will be granted to a Principal
who is trusted to take actions on some objects.
Principals are 1) people, 2) computers, and 3)
organization. The decision to grant trust is
justified by a sequence of assertions. All three
types of principals stated above make assertions
based on their particular identity lifetimes: people
make assertions with broad scope, bound to their
long-lived names; computers make narrow proofs
of correct operation from their limited-scope
addresses; and organizations make assertions
about people and computers because they have
the widest temporal and legal scope of all.
Credentials describe each kind of principal and
its relationships, such as membership and
delegation. Policies are rules about which
assertions can be combined to yield permission.
In essence, policies can grant authority based on
the identity of the principal asking; the capability
at issue; or an object already in hand. In other
words, you might be trusted based on who you
are, what you can do, or what you have.
There is no reference model that is widely
accepted for trust management. This area is under
active development in the computer research
community.
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2.3

New Directions in Security Paradigms and
Models
Trust based models can certainly be included in
this categorization as well as this is still a
relatively young field and is under active
development. Nonetheless, the focus of this
section is to present some of the other innovative
research thoughts and techniques that are
proposed to deal with the every increasing
complexity of computing environments and the
associated security needs and security
management. The professional organization,
ACM, introduced the ACM New Security
Paradigms Workshop in 1993. Since then, the
security research community has been proposing
numerous out-of-the-box thinking type security
models, mechanisms, and frameworks to deal
with security. Our aim is to present several
interesting aspects of this research without going
into all the details. This should not be treated as a
comprehensive analysis of these new directions.
For a complete and exhaustive survey of these
new directions, the reader should review the
proceeding of the annual ACM workshop
mentioned at the beginning of this section.
As stated earlier in the introduction, security
requirements have evolved over time as the
computing environment continued to advance and

encompass different types of people, processes,
and organizations interconnected through the
Internet and Intranet. The concept of a boundary
has essentially become a moot point. In such a
context the old security models and paradigms do
not scale well. They were good and effective for
the then intended applications: Military and
Government. In today’s diverse environment, the
old models do not scale have and as Blakely
[BB96] points out:






Policies do not scale well. They become
more complex as systems increase in size
and complexity, and Policy management
becomes a challenging task.
Achieving strong secrecy is difficult
because it depends predominantly on
people who are not good at keeping
secrets in the first place.
Achieving system integrity is hard,
expensive, and requires trade-offs.

Some of the innovative security research is
presented here and these could be considered as
potential solutions to the growing security needs
enterprises. A key basis for this discussion is the
paper by Bykova [MB2004]. Figure 2 captures
the various strategies to addressing security:

Security Strategies

Security as
Inherent
Property

Security
based on
Survivability

Optimistic
Security

Strike Back
Security

Security
based on
Economics

Functional Approach
to Security

Security modeled
after human
immunology

Trust Based
Security

Figure 2: Innovative Security Strategies
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2.3.1 Security as an inherent property
Application architects and designers are realizing
that the right approach to ensuring application
security is to make security an integral
component of their development process. In other
words, security is considered an inherent property
of the system in contrast to imposing security
after the application is developed. The paper by
Smetters and Grinter
[SG 2002], presents
numerous examples of making security
transparent in the design of application. Several
Identity Based Encryption mechanisms and tools
follow this principle [BF2001]. Yet another
aspect of making security an integral part of the
development process is addressed more
completely in the next section, Software Security.

principle of least privilege. The
information in an otherwise
classified document or subject area
is released intentionally slowly in
a very unhelpful manner so as to
dissuade the user from accessing.
In essence, many levels are
restrictions are placed to access
more information.



Increasing data size proportional to its
value
o This concept relies on the real life
fact that most valuable items are
very
cumbersome
and
inconvenient to handle. For
example $ 1million in the
denomination of $20 bills is rather
large, heavy, and cumbersome for
one person to carry. Similarly, if
we make the digital representation
of sensitive data very large, then it
is rather not very simple and easy
to steal the data.

2.3.2 Security based on survivability
This approach is closest to our view of security in
that it attempts to bring into its fold the notion of
business risk into security management. Lipson
and Fisher [LF1999] proposed that enterprises
look at security from the perspective of risk
management as the goal of security is to protect
assets and enterprise risk management is a facet
that could be leveraged from. Survivability means
many things to a business. In particular, Lipson
and Fisher [LF1999] defined survivability from
two viewpoints: 1) Technical, and 2) Business.
The technical aspects of survivability deal with
ensuring the continuity of services and
information is available in spite the accidental or
non-accidental attacks and threats. The business
aspects of survivability emphasize risk analysis
and management. Specifically it focuses on the
business mission and objectives when quantifying
the potential threats and risk to business. The goal
of survivability model is to protect the most
important business assets, it’s business mission,
while having some level of tolerance toward
failure of non-critical components of the business.



Unhelpfulness as a security mechanism
o The paper by Nelson [RN95]
introduces
the
concept
of
unhelpfulness as a security
mechanism. The emphasis is on
controlling the flow and rate of
information released to a user as a
way of managing security and
ensuring compliance with the

2.3.3 Security based on economics
The proponent of this approach was Blakely
[BB96]. Blakely argued that security tied to
monetary value is another effective security
management tactic. In his paper, Blakely
demonstrates this concept with an example from
health care applications domain where one of the
information assets is patients’ health records. The

Some other new ideas discussed in the literature
on this topic are:
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privacy of these records is tied to economics.
When some user wants to access a patient’s
records, some pre-defined amount of money is
transferred from the user’s account to the
patient’s account. If the user is the same as the
patient then the money is transferred from his
account to his account. If the user happens to be
the doctor reviewing the patient’s records then
this amount he will charge the patient the same
amount of money that was transferred in the first
place. In the case where the user who accessed a
patient’s records is unauthorized to begin with, at
least the patient has at least some monetary
compensation. The basic idea of security based
on economics is to take away something of value
from the user and reverse it if the user is
determined as legitimate.
The other facet of economics based security is the
scheme of incentives and punitive measures. This
is a possible approach to thwart social
engineering based attacks. Here, users are given
some incentives so as not to deviate from
intended behavior. These types of security
mechanisms are further explored in areas such as
making users cautious about their passwords and
their protection [WS2001].
Security
modeled
after
human
immunology
Security researchers have been studying how we
could model security defense mechanisms muck
like the immune system of the human body
[FHS97, JW96]. The question that this research
raised are: 1) can computer security people learn
from how an immune system comes into play to
deal with any kind of sickness of the human
body? After all, both the immune systems and
computer systems share similar characteristics.
The human immune system consists of numerous
imperfect, unreliable, and open systems, much
like the internet driven computing environments.
Immune systems are not perfect either and they
do make periodic mistakes.

Similarly, the computer security people have
come to the conclusion that security is not
foolproof; it has its own imperfections and there
is no such thing as perfect mechanisms and
perfect security.
The characteristics of the immune systems that
show promise and potential in computer security
are the following:






2.3.4



Multiple levels of protection
o Just like in an immune system, an
enterprise information security
strategy should adopt multiple
levels of protection to safeguard
their assets. This ensure defense in
depth of the larger enterprise
system.
Distributed Control
o The decision making process is
decentralized much like the
immune
system.
Security
decisions are localized and each
subsystem or node is responsible
for specific security related tasks.
Diversity
o Diversity of systems makes it
harder for vulnerabilities to spread
from one system to another
because a known vulnerability in a
system may not be present in
another. We could also achieve
diversity by making the protection
mechanisms unique.
Adaptability
o The security system learns to
detect new threats, as well as
remembers previously detected
threats and applies its knowledge
to recognize these threats.
Adaptability is a feature that we
will address in our research as it
forms one of the key components
of dynamic security management
based on self-organizing maps.
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Disposability
o The essence of this principle is
that no system component is vital
and that anything can be replaced
just like how a cell is replaced in
an immune system.
Autonomy
o The basic idea is to give a level of
autonomy
to
individual
components of a network to make
their own security decisions.
No trusted components
o This is also one of the guiding
principles of software engineering
programming
principles.
In
essence, it implies that no object or
system should be trusted and every
thing must be verified.
Identity via behavior
o In the immune system identity is
also verified through behavior.
Traditionally a user’s identity in a
computing network is determined
by possession of a secret key. By
tying identity to user’s behavioral
patterns, security could be
enhanced,
as
the
security
management tool would protect
against unusual user activity. Foe
example, many credit card
companies use this feature to
enhance security and protect the
consumer.

Immunology based security research is still an
active research area. For a detailed and in depth
review of this area of study, one can refer to
research publications [JK94, FPAC94, DFH96,
FSH97, FHSL96].
2.3.5 Optimistic security
This concept is very useful in dealing with
mission critical systems such as natural disaster
emergencies and hospital emergencies. In such
situation, we have personnel ho go beyond their

normal duties in order to address unforeseen
disasters and emergencies. Optimistic security
model is built on the notion that it is valid to
increase the privilege levels for information
access dynamically in situations like the above.
This is because it is impossible to build such rules
statically into a security management tool. The
other underlying assumption of this model is a
user rarely attempts to access information that
they are not privileged to have. The other details
of optimistic security models include issues such
as constraints, auditability, and recoverability is
addressed in the paper by Povey [DP199].
2.3.6 Strike Back security
In this approach, the emphasis is on aggressively
targeting the enemy in contrast to the traditional
defensive security strategies. When the system
detects a cyber attack, it should aggressively go
after the attacker and try to identify the enemy’s
center of operations and destroy it. This approach
was proposed by Welch, Buchheit, and Ruocco
[WBR1999] to deal with cyber security and the
increasing importance of the viewpoint that such
cyber attacks are a threat to national security. In
such a situation, just passive defense alone would
not suffice and we should also go on the offensive
to destroy the enemy. We could classify Honey
Pots based security mechanisms in to this
category as well. A honey pot is a computer
system on the Internet that is set up for the sole
purpose of attracting and trapping people who
attempt to penetrate other people's computer
systems.
2.3.7 Functional approach to security
In this approach by Nelson [RN1994], security
issues are primarily addressed in the context of
the application’s intended functionality and
needs. Instead of trying to implement security
solutions, based on generalized models or formal
models, it is important to truly understand what a
secret is in the application before the security
mechanisms are defined. In other words, the
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application semantics and the associated data
must drive the security decisions. Nelson makes
the observation that security cannot be expressed
accurately using only syntactic notation. A
second observation that the author makes is that
functional models that address security from
application and data perspective capture the
required behavior more accurately because they
consider the semantics of the application. This
approach essentially ties very well with best
practices in application development where the
requirements drive the design and development of
a system.
We can make the following observations from the
above discussion on various innovative
approaches to security:
o The security research field is still an
active area of interest, not only to the
government, military and commercial
institutions, but also to the common user
whose computer is connected to the
ubiquitous internet based computing
environment, where every computer is a
potentially vulnerable target.
o There is no universally accepted security
reference model and framework
o Most of the models proposed are perhaps
narrow in focus in terms of the application
domains where they fit in.
o The proposed models do not adequately
address change management issues
especially in light of the ever-evolving
security needs
In the next section, we will present a discussion
on Software Security, which is an emerging
branch of security. We will present an overview
of the types of attacks and counter measures that
are proposed to thwart such attacks.
Any
enterprise security framework must integrate the
software development process lifecycle into its
overall security strategy because many of the
security compromises that have been occurring
recently and well publicized are the result of poor
secure programming practices.

3

Software Security: Attacks and Counter
Measures
Software security deals with the design and
development of software systems keeping
security in mind. The aim of software security
field is to integrate security across the entire
software development lifecycle. Practitioners and
Researchers have now realized that the root cause
for many security compromises lies in the fact
that the software has been poorly designed to
defend against malicious attacks. In spite of a
security strategy that includes hardening the
operating system (access control matrices),
hardening the network (firewalls, intrusion
detection etc.), many security breaches continue
to occur and they are traced to design and
implementation flaws such as poor error handling
design, hard coding secrets in code, not validating
inputs for size, not documenting assumptions etc.
Integrating security into the full development
lifecycle has become such an important issue for
practitioners that even large companies such as
Cisco and Microsoft have instituted processes,
methods, and tools in place to ensure that
software security is addresses thoroughly right
from the beginning in contrast to addressing it as
an afterthought.
In the famous Microsoft memo by Bill Gates, he
emphasizes the role of software security. In his
words, software should be so fundamentally
secure that customers do not even have to worry
about it. He goes on to say, ―when we face a
choice between adding features and resolving
security issues, we need to choose security.‖
3.1

Historical Timeline for Hacker Attacks
and Information Security Advances
In this section, we will present a perspective on
the types and sophistication of attacks that have
been occurring since the beginning of 1970s. We
also show some of the important events that
occurred in the information security realm. We
only show some of the important milestones from
the perspective of our research. A more detailed
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timeline can be found in Wikipedia’s article
―timeline for hacker history‖.
1970s
o 1972 — The Internetworking Working
Group is founded to govern the standards
of the developing network. Vinton Cerf is
the chairman and is known as a "Father of
the Internet."
o 1978 —Teen-age boys kicked off the
telephone system for pranks. The term
"hacker" is first termed because boys first
ran the early switchboards of Bell
telephones. They were kicked off because
they were misdirecting calls and listening
in on conversations.
o Bulletin boards become the place of
choice for phreaks and hackers to gossip,
trade tips, and share secret phone
numbers, computer passwords, and even
credit card numbers.
1980s
o 1982 — In Milwaukee a group of six
teenage hackers calling themselves the
414's (their area code) break into some 60
computer systems at institutions ranging
from the Los Alamos Laboratories to
Manhattan's Memorial Sloan-Kettering
Cancer Center before being arrested.
o

1984 - The hacker magazine 2600 begins
regular publication. The publication
provides tips for would-be hackers and
phone phreaks, as well as commentary on
the hacker issues of the day.

o 1984 - The first Chaos Communication
Congress, the annual European hacker
conference organized by the Chaos
Computer Club, is held in Hamburg
o 1985 — The online magazine Phrack is
established.
o 1985 — The Hacker's Handbook is
published in the UK

o 1986 – Congress passes Computer Fraud
and Abuse Act which makes it a crime to
break into computer systems
o 1987 – CERT (Computer Emergency
Response Team) is created to address
issues in network security
o 1988 - The Morris Worm: Robert T.
Morris, Jr., a graduate student at Cornell
University and son of a chief scientist at a
division of the National Security Agency,
launches a self-replicating worm on the
government's ARPAnet to test its effect
on UNIX systems. The worm gets out of
hand and spreads to some 6000
computers, clogging government and
university systems. Morris is dismissed
from Cornell, sentenced to three years'
probation, and fined $10,000.
o 1988 - Kevin Mitnick secretly monitors
the e-mail of MCI Communications and
Digital Equipment Corporation (DEC)
security officials. Kevin Mitnick is
convicted of violating computer network
of DEC and sentenced to a year in jail.
o 1988 - First National Bank of Chicago is
the victim of $70-million computer theft.
1990s
o 1992 – Hackers break into GAFB, NASA,
and KERI
o 1994 – Russian crackers siphon $10
million from Citibank and transfer the
money to bank accounts around the world.
o 1994 – AOHell is released, a freeware
application that allows a growing
community of unskilled script kiddies to
wreak havoc on America Online. For
days, hundreds of thousands of AOL
users find their mailboxes flooded with
multi-megabyte mail bombs and their
chat rooms disrupted with spam
messages.
o 1995 - United States Department of
Defense computers sustained 250,000
attacks by hackers.
o Hackers deface federal web sites.
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o 1996 - Hackers alter Web sites of the
United States Department of Justice
(August), the CIA, and the U.S. Air
Force.
o The U.S. General Accounting Office
reports that hackers attempted to break
into Defense Department computer files
some 250,000 times in 1995 alone. About
65 percent of the attempts were
successful, according to the report.
o 1997 – Information Security publishes
its first issue
o Hackers get into Microsoft's Windows NT
operating system
o 1998 -: The Internet Software Consortium
proposes the use of DNSSEC--domainname system security extensions--to
secure DNS servers.
o Hackers alter The New York Times Web
site, renaming it HFG (Hacking for
Girlies).
o Two hackers are sentenced to death by a
court in China for breaking into a bank
computer network and stealing 260,000
Yuan ($31,400).
o Information Security publishes its first
annual Industry Survey, finding that
nearly
three-quarters
organizations
suffered a security incident in the previous
year.
2000+
o Canadian hacker MafiaBoy In the first
and one of the biggest denial-of-service
attacks to date, launches successful
distributed denial-of-service (DDoS)
attack taking down several high-profile
Web sites, including Amazon, CNN and
Yahoo!.
o Hackers break into Microsoft's corporate
network and access source code for the
latest versions of Microsoft Windows and
Microsoft Office software. It is later
released to several file sharing networks.

o 2000 - The SANS Institute releases its
first "Top 10 Vulnerabilities" list,
denoting the most prevalent problems
exploited by hackers
o 2001 – Code Red worm infects tens of
thousands of machine all over the world
o 2002 - Bill Gates decrees that Microsoft
will secure its products and services, and
kicks off a massive internal training and
quality control campaign. As part of its
Trustworthy
Computing
initiative,
Microsoft shuts down all Windows
development, sending more than 8,000
programmers to security training.
o 2005 - An unnamed teenager is sentenced
to 11 months for gaining access to TMobile USA's network and exploiting
Paris Hilton's sidekick.
o 2006 – FBI says that a 22-year-old woman
has been found to have copied nuclear
secrets onto her flash drive at Los Alamos
national laboratory.
3.2 Software Attacks and Countermeasures
It has become imperative that we design systems
that continue to operate reliably even under the
constant barrage of hacker attacks. The focus of
this section is to present the types of software
attacks
that
are
prevalent
and
the
countermeasures against such attacks. First, we
must understand the magnitude of software
complexity that has evolved over the last two
decades. Figure 4. shows the code base of
Windows (up to XP) since Windows NT was
first released in the 1993.
Year Operating System Lines of Code (million)
1993

Windows NT 3.1

6

1994

Windows NT 3.5

10

1996

Windows NT 4.0

16

2000

Windows 2000

29

2002

Windows XP

40

Figure 4: Windows Lines of Code
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The sheer size and complexity of the software
makes it vulnerable to attacks. Many industry
experts have claimed that there is a direct
relationship between the number of lines of code
and the number of bugs [GM2006]. Figure 5
shows the critical vulnerabilities addressed by
Microsoft.

Figure 5: Critical Vulnerabilities Addressed by
Microsoft
(Source: McAfee Avert labs Blog, October 11, 2006)

The number of critical vulnerabilities addressed
by Microsoft in 2006 is greater than the sum total
of vulnerabilities addressed in 2004 and 2005.
Figure 6 shows a sample of how vulnerabilities
have grown from 1995 to 2004 as described by
CERT.
Software Vulnerabilities
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The attacks have evolved from simple password
guessing in the 1980s to highly sophisticated
attacks such as the Denial of Service, Cross Site
Scripting, and Port Scanning. Figure 7. shows the
evolution of attacks. There are several ways to
classify the attacks against software systems and
we have chosen to classify these based on the
classic CIA model of security. Please note that
there are many attacks that impact other security
objectives.
3.2.1 Software attacks
Attacks against availability
These types of attacks attempt to overload a
system and its resources with the intention of
either degrading their responsiveness or making
them unavailable for certain time. An example in
this category is the Denial of Service (DOS)
attacks. A DOS attack is an explicit attempt by a
malicious hacker to prevent legitimate users from
accessing system services or cause severe delays
in time-critical operations. PING flood or Sync
flood attacks are examples of DOS attacks.
Attacks against confidentiality
The aim of these attacks is to expose the contents
of communication, or leak sensitive/confidential
information of a system. Network sniffing which
lets an attacker listen to computer conversations
with the help of protocol analyzers is an example
of such attack. Data aggregation attack that
allows an attacker to deduce classified
information from unclassified information is an
attack against confidentiality. For example, a
malicious hacker could determine the salary of an
employee in a group by looking into information
like the group’s expenditure before and after
hiring the employee. Attackers could also indulge
in password sniffing to gain unauthorized access
to a system masquerading as a legitimate user and
steal/modify sensitive data.
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Attacks against integrity
These types of attacks attempt to maliciously
modify communication contents and/or data.

Figure 6: Vulnerability Growth (Source: CERT)
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Man-in-the-Middle attacks are an example in this
category. The attacker reads and modifies
messages between a sender and a receiver without
letting either one know that they have been
attacked. Web site defacing and hijacking are also
examples in this category.
In general, attacks against systems impact
multiple security objectives. For example, the
payload for Virus attacks targets both
confidentiality and system integrity. These
payloads can destroy files, reformat hard drive or
just degrade performance by consuming storage
space and memory. Unauthorized access attacks
where an attacker is able to bypass a weak or illdesigned authorization procedure could impact
confidentiality as well as integrity. For more
detailed insights into software attacks, the reader
is referred to the following references: [LJ2006,
BS2004, SNL2006, GM2003].
3.2.2 Countermeasures
Practitioners and Researchers have been
designing and developing a variety of
countermeasures to deal with the abovementioned software attacks. These measures
increase the security level of software systems.
Usually, countermeasures are designed such that
they protect against many different type of
attacks. These countermeasures span the
spectrum of computing environment and address
issues at physical layer, network layer, operating
systems layer, database system layer, and
application layer. Some of the categories of
countermeasures include the following:
Authentication
As a countermeasure, authentication plays an
important role toward meeting security
objectives. This is a process where one
object proves its identity to another object.
There are two types of authentication that are
relevant in a distributed computing
environment [ST97].

o User-Computer Authentication
This is often accomplished through
checking of passwords, cryptographic
tokens, smart cards, or any biometric
features such as face scanning or
fingerprints. Authentication based on
just the password is weak and
vulnerable as it can be guessed and
shared. Authentication based on
tokens and smart cards provides a
higher level of reliability for
authentication, but they can also be
stolen
or
shared.
Biometric
authentication provides a much
stronger level of security but even this
mechanism is vulnerable to Replay
Attacks. A comprehensive usercomputer
authentication
system
combines two or more of the above
methods.
o Authentication
in
Distributed
Computing Environment
In this environment authentication
occurs at multiple places as the user’s
request is processed at several
machines in the network. The
vulnerability
in
authentication
schemes in this environment is that
some malicious hacker can initiate a
man in the middle attack by posing as
others. Most often, authentication is
implemented using two methods: 1)
message authentication code, or 2)
digital signature. For a more complete
explanation of these methods, refer to
[ST97].
Access Control
This refers to the set of mechanisms that
allows managers of a system to set
parameters, confidentiality restrictions over
the behaviors, usage and data content in a
system. They can specify what users can do
(capabilities), which resources they have
access to, and what operations they can
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perform. Access Control has also been
termed as Authorization. This is an important
facet of software security. Correctly designed
access control may help in prevention of
attacks such as unauthorized access attacks.
Note
that
access
control
requires
Authentication as a prerequisite. When
implementing Access management solutions,
enterprises first have to define access control
policies that provide general guidelines about
how access is controlled and how access
decisions are determined. There are three
access control policies: 1) Mandatory Access
Control, 2) Discretionary Access Control,
and 3) Role Based Access Control. A
complete explanation of these policies can be
found in [SS97]. Numerous mechanisms
exist that implement access control policies.
These include access control lists,
capabilities, and authorization tables
[MB2002]. The access control mechanisms
facilitate enforcement of security objectives
such as availability, integrity, and
confidentiality by limiting access.
4 Assessment
In this paper, we have presented a survey of the
information security issues and the proposed
solutions. We make the following observations
based on our discussion in this paper:
1. There is no silver bullet in solving
security problems.
2. Proposed solutions do not adequately
address a holistic integration with an
existing enterprise infrastructure as
well as how they deal with change
management issues.
3. Software security should be addressed
as an integral part of overall enterprise
security.

4. Extended enterprise collaboration with
social network paradigm requires new
security paradigms.
5. Security metrics is an area that needs
further analysis and research in the
new context of enterprise social
collaboration.
6. Risk analysis and management is
integral to security framework.
Though many good models of security have been
proposed in the literature their value and
relevance has diminished over a period because
of ever evolving security needs of an enterprise.
In addition most models of security, though very
interesting from a research perspective, do not
adequately address several critical business
related factors such as the ease of use, security
administration overhead, adaptability with
changing security requirements etc. One of the
critical aspects of implementing enterprise
security is the need for integrating software
security into the overall realm of security. In
other words enterprise security must encompass a
new security objective called software security.
Enterprise security frameworks must depict the
role and relationship of software security with the
rest of the security aspects in an enterprise.
Finally, it is important to integrate the notion of
risk and risk assessment in any new security
model and framework because businesses need to
understand what it costs not to implement all of
the security solutions.
5 Relevance of our Research
The focus of our research is on identifying new
security models that adequately address the needs
of the evolving enterprises based on social
network driven frameworks. These paradigms
must consider the effect of dynamic changes in an
enterprise encompassing roles, and access control
policies. In addition, these security models must
take into account the ease of use from users’
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perspective,
while
also
ensuring
that
administration of such model is not a complex
endeavor. In other words, we plan to focus on a
very practical security model that meets the needs
of business users. A second aspect of our research
is to investigate the role of self-organizing maps
in security management. Our preliminary
assessment of this technique is that it will address
some of the change management issues in
security frameworks. Finally, it our aim to
propose an integrated security framework that
integrates software security with enterprise
security as the most recent security failures have
proven that software security has indeed become
the weakest chain in the link in holistic enterprise
security.
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ABSTRACT: This paper presents a method for H∞ performance analysis of discrete-time systems with sector nonlinearity. Based on an augmented Lyapunov functional and
by using some properties of the sector nonlinearity, the
H∞ performance criterion is obtained via LMI formulation. The proposed Lyapunov function have augmented
quadratic form with states as well as the sector bounded
nonlinear function. Numerical examples show that the proposed method is less conservative than the existing ones.
Keywords: Sector nonlinearity, Lyapunov Function, LMI
I. I NTRODUCTION
All physical systems are nonlinear in nature and there
are various kinds of nonlinearities. Among those nonlinear systems, an important class of nonlinear systems are
the feedback systems whose forward path contains a linear
time invariant subsystem and whose feedback path contains
a memoryless non- linearity. Especially, when the nonlinearity satisfies certain sector condition, the nonlinear systems are called Lure systems. Stability analysis for the
Lure systems has been intensively studied, since Lure introduced the concept of the absolute stability for the Lure
systems [1]-[9]. In [2], the absolute stability criterion is
derived in terms of linear matrix inequalities (LMIs) by using quadratic and Lur’e type Lyapunov functions. Henrion
et al. [3] modeled the actuator saturation as polytopic system uncertainties using a saturation index in order to find
a larger stability region. Hu et al. [4] presented an approach to estimating the domain of attraction in terms of an
auxiliary feedback matrix by using a quadratic Lyapunov
function. Cao et al. [6] proposed a saturation-dependent
Lyapunov function to derive a less conservative LMI conditions. In addition, the disturbance attenuation performance
of the saturated systems has been important issue, it guar∗ Corresponding

author. Tel.:+82-43-261-2422; Fax:+82-43-263-2419.

antees a prescribed bound for the induced L2 norm of the
operator from the disturbance to the output in local region
[5],[7]-[8].
In this paper, we propose LMI conditions for the regional
stability and H∞ performance analysis of discrete-time linear system with sector bounded nonlinear model. It is based
on augmented quadratic Lyapunov functions which consist
of states and the sector bounded nonlinear function. Since
the proposed criteria is derived from the slope property of
the nonlinearities as well as the sector condition, our result
is less conservative than the existing one [7]. The criteria
have the form of LMIs which can be solved efficiently by
using the interior-point algorithm [11]. Finally, we demonstrate the effectiveness of the proposed approach using a
numerical example.
Throughout the paper, Rn denotes the n-dimensional Euclidean space. Rn×m is the set of all n × m real matrices.
For a real matrix X, X > 0 and X < 0 mean that X is
a positive/negative definite symmetric matrix, respectively.
I is an identity matrix with appropriate dimension and 0
is a null matrix with appropriate dimension. ∗ denotes the
symmetric part of given matrix. diag{· · · } denotes the diagonal matrix. ∥ · ∥ refers to the induced matrix 2-norm. L2
means the space of square summation vector functions on
[0, ∞) with norm
∥ · ∥2 ≡

(∞
∑

)1/2
∥·∥

2

.

i=0

II. P ROBLEM STATEMENT AND PRELIMINARIES
Consider the following discrete-time system with sector
nonlinearity given by:
x(k + 1) =
u(k) =
z(k) =

Ax(k) + Bϕ(u(k)) + Ew(k)
F x(k)
Cx(k) + Dw(k)

(1)
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where x ∈ Rn is the state vector, u ∈ Rm is the control
input vector, w(k) is disturbance in a defined set as
W = {w(k) ∈ Rp | ||w||2 < β},

(2)

z ∈ Rq is the output vector, ϕ(u(k)) has sector and slope
restriction such as
ϕi (ui (k))
≤ δ̄i
(3)
0≤
ui (k)
ϕi (ui (k + 1)) − ϕi (ui (k))
0≤
≤ 1, i = 1, ..., m.
(4)
ui (k + 1) − ui (k)
where δ̄i is upper bound of the sector.
For the simplicity, define
ϕi (ui (k))
,
ui (k)
ϕi (ui (k + 1)) − ϕi (ui (k))
,
δi′ (ui (k)) =
ui (k + 1) − ui (k)
∆(k) = diag{δ1 (u1 (k)), ..., δm (um (k))},
′
¯
(um (k))}
∆(k)
= diag{δ1′ (u1 (k)), ..., δm
¯
∇(k) = diag{∆(k), ∆(k)}
δi (ui (k)) =

(5)

(6)

where ∇1 = diag{0, .., 0}, ∇2 = diag{δ̄1 , ..., δ̄m , 1, ..., 1}
and Co denotes convex hull.
In particular, ri is a allowable value of the control input in
a constraint on the state of the system. Thus, the constraint
{|ui (k)| ≤ ri , i = 1, ..., m} holds if and only if the state
x(k) lies in the region S(F, r) which is defined as
S(F, r) = {x ∈ Rn | |Fi x| ≤ ri , i = 1, ..., m},

(7)

The aim of this paper is to derive LMI conditions satisfying
that the system (1) with w(k) = 0 is asymptotically stable
and H∞ performance
J=

∞
∑
1
{ 2 z(k)T z(k) − w(k)T w(k)} < 0
γ

In this section, we investigate the stability and H∞ performance of the system (1). First, let us define the following
vector and matrices to establish the stability of the system
(1).
xTa (k) = [xT (k) ϕT (u(k))]T ,
[
]T
ξ(k) = xTa (k) ϕT (u(k + 1) wT (k))
,
[
]
[
]
[
]
A −B
0
Ā =
, B̄ =
, F̄ = F 0 ,
0
0
I




F
0
0
 F (A − I) −F B 


 , H2 =  0  ,
H1 = 



0
I
0 
0
−I
I


0
 FE 

H3 = 
(11)
 0 
0
Then, augmented system is

then the nonlinear function ϕ(u(k)) and the parameter
∇(k) can be expressed as
ϕ(u(k)) = ∆(k)u(k),
∇(k) ∈ Co{∇1 , ∇2 }

III. M AIN RESULTS

(8)

xa (k + 1) = Āxa (k) + B̄ϕ(u(k + 1)),
u(k) = F̄ xa (k).

(12)

For a symmetric positive definite matrix P in R(n+m)×(n+m) ,
denote the invariant set
E(P, α) = {xa ∈ Rn+m | xTa P xa ≤ α}

(13)

For 2-norm bounded disturbances, we consider augmented
system as follows
xa (k + 1) = Āxa (k) + B̄ϕ(u(k + 1)) + Ēw(k),
u(k) = F̄ xa (k),
(14)
z(k) = C̄xa (k) + Dw(k).
[
]T
[
]
where Ē = E T 0
and C̄ = C 0 .
The following theorem provides a regional H∞ performance criterion for the system (1).

k=0

is guaranteed under zero-initial conditions.
Before deriving our main results, we need the following
lemma.
Lemma 1 Let matrices Q = QT , F, and a compact subset
of real matrices H be given. The following statements are
equivalent:
• for each H ∈ H
ξ T Qξ < 0 ∀ξ ̸= 0 s.t. HF ξ = 0,
•

(9)

there exists Θ = ΘT s.t.
Q + F T ΘF < 0, NHT ΘNH ≥ 0, ∀H ∈ H

where NH is a matrix belong to a null space of H.

(10)

Theorem 1. For given ri , i = 1, ..., m., and zero initial conditions, if there exist the matrices P = P T > 0,
T = T T and G subject to

−P + H1T T H1
∗
∗
T
T

H
T
H
H
T
H
∗
1
2
2
2


H3T T H1
H3T T H2 −I + H3T T H3


C̄
0
D
GĀ
GB̄
GĒ

∗
∗

∗
∗

 < 0,
∗
∗
(15)

2

−γ I
∗
0
P − G − GT
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[
[

I
∇i

]T

[
T
]

F̄jT

P

]
≥ 0, i = 1, 2.,

≥ 0, j = 1, ..., m.

rj2
β

F̄j

I
∇i

(16)
(17)

then the H∞ norm is bounded by γ in a invariant set
E(P, β), i.e.
∥z∥2
γ2 ≥
(18)
∥w∥2
Proof. Let us take a candidate of the Lyapunov function as
follows:
V (x(t)) , xTa (k)P xa (k)
(19)
Then the difference of the candidate of Lyapunov function
is
∆V (k) = xTa (k+1)P xa (k+1)−xTa (k)P xa (k) < 0 (20)
To establish the H∞ performance for the system (1), if the
difference of V (k) is negative, then z(k) goes to zero as
k → ∞. Next, assuming zero initial conditions for the
system, the performance index is
J

=
=

∞
∑
1
{ 2 z(k)T z(k) − w(k)T w(k)}
γ

k=0
∞
∑

k=0

{

1
z(k)T z(k) − w(k)T w(k)
γ2

+∆V (k)} + V (0) − V (∞)

(21)

If the inequality γ12 z(k)T z(k) − w(k)T w(k) + ∆V (k) < 0
holds, then V (k) goes to zero as k → ∞.
Considering that
1
z(k)T z(k) − w(k)T w(k) + ∆V (k) < 0
γ2

(22)

∞
∑

{ξ T (k)W ξ(k)}

(23)

where
W =

ĀT P Ā − P + γ12 C̄ T C̄

B̄ T P Ā
T
Ē P Ā + γ12 DT C̄

ĀT P Ē + γ12 C̄ T D

B̄ T P Ē
1
T
T
−I + Ē Ē γ 2 D D







−P + H1T T H1
H2T T H1
H3T T H1
C̄
Ā

∗
H2T T H2
H3T T H2
0
B̄

∗
∗
−I + H3T T H3
D
Ē

∗
∗
∗
−γ 2 I
0

(26)
(27)


∗
∗


∗
 < 0.

∗
−1
−P
(28)

For positive definite matrix P −1 and nonzero matrix G, it
follows that

(G − P )P −1 (GT − P ) = −G − GT + GP −1 GT + P > 0
(29)
Pre and post multiplying the matrix inequality (28) by the
matrix diag{I, I, I, I, G} and diag{I, I, I, I, GT }, the inequality (15) is obtained.
Next, by summing the inequality (22) from 0 to k − 1, we
obtain the upper bound of V (k)
k−1
∑

1 T
z (k)z(k) − wT (k)w(k)} < β
2
γ
i=0
(30)
This implies that x(k) ∈ E(P, β), ∀ k ≥ 0. Further, since
w(k) → 0, as k → ∞, then V (∞) → 0. Thus we have
V (k) < V (0) −

V (0) −

k−1
∑

{

{

1 T
z (k)z(k) − wT (k)w(k)} ≥ 0
γ2

(31)

which gives the inequality (18).

k=0



W + H̄ T T H̄ < 0,
[
]T [
]
I
I
T
≥ 0, i = 1, 2.
∇i
∇i
[
]
where H̄ = H1 H2 H3 .
By the Schur complement, Eq. (26) is

i=0

Then, one can easily obtain that
J<

By using Lemma 1 and the convexity of the nonlinear functions, the inequality W < 0 and equality constraint Eq.
(25) is converted to the following inequalities (26) and (27)
for a symmetric matrix T .

ĀT P B̄
B̄ T P B̄
Ē T P B̄
(24)

Also, the following equality is easily obtained for all
nonzero vector ξ(k)
[
][
]
∇ −I
H1 H2 H3 ξ(k) = 0
(25)

IV. N UMERICAL EXAMPLE
In order to show the effectiveness of the technique proposed in this paper, we revisit the example in Wada et al.
[7] and compare our H∞ performance criterion with existing criteria. Consider the system (1) with the following
matrices
[
]
[ ]
[ ]
0
1
0
0
A=
, B=
, E=
,
−0.58 −0.6
1
1
[
]
[
]
F = 0 −0.7 , C = 1 0 , D = 0.
(32)
Set the upper bound of sector and slope as δ̄1 = 0.9 and
1. By keeping α = 0 and varying the norm of disturbance
β from 0.5 to 39.9, the minimum feasible solution of γ is
found. Figure 1 show the relationship between γ and β.
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The H∞ performance γ of Wada et al [7] is greater than
4.80 when β ≥ 0.5. On the other hand, the γ value of the
proposed method is less than 4.58 when β ≤ 34.5. Moreover, one can obtain feasible solution for large β such as
β ≥ 1000, when the upper bound of sector δ̄1 is 1. This imply that the closed-loop system (32) with input constraint
is globally stable. Therefore, our proposed criterion is less
conservative than the existing result.
V. C ONCLUSIONS
In this paper, a regional H∞ performance analysis
method is presented for discrete-time system with sector
bounded nonlinear model. Based on the Lyapunov method,
H∞ performance criterion is derived in terms of LMIs. To
derive a less conservative condition, a new method using
sector and slope bound information is proposed by using
augmented quadratic Lyapunov function which has augmented vector of states and nonlinear functions. Numerical
example demonstrates the effectiveness of this method.
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ABSTRACT:This paper proposes a new delay-dependent
synchronization criterion for coupled Hopfield neural
networks with time-delay. By constructing a suitable
Lyapunov-Krasovskii’s functional and utilizing Kronecker
product, a new synchronization criterion for the network
is established in terms of linear matrix inequalities (LMIs)
which can be easily solved by various effective optimization algorithms. Numerical examples are given to illustrate
the effectiveness of the proposed method.
Keywords: Hopfield Neural Networks; Time-delay; Synchronization; Lyapunov method; LMI.
I. I NTRODUCTION
In recent years, Hopfield neural networks (HNNs) [1]
have been received considerable attentions due to their extensive applications such as combinatorial optimization,
signal processing, pattern recognition, associate memory,
knowledge acquisition, and so on. In the implementation
of neural networks, there exists time-delay due to the finite
speed of information processing. It is well known that timedelay often causes undesirable dynamic behaviors such as
oscillation, performance degradation, and instability of the
network. Since the stability issue is a prerequisite to the
applications of HNNs, various approaches to stability criterion for HNNs with time-delay have been investigated in
the literature [2], [3] and references therein.
The stability criteria for time-delay systems can be classified into two types: delay-dependent ones and delayindependent ones. The former are generally less conservative then the latter because that the delay-dependent stability criteria include the size of delay [4].
On the other hands, complex dynamical networks
(CDNs), which are a set of interconnected nodes with specific dynamics, have received increasing attention from the
real world such as the Internet, the World Wide Web, social
networks, electrical power grids, global economic markets,
and so on. Many mathematical models were proposed to
∗ Corresponding

author. Tel.:+82-43-261-2422; Fax:+82-43-263-2419.

describe various complex networks, small-world networks
and scale-free networks, etc. For more details, see the literature [5]-[7]. During the last few years, the network is
being put to use in the problem of synchronization for coupled neural networks (NNs). Here, there is the time-delay in
each node of the network. Therefore, various approaches to
synchronization analysis for coupled NNs with time-delay
have been investigated in the literature [8]-[10]. In [8],
based on the Lyapunov functional method and Kronecker
product techniques, the problem of robust global exponential synchronization for an array of neutral-type delayed
NNs with time-varying delayed couplings was considered.
By designing of the coupling matrices, the inner linking,
matrices, and/or some free matrices representing the relationships between the system matrices, the synchronization
criteria are derived for a general array model of coupled
delayed NNs with hybrid coupling [9]. Li et al. [10] presented two novel synchronization criteria for arrays of coupled delayed NNs with both delayed coupling and one single delayed one. However, to the best of author’s knowledge, delay-dependent synchronization analysis of coupled
HNNs with time-delay has not investigated yet.
Motivated by the above discussions, we propose a delaydependent synchronization criterion for coupled HNNs
with time-delay. By constructing a suitable LyapunovKrasovskii’s (L-K) functional and utilizing Kronecker
product techniques, a new stability criterion is derived in
terms of LMIs which can be solved efficiently by using the
interior-point algorithms [14]. One numerical example is
included to show the effectiveness of the proposed method.
Notation: Rn is the n-dimensional Euclidean space,
m×n
R
denotes the set of m × n real matrix. For symmetric
matrices X and Y , X > Y (respectively, X ≥ Y ) means
that the matrix X −Y is positive definite (respectively, nonnegative). In ∈ Rn×n and 0n ∈ Rn×n denote the identity
matrix and zero matrix, respectively. 0m×n ∈ Rm×n denotes the m × n zero matrix. En denotes the n × n matrix
which all elements are 1. ∥ · ∥ refers to the Euclidean vector norm and the induced matrix norm. diag{· · ·} denotes
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the block diagonal matrix. ⋆ represents the elements below the main diagonal of a symmetric matrix. For a given
matrix X ∈ Rm×n , such that rank(X) = r, we define
X ⊥ ∈ Rn×(n−r) as the right orthogonal complement of
X; i.e., XX ⊥ = 0. ⊗ denotes the notation of Kronecker
product.

node, Γ ∈ Rn×n is the constant inner-coupling matrix of
nodes, which describe the individual coupling between networks, G = [gij ]N ×N is the outer-coupling matrix representing the coupling strength and the topological structure
of the networks satisfy the diffusive coupling connections:
gij = gji ≥ 0 (i ̸= j),

II. P ROBLEM S TATEMENTS

ẏ(t) = −Ay(t) + W g(y(t − h)) + b,

gij , i, j = 1, 2, ..., N.

j=1,i̸=j

(1)

where y(t) = [ y1 (t), . . . , yn (t) ]T ∈ Rn is the neuron
state vector, n denotes the number of neurons in a neural network, g(·) = [ g1 (·), . . . , gn (·) ]T ∈ Rn denotes
the neuron activation function vector with g(0) = 0, b =
[ b1 , . . . , bn ]T ∈ Rn means the external bias at time t, h is
a time-delay, A = diag{a1 , . . . , an } ∈ Rn×n (ak > 0, k =
1, . . . , n) is the self-feedback matrix, and W ∈ Rn×n is the
delayed connection weight matrix.
In this paper, it is assumed that the activation functions
satisfy the following condition:
Assumption 1. The neurons activation functions, gk (·)
(k = 1, . . . , n), are assumed to be nondecreasing, bounded
and globally Lipschiz; that is
|gk (ξ1 ) − gk (ξ2 )|
≤ lk , ξ1 , ξ2 ∈ R, ξ1 ̸= ξ2 ,
|ξ1 − ξ2 |

Let us define x(t) = [ x1 (t), . . . , xN (t) ]T and f (x(·)) =
[ f (x1 (·)), . . . , f (xN (·)) ]T , then, with Kronecker product,
for stability analysis of the network (3), we written as
ẋ(t) = −(IN ⊗ A)x(t) + (IN ⊗ W )f (x(t − h))
+(G ⊗ Γ)x(t − h).
(4)
The aim of this paper is to investigate the delaydependent synchronization stability analysis of network (4)
with time coupling delay. In order to do this, we introduce
the following definition and lemmas.
Definition 1. [8] The networks (4) is said to be globally
asymptotically synchronized if, for all ψi (·) ∈ Rn , ψj (·) ∈
Rn , the following holds:
lim ∥ xi (t, ψi ) − xj (t, ψj ) ∥2 = 0, 1 ≤ i < j ≤ N.

t→∞

where lk are positive constants.
Note that by using the Brouwer’s fixed-point theorem,
it can be easily proved that there exists at least one equilibrium point for Eq.(1) [11]. For simplicity, in stability
analysis of the network (1), the equilibrium point y ∗ =
[ y1∗ , . . . , yn∗ ]T is shifted to the origin by utilizing the transformation x(·) = y(·) − y ∗ , which leads the system (1) to
the following form
ẋ(t) = −Ax(t) + W f (x(t − h)),

N
∑

gii = −

Consider the following HNNs with time-delay

(2)

where x(t) = [ x1 (t), . . . , xn (t) ]T ∈ Rn is the state vector
of the transformed network.
Note that f (·) = [ f1 (·), . . . , fn (·) ]T and fq (·) = gq (· +
yq∗ )−gq (yq∗ ) with fq (0) = 0, and fq satisfies Assumption 1.

Lemma 1. [9] Let U = [uij ]N ×N , P ∈ Rn×n , xT =
[ x1 , x2 , . . . , xn ]T , and y T = [ y1 , y2 , . . . , yn ]T . If U =
U T and each row sum of U is zero, then
∑

xT (U ⊗ P )y = −

uij (xi − xj )T P (yi − yj ).

1≤i<j≤N

Lemma 2. [12] Let ζ(t) ∈ Rn , Φ = ΦT ∈ Rn×n ,
and Υ ∈ Rm×n such that rank(Υ) < n. the following
condition
ζ T (t)Φζ(t) < 0, subject to Υζ(t) = 0
holds if the following inequalities:
T

Υ⊥ ΦΥ⊥ < 0.

In this paper, we consider a model of coupled HNNs with
time coupling delay
Lemma 3. For any constant matrix M = M T > 0, the
following inequality holds:

ẋi (t) = −Axi (t) + W f (xi (t − h))
+

N
∑

gij Γxj (t − h), i = 1, 2, ..., N,

∫

(3)

j=1

where N is the number of couple nodes, xi (t) =
[ xi1 (t), . . . , xin (t) ]T ∈ Rn is the state vector of the ith

t

−h
[
≤

ẋT (s)M ẋ(s)ds
t−h

x(t)
x(t − h)

]T [

−M M
⋆ −M

][

]
x(t)
.
x(t − h)

(5)
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Proof. According to Jensen’s inequlity in [13], one obtains
∫ α
(β − α)
ẋT (s)M ẋ(s)ds
(∫

β

)T

α

≤−

ẋ(s)ds
β

(∫

α

M

)
ẋ(s)ds .

(
)
T
ζij
(t) e1 QeT1 − e3 QeT3 ζij (t)

1≤i<j≤N

∑

+

T
ζij
(t)Ξ2 ζij (t),

(10)

1≤i<j≤N

(6)

β

where

]
−(U ⊗ R) U ⊗ R
Ξ1 =
,
⋆
−(U ⊗ R)

If we choose α = t and β = t − h in (6), inequality (5) can
be obtained.


[

Ξ2 = −e1 R(eT1 − eT2 ) − e2 ReT2 + h2 e4 ReT4 ,

III. M AIN R ESULTS
In this section, we propose a new synchronization criterion for network (4). ei (i = 1, . . . , 4) are the corresponding block entry matrices, e.g., e2 = [ 0n In 0n 0n ]T . Before introducing our main results, the notations of several
matrices are defined for simplicity:
zij (t) = xi (t) − xj (t),
fij (·) = f (xi (t − h)) − f (xj (t − h)),
[ T
]
T
T
T
T
ζij
(t) = zij
(t) zij
(t − h) żij
(t) fij
(·) ,
Υij = [ − A − (N gij Γ) − In W ],
Φ = 2e1 P eT4 + e1 QeT1 − e3 QeT3 − e2 ReT2
+h2 e4 ReT4 − e1 R(eT1 − eT2 )
+e2 (LT DL)eT2 − e4 DeT4 .

∑

+

and Lemma 3 was used in obtaining an upper bound of V̇ .
For any diagonal matrix D > 0, from Assumption 1, the
following inequality holds
∑
{
}
T
0≤
ζij
(t) e2 (LT DL)eT2 − e4 DeT4 ζij (t). (11)
1≤i<j≤N

From (9)-(11), by using Lemma 1, the time-derivative of V
has a new upper bound as
∑
T
ζij
(t)Φζij (t),
(12)
V̇ ≤
1≤i<j≤N

(7)

Now, we have the following theorem.
Theorem 1. For a given positive scalar h, the network
(4) is asymptotically synchronized, if there exist positive
definite matrices P , Q, R and positive diagonal matrix D
satisfying the following LMIs for 1 ≤ i < j ≤ N :
{
}T {
}
((j − i)Υij )⊥ Φ ((j − i)Υij )⊥ < 0.
(8)

where Φ and ζij (t) are defined in (7).
Also, the network (4) with the augmented vector ζ(t) can
be rewritten as
∑
(j − i)Υij ζij (t) = 0,
(13)
1≤i<j≤N

where Υij is defined in (7).
Therefore, a synchronization condition for network (4) is
∑
T
ζij
(t)Φζij (t) < 0,
1≤i<j≤N

Proof. For positive definite matrices P , Q, R and matrix
U = N IN − EN , let us consider the following L-K functional candidate as

∫

t−h s

The time-derivative of V can be calculated as
V̇ ≤ 2xT (t)(U ⊗ P )ẋ(t) + xT (t)(U ⊗ Q)x(t)
−xT (t − h)(U ⊗ Q)x(t − h)
+h2 ẋT (t)(U ⊗ R)ẋ(t)
[
]T
[
]
x(t)
x(t)
+
Ξ1
x(t − h)
x(t − h)
∑
(
)
T
=2
ζij
(t) e1 P eT4 ζij (t)

(j − i)Υij ζij (t) = 0.

(14)

1≤i<j≤N

∑

t

ẋT (u)(U ⊗ R)ẋ(u)duds.

+h

∑

Finally, by utilizing Lemma 2, the condition (14) is equivalent to the following LMIs

V = xT (t)(U ⊗ P )x(t)
∫ t
xT (s)(U ⊗ Q)x(s)ds
+
t−h
∫ t

subject to

(9)

{

((j − i)Υij )⊥

}T

{
}
Φ ((j − i)Υij )⊥ < 0. (15)

1≤i<j≤N

From the inequalities (15) and convex-hull properties, if the
LMIs (8) satisfy, then stability condition (14) holds. Moreover, by Definition 1, it can be guaranteed that the subnetworks in the coupled HNNs (4) are globally asymptotically
synchronized. This complete our proof.

IV. N UMERICAL E XAMPLES
In this section, we provide one numerical example to illustrate the effectiveness of the proposed synchronization
criterion in this paper.

1≤i<j≤N
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Example 1. Consider the following coupled HNNs with
3 nodes

0.3
0.2

ẋi (t) = −Axi (t) + W f (xi (t − h))
gij Γxj (t − h),

0.1
0

(16)

z21(t)

+

3
∑
j=1

−0.1
−0.2

where
[

]
[
]
3.5 0
−1 0.4
A=
, W =
,
0 1.5
0 −0.1


[
]
−2 1 1
0.5 0.0
Γ=
, G =  1 −2 1 
0.1 0.5
1 1 −2

−0.3
−0.4
−0.5

1
(|x + 1| − |x − 1|), L = diag{1, 1}.
2

V. C ONCLUSIONS
In this paper, the delay-dependent synchronization criterion for the coupled HNNs with time-delay is proposed. To
do this, the suitable L-K functional is used to investigate
the feasible region of synchronization criterion. One numerical example has been given to show the effectiveness
and usefulness of the presented criterion.
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ABSTRACT: In this paper, we investigated the problem
of inner synchronization for a time-delayed complex network which consist of nonidentical nodes and free coupling
matrix. In order to achieve the goal of the paper, the feedback controller has been proposed. Based on Lyapunov stability theory and LMI (linear matrix inequality) approach, a
delay-dependent stability criterion is established that guarantees the asymptotical synchronization of a complex network. The criterion is expressed in term of LMI, which
can be easily solved by various convex optimization algorithms. Finally, a numerical example is given to illustrate
the proposed method.
I. I NTRODUCTION
Complex dynamical networks have received a great deal
of attention since they are shown to widely exist in various fields of real world [1]-[13]. A complex network is
a set of interconnected nodes, in which a node is a basic
unit with specific contents or dynamics. Examples of complex networks include the Internet, the World Wide Web
(WWW), food chain, electricity distribution networks, relationship networks and disease transmission networks, etc.
Many of these networks exhibit complexity in the overall topological properties and dynamical properties of the
network nodes and the coupled units. The complex nature of the networks has results in a series of important research problems. In particular, one significant and interesting phenomenon is the synchronization of all its dynamics.
Therefore, many researchers have focused on this topic and
have developed several efficient synchronization techniques
for complex dynamical networks [1]-[8].Synchronization
of complex dynamical networks can be divided into two
points of view. One is the synchronization of a complex network that is called ’inner synchronization’ [5]-[6]. It means
that all the nodes in a complex network eventually approach
to trajectory of a target node. Another is called ’outer synchronization’ [7]-[8] which considers the synchronization
between two or more complex networks regardless of synchronization of inner network. In this paper, a new control

problem for inner synchronization will be investigated.
As is well known, many models were proposed to describe various complex networks, small-world network and
scale-free network and so on, by defining structure of coupling matrix. Here, there are some basic assumptions of
coupling matrix in previous works to handle with complex
networks. such as symmetric [5], zero sum of row [6] and
diagonalizable [9]. These assumptions make easy to control and analyze the complex dynamical networks, but it is
not realistic assumptions because many real network systems such as WWW or genetic network do not satisfy the
assumptions. So, study of a complex network which do
not have any constraint of coupling matrix is necessary. In
addition, many researchers adopt the assumption that the
dynamics of all nodes are identical [5]-[6]. However, realistic environment are not matched to this because of different dynamics, uncertainties, parameter aging, saturation,
and so on. Therefore, the necessity of further investigation
of new synchronization schemes for a complex dynamical
network with nonidentical nodes is strongly raised.
Time delay is ubiquitous in many physical systems, furthermore, the time delay may cause undesirable dynamic
behaviors such as oscillation, instability and poor performance . In this regards, the synchronization problem for
complex networks with time delays has gained increasing
research attention in recent years [10]-[13].
In this paper, we will design a controller for a complex
network. The static feedback control gain will be calculated
by LMI optimization technique. And this paper consider
a time-delayed complex network with nonidentical nodes
and free coupling matrix. Free coupling matrix means coupling matrix do not has any conditions. Using the Lyapunov
method, a stabilizing feedback controller for synchronization between target node and the other nodes is proposed.
Then, a criterion for the existence of the feedback controller
for the synchronization is derived in term of LMI. The LMI
can be easily solved by various efficient convex optimization algorithms [14].
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II. P ROBLEM F ORMULATION
Consider a delayed complex dynamical network consisting of N linearly coupled nonidentical nodes described by

ẋi (t) = fi (xi (t)) +

N
∑

cij xj (t − τ ) + ui (t),

(1)

j=1

where i = 1, 2, . . . , N , τ is positive time delay, xi =
(xi1 , xi2 , . . . , xin )T ∈ Rn is the state vector of the ith
node, fi : Rn → Rn are a smooth nonlinear vector field,
ui (t) are control input of ith node, and C = (cij )N ×N
is the coupling configuration matrix representing the coupling strength and the topological structure of the network,
in which cij is nonzero if there is a connection from node i
to node j(i ̸= j), and is zero otherwise.
For our synchronization scheme, let us define error vectors as follows
ei (t) = xl (t) − xi (t),

i = 1, 2, . . . , N

(2)

where l is the target node number in the complex dynamical
network system (1).
It should be noted that the control input of the target node
is not required, i.e., ul (t) = 0.
Definition 1. A complex network is said to achieve asymptotically inner synchronization, if limt→∞ ∥xl − xi ∥ → 0
for all 0 < i < N , where a constant l, 0 < l < N , is a
target node number.
For convenience shake, we choose first node as a target
node. So Eq. (2) can be rewritten
ei (t) = x1 (t) − xi (t),

i = 2, . . . , N

(3)

where e1 (t) = x1 (t) − x1 (t) is zero. Therefore, from now,
we only need to consider ei (t), (i = 2, . . . , N ).
Remark 1. It should be noted that there are no any constraint of coupling matrix C such as symmetric or cii =
∑N
− j=1,j̸=i cij (i = 1, 2, . . . , N ) in this paper, so any coupling matrix can be used. However, most of researchers set
constraint on coupling strength, cij , in order to easily develop synchronization schemes [5]-[8], but there is a slight
chance that the complex networks in real world have this
kind of structures. Thus, our problem handling with free
coupling matrix is more difficult and practical jobs.
III. M AIN RESULTS
In this section, we will investigate the synchronization
between a target node and another nodes in a complex network (1), and present adaptive control method with update
laws by using Lyapunov stability analysis.

Theorem 1. Let the adaptive controller be
= f¯i (t) + di ei (t) + ai (t)x1 (t − τ )

ui (t)

(4)

with f¯i (t) = f1 (t) − fi (t), di are control gains and ai =
∑N
j=1 (c1j − cij ). Then, all nodes in the complex network
system (1) is synchronized with the target node in the network.
Proof. The error system can be described by :
ėi (t) =

f1 (x1 (t)) − fi (xi (t)) +

N
∑

(c1j − cij )xj (t − τ )

j=1

−ui (t).

i = 2, . . . , N.

(5)

The error dynamics (5) can be rewritten by



 

f¯2 (t)
x1 (t − τ )
u2 (t)
 f¯3 (t) 
 x2 (t − τ )   u3 (t) 



 

ė(t) = 
+
A


−
 , (6)
..
..
..






.
.
.
¯
fN (t)
xN (t − τ )
uN (t)
where e(t) = [eT2 (t), eT3 (t), . . . , eTN (t)]T ∈ R(n×(N −1))
and


c11 − c21 c12 − c22 · · · c1N − c2N
 c11 − c31 c12 − c32 · · · c1N − c3N 


A=
.
..
..
..
.
.


.
.
.
.
c11 − cN 1

c12 − cN 2

···

c1N − cN N

By Eq. (3), Eq. (6) can be modified to




f¯2 (t)
x1 (t − τ )
 f¯3 (t) 
 x1 (t − τ ) 




ė(t) = 
 + A1 

..
..




.
.
¯
fN (t)
x1 (t − τ )

 
x2 (t − τ )
u2 (t)
 x3 (t − τ )   u3 (t)

 
+A2 
−
..
..
 

.
.







xN (t − τ )
uN (t)



¯
f2 (t)
x1 (t − τ )
 f¯3 (t) 
 x1 (t − τ ) 





 + A3 

..
..




.
.
¯
fN (t)
x1 (t − τ )



x1 (t − τ )
x2 (t − τ )
 x1 (t − τ ) 
 x3 (t − τ )



−A2 
 + A2 
..
..



.
.


=




−


x1 (t − τ )

u2 (t)
u3 (t) 


..

.
uN (t).







xN (t − τ )

(7)
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where

A1





= 


c11 − c21
0
..
.

0
c11 − c31
..
.

...
...
..
.

0
0
..
.

0

0

...

c11 − cN 1


A2


A3



= 


V̇1



,


c12 − c22
c12 − c32
..
.

c13 − c23
c13 − c33
..
.

···
···
..
.

c1N − c2N
c1N − c3N
..
.

c12 − cN 2

c13 − cN 3

···

c1N − cN N



= 


Time derivative of V can be



V̇2



,


c11 − c21 + c12 − c22
c12 − c32
..
.

c13 − c23
c11 − c31 + c13 − c23
..
.

c12 − cN 2

c13 − cN 3


...
...
..
.

c1N − c2N
c1N − c3N
..
.

...

c11 − cN 1 + c1N − cN N

aN x1 (t − τ )

(8)




 . (9)


uN (t)

−De(t) + C̄e(t − τ ),

(10)

(11)

where
V1
V2

= eT (t)P e(t)
∫ t
∫
=
eT (s)Q1 e(s)ds +
t− τ2

∫

V3

t

t

eT (s)Q2 e(s)ds
t−τ

∫

t

eT (u)P e(u)duds

= α
t−τ

s

α−1
−
τ

(∫

eT (s)P e(s)ds
t−τ
)T

t
T

e (s)

(∫

)
e (s) . (12)

t

T

P

t−τ

t−τ

where

≤ ζ(t)T Πζ(t)

(13)




e(t)
τ
 e(t − 2 ) 

ζ(t) = 
 e(t − τ ) 
∫t
e(s)ds
t−τ

Σ
0
P C̄
 0 −Q1
0
Π = 
 ⋆
0
−Q2
0
0
0
Σ =

0
0
0






− α−1
τ P

−H − H T + ατ P + Q1 + Q2 ,

which guarantees the stability of error signals.

(14)


IV. N UMERICAL EXAMPLE

where matrices C̄ = −A2 , D = diag{d2 , . . . , dN }.
Now, for stability analysis, let us define Lyapunov function as follows
V = V1 + V2 + V3

≤ ατ eT (t)P e(t) −

V̇

Substituting the control input (4) into Eq. (9) gives


d2 e2 (t)
 d3 e3 (t) 


ė(t) = − 
 − A2 e(t − τ )
..


.
dN eN (t)
=

t−τ
t

∫

Then, we have



.


Eq. (7) is further simplified to


f¯2 (t)
 f¯3 (t) 


ėi (t) = 
 + −A2 e(t − τ )
..


.
¯
fN (t)

 
a2 x1 (t − τ )
u2 (t)
 a3 x1 (t − τ )   u3 (t)

 
+
−
..
..

 
.
.

V̇3

= eT (t)(−P D − DP )e(t) + eT (t)P C̄e(t − τ )
+eT (t − τ )C̄ T P e(t)
= eT (t)Q1 e(t) + eT (t)Q2 e(t)
τ
τ
−eT (t − )Q1 e(t − ) − e(t − τ )Q2 e(t − τ )
2
2
∫ t
T
eT (s)P e(s)ds
= ατ e (t)P e(t) − α

In order to show the effectiveness of the proposed
method, we present a numerical example which is inner
synchronization of a time delayed complex network with
five nonidentical nodes and free coupling matrix. Each
nodes are different chaotic systems such as Lorenz [15],
Chen [16], Lü [17], Chen-Lee [18] and Genesio-Tesi [19].
They are typical benchmark three dimensional chaotic systems. Thus, the complex network system consisting of five
nodes is described by:
ẋi (t) = fi (xi (t)) +

N
∑

cij xj (t − τ ) + ui (t)

j=1

i = 1, . . . , 5
f1 (x1 (t)) : Lorenz System
f2 (x2 (t)) : Chen System
f3 (x3 (t)) : Lu System
f4 (x4 (t)) : Chen − Lee System
f5 (x5 (t)) : Genesio − Tesi System,

(15)

where the dynamic equations of each nodes are given by
Table 1. In this example, we chosen the first node, Lorenz
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P = diag(4.5853, 4.1685, 6.1510, 5.2540),
K = diag(6.7000, 7.2500, 5.3000, 6.0000).
In order to show original behavior of the complex network (15) with free coupling matrix (16), the dynamic behaviors of the complex network (15) in absence of controller are depicted in Fig. 2.
As seen in Fig. 2, every nodes of the complex network
(15) without controller are not synchronized. Our aim is
that every nodes of the complex network (15) is synchronized up to the target node. For this end, we have applied
the controller (4) given in Theorem 1 and then, the results
are presented in Fig. 3. As we can see in Fig. 3, our proposed controller (4) guarantees to achieve asymptotic synchronization.
100
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Lorenz system
ẋ11 = p1 (x12 − x11 )
ẋ12 = p3 x11 − x12 − x11 x13
ẋ13 = x11 x12 − p2 x13
p1 = 10, p2 = 8/3, p3 = 28
Chen system
ẋ21 = p4 (x22 − x21 )
ẋ21 = (p6 − p4 )x21 + p6 x21 − x21 x23
ẋ21 = x21 x21 − p5 x23
p4 = 35, p5 = 3, p6 = 28
Lü system
ẋ31 = p7 (x32 − x31 )
ẋ31 = p9 x32 − x31 x33
ẋ31 = x31 x32 − p8 x33
p7 = 36, p8 = 3, p9 = 20
Chen-Lee system
ẋ41 = q1 x41 − x42 x43
ẋ42 = −q2 x42 + x41 x43
ẋ43 = −q3 x43 + (1/3)x41 x42
q1 = 5, q2 = 10, q3 = 3.8
Genesio-Tesi system
ẋ51 = x52
ẋ52 = x53
ẋ53 = −q4 x51 − q5 x52 − q6 x53 + x251
q4 = 6, q5 = 2.92, q6 = 1.2

as
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xi3

TABLE I
E QUATIONS OF EACH NODES

0
−50

Fig. 2. The state orbits of the complex network (15)

10

5

e

0

Fig. 1. The structure of five nodes complex network

system, as a target node. The constitution of complex dynamical network of this example is illustrated in Fig. 1. For
Theorem 1, the system parameters α = 2.4, τ = 1[sec] and
coupling matrix is


−5 3
1 −1 −3
 1 −3 1 −2 3 



(16)
C = 0.2 × 
 1 −1 −7 −1 −5  .
 −6 1
5 −4 1 
−1 −4 1 −2 −6
From LMI (14), control gain K = P −1 H is calculated
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Fig. 3. Error signals

V. C ONCLUSION
This paper has studied the synchronization of a timedelayed complex network with nonidentical nodes and free
coupling matrix based on the Lyapunov method and LMI
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approach. The feedback controller is considered to stabilize the error system. Then, an existence criterion of the
controller is derived and control gain is calculated by term
of LMI. The LMI are solved by the Matlab LMI tollbox in
this paper. A numerical example is illustrated to show the
effectiveness of designed controllers.
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ABSTRACT

NMEA

Because life and property loss due to car accidents,
the blackbox to use airplanes installed in-vehicle. Because
existing most vehicle blackboxs stored only external video
and audio, image, if driver has a car accident, driver is not
known car driving conditions. So in a car accident, driver
is difficult to know the exact cause of the car accident. To
know the status of the vehicle, vehicle have sensors for
several instrumentation and control. vehicle communicate
to user OBD-II(On-Board Diagnostics-II) and MOST
network between several sensors. to use OBDII and
MOST, drivers use data of blackbox to occur many
driving data by many ECU of vehicle. So, driver can get
more definite information than the existing black box.
In this paper, to complement problem of existing
blaxkbox to store external video and image, there
implement blackbox system to use OBD-II and MOST
network. so, the blackbox provide the current status and
information of the vehicle.

Blackboxes were first used in aircrafts to store the
flight records and use them to determine the causes of
accidents. This technology was recently applied to
vehicles, and is being used to identify the causes of
vehicle accidents. The purpose of the car blackbox is to
store the driving video, vehicle location, and time
information related to an accident as objective data, and to
identify their causal relationships with the accident. The
car blackbox can also record hit-and-run cases during
driving or parking accidents to protect the driver’s propery.
With the increase in the importance of the car blackbox, it
has been made obligatory for all vehicles in Europe in
2010, and for all 4.5-ton-or-less vehicles in the U.S. in
2011. Between 2010 and 2013 in Korea (12/29/2009,
Ministry of Land, Transport and Maritime Affairs),
business vehicles started to be required to be equipped
with a digital driving recorder. In November 2007, the
Korean Agency for Technology and Standards established
the national standard (KS) for the car accident recorder
(KSR5076) to provide regulatory support for its technical
development and for its use in relevant industries.
According to the KS blackbox standards, video data are
important, but the driving data (vehicle speed, brake
condition, seatbelt fastening status, GPS, ABS, tire
pressure, air bag condition, etc.) are also necessary in
actual car accidents. Most car blackboxes in the market,
however, meet the KS video data standards, but do not
comply with the requirement for the vehicle condition
data. In actual car accidents, video data are not enough to
accurately identify the accident cause[1][5].
In this paper, video data were stored; the vehicle
conditions, including the RPM and speed, were stored
using the OBD-II protocol, which is widely used for invehicle networks; and the vehicle multimedia information

blackbox, in-vehicle blackbox, MOST, OBD, in-vehicle
network
NOMENCLATURE
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ECU
GPS
ABS
RPM
DTC
CAN
CRC-15
CAM

Electronics

I. INTRODUCTION

KEYWORDS

OBD-II

= Parameter ID
= National Marine
Association

= On-Board Diagnostics-II
= Media
Oriented
Systems
Transport
= Electronic Control Unit
= Global Positioning System
= Anti-Lock Brake System
= Revolution Per Minutes
= diagnostic trouble code
= Control Area Network
= cyclic redundancy checking -15
= PC Camera

1

404

were stored using the media-oriented systems transport
(MOST) protocol, which is widely used for vehicle
multimedia networks, to realize an integrated blackbox
that provides accurate information for actual accident
analysis

II - 2. MOST Network
MOST is the high-speed integrated multimedia
system communication protocol that enables transfer of
high-capacity multimedia data, which include digital
image, voice, and control data, at a speed of up to 150
Mbps. The fiber-optic cable that is formed in the ring
network is used.
MOST is the multimedia networking technology that
is optimized for vehicles and other applications. Highquality audio and video packet data for vehicle
multimedia services can be transferred at the same time,
and a single transmission medium can be controlled in
real time. The protocol is available using the physical
layer of a plastic optical fiber or an electrically nonshielded or shielded stranded wire, which meet vehicle
environment requirements. At present, there are MOST25
(25 Mbps bandwidth), MOST50 (50 Mbps bandwidth),
and MOST150 (150 Mbps bandwidth). It is expected that
these will be unified into MOST150, which has the largest
bandwidth.
The frame length that is defined in MOST150 is
3,072 bits (384 bytes) in all. Twelve bytes are used for
management purposes, and the remaining 372 bytes are
used for the user data.
The user data area is largely divided into the
synchronous area (streaming) and the asynchronous area
(packets). The user data area can be freely changed at
multiples of four bytes.

II. RELEVANT STYDIES
II -1. OBD-II Network
Vehicles are equipped with sensors for measurement
and control, and these devices are controlled by the
electronic control unit (ECU). The original purpose of
developing the ECU was to control the core functions of
the engine, including the ignition timing, fuel injection,
variable valve timing, idling, and limit setting; but with
the development of vehicle technologies and computer
performance, the ECU now controls almost all parts of the
vehicle, including the automatic transmission, drive
system, brake system, and steering system. Due to the
continuous development of the electronic diagnosis
system, it has recently been established as the standard
diagnosis system, called the “on-board diagnostics system
version II (ODB-II).” In the OBD network, data on the
main systems or failures that are transferred from the
sensors to the ECU can be seen from a vehicle console or
other external device using the serial communications
feature[3][4].
All vehicles that use the OBD-II network adopt the
standard diagnostic trouble code (DTC) and connection
interface (ISO J1962), but there are five different
electronic signals, as follows: SAE-J1850 (VPW-PWM);
ISO 15765 and SAE-J2234 (CAN communication); and
ISO 1941-2 and ISO 14230-4 (ISO method). According to
the regulations, however, all vehicles sold in the U.S.,
which is the world’s largest car market, have had to use
CAN (ISO157654) since 2008. Accordingly, it is expected
that the European and Asian markets will adopt CAN
(ISO15765-4), and that CAN’s interfaces will be unified
into one type.
When a fault occurs in a vehicle, OBD-II describes
the fault information using the five-digit diagnostic
trouble code. The trouble types and codes are also
standardized. General car maintenance agencies use the
trouble codes based on the OBD-II standard to detect
abnormalities in vehicles and to repair them.
CAN (ISO15765 and SAE-J2234) was designed for
stable operation in a noisy environment. Because the CAN
bus is basically the broadcasting type, all its nodes can
detect all messages, but can process only the messages for
themselves. The bus supports a transfer speed of 125
kbit/s at a distance of 500 m. CAN is stronger against
noise and has a faster transfer speed than other standard
protocols. The message frame has the priority information,
and the frame with a higher priority is transferred first.
The message is very short (8 bytes), and CRC-15 is used
to handle errors and corrections (Fig. 1).

III. Configuration of the Integrated Blackbox System
The integrated blackbox in this study consists of the
transmitter and receiver for communication with the
MOST network; the transmitter and receiver for
communication with the OBD-II network and the external
memory for data storage (USB and SD memory); GPS for
collecting time and vehicle location information; and a
notebook computer for operating the integrated blackbox.
As shown in Fig. 3, the video data while driving, the
multimedia data from the MOST network, the driving
condition data from the OBD-II network, the GPS
reception time, and the vehicle location data are stored in
the notebook computer’s main memory and then in the
external memory every five minutes[2].
IV. Design of the Integrated Blackbox System
The core function of this blackbox system is
timing synchronization between networks by reading
data of the OBD-II and MOST networks. To ensure
blackbox’s performance of this core function,
algorithm was designed for the synchronization of

the
the
the
an
the
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communication between the OBD-II network, the MOST
network, the GPS, the CAM, and the PC.
Fig. 4 shows the flowchart of the integrated blackbox.
The blackbox creates four threads and simultaneously
conducts four tasks; and the GPS processor, which
retrieves the global time to write time information on each
data, serves as the main processor. The time and location
data are received from the GPS. After the time
information is retrieved, three processors operate.
First, the blackbox requests the driving data (vehicle
speed, RPM, travel distance, tire pressure, etc.) according
to the PID of the appropriate sensor (Table 1) by
connecting the OBD-II network via an OBD connector
(OBD-Link). When each PID is requested from the
vehicle, the appropriate sensor that is connected to the
OBD-II network responds[6].
In the second processor, the driving data, including
the sharp curve, the abrupt deceleration, and the school
zone are received from the virtual navigation that is
connected to the MOST network via the MOST PCI
interface.
The third processor stores the CAM frame, and
OpenCV processes the frame. OpenCV is the strong
image-processing library that was manufactured by Intel.
The OpenCV() library is used to store the images in the
main memory at a resolution of 320*240 and a frame rate
of 30 fps using the MPEG-4 codec. A resolution of up to
640*480 is available, but it was set at 320*240
considering the external memory capacity. The time
information from the GPS is added to the image data
before they are stored. The blackbox system checks the
external memory before storing the data, removes the
oldest image data when the memory is full, and stores the
data every 10 seconds.
The fourth processor retrieves the GPS data. The
basic protocol of GPS is the National Marine Electronics
Association (NMEA) data format. There are many NMEA
protocols, but $GPRMC, which is basically used in GPS,
was used in this study.
Table 2. shows the structure of $GPRMC.
After the GPS satellite data are received, they are
stored after the time information is added to them for
thread synchronization. The blackbox receives and stores
the data other than the image data (the driving condition,
multimedia, and GPS data) at a rate of 1 fps. When the
system actually starts its operation, the GPS time
information is additionally stored to synchronize the data
in three threads. The data that is stored in the main
memory is in turn stored in the external memory every 10
seconds.

The system development environment was Windows
XP on a desktop computer, and a USB was used as the
external memory device.
The main window of the blackbox system program
has three areas: the OBD-II, MOST, and GPS data
reception area; the blackbox control area; and the CAM
image display area (Fig. 5).
Fig. 6 shows the window wherein the OBD-II, MOST,
and GPS data are outputted according to each event.
Fig. 7 shows the window wherein the OBD-II, MOST,
and CAM data are stored in the external memory. When
the blackbox starts its operation, the external images are
outputted and stored in five-minute sections. When the
external memory is full, the oldest image data are
removed. If an accident happens or the Store button is
pressed, the external images (CAM) are stored in a
separate space (USB memory), and the time information
is used as the image data name.
The stored data are analyzed via simulation so that
users can easily understand them (Fig. 8).
V. Conclusion
The car blackbox is mounted on vehicles to track the
situation and cause of a car accident. It enables accurate
determination of the causes of traffic accidents by
providing critical clues to such causes, and legally
protects drivers against unfair disadvantages. With the
increasing demand for the car blackbox and the
development of car electronics, it is expected that the
blackbox technology will continue to be developed and
will become a part of vehicle standards in a few years.
Current blackboxes store only image and voice data.
A driver can be disadvantaged if an accident occurs due to
an internal trouble in the ECU. In this study, to realize an
advanced car blackbox and to reduce the driver’s potential
disadvantage, a CAM camera was used to collect driving
images, and a GPS module was used to collect the time
and vehicle location. In addition, an OBD-II driving
interface was used to check the current driving conditions,
and the MOST network interface was used to monitor the
multimedia device conditions, to accurately find out the
cause of a car accident.
Further studies will be conducted to transfer the data
to an external server via an external network (3G or WIFI)
in case the blackbox is damaged in a car accident. In
addition, a better blackbox system will be realized in
terms of the actual installation of the blackbox by
embedding.
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Fig. 1. CAN message frame

Fig. 4. Flowchart of the integrated blackbox

Fig. 2. MOST150 frame

Fig. 5. Car blackbox system implementation
Fig. 3. Configuration of the integrated blackbox

Fig. 6. GPS, MOST, and OBD-Ⅱ data outputted
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Fig. 7. GPS, MOST, OBD-Ⅱ, and CAM data stored in the
external memory

Fig. 8. Simulation window

Table 1. PID for OBD-II
Mode PID Returned Data Bytes
01
01
01
01
01
01
01
01

00
01
03
05
0C
0D
0F
51

4
4
2
1
2
1
1
1

Description
PIDs support
DTC clear
Fuel system status
Engine coolant temperature
Engine RPM
Vehicle speed
Intake air temperature
Fuel type

1
2
3
4
5
6
7
8
9
10

Table 2. $GPRMC structure
Field
Example
Sentence ID
$GPRMC
UTC time
92204.999
Status
A
Latitude
4250.5589
N/S indicator
S
Longitude
14718.5084
E/W indicator
E
Speed over ground
0
Course over ground
0
UTC date
211200

11
12

Magnetic variation
Checksum

*25

5

408

SDPS-2011
Printed in the United States of America, June, 2011
ã2011 Society for Design and Process Science

A STUDY ON THE DESIGN AND IMPLEMENTATION OF
CAN-MOST GATEWAY
Jong-Wook Jang
Department of Computer Engineering
Dong-Eui University
Busanjin-gu, Busan 614-714, KOREA
Chang-Young Kim, Yun-sik Yu
Convergence of IT Devices Institute Busan(CIDI)
Busanjin-gu, Busan 614-714, KOREA

ABSTRACT

INTRODUCTION

Lately, technological advances in automobile industry
have started to come more from electronic device industry
and less from the conventional machinery industry while
interest in automobile infotainment system has grown,
naturally drawing increasing investment. MOST, which is
an automobile multimedia network, can have 64 nodes in
which devices are connected with each other through the
ring-type structure. Frame is a multimedia and
information oriented network capable of transmitting
synchronous data, asynchronous data and control data.
MOST Network, however, is incapable of
communicating with CAN Network, which is control
network of existing automobiles, without Gateway and
thus cannot transmit all sorts of information from
automobiles to MOST network. This study will design
and realize CAN-MOST Gateway non-OS-based gateway
and OS-based gateway to ensure efficient data processing
between the heterogeneous MOST communication, which
is a multimedia network, and CAN communication, which
is an automobile control network, thereby provide various
information to drivers.

MOST is the synchronous bit stream standard for
multimedia and infotainment network in the automotive
industry. To provide a flexible platform for MOST device
development and interface with other automotive
protocols, We present a design of MOST device system
on Which many interfaces can be supported. As design of
gateway structure to connect CAN network and MOST
Network used for control in automobiles requires
knowledge on the two heterogeneous network
characteristics, this study will first give an analysis on
CAN Network and MOST Network protocol.
Controller Area Network (CAN)
CAN communication is delivered in serial network
communication mode for application to the automotive
industry but lately its application has expanded to other
industries. With the twist pair wired CAN bus, CAN
communication forges network in between the embedded
system (micro controller) to endure outside noise and
other external factors to minimize communication error
rate, which in turn makes it highly reliable. It can connect
up to 100 nodes into a single network for communication
and provides 1Mbps (ISO 11898) high-speed
communication controllable on a real-time basis. It is also
able to detect and correct errors to live in a serious noise
in automobiles and elsewhere.
The key technology employed
in
CAN
communication is CSMA/CR(carrier sensing multiple
access/collision resolution), which coordinates multiple
conflicts trying to acquire bus rights to transmit data
between the many electronic devices connected in a single
serial bus. This technology is based on a non-destructive
mediation mechanism, which approves bus approach
without delay to a message that has minimum priority.
This, however, does not have a centralized bus master
function.

NOMENCLATURE
API
BSP
CAN
CSMA
CR
ECU
EHC
INIC
MOST
OS
RTR
SOF

=
=
=
=
=
=
=
=
=
=
=

Application Programming Interface
Board Support Package
Controller Area Network
Carrier Sensing Multiple Access
Collision Resolution
Electronic Control Unit
External Host Controller
Intelligent Network Interface Card
Media Oriented Systems Transport
Operation System
Remote Transmission Request
Start Of Frame
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Fig. 1 is a diagram of the mechanism that determines
order of message transmission based on priority. This
mechanism protects loss of time and information damage
since at least one message is still transmitted even during
conflict.

consists of the function block. All important signals that
have to be exchanged between the MOST system and the
rest of the vehicle network are combines in the FBlock
Vehicle.
DESIGN AND IMPLEMENTATION OF CAN-MOST
GATEWAY

Media Oriented Systems Transport (MOST)
MOST is a serial communication system that
transmits audio, video and control information in big
volume. At present, automobiles that support transmission
speed of 25Mbps and 50Mbps are under operation and
150Mbps, which is under standardization process, will
become commercial in around 2012. MOST25, which
structures GPS (Global Position System), navigation,
video display and other multimedia devices in a ring
topology type single network, transmits audio data and
compressed video data. It is highly reliable and userfriendly. It supports plug-to-play function by connecting
with as many as 64 devices and MOST physical layer uses
plastic optimal fiber, which supports high-speed
transmission and EMI, as transmission media.
Fig 2, which describes frame structure of MOST
network, can be divided into control data, streaming data
(synchronous data) and packet data (asynchronous data).
Control data frame designed for MOST bus control is
used for transmitting data that controls hardware
connected to MOST bus node. Command message
transmission related to playing and stopping devices
connected to particular nodes is a case in point.
Synchronous data frame transmits data that needs to
be transmitted regularly such as voice. Node that transmits
synchronous message to the frame sends data and the
node reads data on a regular basis. Bandwidth can be
flexibly adjusted from as small as 28byte to as big as
60byte according to boundary descriptor’s value in MOST
frame’s header field.
Aynchronous data frame, on the other hand, transmits
data that are irregularly generated such as the Internet and
video data. Its data transmission is based on token ring
mode and MOST frame’s asynchronous transmission
bandwidth (0~48bytes) in MOST frame is determined by
using boundary descriptor in master node. Any
transmission data from slave node is transmitted via the
foregoing bandwidth.

Non-OS-based Gateway Design
Non-OS-based gateway design uses SMCS’s INIC
OS81050 Evaluation Board as reference for MOST
communication and AMTEL’s AT90CAN128 chip for
CAN communications. Hardware is designed to
accommodate Ethernet and UART.
S/W development for 12C devices driver and CAN
device driver has already been completed with that for
NetServices 2.x porting and API under way. Fig. 3 is the
simple block diagram of non-OS-based gateway, Fig. 4 is
CAN-MOST gateway manufactured on non-OS-basis
(Firmware), Fig. 5 is NetServices porting work
environment in gateway and Fig. 6 is a gateway realized
with other devices in MOST network.
OS-based Gateway Design
Most devices in an automobile are realized on nonOS(Firmware) basis but this may not be able to support
different application as customers’ needs are getting more
diverse and the number of electronic and multimedia
devices is on the rise. Furthermore, gateway performance
may be affected by CPU performance.
Hence, this study realized gateway on the basis of
WindowCE 5.0, which is the most popularly used OS in
automobiles, and corrected BSP (Board Support Package)
through WindowCE platform builder.
Hardware design used Fujitsu’s MB86R01 board as
reference and to support Ethernet communication in the
future. One of the strengths of OS-based gateway is its
ability to realize S/W module based on multi-functional
HMI and GUI. Fig. 7 is the block diagram of OS-based
CAN-MOST Gateway and Fig. 8 is the OS-based CANMOST Gateway board realized in this study.
S/W device driver have already realized transmission
module and development of stream data transmission
module via MediaLB device driver is partially underway.
Stream data in MediaLB communication is mostly
transmitted under non-OS-based hardware level and there
is no record of its realization in software under OS-based
gateway.

Gateway
Since information has to be exchanged between the
individual bus systems, they are interlinked by means of a
gateway. It is the central task of a gateway to transmit
signals from one network into another. For this purpose,
signal filter tables are used in the gateway
The MOST-CAN Gateway is implemented in the
HMI or in the central gateway. There are different levels
of abstraction for the CAN bus and the MOST Interface.
Whereas there are signals that are transported to a
specified position in the CAN frame, the MOST interface

RESULTS AND DISCUSSIONS
Information on all the communication data between
CAN network and MOST network, routing table to
convert signals between heterogeneous networks based on
information are needed to help gateway play its role. What
kind of functions it will play should also be determined
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based on information on MOST FBlock and MOST
application.

FIGURES AND TABLES

CONCLUSION
This study designed and realized non-OS-based
CAN-MOST Gateway. Data in an automobile’s
dashboard installed in the lab was used as CAN data
and the gateway actually operating in MOST network
was realized.
Based on this technology, design and
Implementation of OS-based CAN-MOST Gateway is
underway and the subsequent routing table, MOST
FBlock and UI for CAN-MOST Gateway will be
developed once stream device driver for CAN device
driver and MediaLB communication currently under
development becomes fully available. Finally, Ethernet
communication for external communication will also be
studied.

Fig. 1 Principle of non-destructive bitwise arbitration
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Fig. 2 Data Transport in MOST25 Network

REFERENCES
CAN Specification 2.0 part A and B, Robert Boxch
Gmbg, Sept. 1991.
Wolfhand Lawrenz, CAN System Engineering-From
Theory to Practical applications. Springer-Verlag, 1997.
Andreas Grzemba, MOST-THE AUTOMOTIVE
MULTIMEDIA NETWORK , Deggendorf : Franzis,
pp.34, 2008.
MOST Cooperation, MOST Specification 3.0 Rev,
May,2008Available:www.mostcooperatios.com
//specifications_ Organi zation_Procedures/index.html
Herald Schopp, SMAC, “MOST150-The New
Generation of the Infotainment Backbone” MOST
Cooperation 2008 9th Interconnectivity
Conference
Asia & Forum", pp 205 ~ 209,NOV, 2008
R.Braden, D. Clark, and S. Shenker, ”Integrated
services in the internet architecture: an overview”, June
1994, Internet RFC 1633
Y. Bernet et. Al., “Aframework for differentiated
serveies” February, 1999. Internet Draft. Draft-ietfdiffserv- framework -02.txt
Andreas Schramm and Donal Heffernan, “Proposal for
a MOST150/Ethernet Gateway” MOST Cooperation 2008
9th Interconnectivity
Conference Asia & Forum",
pp213 ~ 216,NOV, 2008
MOST Homepage,Http://www.oasis.de

RS-232

RS-232

CAN
MOST
Network

I2C
FOT

INIC

UART
ATMEGA1281

AT90CAN128
LAN

Fig. 3 Non-OS based Gateway Block diagram

Fig. 4 Non-OS Based CAN-MOST Gateway
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Fig. 5 MOST NetServices Porting

Fig. 6 Implementation of MOST Gateway

Fig. 7 OS Based Gateway Block Diagram

Fig. 8 OS Based CAN-MOST Gateway
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persist. When moving backward to park or give way to a
car coming from the opposite direction in a narrow street,
an automobile driver has to take the effort to look in the
side mirror and/or turn his/her head to see the blind spot.
Also, the driver has to compile the various pieces of
information about what is going on at the front, rear, left
and right sides of the automobile, in order to maintain a
bird’s eye view of the automobile.
Towards better visibility, systems with multiple
cameras to collect more information about the
surroundings of an automobile are emerging. The AVM
(Around View Monitoring) system gives images of a
vehicle’s perimeter to a driver, using multiple cameras.
Studies on this kind of system are being actively carried
out nowadays. Some carmakers of Germany and Japan
already have commercialized and released cars with such
a system. AVM systems in the early days were simple,
providing images of only the rear side of a car using a rear
camera. A more recent trend is a system with multiple
cameras which can provide a bird’s eye view to a driver,
as if the vehicle were looked down upon from the sky.
Nevertheless, these products do not yet integrate the
individual images from each of the cameras into a single
image, but just collect and show the individual images
each separately on a divided screen [2, 3, 4].
AVM systems that are currently available are
developed as an SOC (System On Chip) or an embedded
system equipped with image processing software to
overcome the poor performance of the ECU’s processor.
However, as hardware technologies advance and the
demands for various automotive infotainment devices
increase, the number of ECUs in a car is growing.
Accordingly, more and more cars are installed with a car
PC which can act as a general-purpose computer and
manage various ECUs that are connected to the PC
through in-vehicle networks. In other words, the
performance of image processing can be improved using
software without additional cost, instead of developing an
expensive SOC-based AVM system.
In this paper, we propose a 4-sided monitoring system
(hereafter, the 4SM system) which enables a driver to see
the vehicle’s perimeter at a glance, by providing a single
integrated image of the individual images from the four
cameras on the front, rear, left, and right sides, as a bird’s
eye view. This is a software system running on a car PC,

ABSTRACT
As a driver cannot always see everything surrounding
a vehicle, so is there always a possibility of accident, even
during a low-speed travel while parking or moving in a
narrow street, where a vehicle could be damaged after
hitting an unseen object or hit and hurt small kids at play.
To avoid such risks and help drivers with improved
visibility, electronic control units (ECUs), such as sensors
and rear cameras, have been developed and used for
recognizing obstacles. However, even with such ECUs, it
is extremely difficult, if not impossible, for drivers to
know what is going on at the surroundings of the car
simultaneously - the front, rear, left and right sides, in
order to prevent damages to cars and loss of human lives.
In this paper, we present a design and implementation of a
4-sided monitoring (4SM) system, which helps a driver
see an integrated view of a vehicle’s perimeter at a glance,
using a car PC connected to four cameras installed on the
front, rear, left, and right sides. Our analysis and
experimentation of a prototype 4SM system shows that
the system can provide a bird’s eye view of the
surroundings of a vehicle at a frame rate of more than 30
frames per second in real-time, regardless of the vehicle’s
speed.
INTRODUCTION
Driving has long become part of our daily lives, and
just about every driver is concerned with the possibility of
automobile accidents, which could result in scratches on
automobiles, loss of lives, financial losses, and of course a
lot of headaches too. Among the key causes of accidents
are the inabilities of automobile drivers to easily see blind
spots and maintain the entire view of the automobiles
simultaneously.
Unsurprisingly, hence, new models of automobiles
are increasingly being released with rear sensors, rear
cameras and other electronic control units (ECUs) to
prevent accidents caused by blind spots and poor visibility
of the surroundings of automobiles, while enhancing
driving convenience [1]. However, rear cameras and
sensors alone do not enable drivers to see all sides of the
surroundings of a vehicle. Although ECUs overall greatly
enhance safe driving, blind spots still exist and accidents
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intended to offer an integrated view of the surroundings of
a vehicle in real-time, regardless of the speed of the
vehicle.
Section 2 describes various researches on vehicle
visibility enhancement, including AVM systems that are
currently being released in the market. Sections 3 and 4
respectively describe the design of our 4SM system and a
prototype implementation. Section 5 discusses the
particular advantages and applications of the system.

By showing a vehicle’s perimeter through an integrated
real-time image, the system gives an improved view to the
driver. Moreover, the 4SM system using a car PC, whose
implementation is described in this paper, provides an
around view at a frame rate of more than 30 frames per

RELATED WORKS

The AVM system uses cameras to monitor the
situations of the surroundings of a vehicle. Multiple
cameras are needed to cover blind spots and see
everything around a car. Our 4SM system additionally
needs to integrate the individual images from the multiple
cameras into a unified view. As a software AVM system
running on a car PC, it is designed to offer an integrated
view of the surroundings of a vehicle in real-time.

second, allowing drivers to see the normal 360°
surroundings, even during a high-speed travel.
DESIGN OF THE 4SM SYSTEM

Among the AVM systems currently available in the
market are the Around View Monitor System of Nissan
motor company, the 360 ° Surroundings Monitoring
System of Fujitsu, the Multi-View Camera System of
Honda, and the BLIS system of Volvo.
The Around View Monitor System of Nissan motor
company displays on a 7-inch color screen a real-time
image of the vehicle from above, using ultra-wide angle
(180o) cameras on the front, rear, left and right. It works
when the speed of the vehicle is below 10km per hour [5].

Requirements on the design of the 4SM system
The 4SM system is designed to fulfill the following
requirements, in order to cover the blind spots and provide
a real-time view of a vehicle’s perimeter.

The 360° Surroundings Monitoring System of Fujitsu
provides a complete wraparound view of a vehicle's
perimeter, hence enabling the driver to recognize
obstacles in blind spots that can't be detected with rear
cameras and the side mirror. Fujitsu’s driver assistance
technology can adapt the system to different driving
situations, such as parking, passing on a narrow street, and
rounding corners, while enabling a driver to peripherally
view the entire surroundings of the vehicle, from the point
of view and field of view that is most appropriate for each
driving situation, in real time [6].
The Multi-View Camera System of Honda Motor gives
views from four wide angle CCD cameras located in the
front and rear of a vehicle and on the right and left door
mirrors. The images are displayed on the vehicle's
navigation screen so that the driver can detect obstacles in
blind spots, when parallel or back parking, and driving in
areas with limited visibility, such as 3-way intersections
and narrow roads [7].
Volvo offers the Blind Spot Information System (BLIS),
which is particularly reassuring in congested and fastmoving traffic situations. Using front-facing cameras and
side cameras installed on the door mirrors, it monitors the
traffic on either side of the car. As the vehicle enters the
blind spot, the system turns on a lamp built in at the front,
helping the driver safely change lanes [8].
The systems mentioned above provide real-time images
of blind spots to help drivers detect any obstacle in the
area. However, they display the respective input-image
from each camera on a divided screen.
In this paper, we propose the 4SM system which
gives a merged image of four input-images, from cameras
on the front, rear, left, and right sides, in a single screen.

 Requirements for real-time processing
For a bird's eye view, each of the images put in by the
four cameras needs to undergo processes of the camera
calibration and the inverse perspective transform, and then
to be merged into a single image. Since these image
processing tasks need to be carried out in real-time and
also accommodate the particular characteristics of the
cameras (lenses, directions, locations, etc.), our 4SM
system uses a high performance, general purpose
processor (i.e., a CPU). Also, our 4SM system using a car
PC is expected to perform AVM functions without any
glitch even when the speed of the car is high. This is in
contrast to an embedded environment setting which uses
DSP or SOC to speed up the real-time image processing
needs, which tends to be less flexible but more costly, due
to the use of hardware instead of software.
 Minimization of supplementary H/W and S/W
For a car PC to receive image inputs from cameras, it
should be sufficient to have only cameras and a frame
grabber in providing AVM functions in real-time. This is
in contrast to the embedded system case, for which
additional H/W chips and specialized programming to
control them are necessary for AVM functions. However,
the 4SM system using a car PC should be able to carry out
the entire AVM functions only with an image processing
program alone.
 Provision of an integrated bird's eye view
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The system should integrate the separate images from
the four cameras into a single image, displaying a natural
bird's eye view of a vehicle.

homography matrix H is a 3×3 matrix that maps each
pixel on the ground image to a pixel on the input image.
The position of pixel x' of the input image which
corresponds to an arbitrary pixel x of the ground image, as
can be defined by the following formula (here, λ is a
scaling parameter):

Image processing of the 4SM system
The 4SM system calibrates images captured by each
camera, using a pre-calculated radial distortion coefficient,
and then performs inverse perspective transform of the
calibrated images, using a predetermined inverse
perspective transform coefficient. Distortion correction
and inverse perspective transform of input-images are
carried out using multithreading. Each image is
transformed by a thread and integrated into one image
through an image integration module by the use of an αblending algorithm. The system sends this image to the
display device in real-time. Fig. 1 shows image processing
steps of the 4SM system.

The input images from the front, rear, left and right
cameras require respective homography matrixes, H1, H2,
H3, and H4. To calculate them, at least the positions of the
four pixels on the pre-defined ground image and the
corresponding pixels’ positions on the input image are
substituted into the formula. The 4SM system uses the
homography matrixes of each camera which are predetermined in this way. Appling the pre-defined value of
N pixels and substituting λ results in 2N formulae. They
can be arranged in an Ah=0 format as follows (here, h

Radial distortion correction
Input-images from a camera are distorted by the
physical characteristics of the camera, such as the
properties of the lens. They are determined when a camera
is made and they are the inherent properties of the camera.
The 4SM system calculates the distortion correction
coefficient of cameras on the front, rear, left and right in
advance. To this end, a camera model is needed. The
camera model for the 4SM system is described in Fig 2.
An object, X, in the real world is supposed to be
presented on point xu, but a camera distortion makes it
appear on point xd. Correction of distorted input needs
three coefficients: focal distance f, and an image plane’s
optical center (Ox, Oy) for distortion correction of x-axis
and y-axis directions. These coefficients are calculated
using the following formula:

could be denoted as a 9×1 vector):

The coordinates of each pixel of the calibrated images
are calculated using the following formula:

The 4SM system calculates the minimum eigenvector
of ATA and draws H. From H, H-1 is determined and then
used in the inverse perspective transform.
Image integration for a bird's eye view

Inverse perspective transform

As shown in Fig 4, the transformed input images are

Images input by each camera undergo the process of
radial distortion correction, followed by inverse
perspective transform to be merged into a single image.
Each of the images put in by the 4 cameras has an
overlapped region each other. The overlapped region is
shown as the different shapes and sizes in each input
image. The 4SM system uses a transform model presented
in Fig 3 to perform inverse perspective transform for
adjusting the shape and size of the overlapped region.
In Fig 3, the input image can be seen as a ground
image transformed using a homography matrix. Therefore,
to map the input image to the ground image, an inverse
homography matix, H-1, needs to be calculated. A

integrated into a bird's eye view. Using α-blending, the
front, rear, left and right images which have gone through
the process of radial distortion correction and inverse
perspective transform are now merged into a single image.
IMPLEMENTATION OF THE 4SM SYSTEM
Four wide angle cameras were installed on the front,
rear, left and right sides of a real vehicle in obtaining real
images. Through experiments using these images, the
4SM system is implemented to meet the requirements
presented in Section 3.1.
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contrast to the embedded environment case, where
separate H/W chips such as DSP and specialized
programming to control them are needed to process
images.
Additionally, as the system displays a real-time bird’s
eye view at a frame rate of more than 30 frames per
second, a driver can monitor the surroundings of a vehicle,
regardless of the velocity of the car, even during a highspeed travel.
Unlike the existing systems which show four separate
images in a divided screen, the 4SM system presents a
single integrated image as a natural bird’s eye view.
The system adopts wide angle cameras to improve
visibility, with a minimum number of cameras. However,
severely radial distorted parts result in a poor image
quality. In our future research, we plan to enhance the
image quality with an improved distortion correction
module.

System Configuration
The configuration of the 4SM system, being
presented in this paper, is described in Table 1.
Implementation of radial distortion correction
The system adopts four wide angle cameras to ensure
that there is no blind spot. As in Fig 5, the input images
from the cameras are distorted, by and large severely. In
this paper, we use the images of Fig 5 and calculate a
radial distortion correction coefficient, according to the
camera model presented in Section 3.3. With this, the
distortion correction algorithm is implemented. The
distortion correcting module for each camera is realized
using multithreading to improve performance. The
coordinates of the calibrated images are predetermined
pursuant to the camera model in Fig 2 and the mapping of
coordinates made into a table.
Implementation of inverse perspective transform
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Image integration for a bird's eye view
The image integration module is implemented using
α-blending algorithm, which properly separates
overlapping images from non-overlapping ones. In the
algorithm, a pre-determined mask matrix is used to ensure
that the parts that should not appear in the bird’s eye view
are not processed, hence reducing subsequent
computational burden. The 4SM system provides a bird's
eye view as seen in Fig 7.
We tested the 4SM system implemented in this paper
by installing it on a real vehicle. This experiment confirms
that the system displays a real-time bird's eye view image
reliably, at a frame rate of more than 30 frames per second.
CONCLUSION

FIGURES AND TABLES

In this paper, we have presented a design and an
implementation of a 4-sided monitoring system (the 4SM
system) using a car PC, in providing a bird's eye view for
enhancing drivers’ visibility. The 4SM system proposed in
this paper is beneficially novel, since it provides a bird’s
eye view to vehicle drivers, while at the same time
reducing the blind spots, using software instead of
hardware, hence also reducing cost. A car using our
system will be equipped with a PC, four cameras, a frame
grabber and our image processing software. This is in

Fig. 1 Image Processing for Bird’s Eye View
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(a) front image

(b) left image

Fig. 2 Camera Model of 4SM System

(c) right image

(d) rear image

Fig. 5 Distorted images from a wide angle camera

Fig. 3 Inverse Perspective Transform Model

(a) front image
set up ground plane pattern
for each image j (j=1,2,3,4)
acquire j-th pattern image
find corresponding image yij of pattern xi
estimate Hj such that yij = Hj xi
transform the acquired j-th image into j-th
ground image (xi = Hj-1*yij)
end
combine 4 transformed ground images into a full
image by using alpha blending

(c) right image

(b) left image

(d) rear image

Fig. 6 Calibrated images from radial distorted images

Fig. 4 Merging Algorithm for a bird’s eye view
Table 1 System Configuration
Configuration
Specifications
CPU: Pentium E5500 (2.8GHz)
Car PC
RAM: 2GB
OS: MS Windows XP
Model: PICOLO Tetra (4 channel)
Frame Grabber
Company: EureSys
Model: FO-3000CN
Camera
Pixels: 320K(656H×492V)
Lens: 180°(D)×140°(H)×100°(V)
Model: Carnival
Vehicle
Company: KIA Motors
Compiler: Visual Studio 2005
Language
Vision Library: OpenCV Library 1.1

Fig. 7 A Bird’s Eye View Image
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activities and to develop tools allowing to automate the
production and execution of test suite.
The process of conformance testing consists of three
phases. At the first phase, an abstract test suite for
particular entity is specified. This phase is usually referred
to as test generation or test derivation. “Abstract” in this
case means that tests are developed independent from any
test phase is referred to as test implementation. In this
phase, the peculiarities of the testing environment and the
implementation are taken into account. The last phase is
referred to as test execution. The implemented test suite is
executed with an IUT(Implementation Under Test) and
the resulting behavior of the IUT is observed and assessed.
This phase results in the assignment of a verdict about
conformance of the w.r.t. the system specification
(Fokkink, et al., 2004).
Automation in the test process is an interesting
research top. Motorola has collaborated with the
University of Göttingen to develop Trex, an open-source
TTCN(Testing and Test Control Notation)-3 development
environment, which provide suitable metrics and
refactoring to enable the assessment and automatic
restructuring of test suites (Neukirchen, et al., 2008).
TTCN-3 is test notation that is well-defined, independent
of any implementation, and generally accepted. Another
research (Makedonski, et al., 2009) about refactoring
TTCN-3 is an equivalence checking to validate the
behavior presentation after the application of refactoring.
They used the approach based on bisimulation and
incrementally checked the observable behavior of tow test
cases at runtime for equivalence. These researches are
concerned about test case itself. However, the correctness
of abstract test suite is not considered as main problem. In
this paper, we are focus on the behavioral correctness of
the abstract test suite written in TTCN-3 which was
developed within a conformance testing framework.
In TTCN-3, the behavior of test cases is specified by
sequences of input and output events that occur at points
of control and observation. A sequence can have different
alternatives, where different subsequent behaviors can be
chosen, e.g., depending on output produced by the IUT,
the expiration of timers, or values of internal parameters
of the tester. GFT(Graphical Format of TTCN-3) based on
MSC(Message Sequence Chart) is the graphical definition
of the behavior of TTCN-3. MSC is a trace language for

ABSTRACT
Safety-critical systems such as intelligent vehicle or
unnamed aerial vehicle have to be guaranteed for their
correct behaviors. Conformance test, which is a kind of
testing where an implementation of an entity is tested w.r.t.
its specification, is the first step to procure the safety of a
system. The test notation for conformance testing is the
TTCN-3. Graphical Format of TTCN-3 is the graphical
definition of the behavior of TTCN-3. In this paper, we
introduce a method of conformance test with GFT. In our
approach the test behavior is represented by Finite State
Processes and with properties written in a kind of linear
temporal logic the correctness is verified by bounded
model checking approach.
INTRODUCTION
The importance of embedded systems in safetycritical applications such as IV(Intelligent Vehicle) and
UAV(Unmanned Aerial Vehicle) has been growing
continuously in these years. Conformance test, which is a
kind of testing where an implementation of an entity is
tested w.r.t. its specification, is generally considered as the
first step to procure the safety of such systems. And
recently from international standard like ISO 26262 (ISO,
2009) and DO178-B (RTCA, 1992) rigorous applying of
verification activities is emphasized.
In this context, MDD(Model Driven Development) is
adopted by industrial standards such as AUTOSAR
(AUTOSAR, 2010) and ARINC 653 (AEEC, 2006). For
the aeronautic domain, the European project DIANA
(Hrvath, et al., 2010) investigated the use of MDD in the
context of Integrated Modular Avionics and the ARINC
653 standard. MDD facilitates on systematic use of
models from a very early phase of the design process and
through various model transformation steps automatically
generates source code. In the case of automotive domain,
MDD became main methodology of the standard of this
field. Verification and validation in MDD process to a
large part rely on automated test. Also conformance
testing is a model based approach, since the test is
designed using some model of a system under test and a
lot of work was done to both formalize the testing
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the specification and description of the communication
behavior of system components and their environment by
means of message interchange. GFT is a test specific
extension of a subset of MSC to widen the applicability of
MSC in the testing process. TTCN-3 code can be
generated from GFT and visualized by GFT in an iterative
way (Baker, et al., 2001).
In this paper, we present the method of verifying the
correctness of the behavior of test cases against
requirement specification. To do this, test cases presented
by GFT are translated into FSP(Finite State Processes)
and system requirements or test properties to be checked
are represented with Fluent LTL(Linear Temporal Logic).
And correctness checking is performed by BMC(bounded
model checking) approach. The remainder of this paper is
organized as follows. Firstly we present the TTCN-3, GFT
and FSP as background. And then we describe the
interpretation of GFT via FSP and the method of checking
correctness of the behavior of test cases. Finally, we
conclude the paper and point out future researches.

two kinds of instances graphically, port instances have a
dashed instance line. Apart from the FIFO order defined
by the TTCN-3 semantics for connections, no further
event order is defined for port instances. For the MTC
instance, the standard event ordering for an MSC instance
is assumed. The name of the MTC instance is mtc and the
(optional) associated type should be identical to the
component type referred to in the runs on clause of the
test case signature. The names of the port instances refer
to the port names defined in the component type definition
of the MTC and the (optional) type information has to be
consistent with the component type definition of the MTC.
Functions and altsteps are used to define and structure the
behavior of the test components and the behavior of the
module control part. In GFT, they are visualized in form
of function and altstep diagrams. Both kinds of diagrams
are very similar (Schieferdecker and Granowski, 2003).

BACKGROUND
Overview of Graphical Format of TTCN-3
TTCN-3 is an internationally standardized test
specification and implementation language. It can be used
for both functional and non-functional black-box tests.
TTCN-3 core notation has the look and feel of a typical
general-purpose programming language and is based on
textual syntax. So it has data types, variables, functions,
parameters, visibility scopes, loops, or conditional
statements. In addition, test-related concepts are available
to ease the specification of test suites. A test suite in
TTNC-3 consists of one or more named module. Inside
each module, types, values, and behavior can be defined
and a module may import definitions from other modules.
In the standard, there is the graphical definition of TTCN3 specifications in terms of GFT (Neukirchen, et al., 2008).
GFT diagrams represent behavior definitions of a
TTCN-3 module, which are the control part of a module,
test cases, functions, and altsteps. And GFT diagrams is
composed of control diagram, test case diagram, function
diagram and altstep diagrams. Control diagram like a
figure 1 is corresponding to the control part of a TTCN-3
module. In this diagram, initial variable declarations may
also be found and the heading of a control diagram
consists of the keyword control followed by the module
name. The header of a test case diagram is the complete
signature of the test case in TTCN-3 syntax, i.e., the
keyword testcase followed by the test case name, formal
parameter specification, and (optional) runs on- and
system-clauses.
A GFT test case diagram includes one component
instance, also called MTC instance, that represents the
main test component (MTC) and one port instance for
each port owned by the MTC. In order to distinguish the

Fig. 1 GFT control diagram

Introduction of FSP
FSP(Finite State Processes) is a process calculus –
one of a family of notations pioneered by Milner(1989),
CCS(Calculus of Communicating System), and
Hoare(1985), CSP(Communicating Sequential Processes),
for concisely describing and reasoning about concurrent
programs. In figure 2, we give the quick reference of FSP
model to help understand. The semantics of basic FSP are
defined in terms of Labeled Transition Systems(LTSs)
(Magee and Kramer, 1999).
Let States be the universal set of states including p a
designed error state, L be the universal set of labels, and
Act = L È {t}, where t is used to denote an internal action
that cannot be observed by the environment of an LTS. A
finite LTS P is a quadruple S , A, D, q where:
Ÿ S Í States is a finite set of states
Ÿ A = aP È {t}, where aP Í L denotes the alphabet
of P
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Ÿ D Í S - {p} ´ A ´ S, denotes a transition relation
that maps from a state and action onto another state.
Ÿ q Î S indicates the initial state of P.
The only LTS that is allowed to have the error state p
as its initial state is {p }, Act , {}, p , named P. An LTS P

a
P¾
¾®
P'
a Ï aQ
a
P || Q ¾
¾®
P' || Q
a
Q¾
¾®
Q'
a Ï aP
a
P || Q ¾
¾®
P || Q'

a
a
P¾
¾®
P' , Q ¾
¾®
Q'
a ¹t
a
P || Q ¾
¾® P' || Q'

= S , A, D, q transits with action a Î A into an LTS P¢,
a
denoted as P ¾
¾®
P' , if:
Ÿ P¢ = S , A, D, q¢ , where q¢¹p and (q, a, q¢)ÎD, or

Symbol

Ÿ P¢ = P, and (q, a, p)ÎD.
a
We use P ¾
to mean that $P¢ such that
¾®
a
P¾
¾® P' , and we define a set of designed end states ES
Í States such that an LTS P = S , A, D, q is terminating
is there is a state e Î S and e Î ES and $(e, a, q)Î D for
all a Î A. In the following, E range over FSP process
expressions, Q ranges over process identifiers, and A, B
range over sets of observable actions.
And lts:Exp ®Ã, where Exp is the set of FSP
process expressions, and Ã the set of LTSs. The function
lts is defined inductively on the structure of FSP process
expressions:
Ÿ Q = E means that lts(Q) =def lts(E)
Ÿ lts(END) = {e}, {t }, {}, e where e Î ES
Ÿ lts(STOP) = {s}, {t }, {}, s .
Ÿ lts(ERROR) = P.
Ÿ If lts(E) = S , A, D, q and E is not ERROR then
lts(a->E) =

where p ¹ p
Ÿ Let 1£i£n, and lts(Ei) = S i , Ai , D i , qi then lts(a1>E1|…|an->En)=
S È { p}, A È {a1 ...an }, D È {( p, a1 , q1 )...( p, an , qn )}, p
where p Ï Si, S = U i Si , A = U i Ai , D= U i Di . If Ei is
ERROR then Ai = {}.
If lts(E)= S , A, D, q then lts(E+B) = S , A È B, D, q .

Ÿ The recursive expression lts(rec(X=E)), where X is a
variable in E, is the smallest LTS that satisfies the
rule: rec(X=(a->X)) ~ lts(E[X¬rec(x=E)]), where
“~” is strong semantic equivalence.
Ÿ If lts(P) = S p , Ap , D p , q p is terminating with end

Action Prefix

|

Choice

when

Guarded
Action

The choice (When B x->P|y->Q) means that
when the guard B is true then the actions x and y
are both eligible to be chosen, otherwise if B is
false then the action x cannot be chosen.

+

Alphabet
Extension

The alphabet of a process is the set of actions in
which it can engage. P+S extends the alphabet
of the process P with the actions in the set S.

||

Parallel
Composition

If P and Q are processes then (P||Q) represents
the concurrent execution of P and Q.

forall

Replicator

forall[i:1..N] P(i) is the parallel composition
(P(1)|| … ||P(N)).

:

Process
Labeling

a:P prefixes each label in the alphabet of P with
a.

::

Process
Sharing

<<

Priority High

>>

Priority Low

if then
else

Conditional

/

Re-labeling

\

Hiding

@

state epÎES and lts(E)= S e , Ae , D e , qe then, lts(P;
E)= S p È S e , Ap È Ae , D p È D e , q p , where qe = ep.

Description
If x is a action and P a process then (x->P)
describes a process that initially engages in the
action x and then behaves exactly as described
by P
If x and y are actions then (x->P|y->Q)
describes a process which initially engages in
either of the actions x or y.

->

S È { p}, A È {a}, D È {( p, a, q )}, p

where pÏS. lts(a->E) = { p, p }, {a}, {( p, a, p )}, p ,

Ÿ

Name

Interface

{a1,…,ax}::P replaces every label n in the
alphabet of P with the labels a1.n, …, ax.n
Further, every transition (n->Q) in the definition
of P is replaced with the transitions ({a1.n, …,
ax.n }->Q).
||C=(P||Q)<<{a1,…,an} specifies a composition
in which the actions a1,…,an have higher
priority than any other action in the alphabet of
P||Q including the silent action tau.
||C=(P||Q)<<{a1,…,an} specifies a composition
in which the actions a1,…,an have lower priority
than any other action in the alphabet of P||Q
including the silent action tau.
The process if B then P else Q behaves as the
process P if the condition B is true; otherwise it
behaves as Q. If the else Q is omitted and B is
false, then the process behaves as STOP.
Re-labeling is applied to a process to change the
names of action labels. {newlabel_1/oldlabel_1,
…, newlabel_n/old_label_n}
When applied to a process P, the hiding operator
{a1,…,ax} removes the action names a1,…,ax
from the alphabet of P and makes these
concealed actions “silent”. Silent actions in
different processes are not shared. These silent
actions are labeled tau.
When applied to a process P, the interface
operator @{a1,…,ax} hides all actions in the
alphabet of P not labeled in the set a1,…,ax.

Fig. 2 FSP quick reference

Ÿ If P = P or Q = P, then P||Q = P. For P =
S1 , A1 , D1 , q1 and Q = S 2 , A2 , D 2 , q2 , such that

INTERPRETATION
MSC is a kind of interaction diagram that shows how
processes operate with one another and in what order.
Interactions are used to get a better grip of an interaction

P¹P and Q¹P, P||Q = S1 È S 2 , A1 È A2 , D, (q1 , q2 ) ,
where D is the smallest relation satisfying the rules:
Let a Î Act in
3
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situation for an individual designer or for a group that
needs to achieve a common understanding of the situation.
The most visible aspects of an Interaction are the
messages between the lifelines. The sequence of the
messages is considered important for the understanding of
the situation. The data that the messages convey and the
lifelines store may also be very important, but the
Interactions do not focus on the manipulation of data even
though data can be used to decorate the diagrams. MSC is
presented by sequence diagram in UML (Object
Management Group, 2009). A sequence diagram shows,
as parallel vertical lines (lifelines), different processes or
objects that live simultaneously, and, as horizontal arrows,
the messages exchanged between them, in the order in
which they occur. This allows the specification of simple
runtime scenarios in a graphical manner.
A common issue with sequence diagrams is how to
show conditions and iterations. Indeed, the activity
diagram is more appropriate to model control logic that
involves conditions, loop etc, but in practice, most
developers prefer to stick with the sequence diagram to
show how objects interact together with the control logic
involved. To do this, Sequence diagram provide the
concept of combined fragment.
As shown in figure 3, a combined fragment defines
an expression of interaction fragments. A combined
fragment is defined by an interaction operator and
corresponding interaction operands. Through the use of
Combined Fragments the user will be able to describe a
number of traces in a compact and concise manner.
Combined
Fragment
is
a
specialization
of
InteractionFragment.

Fig. 4 Example of Sequence diagram
Table 1 Brief overview of interaction operators
Operator
Keyword
Description
alt
[guard1]
At most one of the operands will
[guard2]
be chosen. The chosen operand
[else]
must have an explicit or implicit
guard expression that evaluates to
true at this point in the interaction.
An implicit true guard is implied if
the operand has no guard.
break
A breaking scenario
loop
Minit,
The Guard may include a lower
Maxint,
and an upper number of iterations
[guard]
of the loop as well as a Boolean
expression.
opt
[guard]
A choice of behavior where either
the (sole) operand happens or
nothing happens.
par
A parallel merge between the
behaviors of the operands.

A message which is sent or received between life
lines is major element of sequence diagram, and the
message occurrence formally defined as follow.
Definition 1. (Message occurrence) O = {o1, …, on}is
the finite set of message occurrence, where each oi Î O is
consist of a triple (si, mi, ri), and si, ri Î L È {g}. L is the
finite set of life line and g Î Gate denotes gate. Gate is
the set of all gates used in given sequence diagram. sender,
receiver : O ® L È Gate are functions whose input is
message occurrence and output is a life line or a gate, e.g.
sender(oi) = si and receiver(oi) = ri. A message script mi Î
Msg Í SIG È CALL È {create, destruct} is the set of
messages, and each element is one of elements of the set
of signal SIG and the set of operation calls CALL, create

Fig. 3 CombinedFragment

Table 1 describes some selected interaction operators.
In this paper, we only deal with limited operators such as
alt, break, loop, opt, and par. Figure 4 shows an example
of a sequence diagram with alt operator.

4
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Considering the translation from sequence diagram
into FSP over LTS P = S , A, D, q , the set of action A =
aP È {t}, the set of states S is L È Gate, i.e. life lines and
gates, and the initial state q is correspond to the first
occurrence of message in the sequence diagram. When sd0
Î Sd is the root interaction and sd0 = (F, O0, ▷0), q =
sender( o01 ), where "i>1× o01 Î O0 Ù o0i Î O0 Þ o01 ▷0 o0i .

signal, or destruct signal. message : O ® Msg is the
function that returns a message corresponding to the input
message occurrence, i.e. message(oi) = mi.
Definition 2. (Combined fragment) F = {f1, …, fn}
denotes the finite set of combined fragments, which are
consist of operator, operand, and guards, where fi Î
Ã(Operand) ´ Operator, and Operand Í Sd is the subset
of sequence diagram and Ã(Operand) denotes the power
set of operands. guard : Operand ® Guard È {e} is the
function that returns the set of guards which belong to the
input operand. Guard denotes the set of expressions which
can be used in UML. Operator = {opt, alt, ref, par, seq,
loop} is the set of interaction operators.

Rule 2. (Combined fragment) A combined fragment fi Î
Ã(Operand) ´ Operator is translated into process
composition of FSP. Each Operand is correspond to each
process of FSP, and translation rules of Operator {opt, alt,
ref, par, seq, loop} are proposed in table 2.
Table 2 Rules of translation Operator into FSP
Operator
Keyword
FSP
alt
[guard1] sdi ALT =
[guard2] sdj ( when [guard1] ai -> Processsdi
[else] sdk
| when [guard2] aj -> Processsdj
| ai -> Processsdk).
break
BREAK = ( a -> STOP).
loop
minit,
const min = minint
maxint,
const max = maxint
[guard] sd
MININT(I=0) =
if (I < min) then
a[I] -> Processsd; END)
else END.
MAXINT(I=min) =
if (I < max) then
when [guard]
a[I] -> Processsd; END)
else END.
LOOP = MININT; MAXINT.
opt
[guard] sd
OPT=(when[guard] a -> Processsd).
par
sdi, …, sdk
||PAR=(Processsdi ||…|| Processsdj).

Definition 3. (Sequence diagram) Sequence diagram Sd
= {sd1, …, sdn } denotes the finite set of interaction, where
sdi = (F, Oi, ▷ i). Oi is the set of message occurrence,
which is included in sdi. ▷i Í (F È Oi) ´ (F È Oi) is total
order relation on message occurrences and combined
fragments.
The interaction relation Ð is irreflexive transitive and
satisfies following conditions, where sd0 is the unique root
interaction which cannot be an operand.
"i × Ø(sdi Ð sdi)
"i,j,k × (sdi Ð sdj) Ù (sdj Ð sdk) Þ (sdi Ð sdk)
"i > 0 × sdi Ð sd0
For example, according to the above formal syntax,
the sequence diagram of figure 6 is represented as follow:
Sd = {sd0, sd1, sd2}, sd1 Ð sd0, sd2Ð sd0, F = {({sd1, sd2},
alt)}, guard(sd1) = x > 0, guard(sd2) = x £ 0. When sd0 =
(F, O0, ▷0), O0 = {o1, o2}, o1 = (gate(sd0), opti, ob1:C1),
o2 = (ob1:C1, opti, gate(sd0)) and o1 ▷0 ({sd1, sd2}, alt)
▷0 o2. When sd1 = (F, O1, ▷1), O1 = {o3, o4, o5, o6, o7}, o3
= (ob1:C1, create, ob2:C2), …, o7 = (ob2:C2, foo(),
ob1:C1) and o3 ▷1 … ▷1 o7.

Rule 3. (Interaction) For interaction sdi = (F, Oi, ▷i), the
translation of F is compliance to Rule 1, and the
translation of Oi follows Rule 2. ▷i = áoc1, …, ocnñ is
"1£ i £n×oci Î(Oi È F) and total order, therefore sequence
diagram sdi can be translated a process Processsdi = (oc1 ->
… -> ocn -> END).

In the context of GFT, the term trace means to
“sequence of event occurrences,” which corresponds well
with common use in the area of trace-semantics, which is
a preferred way to describe the semantics of Interactions.
FSP semantics is also based on this Interleaving
Semantics. Therefore, with translating from formal syntax
defined by previous definitions into FSP grammar
carefully, we can get the method for formal verification of
sequence diagram. These translations are explained as
following three translation rules.

BEHAVIORAL CORRECTNESS
Behavioral correctness via BMC
Bounded Model Checking was first proposed by
Biere et al. in 1999 (Biere, et al., 1999). It does not solve
the complexity problem of model checking, since it still
relies on an exponential procedure and hence is limited in
its capacity. But experiments have shown that it can solve
many cases that cannot be solved by BDD-based
techniques.

Rule 1. (Message occurrence) A message occurrence oi =
(si, mi, ri) can be translated to action of FSP a Î aP. aP is
the set of actions in FSP. Given a sequence diagram sdi =
(F, Oi, ▷i), the set of actions in FSPi, aPi = Oi.
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Bound k

Bound
increment

(

/\ bk =0 /\ in=-11 /\ nj =i +1 (Øai ,b Ú Øa j ,b )

Property

)

Encoder
Encoder

Model

where |A| = n, and ai ,b is ith action of A at the bound b.
SAT-solver
SAT-solver

C3. (Enable Actions) Actions, that are possible to occur in
a state, are encoded with corresponding state.
When |S| = n, for every state si ,b ÎS with bound b, we can

Error
trace

Decoder
Decoder

sat

unsat
fail

define the set of enable actions in the state si as follow:

Fig. 5 Bounded Model Checking Overview

a
enableActions ( si ) = {a Î A | $t.( si ¾
¾®
t ) Î D} . Thus

As shown in figure 5, the basic idea in BMC is to
search for a counter-example in executions whose length
is bounded by some integer k. If no bug is found then one
increases k until either a bug is found, the problem
becomes fail to verification or some pre-known upper
bound is reached. The BMC problem can be efficiently
reduced to a propositional satisfiability problem, and can
therefore be solved by SAT-solver rather than BDDs.
Modern SAT solvers can handle propositional
satisfiability problems (Biere, et al., 2003). During the last
few years there has been a tremendous increase in
reasoning power of SAT solvers. They can now handle
instances with hundreds of thousands of variables and
millions of clauses (Moskewicz, et al., 2001). Through
previous works (Park and Kwon, 2008), we developed
BMC tool for FSP. So previously mentioned semantics of
MSC are directly applied into this tool for verifying
correctness of the test behavior.

C3 is encoded by:

(

/\ bk =0 /\ in=0 Øsi ,b Ú \/ mj=1 a j ,b

)

where m is | enableActions ( si ) | and a j ,b is one of
action in the set of enable actions with the bound b.
C4. (Triggered) If the current state meets one of enable
actions, then the transition is triggered and control is
moved to the next state.
When |D| = n and every transition d = (s, a, s¢) Î D, in
each bound k, C4 is encoded as follow:

/\ bk =0 /\ in=0 (Øsi ,b Ú Øai ,b Ú si¢,b )
Representation of Properties via Fluent LTL

LTS model S , A, D, q consists of an initial state, a
set of transition, a set of alphabet and transition relation.
Propositional formula of a given model [[ M ]]k is
encoding as follow:

System requirements presented within requirement
specifications such as AUTOSAR and ARINC 653 are
represented by logical formula for checking the
correctness of the behavior of test cases. The properties of
test cases can be represented by LTL formula which is
defined by follow.

[[ M ]]k := [[q ]]0 Ù /\ ik=-01 [[D]]k

f ::= Fl | ØFl | fÚy | fÙy | Xf | Ff | Gf | fUy.
In the first bound, initial state q is encoded by
[[q ]]0 and in each bound k, transition relation /\ ik=-01 [[D]]k is
encoded by below four constraints:

Fl means fluent, which is defined by a pair of sets, a
set of initiating actions IFl and a set of terminating action
TFl.
Fl ºá IFl, TFlñ IintiallyFl

C1. (Exactly One State) Exactly one state in the model is
selected at the same time.

where IFl, TFl Ì G and IFl Ç TFl = Æ and a fluent Fl
may initially be true or false at step 0 as denoted by the
attribute IintiallyFl. Therefore a fluent is a kind of state
which value is true or false according to the occurrence of
actions. EFl Ì G is also actions and neither initiating
actions nor terminating actions. For the occurrence of EFl,
the value of fluent is preserved. Encoding fluent is as
follow, and for the rest LTL formula, we follow (Cimatti,
et al., 2002) and (Latvala, et al., 2004).

/\ bk =-10 \/ in=0 si ,b

(

/\ bk =0 /\ in=-11 /\ nj =i +1 (Øsi ,b Ú Øs j ,b )

)

where |S| = n, and si ,b is ith state of S at the bound b.
C2. (AT Most One Action) At most one action is selected
at the same time.
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Encoding(Fl) = IintiallyFl
Ù IFl Þ Fl
Ù TFl Þ ØFl
Ù EFl Ù Fl Þ Fl
Ù EFl Ù ØFl Þ ØFl
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With this fluent LTL, various properties such as a
right order of messages in a GFT, a special restriction of
requirements, or an invariant like a deadlock free in GFT
can be formulated.
CONCLUSIONS
Safety-critical systems such as intelligent vehicle or
unnamed aerial vehicle have to be guaranteed for their
correct behaviors. Conformance test, which is a kind of
testing where an implementation of an entity is tested w.r.t.
its specification, is the first step to procure the safety of a
system. The test notation for conformance testing is the
TTCN-3. Graphical Format of TTCN-3 is the graphical
definition of the behavior of TTCN-3. In this paper, we
introduce a method of conformance test with GFT. In our
approach the test behavior is represented by Finite State
Processes and with properties written in a kind of linear
temporal logic the correctness is verified by bounded
model checking approach. GFT is a test specific extension
of a subset of MSC to widen the applicability of MSC in
the testing process. In this paper, we do not deal with this
extension. But we have the plan to study the aspects.
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ABSTRACT: With the increasing of cooperation in international engineering projects, it is more significant that
designers understand cross-language product requirements
precisely and comprehensively. In this paper, we propose a
novel approach for cross-language transformation based on
Recursive Object Model (ROM) in understanding product
requirements. ROM is a kind of graphic models which carries the semantic and structure information involved in nature language. The cross-language transformation method
named CLT-ROM consists of three steps. Product requirements in the form of nature language are transformed into
original ROM diagram first. Then the ROM diagram with
compound objects is obtained as an intermediate state for
the following transformation. Finally, the ultimate ROM
diagram is generated for designers. The proposed method
is helpful for designers to understand product requirements.
It provides a good basis for the following product design. A
case study illustrates the feasibility of CLT-ROM.
Keywords: Cross-Language Transformation, Recursive
Object Model, Product Requirements
I. I NTRODUCTION
Cooperation and communication play significant roles
in international engineering design, especially in the early
stage of product design. Therefore it’s more important that
designers can understand cross-language product requirements precisely and comprehensively. Whether the designers can clearly understand the customers’ requirements or
not largely determines the practicability and efficiency of
design results [1]. Only really understanding the requirements, can the designers make right decisions during the
following design processes, especially in the scenario of
the cross-language product design. Many researchers have
been interested in the cross-language field and significant
amounts of research results have been achieved. Cassan et
al. [2] implemented a question answering system in a crosslanguage environment. Antje Schultz et al. [3] compared
Explicit Semantic Analysis model with two latent models
(Latent Semantic Indexing and Latent Dirichlet Allocation)
for cross-language information retrieval. Och et al. [4]
proposed an alignment template approach for statistics machine translation. An open source toolkit [5] was provided
for doing researches on statistics machine translation. However, few efforts have been reported in the literature regard-

ing how to combine cross-language transformation with the
design problem in understanding product requirements.
Throughout the engineering design process, different design stages are involved, which generally include requirements elicitation and specification, conceptual design, configuration design and detailed design. During those early
design stages, design information is usually informal and
appears in the form of free-hand sketches, graphic language
and verbal statements [6]. Customers commonly use the
nature language in the form of text to express product requirements [7] in early design stage. The features, ambiguities and contradictions of nature language, could distort
the understanding of requirements [8]. Additionally, continuous communication between designers and customers
is also essential and common especially during the early
design. Product requirements could be changed constantly
[9]. Therefore, understanding customer’s real intention precisely and completely is difficult when designers are to deliver a quality design solution within a reasonable range
of cost and time, especially in the scenario of the crosslanguage communication between customers and designers. Practical approaches and tools which could help designers understand customers’ requirements should be investigated and developed to consummate the design process.
We propose a novel approach for cross-language transformation based on Recursive Object Model (ROM) [10] in
understanding product requirements. The cross-language
transformation method based on ROM is named CLT-ROM.
The major focus of this paper is to assist designers in well
understanding the customers’ original intention in crosslanguage product requirements. ROM is a kind of graphic
models which can sufficiently represent all linguistic elements involved in the product requirements. ROM diagram
can be more intuitive and flexible for the recursive logic
of design [11]. The alterations of product requirements
caused by continuously communication between designers
and customers can be well expanded and utilized. In this
paper we suppose that the cross-language transformation is
set from English to Chinese. In fact, CLT-ROM proposes
a generic method for cross-language transformation. The
CLT-ROM method is also applicable to the scene that the
transformation is from Chinese to English. We can implement the reverse transformation by using the CLT-ROM
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method with different specified rules. The research on this
issue is of realistic significance because there is substantial demand in design and manufacturing fields between
China and English-speaking countries. CLT-ROM implements transformation both from the perspective of language
and the expressive form. That is, we transform product
requirements described in nature language (English) to a
ROM diagram which displays product requirements in Chinese. Designers whose native language are Chinese then
evaluate the feasibility and complexity of product design
based on understanding product requirements. The understanding can be delivered by analyzing the corresponding
ROM diagram.
The rest of the present paper is organized as follows. In
Section 2, we introduce the cross-language transformation
method CLT-ROM. Section 3 briefly reviews ROM and introduces the method for generating original ROM diagram
(O-ROM). Section 4 details the determination of compound
objects in O-ROM. The ROM diagram with compound objects (C-ROM) is referred to as an intermediate state for
the following transformation. Section 5 indicates the transformation of C-ROM from the source language (English)
to the object language (Chinese). The generated ultimate
ROM diagram (U-ROM) shows the product requirements
for designers. A case study is given in Section 6 to illustrate
the effectiveness of the proposed approach. Finally, Section
7 makes the conclusions and outlines the future directions.

II. C ROSS -L ANGUAGE T RANSFORMATION BASED ON
ROM (CLT-ROM)
The CLT-ROM method can be used to transform customers’ product requirements to ROM diagram. The transformation is cross-language which is set from English to
Chinese in this paper. CLT-ROM can help designers understand cross-language product requirements better. The
method consists of three steps. Figure 1 illustrates the
processes of CLT-ROM. First, the product requirements are
transformed to the original ROM diagram (O-ROM), which
is generated by using the mapping rules between the results of grammar parser and ROM relations. Then the compound objects implied in O-ROM are analyzed and determined. We obtain the ROM diagram with compound objects (C-ROM) which includes the initial compound objects
and the subdivided compound objects. Finally, the ultimate
ROM diagram (U-ROM) for designers is generated by implementing language transformation on C-ROM. Based on
the understanding of product requirements from generated
diagram-ROM, designers make the decisions for product
design. In addition, some other applications on ROM [10,
12, 13, 14] could be carried out in the following design processes.

Product
Requirements

U-ROM

Customers

Designers

O-ROM

C-ROM

Fig. 1. The processes of CLT-ROM.
Product
Requirements

SD
representation

SD Parser

Mapping

O-ROM

Fig. 2. Method for generating O-ROM.

III. G ENERATING O RIGINAL ROM D IAGRAM
(O-ROM)
This section starts with a brief introduction of ROM and
Stanford typed dependencies (SD) [15, 16]. Then we give
the method of generating O-ROM of CLT-ROM. Figure 2
illustrates the method for generating O-ROM. The input is
the product requirements given by customers in the form
of nature languages. The output is the O-ROM. SD represents sentences uniformly as SD representation which can
be yielded by a SD Parser. SD representation can act as
a bridge between nature language and ROM diagram. We
generate O-ROM by mapping SD representation into elements of ROM.
A. ROM and SD
ROM is a graphic model that carries the semantic information involved in the product requirements. The linguistic structure of nature language can also be captured
in ROM diagram. ROM diagram provides the straightforward description for product requirements. All the ROM
objects consist of the words in the sentences. Every word
and phrase in sentences can be treated as an object and a
compound object of ROM respectively. ROM defines the
relation between two objects. There are three relations in
ROM for describing different statements. Table 1 shows elements of ROM. Some applications have demonstrated the
usefulness of ROM in the engineer design [10, 12, 13, 14].
We use the notation R(A, B) to denote the representation
of ROM diagram while R denotes the relation between the
object A and B. Figure 3 illustrates the different represenB

A

B

A

B

A

Fig. 3. Different representations of R(A, B).
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Graphic
Representation

Type

Object

Relations

Definition

Object

O

Everything in the universe is an object.

Compound
Object

O

It is an object that includes at least two other objects in it.

Constraint

It is a descriptive, limiting, or particularizing relation of one
object to another.

Connection

It is to connect two objects that do not constrain each other.

Predicate

ρ

It describes an act of an object on another or that describes
the states of an object.

Table 1. Elements of Recursive Object Model [10].
tations of R(A, B).
SD was designed to provide a simple description of the
grammatical relationships in a sentence. The relations of
SD could easily be understood and effectively used by people without linguistic expertise who wanted to extract textual relations [15]. SD represents all relationships of sentences uniformly as typed dependency relations between
pairs of words. SD representation includes the structure
and semantic of sentences. The structure can be identified
by SD relations which is arranged in a hierarchy grammar
structure. This structure is rooted with the most generic relation, dependent, which will be divided more precisely and
further in the hierarchy. We obtain SD representation by a
SD parser named Stanford Parser [17, 18] which is based
on the technique of nature language processing (NLP). SD
representation improves the quality for parsing product requirements described in sentences.
ROM and SD represent the structure of sentences in different ways by defining different relations. ROM defines
relation between two objects, and the object can be individual word or phrase. The dependencies with grammatical
relations, such as subject or indirect object [17], are used
to label the SD relations between individual words. The
definitions of SD relations make use of the Penn Treebank
[19] part of speech (POS) tags and phrasal labels. The definitions of ROM relations are derived from axiomatic theory of design modeling [20] based on environment design
[21], which can be demonstrated from mathematical concepts and axioms.
B. Mapping between SD and ROM
SD provides a convenient interface for structural description of natural language. We use SD representation as a
bridge for transforming product requirements from nature
language to ROM diagram. By comparing and analyzing
the relations defined in SD and ROM, the implicit mapping
rules between them can be developed. The original ROM

(O-ROM) diagram can be generated automatically from SD
representation by using the mapping rules.
SD relations are more concrete and particular than ROM
relations. By analyzing syntax and semantic information
of SD representation, we map the SD relations into three
relations of ROM. These three relations are constraint, connection and predicate relations. The extracted mapping
rules are concentrated on the constraint from the linguistic
prospective, especially by using the syntax constraints. For
instance, the SD relation acomp (adjectival complement)
is mapped into the constraint relation, conj (conjunct) and
iobj (indirect object) are mapped into the connection and
predicate relations respectively. The mapping rules keep
the syntax logic between the two objects. Table 2 gives the
part of the mapping rules.
In order to improve the quality of mapping results, specified rules should be developed to revise SD representation.
By using these rules, we collapse and propagate the basic
SD representation which is directly obtained by using the
SD Parser. Collapsed SD relations are used to modify and
refine the undiscovered ROM relations which indeed exist
in different words. The propagated SD relations can optimize the results of identifying the connection relations of
ROM. Meanwhile, we should concern more details in the
different scenarios. Dynamically remedying the mapping
rules for different contexts based on the heuristic rules can
also consummate the mapping results. The heuristic rules
should be continuously adjusted and refined. For instance,
we defined additional heuristic rules to deal with the cooccurrence SD relations such as prep (prepositional modifier) and pobj (object of a preposition). This can make ROM
diagram more intuitive and distinct. Revised mapping rules
optimize mapping results. Generated O-ROM by using revised mapping rules can precisely and completely carry the
linguistic information involved in product requirements.
Intuitively, we give an example sentence: Design a tool
for fixing brake linings onto brake shoes for internal drum
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SD

amod

aux

cc

conj

cop

csubj

det

dobj

expl

ROM

Constraint

Constraint

Connection

Connection

Predicate

Predicate

Constraint

Predicate

Predicate

Table 2. Part of mapping rules.

SD
det(tool-3, a-2)
dobj(Design-1, tool-3)
prep(Design-1, for-4)
pcomp(for-4, fixing-5)
amod(linings-7, brake-6)
dobj(fixing-5, linings-7)
prep(fixing-5, onto-8)
amod(shoes-10, brake-9)
pobj(onto-8, shoes-10)
prep(shoes-10, for-11)
amod(brakes-14, internal-12)
amod(brakes-14, drum-13)
pobj(for-11, brakes-14)

Table 3. SD relations for example sentence.

Fig. 4. Generated O-ROM for the example sentence.

brakes. The generated SD representation of the example
sentence is shown in table 3. Figure 4 displays the original
ROM diagram (O-ROM) which is generated by the mapping rules.
IV. D ETERMINING ROM D IAGRAM WITH C OMPOUND
O BJECTS (C-ROM)
The object which includes at least two other objects can
be defined as a compound object. Using compound objects
in ROM diagram make the language structure of product
requirements more clear. They can also be applicable to
interpret the recursive process in design. Designers can analyze implicit requirement information from different aspects by using compound objects. C-ROM makes it feasible that designers could concentrate on analyzing objects
involved in some compound object or follow closely the relations between compound objects and others. During the
transformation from O-ROM to U-ROM, we can not neglect the differences of semantic representations and grammar structures between English and Chinese. For example,
some words in English may be used to represent only one
statement in Chinese. The structure of O-ROM should be
reorganized and revised before generating U-ROM, which
is helpful for designers to understand product requirements.

Meanwhile, the objects of U-ROM diagram should be coherent and meaningful. Therefore we introduce C-ROM as
an intermediate state for benefitting the following transformation. The structure of C-ROM will be obtained by reorganizing and revising the structure of O-ROM based on
specified rules after have the objects of C-ROM are determined. The specified rules are developed according to correct ROM representation in Chinese.
Identifying proper compound objects in O-ROM which
will be translated into U-ROM should be in favor of improving the accuracy of transformation. Though the elements of compound object can be any continuous words
of sentences, the phrase with some syntactic structure is
mainly concerned to be a compound object, such as noun
phrase, verb phrase, verbal phrase and gerund phrase. We
combine determining compound objects with the following
transformation rather than only considering the structure of
the source language (English) or the target language (Chinese). This is beneficial for both customers and designers
to understand product requirements. Therefore, our method
of determining elements of C-ROM from O-ROM are more
practical, though in essence we are following an approach
where POS is used to identify the boundary of compound
objects and then to determine them further. We obtain the
initial compound objects first, and then break them down
into subdivided compound objects.
In order to determine the initial compound objects,
we should do some preprocessing for sentences, such as
lemmatization, obtaining POS of words. The initial compound objects which are of more syntax character can then
be identified by coupling SD relations and POS of words.
We give a naive approach for further dividing initial compound objects by using a dictionary, which can be helpful
to understand the semantics of requirements. Our approach
for determining subdivided compound objects can be considered as a greedy strategy for maximum matching, it will
be discussed later. We store the matching results which can
be play a role as a preprocessor for transforming C-ROM
to U-ROM. The dictionary entries include common vocabulary, proper nouns, phrases as well as corresponding translations usually used in the engineer domain. Furthermore,
the dictionary is extensible.
The greedy strategy for maximum matching is used to
obtain the subdivided compound objects by dividing the initial compound objects. This method is to be implemented
in a recursive way. We select the final objects and determine
C-ROM by using the minimum principle. The principle is
that the objects in C-ROM can not be further divided by
matching entries and the number of objects is minimum.
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BEGIN
//lemmatization and obtaining POS
ROM ← PreprocessingObjects (O-ROM)
//get initial compound objects ICO List
ICO List ← CompoundObjectAnalysis(ROM)
For all (ICO in ICO list){
//get subdivided compound objects SCO List
SCO List ← Dividing(ICO)
}
ROM ← Revising (ROM, SCO List)
END
Design a tool

for

fix brake lining

onto

brake shoe

for

internal drum brake

Fig. 5. C-ROM with initial compound objects.
internal

Design

tool

a

for

brake lining

onto

brake shoe

for

drum brake

fix

Fig. 6. C-ROM with subdivided compound objects.

A variable sliding window is useful for dividing the initial
compound objects. The size of the sliding window will be
decreased when the content of the window can not matched
any entries of the dictionary. We store the matching result
which may be the translation of the content or just empty.
This method of determining C-ROM is described in the following pseudo codes. Figure 5 and figure 6 shows the
initial and subdivided compound objects of C-ROM for the
example sentence described in Section 3 respectively.

Though the structure of U-ROM has been uniquely determined by C-ROM, the translations of objects can be not
unique, there may be multiple candidate translations for the
objects. In this paper, the translations of objects are obtained uniquely by using language model. As an effective
application of statistical inference, language model, here
we use N-gram [22], usually aims to predict the next word
given the previous words. It is fundamental for speech or
optical character recognition. It is also used for spelling
correction, handwriting recognition and statistical machine
translation. Here we employ the N-gram to compute the
probability of the generated segments, which consists of
reordered translations of objects. In addition, relations of
C-ROM and POS of objects can be utilized to reduce the
diversity of reordering objects. This is useful to reduce the
search space in confirming the translations of objects by using N-gram. The skeleton of U-ROM can be determined by
searching the predict relations of C-ROM. The constraint
and connection relations of C-ROM can be used to further
determine reordering of objects of U-ROM.
Naturally, we should do some preprocess for corpus.
The N-grams are obtained after removing some meaningless words. We employ the modified Kneser-Ney moothing
technique [23] to deal with the problem of data sparse. In
order to ensure that the sum of all reordered translations of
objects equals one, we tag the label <BOS> at the start of
the first segment responding to the skeleton, and <EOS>
at the end of the last segment. The probability score of
segment s = w1 w2 ...wl can be calculated by using the following formula:
p(s) =
Where

l
Q
i=1

p(wi |w1 ...wi−1 ) ≈

l+1
Q
i=1

i−1
p(wi |wi−n+1
)

(1)

wij = wi ...wj

V. G ENERATING U LTIMATE ROM DIAGRAM (U-ROM)

0
< BOS >= w−n+2
, < EOS >= wl+1

In order to transform C-ROM to U-ROM, we should confirm the translations of objects, which are the elements of
product requirements. We classify the words of requirement sentences into two types, function words and content
words. The function words can describe the statement between content words. We have created a Stop List to collect the function words. The corresponding translations
of the Stop List are also stored in the dictionary. They
are commonly used in Chinese according to the semantic.
We aid the part of function words in identifying the initial compound object previously, such as “for”, “of” and
“on”. Some rules are built for the translations of the function words based on combining the related ROM relations
and POS of objects. For the content words, translation results can be obtained from the stored translations which
have been tackled in the stage of determining compound
objects of C-ROM.

With the help of the determined relations in U-ROM, we
reorder the translated objects and then assemble them in a
list of segments. Then the scores of the segments are calculated by using the N-gram. After sorting the scores, we
obtain an N-best list. The N-best list stores the segments
according to the level of scores. The segment with the
highest score is defined as the final transformation. It can
be regarded as a locally optimal solution for determining
the translations of objects of C-ROM. To generate a transformed ROM diagram which is useful for designers in understanding product requirements, N-gram is an effective
method in determining the translations of content words.
Object reordering is an important issue for the translations of objects, here we introduce our approach in dealing with the objects reordering. We use an object orientation classifier to predict the sequence between two objects
of U-ROM. Since the relations of objects in U-ROM have
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Fig. 7. U-ROM for designers.

been determined in C-ROM, we define the object orientation classifier of U-ROM which can group the sequence into
two classes: one class which will alter the original relative
position between two objects of C-ROM (reversed) and the
other which maintains the position (ordered).
We assume that i and j are the positions of two objects
in original sentence. Object A and B of U-ROM are transformed from the two objects respectively. Let CA,B be the
class denoting the movement of objects in U-ROM. The
CA,B can be obtained by the following formula.
n
CA,B =

reversed, if
ordered, if

i>j
i<j

(2)

The ultimate ROM diagram (U-ROM) can be generated
from C-ROM by using the method given above. Figure 7
illustrates the U-ROM of the example sentence described in
Section 3.
A. Case study
We developed a software prototype named ROME2C
based on the method given in the previous sections. It provides a concrete implementation of CLT-ROM. We implemented ROME2C in Windows environment by using Java.
Therefore it is platform independent. It can be run in an
ordinary PC. Based on this platform, the further application can be actualized, such as eliciting and refining the
more detail requirements by asking questions [12], specifying the requirements into the current widespread UML
diagram [14] and other cross-language applications. Some
information generated in the transformation process can be
maintained for further consummating the prototype. The
validity of CLT-ROM can be validated by the following
case study.
An example adapted from the book by Huberka et al.
[24] is used to illustrate the method CLT-ROM proposed
in this paper. The eight sentences of product requirements
in the task can be described as follow:
1. Design a tool for fixing brake linings onto brake shoes
for internal drum brakes.
2. The user of this tool is a car mechanic.
3. The working height of the user should follow ergonomic
standards.
4. The use of this tool should conform to the related industry safety standards.
5. The service life of this tool should be around 5 years.
6. The tool should be easy for transportation and maintenance.

7. It will be manufactured in a specific workshop, which
has specified equipments.
8. The cost of this tool can not be over $ 190.00.
Figure 8 shows the transformation for the first requirement sentence. Designers understand the product requirements by applying the ROM diagram and obtain a rough
idea about the design task. It becomes clearer and clearer
while the following requirement sentences are transformed.
Designers understand the product requirements that the customers really expressed even though they know little about
the source language used by counterparts. Designers evaluate the complexity of product design, and then make further
communication with customers. The following transformations of the requirement sentences can be shown in figure
9.
VI. C ONCLUSION
In this paper, a generic approach named CLT-ROM is
proposed to transform the product requirements expressed
by customers in the form of the source language (English)
into ROM diagram in the form of the target language (Chinese). This is effective and helpful for designers to understand cross-language product requirements. The frame
of the transformation method is applicable for the scene
that the language transformation is reverse, which means
that the source language is Chinese and the target language
is English. We implement cross-language transformation
from English to Chinese by capturing the structure and semantic information involved in product requirements. The
original requirements information is accessible for designers by analyzing the elements of ROM diagram. Additionally, the use of dictionary and language model is an effective approach to improve the accuracy of transformation.
A software prototype ROME2C is presented as an analysis
tool. It provides a good basis for the following product design. A case study shows that the approach CLT-ROM is
feasible and helpful.
It can be seen from this paper that our approach largely
depends on the corpus of the N-gram model and the matching dictionary. They need more concern and support in
order to improve the quality and accuracy of the transformation. From the perspective of implementation, more
statistical approaches should be introduced for optimizing
the transformation in a more intelligent way. In order to
simulate this recursive collaborate process, the feedback
from both the customers and designers can be introduced.
That means both sides (customers and designers) can consummate the ROM diagram provided by the software in
terms of understanding from their own perspectives. It is
of great benefit on remedying and optimizing the transformation when one side confirms that the other side has exactly known what they mean. This plays a significant role
in bilateral communication. These issues will be the future
research focus. The extend software prototype will be developed.
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Fig. 8. Transformation for the first requirement sentence.

Fig. 9. U-ROM of other requirement sentences.
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ABSTRACT
Cross-disciplinary technologies are noticeable phenomena
in modern products, as found in renewable energy and electric
vehicle industries. However, current conceptual design tools
have been limited to respond these cross-disciplinary
technology products. One of remarkable characteristics in this
technology change is transforming an existing product with
multiple cross-disciplinary technologies. Transformative
Product Design (TPD) is to respond this phenomenon. In TPD,
transformation is a design process to produce a new product
(i.e., transformative product) from a base product by adding
and/or converting functions/features with reference products or
technologies. In this paper, we propose a set approximation
technique that can search functions and structures that are
beyond the existing design repository, while considering TPD
context. Also, to facilitate the transformation process, this paper
proposes the Function-Behavior Interaction and StructureBehavior networks and compares a base product with multiple
products via the two types of networks.
Keyword: transformative product design, conceptual design,
product transformation, design context, rough set theory, set
approximation, design combinatorial search
INTRODUCTION
Recently, hybrid technology has become a promising
research domain in an industry that has been facing challenges
such as sustainability and alternative energy technology. A oneto-one relationship between certain technologies and certain
industries no longer applies. Today, cross-disciplinary
technology advances are noticeable phenomena in modern
technology and products. To drive innovative product
development, industries and academia are turning to conceptual
design tools that use a breakthrough approach to solve a
specific engineering problem. However, a technology advance
does not guarantee the success of product innovation.

To achieve cross-disciplinary technologies, Kodama
suggested a technology fusion approach, which is described as
a type of innovation that leads to advanced functions by
combining at least two or more existing technologies into
hybrid technologies [Kodama, 1986]. He emphasized the
significance of between-industry sectors for technology fusion
and noted the necessity and importance of technology fusion
for a company’s strategic competitiveness.

(a) Current inventive design
approach

(b) Transformative product
design

Figure 1 Design approach comparison

Innovation theories such as TRIZ, OTMS-TRIZ,
Axiomatic Design, General Theory of Innovation, Mind
Mapping, Brain Storming, and Lateral Thinking provide a way
to generate creative design concepts involving resolution by
elimination of contradictions [Leon, 2009]. These theories are
intended to identify a specific design problem and to compare
specific- and typical-design problems for the generation of
innovative design concepts. Typically, an inventive process
goes through abstracting it as a typical problem and finding an
associated typical solution and finally generates a specific
solution as design alternatives. Figure 1 (a) shows the problem
solving process in the current innovative design. Since the
inventive design approach focuses on a single product design, it
is ineffective in identifying and resolving conflicts when
generating a new design from two existing design models
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(which is Transformative Product Design). Inventive design is
also limited in its ability to systematically provide specific
design principles. In contrast, the transformative product design
(TPD) paradigm can help to determine a specific solution in
cross-disciplinary domains. When a specific problem
encounters new needs, through transformation (i.e., a design
process in TPD), a new transformative product can be
generated from a base product by adding and/or converting
functions/features with reference products or technologies.
Figure 1 (b) shows the design process in transformative product
design.
Transformative product design aims to design a new
product from a combination out of a base product and reference
products, which have been developed. To achieve the
transformation process, it is crucial to identify similarities (or
dissimilarities) between a base and reference products. Without
this step, it would be virtually impossible to even determine a
set of good candidate of existing products to combine.
However, current conceptual design tools have focused only on
the design process of a specific design, and assumes the user
has complete knowledge of a product such as functional
catalogs, product platform, modular design, etc. [Erden, et al.,
2008; Yoshioka et al., 2004; Zha and Sriram, 2006].
As the needs for transformative product design will
continue to grow, we see an increased need for a conceptual
design tool that can meet the transformative product design
paradigm. In order to realize this paradigm, it is the very first
step to compare existing products, which eventually lead to
specific design alternatives. Therefore, this paper aims to define
two types of networks for each product design representation:
the Function-Behavior Interaction (FBI) network and StructureBehavior Interaction (SBI) network. In the next section, the
relevant literature will be studied. After the literature review,
we define the two networks for transformative product design
with a wind turbine example. Then this paper proposes a set
approximation based semantic comparison for two or more
products. Finally, this paper concludes with the discussion and
future works.
EXISTING RESEARCH IN CONCEPTUAL DESIGN
The conceptual design is critical, particularly in designing
a new and innovative product or in generating a completely
new design for an existing product [Wang et al., 2002].
Conceptual design begins with high-level descriptions of
requirements and continues with a high-level identification of a
solution [McNeil et al., 1998]. In other words, conceptual
design starts with formulation of abstract ideas with
approximate concrete representations [Takala, 1989]. Then the
generation of ideas is eventually evaluated against general
requirements. With additional data incorporated later, decisions
will be allowed to select design alternatives.
There have been a number of methods and techniques for
representing conceptual design. Basically, many conceptual
design representation methods establish function structures.
Kitamura et al. (2004) define functional models as a

representation of a part of (but not all of) the designer’s
intentions, so called design rationale. Umeda and Tomiyama
(1995) consider function as a bridge between human intention
and physical behavior of artifacts. They state that “there is no
clear and uniform definition of a function, and moreover, it
seems impossible to describe function objectively.” Because of
the subjective characteristics of functions, functions play an
intermediate role between intention and objective. Another
approach is to regard function as a relationship between input
and output of energy, material, and information, and this
definition is widely accepted in design research [Pahl and
Beitz, 1988; Welch and Dixon, 1992].
Design Modeling
Engineering design can be viewed as an articulate process
composed of phases, where each phase represents a
combinatorial action on the parts where the composite object is
constituted [Colombo et al., 2007]. Various perspectives could
distinguish engineering design. An epistemological view is a
general perspective of engineering design for most design
modeling methods, which consists of two types of design
knowledge: subjective vs. objective knowledge. The former one
represents teleological knowledge, which is knowledge about
purpose. Teleological knowledge has been represented in
functional knowledge [Umeda and Tomiyama, 1997]. The later
knowledge illustrates physical knowledge such as structures of
physical existence and behaviors of physical principles [Brown
and Chandrasekaran, 1986].
There are two representative design models based on the
epistemological taxonomy of design knowledge: the FunctionBehavior-Structure model developed by Gero (1990) and the
Function-Behavior-State model proposed by Umeda and
Tomiyama (1995, 1997). Umeda noted that there is no
meaningful distinction between state and structure; the
difference between the two in conventional usage is just a
matter of duration: structures that change in a short time are
generally called states. By this definition, structure would
embrace state, so Gero’s FBS model will be considered in order
to construct product design networks in this paper.
Conceptual Design Tools
For supporting conceptual design, research has been
conducted to capture design rationale, generate design
alternatives, and solve a specific problem. For capturing design
rationale, Huang developed a system to investigate cognitive
behaviors [Huang, 2008]. Bracewell et al. presented a tool to
capture design rationale [Bracewell et al., 2009]. In addition to
capturing design rationale, there has been an effort to stimulate
creative design thinking [Salah & Abdalla, 2008]. Many
researchers have generated conceptual design alternatives in
various ways. Recent works report, for example, multi-attribute
utility analysis based design alternatives generation [Malak Jr
et al., 2009] and sketching intentions capture and the
corresponding 2D geometric primitives generations [Qin et al.,
2000]. There have been research works to solve design
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problems by employing computational intelligence such as
heuristic methods. The representative works in heuristic
approach are implemented by adapting genetic (evolutionary)
algorithms [Renner & Ekart, 2003; Leon, 2004; Ng & Leng,
2002; Bentley & Wakefield, 1996].
In addition to the task-specific design supporting tools,
many researchers have developed systems for collaboration in
the design process. The collaborative characteristic has become
more significant as the needs of multidisciplinary design
participants are increased. Wang et al. (2002) defines design
process as a way of product design through the collective and
joint efforts of many designers. Thus, the collaborative design
tools are also called co-operative design, concurrent design, or
interdisciplinary design tools. The primary functions for
collaborative conceptual design tools aim to provide access to
functional catalogue and design information on components
and sub-assemblies and the associated authentication, to
enhance semantic reasoning between traditional tools and to
allow better simulations [Wang et al., 2002]. Recent works in
collaborative design tools include, for instance, a web-based
integrated system for collaborative product development [Tseng
et al., 2008], platform of interactive real-time design with opensource software [Liang and Wei, 2006], autonomous design
systems [Grecu and Brown, 2000], and development of design
activities as a society of design agents [Hague and TalebBendiab, 1998; Campbell et al., 1999; Grecu and Brown, 2000;
Smith, et al, 2003; Skolicki, 2003; Maher, et al., 2007].
There have been two approaches in current conceptual
design tools [Gupta and Okudan, 2008]. One is to focus on the
initial design phase such as customer needs gathering. The
other is to focus on the borderline between the conceptual
design phase and later design phase such as design embodiment
or detailed design phase. Neither one fulfills the conceptual
design activities. Moreover, current conceptual design tools
mainly focus on a single product design with shaping
optimization, problem solving, and collaboration. These
research efforts have been improved to support a specific
engineering design solution. However they have not discussed
conceptual design for transformative product design that can
meet the cross-disciplinary design requirements. So far, most
research works in this area have not been considered the
realization of design transformation, which is to generate a new
product design by combining two or more heterogeneous
design objects. Therefore this paper aims to present a functional
concept-based detection method to identify a conceptual set of
functions for transformative product design. In the next section,
we present the proposed detection method with a wind turbine
case study.

functions that are required. In order to facilitate the
transformation process, the design representation of products is
a prerequisite. For the design representation, we employed the
FBS model (Gero, 1990) with the proposed interaction
networks. Once we have defined the product design in terms of
functions, structures and their behavioral interactions, the next
step is to compare two or more products for the transformation.
Therefore, in this section, we will define the Function-Behavior
Interaction and Structure-Behavior Interaction networks first,
followed by the proposed semantic comparison with the set
approximation.
Before defining the networks, as we adopted the FBS
model to represent the design of existing products, to detect
specific functional modules of interest, the proposed method
should be able to find various structured modules whose
components may play different roles, but are conceptually
connected to each other. Following figures show an example of
the FBS model of a wind turbine.

Figure 2 Wind turbine functions

INTERACTION NETWORKS FOR TRANSFORMATIVE
PRODUCT DESIGN

G
Note:
Figure 3 Wind turbine behavior network

Transformation aims to design a new product from existing
specific solutions (products). Assuming that there are
predefined functions of specific solutions (structures), designers
could develop a new concept by selecting a combination of
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, where typeik,jl  TYPE represents a type of behavioral
interaction between two functional behaviors fbik and fbjl such
as energy, material, and data and stateik,jl  STATE represents a
characteristic of typeik,jl. The interaction state between two
behaviors can be optional.
Table 1
Figure 4 Wind turbine structures (physical parts)

ID
F1

Function-Behavior Interaction (FBI) Network
To define the function-behavior and structure-behavior
interaction networks, we adapted the Protein-Protein
Interactions (PPI) network based concept module detection
technique (Park, Yang, and Yang, 2010) to select functional
concept for transformative product design. The concept-based
detection technique basically develops a network to represent
proteins and their relationships as follows:
N = <P, R> = <P(N), R(N)>

(2)

, where F(Nf) is a set of functions in a product network Nf and
R(Nf) is a set of relations in a product network Nf. This network
is called the Function-Behavior Interaction (FBI) network. The
schema of functions can be defined as follows:
schema(F) = <ID, FUNCTION, BEHAVIOR>

F3

Function
Convert wind energy to
rotational energy, …
Transmit rotational energy,
…
Increase of low speed
rotational energy, …

:
F6

:
Measure wind speed, …

F7

Transmit wind speed, …

F10

Monitor system, …

(1)

, where P(N) is a set of proteins in network N and R(N) is a set
of relations in network N. This network is called the PPI
network. To employ this network in the transformative product
design domain, we modified proteins as functions and relations
as functional relations. However, determining functional
relations is not a simple process since the transformative
product design should consider the relationships between
functions (purpose of system and its components) and
structures (physical objects/designs). Hence, we interpret the
functional relations as behavioral interactions of function. The
revised network for transformative product design can be
defined as follows:
Nf = <F, R> = <F(Nf), R(Nf)>

F2

Partial list of schema(F) used for representing functions
of a wind turbine

:

:

Behavior
B1; Capturing wind energy
B2; Rotor turning
B3; Shaft rotating
B4; Driving one gear
B5; Gear (big ratio) rotating
B6; Driving the other gear
(small ratio)
B7; Driving the other shaft
:
B1; Capturing wind energy
B12; Converting to
mechanical speed
B13; Digitalizing mechanical
speed
B14; Transmitting wind
speed
B15; Comparing wind speed
B25; Calculating new
position
:

Table 1 shows a partial list of functions in a schema(F)
used for representing each function f  F(Nf) of a wind turbine.
To obtain specific properties of the schema, the ‘.’ operator is
introduced. To select functions by functional keyword search
(i.e. function’s name), for example, f10.FUNCTION is used to
acquire the function names and returns {“Monitor system”,
…}. To obtain functional behavior of f6, f6.BEHAVIOR can be
used and returns {(B1; Capturing wind energy), (B12;
Converting to mechanical speed), (B13; Digitalizing
mechanical speed)}.

(3)

, where ID is the key identifier of each function in product
network Nf, FUNCTION is a set of names of functions since
function can be named differently, BEHAVIOR is a set of
behaviors of a function.
Simultaneously, we need to define the behavioral
interaction. Let fi, fj  F be a function, fbik  Bi, fbjl  Bj be a
behavior of function fi and fj, respectively, r  R be a behavioral
relation and typeik,jl be the relation type of between functional
behavior i and j. Then we can define the behavioral interaction
as follows:
r = < fbik, fbjl, typeik,jl, [stateik,jl] >

(4)
Figure 5 Function-Behavior network of wind turbine
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Figure 5 shows the function-behavior network of wind
turbine. As shown in the figure, a function can consist of
multiple behaviors. This network can be represented by the
defined schema (F).

S3.4

Generator, …

S5.1

Yaw controller, …

Structure-Behavior Interaction (SBI) Network

:

In the previous section, we have defined the FunctionBehavior Interaction network. This section defines the
Structure-Behavior Interaction network in the same way.
Hence, the network can be defined with structures and their
relationship via behaviors as follows:
Ns = <S, R> = <S(Ns), R(Ns)>

(5)

, where S(Ns) is a set of structures in a product network Ns and
R(Ns) is a set of relations in a product network Ns. This network
is called the Structure-Behavior Interaction (SBI) network. The
schema of functions can be defined as follows:
schema(S) = <ID, STRUCTURE, BEHAVIOR>

:

B9; Generating steady
currents
B10; Generating electricity
B11; Transmitting electricity
B26; Starting up yaw drive
B27; Moving yaw to new
position
:

Table 2 shows a partial list of structures in a schema(S)
used for representing each structure s  S(Ns) of a wind turbine.
To obtain specific properties of the schema, the ‘.’ operator is
introduced. To select structures by structural keyword search
(i.e. structure’s name), for example, s1.STRUCTURE is used to
acquire the structure names and returns {Anemometer, …}. To
obtain structural behavior of s2, s2.BEHAVIOR can be used and
returns {(B22; Pointing to wind direction), (B23; Digitalizing
analog direction), …}.

(3)

, where ID is the key identifier of each structure in product
network Ns, STRUCTURE is a set of names of structures since
structure can be named differently, BEHAVIOR is a set of
behaviors of a structure.
We also define the behavioral interaction. Let si, sj  S be a
structure, sbik  Bi, sbjl  Bj be a behavior of structure si and sj,
respectively, r  R be a behavioral relation and typeik,jl be the
relation type of between functional behavior i and j. Then we
can define the behavioral interaction as follows:
r = < sbik, sbjl, typeik,jl, [stateik,jl] >

(4)

, where typeik,jl  TYPE represents a type of behavioral
interaction between two structural behaviors sbik and sbjl such
as energy, material, and data and stateik,jl  STATE represents a
characteristic of typeik,jl. The interaction state between two
behaviors can be optional.
Table 2

ID
S1

S2

S3.1

:

Figure 6 Structure-Behavior network of wind turbine

Figure 6 shows the structure-behavior network of wind
turbine. As shown in the figure, a structure can consist of
multiple behaviors. The schema(S) can represent this network.

Partial list of schema(S) used for representing structures
of a wind turbine

Structure
Anemometer, …

Wind vane, …

Rotor

:

Behavior
B12; Converting to
mechanical speed
B13; Digitalizing mechanical
speed
…
B22; Pointing to wind
direction
B23; Digitalizing analog
direction
…
B1; Capturing wind energy
B2; Rotor turning
B3; Shaft rotating
:

COMBINATORIAL SEARCH BETWEEN PRODUCTS
Based on the previously defined interaction networks, we
are able to compare products for the transformation process. In
this section, first we represent how we could explicitly
investigate the similarity between two products for the
transformation process, mainly based on the structure of the
network. However, the explicit keyword search is likely to limit
the possibility to explore a broader combinatorial search for the
transformation process from multiple products. Thus, after
defining the explicit search, the rough-set based set
approximation is introduced and the extended search method
based on the set approximation is proposed.
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Explicit Keyword Search

Rough Set Based Set Approximation

Suppose that we have two functions, A and B. Then we can
define the two functions based on the structure of the network
as follows.

The set approximation method in the rough set theory can
induce a partitioning of the universe (the set of functions or
structures of products in our example) (Komorowski, et al.,
1999). A new subset of the universe, built up by the partition,
can represent the same interest in terms of a specific set. A new
subset may be defined explicitly in a crisp (or precise) manner.
However, in terms of a specific set, a new subset might have a
conflict.
For example, assume there are three functions, A, B, C and
D, as the universe (U = {A, B, C, D}). Each function has
different function names: A = {a1, a2, …, al}, B = {b1, b2, …,
bm}, C = {c1, c2, …, cn} and D = {d1, d2}, where l is the number
of function names of A, m and n are the numbers of function
names of B and C, respectively. For the simplicity, we are
partitioning the universe in terms of D. If there are data cases
(records or objects) that have the same combination of function
names {a1, b2, c5} of A, B and C, respectively, but not D, a new
subset could not be defined in a crisp manner, but rather be
conflicted in terms of D.
The set approximation allows a kind of rough induction to
break down such conflicts. Let A = (U, A) be a set of
information, where U is the universe of the information and A
is attributes of the universe, and let B A and X U. We can
approximate X using only the information contained in B by
constructing the B-lower and B-upper approximations of X,

A =  Afi (i = 1, …, n) and B =  Bfj (j = 1, …, m)

(5)

, where Afi and Bfj are the names of the functions A and B,
respectively, n is the number of names of the function, A, and m
is the number of names of the function, B. Then we can define
that they are the same function if they have at least one of the
same names as follows.
G

A = B if A  B  , and A = B or A  B otherwise.

(6)G

As we have seen in this definition, we are able to explicitly
examine by keyword search if the function exists between
products. In other words, when a common function is
identified, designers are able to perform the transformation
process between products. However, the explicit keyword
search that shows whether the two functions have the same
name is not a sufficient condition to explore the combinatorial
search between products. Even if we fail to find any same name
from the two functions, we might be able to investigate further
if they are same or not.
The network, by definition, doesn’t care the abstraction
level of functions, which means products can have the same
function in different hierarchies. In other words, a function of
one product can be broken into two or more sub-functions of
the other. Suppose we have two products, P1 and P2 and the set
of functions, for example, are A-B-C and D-B(ba-bc)-F,
respectively. The sub-functions, ba and bc, of P2 can have (a set
of) the same name(s) of the function B of P1. If they have the
same name, by the definition of the explicit keyword search, we
can say that they have a common function for the
transformation process due to the functions B of P1 and ba or
bc of P2, although they are at different level of abstraction.
To resolve the restrictions from the explicit keyword
search, we may present a way that has taken an ontological
approach. Such an ontological approach, however, can be an
obstacle for the transformation process. Ultimately, the
transformation process should not be restricted in one industry
or domain. Defining all ontologies as a mapping dictionary
between products, which includes all the derived names of each
function, is unlikely to be promising in this case. To extend the
search boundary, hence, we employed the rough-set based set
approximation method and the following sections introduce the
method and propose the extended search.
For the combinatorial search between products, we are also
able to perform with structures. The definition for the explicit
keyword search for structure is exactly the same that we have
defined for functions.

denoted

BX

BX and BX , respectively, as follows.
= {x | [x]B

X} and

BX = {x | [x]B  X  }

(7)

Apparently, the data cases (or objects) in BX can be
with certainty classified as members of X on the basis of
knowledge of B, while the data objects in BX can be only
classified as possible members of X on the basis of knowledge
in B. According to this definition, we can further define Bboundary region and B-outside region of X. These two types of
regions can classify data objects whether they are belonging to
X on the basis of knowledge in B. The respective definitions of
the two regions will be determined as follows: the former in (8)
and the later in (9).
B-boundary region of X:
B-outside region of X:

BN B ( X ) = BX – BX
U

BX

(8)
(9)

The set of the B-boundary region cannot be decisively
classified into X. The set of the B-outside region can be with
certainty classified as not belonging to X (on the basis of
knowledge in B). A set is said to be rough (respectively crisp) if
the boundary region is non-empty (respectively empty).
According to the set approximation, we can easily see the
following properties of approximations as below.
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Table 3

1)

B(X)

2)

B  = B  = , B U = B U = U,

X

B(X),

BY ,
B X Y =B X
4) B X  Y = B X  B Y ,
3)

5) X

BX
Y B X

Y implies

B Y and B X
BY ,

6)

BX

7)

B X Y

8)

B X = – B X ,

9)

B X = – B X ,

10)

B B X =B B X =B X ,

BY ,

B X B Y ,

11) B B X = B B X = B

X ,

, where X denotes U – X.
Extended Search by Set Approximation
For the transformation process, we can have three different
types of designs: a new conceptual design, a base product
design and a sub-product design. The first type, a new
conceptual design, consists of either a set of required functions
or a set of required structures. The other design types can be
domains for the combinatorial search.
According to the explicit keyword search, we are not able
to be decisive whether they could be candidates for the
transformation process or not at this point. Moreover, we
should be able to consider use context of transformative
product somehow. Even if a transformative product design has
the same function, depending on the use context of products,
the function could be selected or not. The explicit keyword
search doesn’t allow us to perform this comparison. To resolve
these challenges, we introduce a knowledge repository with the
set approximation technique.
Suppose there is a knowledge repository that stores
investigated design networks (either FBI or SBI) via the
previous combinatorial search. This knowledge repository can
play a role of combinatorial search history, which allows us to
track the search results.
The schema of the knowledge repository can be defined as
below.
schema(C) = <NFO, NFB, USED>

(10)

, where NFO represents a function name of other existing
products while NFB does a function name of a base product.
USED identifies whether the mapping relationship between
NFO and NFB is used for the transformative process. Table 3
shows an example of the knowledge repository data.

Previous combinatorial search result table

Data objects
x1
x2
x3
x4
x5
x6
x7

NFO
f41
f51
f12
f12
f43
f31
f43

NFB
f24
f21
f22
f22
f23
f23
f23

Used
Yes
No
No
Yes
No
Yes
No

In Table 3, function names consist of two identification
numbers. The superscript of each function indicates which
function is while the subscript of each function does which
name is. For example, f43 describes the third name of the
function, f4.
The set of combinatorial search results that are used
previously cannot be defined clearly using the schema of Table
3. The data objects, x1 and x6 are clearly defined as used
function in the transformative design process. The problematic
data object is x3 and x4 since the data object x4 was used in the
transformative design while x3 was not. According to Table 3,
we recognize that Functions f3 and f4 are used for the
transformative design when they have the similar function f2 of
a base product.
Let DUSED = {x | USED(x) = Yes} as given in Table 3. We
then obtain the approximation regions BDUSED = {x1, x6},

BDUSED =
U

{x1, x3, x4, x6},

BN B ( DUSED ) =

{x3, x4} and

BDUSED ={x2, x5, x7}. Thus we can have the result that the

outcome USED is rough since the boundary region is not
empty. Figure 7 shows the rough results from Table 2 by using
the set approximation.

Figure 7 Approximating the set of USED

By the set approximation technique, we have four
categories of vagueness:
a)

X is roughly B-definable, iff

B ( X )   and B ( X )  U,

B ( X ) =  and B ( X )  U,

b) X is internally B-indefinable, iff
c)

X is externally B-indefinable, iff

d) X is totally B-indefinable, iff

7

B ( X )  and B ( X ) = U,

B ( X ) =  and B ( X ) = U,
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In the example, we can say that we are able to decide
which data objects, xi, of U belong to DUSED or not. Thus, the
example falls into the first rough categorization. When we have
a rough approximation as shown in above, we have noticed that
the crisp result by the set approximation, which is B-lower
approximation, can be interpreted as the result of explicit
keyword search. In addition to B-lower approximation, we can
also have B-boundary region, which results in Yes/No {x3, x4}
that tells us to extend the combinatorial search since they must
be excluded when we apply the explicit keyword search only.
CONCLUSION AND FUTURE WORKS
One of critical points to realize the transformative product
design paradigm is how to combine two existing product in
order to meet new transformative product requirements. Hence,
we first defined two different networks for functions and
structures, respectively. These defined networks can be used for
detecting design concept alternatives via functions and
structures in the future research.
According to the schema of the networks, we can explicitly
investigate what functions or structures can meet the
transformative product requirements. Based on this
investigation, a transformative design process will be started.
However, this is not sufficient to combine the existing products
since there is no way if we are not able to obtain any match
between products. In order to facilitate the transformative
process, we implemented a knowledge repository for the
combinatorial search between products. Then we adapted the
set approximation technique to further explore the search. For
future works, we will implement a design system to examine
the combinatorial search based on the rough-set based set
approximation technique.
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minimum standard for quality systems and can produce
and deliver goods or services from processes that meet
expected ISO 9000 registration standards [2].
The reasons for obtaining ISO 9000 certification can
come from requirement of customers or future customers,
image or marketing advantages, the need to improve the
efficiency of the processes within the company and
international competition [3]. However, the ultimate
purpose of ISO standards is to enhance efficiency and
improve the quality of the products and services by
focusing on constant identification, evaluation and
improvement of key business processes within an
organization.

ABSTRACT
In today highly competitive market, business success
depends on the ability to effective understand, manage
and continuously improve the product development
process in order to satisfy customer requirements. Among
the national and international standards developed to help
organizations produce high quality product and meet
customer satisfaction, the ISO 9000 family of standards is
the most important generic international standard related
to quality management systems, providing guidelines to
increase business efficiency and customer satisfaction.
Successful implementation of the ISO standards requires
clear understanding of the purpose, objectives and
requirements of the standards. In this paper, we use
ROM, a graphical representation of linguistic information,
to understand the ISO standards. The study is focused on
ISO 9000(2005) “Quality management systems Fundamentals and vocabulary” document.
Keywords: ISO standards, quality management
system, recursive object modeling (ROM), document
understanding
INTRODUCTION
The International Standards Organization (ISO) was
established in 1947 in Switzerland to develop world-wide
standards for business, governments and societies. The
ISO 9000, in particular, is a set of standards for quality
management systems, published for the first time by ISO
in 1987 and modified in 1994. The ISO 9000 family of
standards have been developed to assist organizations, of
all types and sizes, to implement and operate effective
quality management systems. Together, the ISO form a
coherent set of quality management system standards
facilitating mutual understanding in national and
international trade [1].
The ISO standards are adopted through the
implementation of quality processes and they provide the
basis for establishing, documenting and maintaining a
system which ensures the quality of the process.
Registration under this series indicates that a firm meets a

Figure 1. The ISO implementation strategy [4]
The standards were initially used only for large sized
companies in manufacturing industry. In the mid-1990s,
small and mid-sized companies began to implement these
standards. By the end of 1997, the ISO 9000 have been
accepted by more than 100 countries as their national
quality assurance standards. Today, the ISO 9000 family
of standards are the most important generic international
standards related to quality management systems
describing guidelines intended to increase business
efficiency and customer satisfaction.
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Effective understanding of ISO standards is one of
the important factors in successful implementation of the
standards, as illustrated in Figure 1, because this will lead
to an understanding of various possibilities of using the
ISO system as an effective tool for organizational
development.
What is understanding? As a concept, understanding
is defined as “a mental construct, an abstraction made by
the human mind to make sense of many distinct pieces of
knowledge” [5]. Hence, understanding is different from
knowledge; understanding is “to perceive, to grasp, and to
comprehend the meaning of something” [6]; while to
know is “to signal that one has engaged in conscious
deliberation and can demonstrate, show, or clearly prove
or support a claim” [6].
Understanding is a broad term. It involves all kinds
of intellectual processes in a large range from the lowest
to the highest level. One of the definitions of
understanding is: “Understanding is bringing things into
relation, of building up a network of connections,
interdependencies, and affinities” [7]. Based on this
definition, we assess understanding by the ability to show
the connections between concepts. Therefore, if a method
can help users build connections between concepts, the
method help the users understand.

Table 1. Elements of ROM [8]
Graphic
Representation

Object

Type
Object
Compound
Object

Relations

Constraint

Connection

Predicate

Definition
Everything in the
universe is an object.
It is an object that
includes at least two
other objects in it.
It is a descriptive,
limiting, or
particularizing relation
of one object to another
It is to connect two
objects that do not
constrain each other.
It describes an act of an
object on another or
that describes the states
of an object

Table 2. Examples for each type of relation

Recursive Object Model (ROM) is a linguistic
analysis tool which transforms a text into a graphic
language, derived from “Axiomatic theory of design
Modeling” [8]. ROM can be used to organize, interpret
and analyze linguistic information and ROM can be used
as an intermediate medium between natural language and
structured modeling language.
In ROM, each word in a sentence is treated as a
primitive object and every object may have one or more
relations to other objects. ROM uses five symbols
(elements) as presented in Table 1. Examples for each
type are presented in Table 2.

Constraint

ROM: linguistic foundation for understanding

“An electric
heather”

Predicate

ROM BASED UNDERSTANDING

ROM diagram

“The data
records the
process”

Connection

Example

“establish,
maintain and
implement”

Table 3: Rules for object analysis [9]

Question Asking
Question asking method is originally developed to
elicit customer requirements [9]. In this paper, we use
question asking technique to identify relationships
between terms defined in ISO 9000(2005) standard. The
procedures and rules to ask questions are summarized in
Figure 2 and Table 3, and are described as follows: 1)
identify center words from ROM diagram. Center words
are words that have the most number of constrained
relationships, 2) define the constraint, 3) find the next
center word. The process continues until all the words
have been defined.

2

•

Rule 1

•

Rule 2

The object with the most undefined
constraints should be considered first.
Before an object can be further defined, the
objects constraining them should be
refined.
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Step 2: Generate questions based on the ROM
diagram: The list of questions based on the ROM diagram
generated in Step 1 is listed in Table 4.
Table 4. Questions for Step 1
•
•
•
•
•

Q1
Q2
Q3
Q4
Q5

What is Management?
What is System?
What is Quality?
What is Management System?
What is Quality Management System?

Step 3: Collect answers for the generated questions
Based in the questions generated in Table 4, we will
look for the answers from the ISO standard. The answers
to the questions found in the standard are presented in
Table 5, the number in bracket is the section number in
the ISO standard. ROM diagram is drawn for each answer
and all the ROMs are merged to generate a new ROM.

Figure 2. Asking the generic questions [9]
Understanding of ISO Standard

Table 5. Answers for Step 1

Starting from the title of the ISO document:
“Quality Management Systems – Fundamental and
vocabulary”[1]
Step 1: Create a ROM diagram based on the title of
the document.
The ROM diagram is shown in Figure 13.

•

A1

•

A2

•

A3

•

A4

•

A5

Figure 3. ROM for the title of the standard
In Figure 3, based on the rule in Table 3, the quality
management system needs to be defined first because it is
the constraint of both fundamentals and vocabulary. The
ROM diagram for the term is shown in Figure 4.

Management is the coordinated activities to
direct and control an organization (3.3.1)
Quality management system is a management
system (3.2.2) to direct and control an
organization (3.3.1) with regards to quality
(3.1.1)
System is a set of interrelated or interacting
elements
Quality is the degree to which a set of inherent
characteristics (3.5.1) fulfills requirements
(3.1.2)
Management system is a system (3.2.1) to
establish policy and objectives and to achieve
those objectives
Quality Management is the coordinated
activities to direct and control an organization
(3.3.1) with regards to quality (3.1.1)

Step 4: Based on the merged ROM, repeat step 2 to
step 3 until no more questions can be asked or until all
the definitions in the ISO standard have been addressed.

Figure 4. ROM for quality management systems
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Figure 5. The ROM diagram for the concept of quality management systems.


RESUTS
The ROM diagram showing the definition of quality
management system (QMS) concept is shown in Figure 5.
In Figure 5, quality management system (QMS) is
defined as management system (MS) constrained by
quality (Q), which means quality (Q) should be defined
before management system (MS).
Quality (Q) is defined by clarifying the following
concepts:
 Requirements
 Characteristics
Similarly, management system (MS) is a system (S)
constrained by the management (M), which means to
define the system(S), management (M) should be defined
first.
Management (M) is defined by clarifying the
following concepts
 Activities
 Organizations
System (S) is defined by clarifying the following
concepts
 Set of elements
 Established quality policy and objectives
ROM diagram is constructed for each concept and
merged to yield the final ROM defining QMS.
From the ROM diagram, all the concepts related to
QMS are clearly identified, linked and described as
follows:








Quality management system is a management system
to direct and control an organization with regard to
quality.
Quality is degree to fulfil requirement. Requirement
is need or expectation that is stated, generally implied
or obligatory. Requirement is fulfilled by a set of
inherent
characteristics.
Characteristic
is
distinguishing feature.
Management system is a system to establish policy
and objectives and to achieve those objectives.
Management is coordinated activities to direct and
control an organization. An organization is a group of
people and facilities with an arrangement of
responsibilities, authorities and relationships.
System is a set of interrelated or interacting elements.

Definitions of other concepts are derived in similar
approach.
Comparison with concept diagram
In this section, we compare ROM with the concept
diagram the Annex A of the ISO 9000(2005).
The concept diagram shows the relations between
concepts in a thematic group. There are three types of
relationships: generic (depicted by tree diagram), partitive
(depicted by a rake) and associative (depicted by a double
headed arrow). Part of a concept diagram relating to
management is shown in Figure 6.

4

446

ROM helps building connections between concepts
which, in turn, help facilitate the understanding. From
ROM diagram, users can identify related concepts and see
the whole picture. However, ROM diagram is hard to
manage and to read, especially when the diagram becomes
huge.
All the ROM diagrams in this study were manually
constructed. The process, therefore, took a lot of time and
effort. Currently, in-house software is developed to
generate ROM automatically. In the future, we intend to
apply ROM to study other type of documents.
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Figure 6. Concept diagram [1]
Compared to concept diagram, ROM helps users to
understand a concept by building connections between
primitive terms within a concept. The concept diagram
can only shows connection between concepts within a
thematic group whereas ROM can show relations between
concepts within and across thematic groups.
Table 6. Comparison between concept diagram and
ROM diagram
Strength

Weakness

Concept diagram
Show hierarchical
relationships

Show relations between
concepts limited to a
thematic group.
There are relations between
concepts
that
concept
diagram does not show

CONCLUSION AND FUTURE WORK
In this study, we use ROM to facilitate the
understanding of ISO 9000(2005) standard Quality
Management Systems – Fundamentals and Vocabulary by
building the relations between concepts. The procedure is
divided into few steps. Firstly, ROM diagram is generated
for the title of the document. Second, ROM diagram is
extended by asking questions and finding answers from
the ISO document. The process continues until no more
questions are asked or until all the definitions in the ISO
document have been covered. The final ROM shows the
relations between concepts.
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ABSTRACT
immunity. As the system is based on immune system of
the vertebrates, the algorithm is implemented as
generation, matching, clone and mutation of immunity
against virus. As the process of AIS, there are 4 steps.

The process of analysis, design, building, test and
implementation is necessary for developing information
systems. Among these, analysis and design are especially
important. Any knowledge which is expressed visually,
namely in the form of diagrams, greatly aids the
developers’ understanding of the systems. The diagram is
good tool for developers, but it takes time to create it right
from scratch even if the developer is well experienced. As
to this problem, it is possible to reduce working hours by
searching the already existing diagram which is similar to
the requested one, and then modifying it. In this study, we
use the Artificial Immune System (AIS), meta-heuristic
algorithm to optimize the search mentioned above.

1. Generation
2. Matching
3. Clone
4. Mutation
Steps 2, 3 and 4 are repeated in that order several
times. In AIS, the bigger the initial generation and the
greater the number of step runs, the better the search
results. On the other hand, the amount of calculations
increases. So it is important to set up balance between the
two.
The first step: Generation is the process that
immunity system generates antibodies to react to invading
agents. Here the generation is antibodies are generated at
random. Though the plural antibodies, to the more number
of antibodies, the more amount of calculation. It is
necessary for this algorithm to control the number.
The second step: Matching is the process which
evaluates how much each antibody matches viruses and
kills them, and then ranks each antibody according to
priority. In this way, the antibodies are matched and
ranked by this step. The purpose of AIS is the
maximization of antibody's matching rate which was
calculated, that is seeking the maximization of matching.
The third step: Clone is the process which clones the
well-matching antibody more and discards the bad
matching antibody. Cloning better antibody is necessary
to react effectively when the same virus invades again. At
the point of biological view, Clone and the next step,
Mutation, express the specificity of acquired immune
system.
The fourth step: Mutation is the process that mutates
the part of clone. By mutation, there is a chance that
antibodies which are better than old generation are born,
but that antibody which is worse than them is born in the
same way. Despite this, to be an original antibody that a
clone based on, there is certification that entirety of

Keywords: Artificial Immune System, Knowledge base
search, process-analysis diagram
INTRODUCTION
It is possible to be efficient for developing system by
using an existing and similar diagram. But, so many
diagrams are in data-base, it takes time to search diagrams
having a similar structure. In addition, flexible search is
necessary to search a reusable diagram similar to the
existing diagrams. So a requested diagram can be
described by searching and modifying a similar diagram,
there is no need to match the structure of diagrams
perfectly.
To be able to implement the search mentioned above,
bring result of search close to user' needs and reduce
searching time as soon as possible by introducing AIS. By
this diagram search method, bring up to users which the
existing diagram should be reused quickly in complex and
enormous structures based on knowledge by expressed
diagram.
AIS Algorithm
Artificial Immune System (AIS) is a meta-heuristics
method resolving problem as represented by GA, ACO
and PSO and an algorithm imitating immune system of
the vertebrates by computer. In detail, the living hosts can
kill viruses which invade the body by generating
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system” by using structure, “CD rental shop” is got as the
diagram which is similar to “a library rental system”. That
is because the difference between them is only dealing
item, and the other are mostly same, “go into and go out a
shop”, “customer movement” and “shop handing”. For
this reason, both diagrams are a similar one, and it is
possible to search a similar diagram by using label and
structure.
In this study, the simple label search by binary search
and the structure search which is the main theme by AIS.
Also, the latter is the similar diagram search including
labels and structures.

immune system is worse than previous Mutation. By this
operation, algorithm tends not to local solution, and do
local search. When the step of Mutation is finished, go
back to the step 2. Matching and evaluate all of the
antibody including new generations.
Diagram DB
Actual system is stored as a diagram that a computer
can understand. In one of them, there are diagrams suited
to system analysis Unified Modeling Language (UML),
Petri net, State Transition Diagram (STD), Data Flow
Diagram (DFD), IDEF0. In this study, using Petri net
diagram in them. Also dealing in collaborative system and
modeling it by client-server Petri net.
To search the already existing diagram which is able
to reuse, focus on the same relationship and flow which
the similar diagram have. So those are elements
expressing the system of diagram, similar structure and
label appear in similar diagram.

Diagram DB search using AIS
When users describe new diagram, it is efficient in
analysis and building to search, modify and reuse the
already existing diagram which is similar to it. In this
study, do search the diagram quickly that meet user's
demand by searching structure using AIS. The
programming language is Java.
The structure search has the purpose that reuse
diagram having necessary structure when describing new
diagram. In detail, the target of search set a specific part
of structure user requested, and then searching the existing
diagram having the same or similar to target. In this paper,
to use client-server Petri net to describe collaborative
system, collaborative system is an aggregation of
Primitive Structure (PS). Though input and output are
limited three, it is possible to express accurately at mostly
collaborative system.
PS is a primitive unit based on task. It is made by
input arc, input place, transition, server and output arc in
Figure 2.

customer
select CD

capacity

member card pass
confirm card

card get

issue card

member card get
recognition
CD pass
return card

inarc_i_1

inarc_i_2

ta_i_1

CD get

inarc_i_3

ta_i_2

pl_i_1
q_i_1

pl_i_2
q_i_2

ta_i_3
pl_i_3
q_i_3

rental procedure

tr_i
ts_i
ρt

account

CD get

Sn_i
Sp_i
ρs

CD pass

outarc_i_1

outarc_i_2

outarc_i_3

Fig. 2 Primitive Structure expressing primitive unit
Fig. 1 CD rental shop diagram

For the PS, the structure search do efficient by
analyzing the structure of the existing and requested
diagram and comparing those PS. In addition, to use this
PS for the structure search, introduce a chart about each of
labels and id as Primitive Structure Template.

First, when searching the similar diagram of “a CD
rental shop (Fig.1.)” by using labels, it is possible to get it
by searching words that exist in “CD rental shop”, for
example “CD”, “take out”, and so on. In the same way,
when searching the similar diagram of “a library rental
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Input arc
Arc1

Arc2

About this function, weight_c provides us to locate
where PSs are about and if a user adjust the weights, those
enables us to select how result tends to in one’s own way.
In this study, do search using PS as antibody to be
able to search structure of AIS.

Place
Arc3

id lb id lb id

lb

Place1

Place2

Place3

id

id

id

lb

lb

lb

EXPERIMENTAL RESULTS

Transition Server

Output arcs

Problem 1: the requested structure made of several
PS and there is no connection between them.
Result: Got well result, when the requested diagrams
made of one or two PS. In the same way, if it made of
more than three PSs, AIS search would be able to get well
results.
Problem 2: the requested structure made of several
PS and there is a connection between them.
Result: Comparing Problem 1, if not initial
generation and Mutation count increase, there are the
cases of not getting well result. That is simply because, to
increase the condition, the antibody fitting requested one
couldn't generate.
Problem 1 and 2, doing search as an exact phrase.
Next, doing search the diagram that human judge a similar
one, of course not an exact phrase. And there is no same
structure of the requested it. This type of search problem
is immediate the actual search.
Problem 3: the requested structure made of several
PS , there is no same structure of requested one and there
is a connection between them.
Result: Because of this problem being immediate the
actual search, the result of search is good in degree. At the
first the results is not good, but the more adjusting weights,
the better got the results. Finally, the diagram which can
reuse is searched. And one characteristic is that the
particular result often got. In other words, that express this
AIS search having property. So such things happen, to be
gap between the human and AIS Matching, there is a
chance implementing the better search if considering the
weights.

Complexity

Arc1 Arc2 Arc3
id

lb

id lb id lb id lb id lb

Fig.3. Primitive Structure Template

Figure 3 is the Primitive Structure Template. Though
this chart is one originally, it is separated by the paper
width. Second step from the bottom contain id and label
(Lb) and the bottom contain 1 or 0 according to True or
False. The decision of True or False depend on whether
arc, transition and server exist or not. If they exist it is
True, if not it is False. In this chart, Complexity is the sum
of the bottom row, that is to say it expresses intricacy of
PS.
A variable based on the constructive resemblance
described above between the requested diagram and the
structure of the existing it, it is defined “Fs”. Fs is
decided by calculating how close the Complexity of
requested diagram and the structure of it. When more
close both Complexity of them are, it is not always close
the structure of both in fact. But it is possible to be mostly
close the structure of them. By Fs, we can compare with
each structure of PS as antibody.
A variable based on labels, it is “Fl”. Fl is decided by
comparing with the distance of both labels sorted by
dictionary order involving the structure. By Fl, we can
find the similar labels in the structure, for example “betsheet” and “bet-mattress” are found. But because of the
distance of dictionary order, this comparison between
“sheet” and “mattress” are not similar one.
And when the requested diagram is organized by
several PS, based on the connection resemblance of the
distance between PSs, it is “Fc”. In other words, Fc
decides the distance of each PS. If Fc is little, the distance
of PSs is far and if large, it is short.
In the Matching step, Fs, Fl, Fc times weights and
sum so as to use the object function.

Conclusion
In this study, to search the similar diagram efficiently
as a means of reusing diagram, do the simple label search
by binary and the structure search using AIS.
In this AIS search, though it was necessary to
consider applying AIS to the structure search, this search
succeeded to use Primitive Structure as antibody. In
addition, by analyzing the structure of the existing
diagram as an advance step and separating it into a unit of
PS it is succeeded to reduce searching time. In the each of
AIS process, at the Generation the selection of
Complexity could accelerate AIS search. At the Matching
Fs enable AIS to search the structure having similar
complexity, Fl enable it to compare the labels flexibly
more than an exact phrase, Fc enable users to have the
several selection by the mark of how match assembly of

Function= weight_s*Fs + weight_l*Fl + weight_c*Fc
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antibody spread and Fs, Fl, Fc may meet the users demand.
At the Clone and Mutation, as the Generation step the
mutation based on Complexity reduce searching time.
Though the structure search using AIS is my main theme,
it is success to implement it according to my thought.
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ABSTRACT
performance. But, node-selection procedure has not been
changed except in a few studies. Most of the research in
ACO is regarding the pheromone trails.
In this paper, we notice that the conventional nodeselection procedure has a problem that cannot strike a
balance between intensification and diversification and
propose a new node-selection procedure that was inspired
by node-selection procedure of ACS.
We use the well-know TSP (Travelling Salesman
Problem) benchmarks to test our new node-selection
procedure. TSP is a typical combinatorial optimization
problem. Given a set of n cities and the edge weight
between them, TSP is the problem of finding the shortest
tour visiting the cities exactly once.

ACO (Ant Colony Optimization) is a successful
meta-heuristic for combinatorial optimization problems
that is inspired by the behavior of real ants’ pheromone
communication. The first ACO algorithm is AS (Ant
System) proposed by Marco Dorigo. In general, it is
important for successful search to strike a balance
between intensification and diversification. Under this
precept, several algorithms based on AS have been
developed. But, node-selection procedure has not been
changed except in a few cases. Most studies deal with the
pheromone trail improvement. In this paper, we notice
that conventional node-selection procedure has a problem
that cannot strike a balance between intensification and
diversification and propose a new node-selection
procedure in ACO. Results of computational experiments
show that our proposed procedure has a good
performance.

ANT COLONY OPTIMIZATION
Ant System
Until the termination
criteria are met

KEYWORDS
Meta-heuristics, Evolutionary Computation, Ant Colony
Optimization, Travelling Salesman Problem

Initialize

Construct solution

INTRODUCTION
Evaluate solution

ACO (Ant Colony Optimization) is a successful
meta-heuristic for combinatorial optimization problems
that is inspired by the behavior of real ants’ pheromone
communication. ACO algorithm has been applied to
combinatorial optimization problem. The first ACO
algorithm is AS (Ant System) proposed by Marco Dorigo
(Dorigo, et al., 1996; Dorigo and Stützle, 2004). In
general, it is important for successful search to strike a
balance between intensification and diversification. Under
this precept, several algorithms based on AS, such as
ASrank (Rank-Based Ant System) (Bullnheimer, et al.,
1999), ACS (Ant Colony System) (Dorigo and
Gambardella, 1997), MMAS (Max-Min Ant System)
(Stützle and Hoos, 2000) and cAS (cunning Ant System)
(Tsutsui, 2007), have been developed and showed good

Update pheromone trail

Output Best Solution

Fig. 1 AS Algorithm
Fig. 1 describes a brief AS algorithm. Each agent is
given a start city with random or uniform selection and
constructs a closed tour that satisfies the feasible region of
TSP. The probability that agent k (k = 1, 2, …, m) in city i
selects city j to move to the next city is given by the
following formula:
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[τij ]α[ηij ]β
(1)
p ij 
lN k [τil ]α[ηil ]β
where τij is the pheromone between city i and j, ηij is
k
the heuristic given by ηij = d ij , d ij is the distance, N is

diversification. The policy of emphasizing A causes the
premature stagnation in search. The policy of emphasizing
B equals random search. The conventional node-selection
procedure is similar to roulette wheel selection of GA
(Genetic Algorithm). Recently, on Evolutionary
Computation, it is seldom used because it causes the
premature stagnation and the stagnation under low
selection pressure. ACO variations such as ACS, MMAS,
and cAS that work well resolve this problem with good
pheromone update. But, from a different perspective, we
try to improve the ACO algorithm by the different nodeselection procedure proposed in this paper.

k

the set of cities that agent k has not visited, and α and β
control the relative importance of the pheromone versus
the heuristic. This process is repeated until agent k
completed the closed tour.
After all agent has constructed their tours, the
pheromone trails are updated as follows:
m

τij ρτij  Δτk ij

List based Selection

(2)

k 1

Δτk ij 

{

Q
Lk
0

List based selection we proposed in this paper can
strike a balance between intensification and diversification
by making adjustments to a parameter called pa (Adoption
Probability). It has been inspired by pseudo-randomproportional rule. But it differs in that pseudo-randomproportional rule only aims at increasing the
intensification. Fig. 2 describes the algorithm of List
Based Selection procedure.

[if (i, j )T k ]

(3)
[otherwise]

where ρ is a pheromone evaporation rate, Δτij is the
k
increase in pheromone trail, Q is a constant, T is set of
k
edges that are included in tour of agent k, and L is the
tour length of agent k. ρ allows the agents to decrease the
probability which constructs a previous undesirable tour.
The amount of pheromone trail on the edges depends on
the tour length of the agents. They increase per each tour
length. This process is repeated until the termination
criteria are met.
k

1 procedure construct solution
2
generate list[][];
3
For k = 1 to m do
4
For i = 1 to n - 1 do
5
indexCounter = 0;
6
While (The next city is not Determinate) do
7
If (The city of list[tour[k][i]][indexCounter] is not Visited)
8
If (rand <= pa)
9
tour[k][i + 1] = list[tour[k][i]][ indexCounter];
10
break;
11
end if
12
end if
13
indexCounter ++;
14
end while
15
end for
16
end for
17 end procedure

Ant Colony System
In this section, we present a node select rule called
pseudo-random-proportional rule of ACS (Ant Colony
System) because our proposed method has been inspired
by it. The probability that agent k in city i selects city j to
move to the next city is given by the following formula:

j

arg max ([τ ][η ]β)
il il
k

{S

lN i

[if qq ]
0

(4)

[otherwise]

q0 (0  q0  1) is a parameter, S is selected according to
(1). This rule is aimed at increasing the intensification to
probably force agents to select city with the most amount
of the pheromone trails and the heuristic information to
move. We skip the explanation of the pheromone trail
update rule in ACS that maintains the good balance
between the intensification and diversification.

Fig. 2 The algorithm of List based selection
In line 2, before the agents construct the tours, we
make a list that the promising city selected by formula (5)
is given an upper position on it.

gradeij τij ηij

(5)

where equation (5) is based on (1), but there are no α and
β; gradeij equals the addition of τij and ηij . Fig.3 shows
an example of creating the list in the case of symmetric
TSP. Getting the grades on the edges shows Fig. 3 (top).
The list consists of the cities that are sorted according to
the grades like Fig. 3 (bottom). The agent k constructs the
tour from lines 4 ～15. The counter called indexCounter is
initialized as moving to the next city. The agent k in
current city selects the city to move to the next city in
lines 6 ～14. The tour[k][i] represents the ith city in the
tour of the agent k. So list[tour[k][i]][indexCounter]

LIST BASED SELECTION
Problem of The Conventional Node-selection
Procedure
The node-selection procedure is required (A)
Following the pheromone trails and the heuristic
information, the agents have to construct the promising
tours. (B) But, the tours constructed by agents are required
to have some variations. Relations of A and B is the
tradeoff because there are the intensification and the
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On the pheromone update of ASrank, the agents are
ranked according to their tour length. The agents that are
ranked to σ can deposit pheromone that is weighted
according to its rank, where σ is number of the elitist
agents. Addition to these, the best-so-far that is best
solution found so far can deposit pheromone. The
pheromone updating rule is given as follows:

represents the next city to move to. For example, if the
agent is currently at city 3 and the indexCounter is 2, the
city 5 is the candidate city to move to as the next city. In
line 7, there is a check that the candidate city is the city
agent k has not yet visited. On line 8, there is the
judgment that the candidate city is adopted, where rand is
a random value selected with uniform distributed in [0, 1).
In the case of pseudo-random-proportional rule, the next
city is selected according to (1) if q  q0 . While in the
case of our selection, the city on next index is the next
candidate city by increment of the indexCounter by 1 (line
13).
If there is a little bias of pheromone trails on edges
and the heuristic information, the algorithm satisfies A. If
there is a much bias of them, the algorithm satisfies B
because they are used as ordinal numbers. List based
selection can maintain selection pressure if pa is the proper
value.

σ1

τij ρτij   (σμ)Δτμij σΔτbsij
Δτ 
μ
ij

1
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(7)

{

(8)

8
Error (%)

City

Index of list

5

Q [if (i, j )Tμ]
Lμ
0
[otherwise]
Q [if (i, j )T bs ]
Lbs
0
[otherwise]

where μ is ranking index, bs is the best-so-far agent.
But, we used ASrank without the best-so-far agent.
Because the set of cities that are included the in the tour of
the best-so-far agent are usually ranked the best so that the
algorithm equals local search. We represent ASrank/WOB
+ LBS introduces list based selection into ASrank without
the best-so-far agent.
We used STSP and ATSP from TSPLIB. The number
of tour constructions is n  10,000 for STSP and
n  20,000 for ATSP. We tested each TSP by 25 trials
with independent runs. We evaluated the algorithm using
the average of the best tour length and the error
percentage from optimum length. The implementation is
in java.
We set parameters of the algorithm m = n, Q = 100, σ
= 3, size of a candidate list = 20 (Stützle and Hoos, 2000),
and pa is increased by 0.01 from 0.9 to 0.99. We
determined the parameter values by preliminary tests. Fig.
4 shows relationship pa and error on each TSP. It is clear
that The ACO algorithm with list based selection depends
on pa.

Sorting according to the grades

6

{

Δτbsij 

City

1

(6)

μ1

4

eil51
kroA100

6

d198
ry48p

4

Fig. 3 Procedure of generate list

ft70
kro124p

2

ftv170

EXPERIMENTS
0

We evaluate list based selection on STSP (Symmetric
TSP) and ATSP (Asymmetric TSP). We introduce
proposed selection into ASrank (Rank-Based Ant System)
because the pheromone update rule of ASrank cannot strike
the balance between intensification and diversification by
comparison with other ACO algorithms such as MMAS
and cAS so that experimental results show the
performance of our method clearly.

0.89

0.9

0.91

0.92

0.93

0.94

0.95

0.96

0.97

0.98

0.99

1

adoption probability

Fig. 4 Error for pa
Table 1 shows a comparison with ASrank and ACS.
Both the algorithms are taken from (Dorigo and
Gambardella, 1996) (Stützle and Hoos, 2000), which the
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Stützle, T. and Hoos, H. H., 2000, “Max-Min Ant
System,” Future Generation Computer Systems, Vol. 16,
pp. 889-914.
Tsutsui, S., 2007, “cAS: Ant Colony Optimization
with Cunning Ants,” The Japanese Society for AI Journal
(Japanese), Vol. 22, pp. 29-36.

number of tour constructions and trial of them are the
same as us. It is proper to compare with ACS because our
method has been inspired by it. The data of ASrank /WOB
+ LBS are the best proper parameter of pa on each TSP.
The best solutions are represented in bold. ASrank /WOB +
LBS defeats ASrank on all TSP and defeats ACS on all
TSP instances, except ftv170. The results show that list
base selection has a good performance.
Table 1 Result of Experiments
TSP

STSP

ATSP

eil51
(n = 48)
kroA100
(n = 100)
d198
(n = 198)
ry48p
(n = 48)
ft70
(n = 70)
kro124p
(n = 100)
ftv170
(n = 171)

opt

ASrank/WOB + LBS
Error (%)
Pa Best avg

Best avg

Error (%)

Best avg

426

0.94

426.76

0.18

428.06

0.48

434.5

2.0

21282

0.96

21303.8

0.1

21420

0.65

21746.0

2.18

15780

0.99

16007.8

1.44

16054

1.74

16199.1

2.66

14422

0.95

14483.7

0.43

14565

0.99

14511.4

0.62

38673

0.96

38957.8

0.74

39099

1.10

39410.1

1.91

36230

0.97

36606.3

1.03

36857

1.73

36973.5

2.05

2755

0.98

2834.48

2.88

2826.5

2.59

2854.2

3.60

ACS

ASrank
Error (%)

CONCLUSION
In this paper, we show that conventional nodeselection procedure has a problem that cannot strike a
balance between intensification and diversification and
propose a new node-selection procedure called list based
selection in ACO. We introduce it into ASrank and apply to
TSP. Results of computational experiments show that the
proposed procedure has a good performance.
Future work is to introduce list based selection into
MMAS and cAS that are some of the best performance
ACO algorithm variations and to apply to other
combinatorial optimization problems. Furthermore, we
would like to introduce it into EDA (Estimation of
Distribution Algorithm) whosesolution construction is
similar to that of ACO.
REFERENCES
Bullnheimer, B., Hartl, R. F., and Strauss, C., 1999,
“A new rank based version of the Ant System,” a
computational study, Central European Journal for
Operations Research and Economics, Vol. 7, pp. 25-38.
Dorigo, M., Maniezzo, V. and Colorni, A., 1996,
“The Ant System: Optimization by a colony of
cooperating agents,” IEEE Transaction on SMC-Part B,
Vol. 26, pp. 29-41.
Dorigo, M. and Gambardella, L. M., 1997, “Ant
Colony System: A Cooperative Learning approach to the
Traveling Salesman Problem,” IEEE Transaction on
Evolutionary Computation, Vol. 1, pp. 53-66.
Dorigo, M. and Stützle, T., 2004, “Ant Colony
Optimization,” MIT press.
Gambardella, L. M. and Dorigo, M., 1996, “Solving
Symmetric and Asymmetric TSPs by Ant Colonies,”
IEEE Conference on Evolutionary Computation (ICEC’
96), pp. 622-627.

4

455

Integrated Systems, Design & Process Sciences, SDPS 2011
Printed in the United States of America, June, 2011
2011 Society for Design and Process Science

Reuse of Behavior Based Diagrams in Software Development
Manabu Kamimura, Ryo Kawabata, Kiyoshi Itoh
Department of Information and Communication Science
Sophia University
7-1 Kioicho Chiyoda-ku Tokyo, 102-8554 Japan
TEL: +81-3-3238-4144 FAX: +81-3-3238-3311
Email: m-kamimu@sophia.ac.jp
r-kawaba@sophia.ac.jp
itohkiyo@sophia.ac.jp
ABSTRACT
We propose a method of reusing requirements
information described in behavior diagrams by
separating process patterns in various diagrams. We
define the separated processes as “path” and use this
path as the unit of reusing behavior information.
We think that behavior diagrams which describe the
system process have a common feature in its structure
and we saw some business processes to evaluate its
process and the structure of the diagrams. We first
defined special “nodes” which the “path” begins or ends,
and the “path” as the unit of reuse to other systems.
Our method focuses on reusing the knowledge of the
previous system in behavior in systems analysis and
design. Our method can be applied to various types of
analysis diagrams. This enables the designer or analyzer
to reuse the system previously analyzed.
We applied our method to state transition diagrams,
Petri Nets, IDEF0, and Data Flow Diagrams in this
paper to evaluate our method can be applied commonly
to various diagrams to reuse the existing analysis
information.
INTRODUCTION
There are many activities performed by personnel or
machines and when the required tasks or services
become large, the activities should be organized to
achieve the requirements. In such cases, the whole
service is defined as system and the system activity is
broken down into each activity in detail to dispatch the
tasks for each personnel or devices. The process, which
we can call “business process” as the process is to meet
the requirements in the business, is usually analyzed and
defined in various organizations.
When the process is defined, some activity can be
performed by using computer systems. The
requirements to be performed by computer systems are
captured and the system is designed and implemented to
meet the requirements. We show the process in Figure 1.
In this case, the requirement information is written
down into documents and recorded. These documents
can be written in text formats or in diagrams as we show
in Figure 2.

In this paper, we propose the method in analyzing the
system by using behavior models and extract the unit of
reusable processes. We first see the information in texts
and diagrams and choose the diagrams as computer
aided reusing systems. Next we talk about the previous
reuse methods proposed and compare the difference of
our method. We follow how we reuse the requirements
information from diagrams and apply our method to
various diagrams.
INFORMATION IN TEXTS AND DIAGRAMS
The format in text and in diagram both have a strong
point and weak point as we show in Figure 3. The text
can be freely described as the designer or the analyzer
like to write, though the style depends on the person
who writes. On the contrary the diagram has more
grammars and constraints to keep the description
disciplined, though the designer has to choose the
proper diagram to write the information. For example,
when you like to describe the behavior of the system,
you should choose behavior diagrams, such as state
transition diagram. The type of diagrams is shown in
Figure 4.
We see that the diagram will be in the same format
when it has same information, and this feature can
enables us to capture the information by using computer
systems. We will use the information in the diagram as
the requirements documents because we believe that we
can capture the contents by using computer systems
effectively.
REUSING INFORMATION
When designing a computer system, first, the
requirements to the system must be captured and written
down as documents. The design process follows and
the designer has to think how to realize the requirements
by using the computer. Then the program is
implemented, tested and handed to the user. The user
will use the system and also has to maintain the system.
This process is common in software development and it
is also required to design another system, such
information should be captured and documented. We
can say that many systems are implemented and running
the business.
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When another new system is required, there may be
similar system already implemented and the information
or the system should be reused to reduce the time and
cost for the new system development as we showed in
Figure 5.

BEHAVIOR PATTERNS IN DIAGRAMS

There are many methods for reuse proposed
previously. These methods focus on the reuse of system
modules.
For example, software libraries are used in
programming for common processes such as printing
message on the screen or receiving data from the
command line as arguments, and the programmer
usually does not develop such functions by themselves.
This is one way of reusing programs. There are software
patterns proposed as the good practice for designing
software. Design pattern [1] proposes the good way of
designing objects in the object oriented programming
language. Analysis Pattern [2] proposes a way to
analyze and design as a user’s function. Programming
languages such as Visual Basic [3] has many GUI
components as we can say it is reusing such components
in many systems.
Frameworks are also proposed to standardize the
design. Apache Struts [4] are one of them and the
system designed under the framework can be reused
easier when the system changed than the system
developed from the scratch.
Software Product Line [5] are proposed as to design
the system to separate the system into base parts, which
should not change, and the part where can easily change
for making many versions for a product.
As we see the previous methods, all methods require
the original system to be designed by consideration of
reuse. When we have the system designed without
consideration of reuse, the system are redesigned and
implemented and system will be reused from the next
system. But we think that the original system has the
requirements information, which is very hard and
requires much time and cost to capture, and we think it
will save many time and cost if we can reuse this
information in the next system.

In business processes where computer systems are
required, many people are working together to produce
a product or service to customers. We believe that there
are common feature in such processes because in the
one viewpoint, all systems are commonly serving
customer’s requirements, and produce something they
require. The process can be decomposed into three
stages, the “Pre-process”, “Main-Process” and the
“Post-Process”. The branch nodes, which has one input
and multiple outputs breaks the process into “Preprocess” and “Main-Process”. The merging nodes,
which has multiple inputs and one output breaks the
process into “Main-Process” and “Post-Process”. We
will define each node and process in detail later. The
basic structure is in Figure 6. We will see that this kind
of pattern can be seen in many processes.
For example, in the medical service such as hospitals,
shown in Figure 7, the process from the patient arrived
to the reception is “Pre-Process” and after the reception
the process has several “Main-Process” and finally the
process to the billing is the “Post-Process”. Each
process extracted as the unit for reuse is in Table 1. In
the example of estate selling and buying support system
in Figure 8, the process from the customer arrived to the
reception is “Pre-Process” and after the “reception” to
the deal is “Main-Process”, and finally after the deal is
the “Post-Process”. Each process extracted as the unit
for reuse is in Table 2. In the car selling process shown
in Figure 9, the process from the customer arrived to the
reception is “Pre-Process” and after the “reception” to
the deal is “Main-Process”, and finally after the deal is
the “Post-Process”. Each process extracted as the unit
for reuse is in Table 3. In the car inspection process
shown in Figure 10, the process from the customer
arrived to the reception is “Pre-Process” and after the
“reception” to the billing is “Main-Process”, and finally
after the deal is the “Post-Process”. Each process
extracted as the unit for reuse is in Table 4 .In the
airport support system shown in Figure 11, the process
from the customer arrived to the check-in is “PreProcess” and processes after the “reception” to the
boarding are “Main-Process”. Each process extracted as
the unit for reuse is in Table 5.

REUSE OF REQUIREMENTS AND DESIGNS

PATH AS THE UNIT OF REUSE

Reusing systems are useful though the system has to
be designed under the consideration of reuse. When we
cannot reuse the system, though, we still have useful
information such as requirements information, we think
of reusing this information.
In the analyzing phase, we think the system behavior
is the most fundamental property because it is easy to
capture and to dispatch the activity to the personnel or
devices who should take the action.

From the process in various businesses, the pattern
exists in the diagrams and we think that the process
extracted can be defined as “path” as the unit of reuse.
In this paper, we propose the method in analyzing the
system by using behavior models and extract the unit of
reusable processes and reorganize the whole process
and reuse it in the next system.

PREVIOUS REUSE METHODS
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APPLYING TO VARIOUS DIAGRAMS

IDEF0

We use state transition diagram, Petri Nets, IDEF0
and Data Flow Diagrams to apply our methods. We
think that many systems are defined by using the
diagrams we chose in this paper and these diagrams
may not have the personnel or performer’s information
of each activity or state. Our method for capturing
process types can break the whole process into small
tasks for each personnel.

IDEF0 [8] defines business process as collection of
activities, and call various “things”, which constructs
the activity, “ICOMs”. ICOM stands for Inputs, Outputs,
Controls, and Mechanisms. The Activity uses the
resources defined as “mechanism”, and converts the
“input” to the “output” under the constraints of
“control”. ICOMs can branch or merge and are
connected to other activities. The sample of IDEF0
diagram is shown in Figure 13. The definition and the
mapping rules to the “nodes” and “arcs” of elements in
the IDEF0 are defined in Table 9.

DIAGRAMS INFORMATION
DATA FLOW DIAGRAMS
We propose a method which we can apply to various
diagrams which define behaviors. This helps the
analyzer or designer to capture more information in the
system and enable to approach in the same procedure.
We see each diagram as directed graphs and map the
description in the diagram to “nodes” and “arcs”.
“Behavior” is an action or reaction of something and the
action information should be time dependent because
some events which cause the action will happen before
the action. The sequence of the event information in
various diagrams may differ in detail but we can see that
the behavior diagrams have action information with
time sequences commonly. We think that we can
capture some information from various behavior
diagrams in the common method. The “nodes” and
“arcs” mapping rule in the diagram is defined in Table 6.
Some “nodes” can be the point where activities
include “decision” or “start of parallel processing”, and
it depends on the description in diagrams. We will
discuss this in the following sections.
STATE TRANSITION DIAGRAMS
State Transition Diagrams [6] define the “states”. The
“state” is the summarized information of the previous
activities with inputs and outputs. Some state transition
diagrams define screen transitions and the function of
the system. The definition and the mapping rules to the
“nodes” and “arcs” of elements in the state transition
diagrams are defined in Table 7.
PETRI NETS
Petri Nets [7] define parallel, asynchronous, and
distributed systems. It can define multi functions
running simultaneously with synchronizations. The
definition and the mapping rules to the “nodes” and
“arcs” of elements in the Petri Nets are defined in Table
8. Petri Nets have initial marking but in this paper, we
treat this marking as included in one of the places. The
sample of Petri Nets is in Figure 12.

Data Flow Diagrams [9] use entities, where the data
comes from and where to go, processes, which convert
the data, data stores, where the data is stored during the
process to define the flow of the data in the system. The
definition and the mapping rules to the “nodes” and
“arcs” of elements in the Data Flow Diagrams are
defined in Table 10. The sample of Data Flow Diagrams
is shown in Figure 14.
DEFINITION OF SPECIAL NODES AND PATHS
As we mentioned before, we think that “behavior” is
the fundamental property of the system, because it is
easy to capture the overall process flow and to check
whether the system does what we required or not. The
behavior is defined, for example in diagrams we
introduced, with nodes and arcs. Some “nodes” and
"arcs” have remarkable features, and they are the key
factors for classifying sub processes. See Table 11 for
detail.
We also can see that the process between these special
nodes has remarkable features. We think that the whole
system process is the collection of these process defined
between these special nodes. We define this process by
using special nodes as “special path” and show the
detail in Table 12.
This special nodes and paths enable us to extract the
unit of reuse in the whole system by how the nodes are
connected. The method is quite effective especially in
the following diagrams.
1. Business process diagrams defined to explain or
share the overall flow among people.
2. Diagrams which do not include detail error
handling process as the description. These
processes can apply to all steps in the system and
make the description more complex in this case.
INPUT INSTANCES IN THE DIAGRAMS
Behavior diagrams can have many input elements.
We can call each input and output as instances when the
system is running. In this case, we treat as following.
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1.

2.

If one instance of input is separated into two or
more instances, they run in parallel in the same
system.
If two or more instances are defined as input, we
think that each instance exists in each system.

THE METHOD OF EXTRACTING SPECIAL
NODES AND PATHS
The method for specifying the special nodes and
extracting paths are as the following.
(Step 1) Define the “Special Nodes”. The Special Nodes
are the following.
1. Start node.
 The node which has arcs connected out to
other nodes but no arcs connected from any
other nodes.
2. Branching node.
 The node which has arcs connected out to
two or more other nodes and does not have
the arcs connected from the same node. The
arcs connected to the original node are also
excluded. See Figure 15.
3. Merging node.
 The node which has arcs connected from to
two or more other nodes and does not have
the arcs connected to the same node. The arcs
connected to the original node are also
excluded. See Figure 15.
4. Branching and also merging node.
 Nodes which have both features defined in 3,
and 4.
5. End node.
 The node which has arcs connected from
other nodes but no arcs connected to any
other nodes.
(Step 2) Find the path “Branching and also Merging
Node to Branching and also Merging Node” and count
the nodes. See the following for detailed procedures.
2-1) Find the path “Branching and also Merging Node
to Branching and also Merging Node”. The path should
be included only once and all the nodes excepting the
start and end in the path are different. These paths are
classified as “the process selected by the user or the
input and may be repeated”.
2-2) Count the special nodes on the path. The number of
each node shows the type of the path. See Table 12 for
detail.
(Step 3) Find the path “Start Node to Branching Node”,
“Branching Node to Merging Node”, and “Merging
Node to End Node” and count the nodes. See the
following for detail procedures.
2-1) Find the path “Start Node to Branching Node”,
“Branching Node to Merging Node”, and “Merging
Node to End Node”. The path should be included only
once and all the nodes excepting the start and end in the
path are different. These paths are classified info groups
defined in Table 13.

2-2) Count the special nodes on the path. The number of
each node shows the type of the path. See Table 14 for
detail.
(Step 4) See the diagram with information extracted in
(Step 2), (Step3), and with the detail description of the
legends in each diagram. See Table 15 for detail.
Especially classify the nodes in the path into “states” or
“processes” and connect the same type of nodes when
reusing the path in the new system.
(Step 5) Specify the actor of the extracted path.
EXAMPLE OF STATE TRANSITION DIAGRAMS
We would practice our method to the “The Screen
Flow Definition of the Medical Support Information
System”. The system can be treated as state transition
diagrams as the current screen describes the state of the
current system.
(Step 1) Define the “Special Nodes”.
The number of the special nodes count is in Table 16.
(Step 2) Find the path “Branching and also Merging
Node to Branching and also Merging Node” and count
the nodes. See the following for detail procedures.
2-1) Six paths are found from “Branching and also
Merging Nodes”. The information about the path found
is in Table 17.
2-2) The number of nodes on each path is in Table 18.
From this table we can see that “Path 3” is the longest
and also having “branching nodes” and “merging nodes”
most. We see this path is the most complicated and
difficult process. The process probably requires most
the decision and also waiting for other process to end,
which means the process may be influenced from other
processes.
“Path 3” is described in Figure 16. The “branching
and also merging nodes” are described as the node
written as fivefold oval, “merging nodes” as threefold
oval, and “branching nodes” as twofold oval.
“Path 3” defines the process to “Create a new chart,
register patient’s personal information and enter the
patient’s condition”. This process is a partial process of
the “medical system” and the process is selected by the
user as a service supported by the system. The process
can be selected twice or more times as it indicates that
the process occurs several times and can be running as a
repeatable process.
(Step 3) Find the path “Start Node to Branching Node”,
“Branching Node to Merging Node”, and “Merging
Node to End Node” and count the nodes. See the
following for detail procedures.
The path found in (Step 2) and (Step 3) is in Table 19.
There are many numbers of path patterns and we like to
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see the path which includes large numbers of nodes and
special nodes.
The largest number of the path is in Table 20.
(Step 4) The practice of our method in this case is on the
state transition diagram. The special nodes define the
step where the internal configuration information is
used to change the behavior.
In the extracted longest special path “path 3”, the nodes
in Table 21 are the special nodes.
The state diagram only has “states” as nodes so we can
see that all nodes are states. When reusing the path, we
can connect the path by any nodes.
(Step 5) Specify the actor of extracted path. The actor
specified to the extracted path in table 16 is in table 17.
We can see that the extracted path is processed by an
actor and the whole process is the collection of such
paths. We see the extracted path has each meaning
itself as in Table 16 and Table 22.
REUSE OF STATE TRANSITION DIAGRAMS
For example, the new system requires the pharmacist
to make a subscription of the pharmacy. We have
pharmacist process extracted from the previous system
as path 4 in table 16. We can reuse the path and
organize new processes by connecting the path. The
state diagram only has states nodes so the path can be
connected directly. As we see, we have the reused
process in Figure 17.

Node to End Node” and count the nodes. See the
following for detail procedures.
The path found in (Step 2) and (Step 3) is in Table 24.
The largest number of the path is in Table 25.
(Step 4) The practice of our method in this case is on the
Petri Nets. There are many numbers of path patterns and
in this case, many paths found have the same number of
special nodes. The service described in this case has
same difficulties in decision requirements or waiting for
other processes no matter how the path is selected.
We see the example of Petri Nets in Figure 18, and
one of the longest paths as the structure extracted in
Figure 19.
This path includes both the request’s action and the
server’s action and describes the whole process with the
request point defined as “branching nodes” and the
request served point as ”merging nodes”. We think that
the key transitions are extracted.
We excluded the arcs shown in Figure 15, which this
example has. The arcs are connected between places
and transitions in both directions. These places are
defined as server of the transition and the processes
inside the server are separated with the request points.
Petri Nets has “states” nodes as places and “process”
nodes as transitions. When connecting the path, same
type of nodes should be connected.
(Step 5) The extracted path has each meaning and the
actor can be specified. We see each path extracted has
its meaning in Table 26.

EXAMPLE OF PETRI-NETS

REUSE OF PETRI-NETS

We would practice our method to the sample of Petri
Nets. The practical sample of Petri Nets is “The Process
of the Real Estate Information System”. The system has
concurrent processes which is different from the
previous state transition diagram, though the system
also has states as places.

For example, the new system only requires the user’s
viewpoint of the real estate system. We can reuse the
path and organize new processes by connecting the path.
The Petri-nets has states nodes and process nodes, so the
path has to be connected with “states” or with
“processes”. We connected the “transition” as the
“process” type nodes, such as “Search Requests” and
“Receive Search” and “Received the Results of Search”
and we have the reused process as in Figure 20.

(Step 1) Define the “Special Nodes”.
The number of the special nodes count is in Table 23.
(Step 2) Find the path “Branching and also Merging
Node to Branching and also Merging Node” and count
the nodes. See the following for detail procedures.
2-1) No paths are found from “Branching and also
Merging Nodes”.
2-2) In this example, there are no path with “Branching
and also Merging Nodes”, which means that this
process does not have the repeat process for one
instance.
(Step 3) Find the path “Start Node to Branching Node”,
“Branching Node to Merging Node”, and “Merging

EXAMPLE OF IDEF0
We would practice our method to the sample of IDEF0.
The practical sample of IDEF0 is “The Process of the
Airport Information System”. The diagram defines the
process of taking flights.
(Step 1) Define the “Special Nodes”.
The number of the special nodes count is in Table 27.
We define ICOMs connected to the outside of the
system as nodes.

460

Integrated Systems, Design & Process Sciences, SDPS 2011
Printed in the United States of America, June, 2011
2011 Society for Design and Process Science

(Step 2) Find the path “Branching and also Merging
Node to Branching and also Merging Node” and count
the nodes. See the following for detail procedures.
2-1) No paths are found from “Branching and also
Merging Nodes”.
2-2) In this example, there are no path with “Branching
and also Merging Nodes”, which means that this
process does not have the repeat process for one
instance.

We would practice our method to the sample of Data
Flow Diagrams. The practical sample of Data Flow
Diagram is “The Process of the Medical Information
System”. The diagram defines the process of taking
flights.

(Step 3) Find the path “Start Node to Branching Node”,
“Branching Node to Merging Node”, and “Merging
Node to End Node” and count the nodes. See the
following for detail procedures.
The path found in (Step 2) and (Step 3) is in Table 28.
The largest number of the path is in Table 29.

(Step 2) Find the path “Branching and also Merging
Node to Branching and also Merging Node” and count
the nodes. See the following for detail procedures.
2-1) 118 paths are found from “Branching and also
Merging Nodes”.
2-2) In DFD, the loop path found does not necessary
mean the process is repeatable. DFD defines how the
data flows, and it only means the information can come
from the previous same process. In this example, the
patient can use to the medical twice or more times, and
the second time or more, the previous information can
be used to presume the process, though the user may not
use the medical service.

(Step 4) The practice of our method in this case is on the
IDEF0. As we see in Table 28, the number of path
“Branching Nodes to Merging Nodes” is very large. We
also counted the number without the controls and
mechanism because these feature only affect to the
connected activity only and does not affect other
activities.
In case of IDEF0, our method can classify the activity
as “decision” or “process without decision”, as defined
as branching nodes or not. IDEF0 usually does not have
a large number of activities in one diagram, so it may be
better to see the whole path as one process and see the
process from the input to output.
We will show one of the examples in Figure 21. This
figure describes the structure of the IDEF0 elements and
the notation is different from the real IDEF0 diagrams.
(Step 5) The extracted path has each meaning and the
actor can be specified. In the case for IDEF0, the
extracted path has its meaning as in Table 30. In IDEF,
the actor is defined as mechanism. In the case in airport
support system, the airport staff 1 to 3 is defined.
REUSE OF IDEF0
The IDEF0 has ICOMs as “state” nodes, and
activities as “process” nodes, so the path has to be
connected with “states” or with “processes” each other.
For example, the new airport support system requires
enabling the passenger to transfer after the proceeding
the process at the destination. In the previous system,
the passenger has to decide whether to have a transfer
before proceeding to the destination. In this case, we
need the process from the departure to the destination
and the process of transferring. We will show the new
process in Figure 22, which we reused the proceeding
process at destination as unit and the transfer process as
unit and connected.

(Step 1) Define the “Special Nodes”.
The number of the special nodes count is in Table 31.
We define source, destination and data store as nodes.

(Step 3) Find the path “Start Node to Branching Node”,
“Branching Node to Merging Node”, and “Merging
Node to End Node” and count the nodes. See the
following for detail procedures.
The path found in (Step 2) and (Step 3) is in Table 32.
The largest number of the path is in Table 33.
(Step 4) In DFD, the extracted path is as in Table 34 and
Table 35, and we can see that all paths have its meaning
between the nodes from the start to the end. The
practice of our method in this case is on the DFD. The
steps or paths extracted are the process or data which is
related widely in the system and may require other
process to be completed before the process starts.
As we see in (Step 2), the process of “Make a
prescription” is defined as “branching and also merging
nodes”. The Prescription process requires much
information and also the information is used in many
places. From the viewpoint of designing the system, the
“Make a Prescription” process is the most difficult
because of gathering information and also the
information is used in various places.
The “Chart” is also a “branching and also merging
nodes”. The information stored in the system is widely
used in the system, which may require exclusive access
control in design.
We will show one of the examples in Figure 23.
(Step 5) Specify the actor of extracted path. The actor
specified to the extracted path should be defined from
the process or from the data source. We can see that the
extracted path is processed by the description on the
nodes. The example has the process for medical system
and the actor would be the doctor.

EXAMPLE OF DATA FLOW DIAGRAMS
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REUSE OF DATA FLOW DIAGRAMS
The DFD has data store as “state” nodes, and process
as “process” nodes, so the path has to be connected with
“states” or with “processes” each other.
For example, the new system of “Medical
Information System” has “Chart” and “Medical DB” as
the same thing. In such case, the path relating to the
“Chart” and the “Medical DB” can be merged to one
data source. The “Chart” and “Medical DB” are both
“states” nodes so it can be merged as the same rule with
other diagrams. We reused the path in the previous
system to the new system and the process for the patient
in the new system is in Figure 24.
CONCLUSION AND DISCUSSION
The method we proposed enables the user to extract
the behavior of the system from start, end, branching
and merging nodes. These special nodes enable the
whole system to break into small processes as paths and
also extract the important steps in the path. We treated
the diagrams as digraphs with nodes and arcs, because
system analysis information can be described in many
types of description but the diagram has some common
features. Our methods limit the pattern to the path only
including once, to keep the number of patterns small.
In the viewpoint of reuse, we can say that the extracted
path has its own meaning itself and can be reused as a
meaningful process. We reused the extracted path and
design the new system.
In the state diagram, the states, an internal
configuration, the branching nodes connected to the
merging nodes, can be the start point of the selected
service. From this viewpoint, when designing the
system, the selection information will be needed to be
saved. The information captured by using our method
can be used to design the data elements. We also see the
process extracted as “Pre-Process”, “Main-Process” and
the “Post-Process”. In the example of “Medical
system”, the main activity which is operated around the
“Chart” by doctor is extracted as “Main-Process”. We
can say that the “Main-Process” is extracted and can be
reused as another system. We actually evaluated as the
process for reuse in creating the process for prescription.
In the case of Petri Nets, two or more actors can be
operating in the system. The user and server of the
system may interactively operate to achieve the required
tasks and our method enables to extract the interaction
written as transition. The information can be used in
designing the interaction steps. We also see that the
process extracted as “Pre-Process”, “Main-Process” and
“Post-Process”. The nodes in the Petri Nets are in two
types as “states” and “processes”. When reusing the
paths, the nodes types should be checked and should be
connected with same types. We actually evaluated as
the process for reuse in creating the process for search
for real estate system.
In the case of IDEF0, the number of activities is not
so large as other diagrams so it may be possible to see

the process from input to output. IDEF0 has controls
and mechanism and these nodes have to be treated
differently from inputs and outputs, because the features
are quite different. We also see that the process
extracted as “Pre-Process”, “Main-Process” and “PostProcess”. The nodes in the IDEF0 are also in two types
as “states” and “processes”. When reusing the paths, the
nodes types should be checked and should be connected
with same types. We actually evaluated as the process
for reuse in creating the process for airport support
system.
In DFD, the description is quite different from other
diagrams. DFD does not define the process control
though the relation between processes by data narrows
the process’s condition. We also see that the process
extracted as “Pre-Process”, “Main-Process” and “PostProcess”. The nodes in the DFD are also in two types as
“states” and “processes”. When reusing the paths, the
nodes types should be checked and should be connected
with same types. We actually evaluated as the process
for reuse in creating the process for one process from
the reception to the billing in the medical support
system.
There are other methods proposed in analyzing the
business processes. Analysis Patterns [2] is a method to
analyze the business process by the viewpoint of object
models. This method has many useful patterns with
rules in designing inside the system structure. Our
method starts from viewing the behavior to capture the
specification, the outside of the system which is quite
easy to explain and design the system from the steps
which require decision or merges.
The extracted process types have many patterns and
some of the extracted path may include other paths. We
think that we can group by the inclusion of the paths
and think as hierarchies of the processes or states. Some
diagrams [6] [8] [9] have hierarchies which break down
each process or state in detail.
We also see as the extracted process types performed
by each personnel and the start and end of the process
can be the interface between each performer [10]. These
performers can be the detailed components of the
designed system.
The process for highlighting each node in the
extracted path is proposed in our previous paper [11]
[12]. We previously proposed for highlighting the steps
and have some common feature with it. We focused on
reusing the extracted path to the new process in this
paper.
We can say that our method for extracting the path
from the structure in the diagram such as branching
nodes, and merging nodes, can be applied to various
diagrams and can be reused to design the new system.
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Fig. 4 The types of diagrams

A Hospital

Fig. 1 The Process for requiring information system

B Clinic

Requirements

Requirements

Design

Design

Implement

Implement
Running
System

Test
Maintenance

System to
be
designed

Test
Maintenance

Fig. 5 The types of diagrams

Fig. 2 The information in the requirement documents

Fig. 6 The types in the diagrams

Fig. 3 The strong and weak points of diagrams

Fig. 7 The types of diagrams in medical system
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Table 1 Process Types in medical system

Process Type
Pre-Process
Main-Process

Post-Process

Process
Receive the patient
Inspect
Diagnose
Diagnose and inspect
Diagnose and transfer to other
hospital
Diagnose and admin to enter
the hospital
Diagnose and operate
Diagnose and make prescription
Make prescription
Inspect
Transfer to other hospital
Admit to enter the hospital
Operate
Make prescription
Billing

Fig. 9 The types of diagrams in car selling support system

Table 3 Process Types in car selling system

Process Type
Pre-Process
Main-Process

Post-Process

Process
Receive the customer
Work to sell the car
Find the car for purchase and
get detail information
Find the car for rent and get
detail information
Deal

Fig. 8 The types of diagrams in estate support system

Table 2 Process Types in estate support system

Process Type
Pre-Process
Main-Process

Post-Process

Process
Receive the customer
Work to sell the house
Find the house for purchase and
get detail information
Find the house for rent and get
detail information
Deal

Fig. 10 The types of diagrams in car inspecting system

Table 4 Process Types in car inspection system

Process Type
Pre-Process
Main-Process

Post-Process

Process
Receive the customer
Inspect the car by option and
report the result
Inspect the car, engine and
gauges by law and report the
result
Inspect the engine
Inspect the gauges
Billing
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Table 7 Elements in State Transition diagrams

Types
Nodes

Elements
States

Arcs

Inputs
State
Transitions
(Outputs)
Start point
End point

Fig. 11 The types of diagrams in airport system

Table 8 Elements in Petri Nets

Types
Nodes
Table 5 Process Types in airport support system

Process Type
Pre-Process
Main-Process

Process
Receive the customer
Issue the boarding pass, pass
the immigration and board the
plane
Buy the duty free and board the
items
Inspect the baggage and board
the baggage

Description
Summarized information of
previous activities which
defines the next action.
Information which provoke
the transition of states.
Change the state by a trigger
event (Inputs) and perform
action as outputs if defined.
The initial state in the
system.
The final state in the system.

Elements
Place

Transitions
(Outputs)

Arcs

Initial
marking
Transition
arrows

Description
Summarized information of previous
activities which defines the next
action.
Change the state by a trigger event
(Inputs) and perform action as
outputs if defined.
The initial state in the system.
Defines the change from places to
transition or transition to places

Table 6 Mapping Elements in diagrams to node and arcs

Type
s

Node
s

State
Transitio
n
Diagram
States

Petri Nets

IDEF0

Data
Flow
Diagram

Places

Activiti
es
ICOMs
from/to
system
boundar
y
Internal
ICOMs

Data
Store
External
Entity
(from/to)
Process

Transitio
ns

Arcs

State
transitio
ns
Events
Input/
Outputs

Transitio
n arrows

Fig. 12 Sample of Petri Nets

Transitio
n arrows

Control
Input

Activity

Output

Mechanism
Fig. 13 Sample of IDEF0
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Table 9 Elements in IDEF0

Types
Nodes

Elements
ICOMs from
outside
of
the system
Activities

Arcs

Internal
ICOMs

Description
Inputs, Controls, Outputs, and
Mechanisms coming from and
going to outside of the system
boundary.
Activities which perform the
business process.
ICOMs in the system which
connect the activities.

Table 10 Elements in Data Flow Diagrams

Types
Nodes

Elements
Process
Entity
Source
Entity
Destination
Data Store

Arcs

Transition
Arrow

Description
Convert or translate the input
data to the output data.
Where the data comes from in
the system.
Where the data finally go in the
system.
Where the data is temporally
stored during the process.
Connects processes, entities and
data store and define the flow
of the data.

Table 11 Special Nodes

Node Types
Start Node

Description
Initial State or Process in the system.

Branching
Node

The step or state to make a decision under
the constraint, input or with information.
The results may be the following.
1. One of the processes or states
chosen.
2. Two or more processes are chosen
and running simultaneously.
The step or state which may have to wait
for all the simultaneously running process
to merge. The results may be the
following.
1. One of the running process results is
chosen.
2. All simultaneously running process
is merged.
The node which has both features of
branching and merging.

Merging
Node

Branching
and
also
Merging
Node
End Node

Final State or Process in the system.

Table 12 Special Paths

Path Types
Start
Node
to
Branching Node
Branching Node to
Merging Node

Fig. 14 Sample of Data Flow Diagrams

Merging Node to
End Node
Branching and also
Merging Node to
Branching and also
Merging Node.
None of the above
paths

Description
Initialization process or the
preparing process for the intended
service
The process selected by the user
or the input.
Especially the path which does
not include the “Branching and
also Merging nodes” is the
fundamental selected process.
The process for ending the service
after the intended service is
finished.
The process selected by the user
or the input and may be repeated.

Other system, such as process
with branching nodes but does not
have merging nodes.
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Table 15 The Number of Extracted Nodes

Fig. 15 Excluded Arcs in selecting special nodes
Table 13 The nodes on the Special Path

Nodes on the path
The number of
Nodes on the path
is large

The number of
Branching Nodes is
large
The number of
Merging Nodes is
large

The number of
Branching and also
Merging Nodes on
the path is large.

Description
The number of steps in the
procedure is large. This means the
path has many variations of states
or activities and the process is
quite complicated.
The number of steps which
require decision is large. This
means the path has difficult steps
because the decision is required.
The number of steps which
require other process to wait or to
make a decision is large. This
means that the path has chance to
get infected from other processes.
The number of steps which has
both the branching and merging
feature is large.

Type of Nodes
Start Nodes

The Number
0

Branching Nodes
Merging Nodes
Branching and also Merging Nodes
End Nodes

7
4
1
2

Table 16 The Path by Branching and also Merging nodes.

Path
Path 1

The Summary of the process
Take a look on the list of the Charts

Path 2

Create a new chart and register patient’s
personal information.
Create a new chart, register patient’s personal
information and enter the patient’s condition
View the prescription and receive the drug.
Select the chart and update some information.
Select the chart and delete the information.

Path 3
Path 4
Path 5
Path 6

Table 17 The actor for extracted path.

Path
Path 1

The Summary of the process
Receptionist

Path 2
Path 3
Path 4
Path 5
Path 6

Doctor
Doctor
Pharmacist
Doctor
Receptionist.

Table 14 Analysis on each diagram

Diagram
State
Transition
Diagram

Petri Net

IDEF0
Data Flow Diagram

Analysis
The step which the internal
configuration is changed due to
the decision or waiting for other
processes is extracted
The step which the parallel
process starts or merges is
extracted
Place is extracted as “start node”
The decision activities are
extracted.
The most widespread data store
can be extracted.

Table 18 The Number of Special Nodes on the Extracted Paths

The
Number
of Nodes
Total
Nodes
Branching
Nodes
Merging
Nodes
Branching
and also
Merging
Nodes

Path
1

Path
2

Path
3

Path
4

Path
5

Path
6

3

7

11

5

6

7

1

3

4

1

2

3

1

1

3

1

1

1

1

1

1

1

1

1
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Fig. 16 The description of Extracted “Path 3”

Table 20 The number of nodes on the path found in “medical
support information system”
Table 19 The number of path found in “medical support
information system”

Path Types
Start Node to Branching Node
Branching
Node to
Merging
Node

All

The path which has no
loops and branching and
merging nodes
Merging Node to End Node
Branching and also Merging Node to
Branching and also Merging Node.

The number of
Path Patterns
0
101
18

16
6

Nodes
Types
The
nodes on
the path
Branchin
g Node
Merging
Node

Branchin
g
and
also
Merging
Node

Maximum
number
16

Path Types
Merge
End

to

6

Merge
end
Branch
Merge,
Merge
end
Branch
Merge,
Merge
end

to

4

1

to

The summary
process of path
Select, update,
print and delete
the charts.
(Same as above)
(found in many
path)

to
to

(found in many
path)

to
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Table 21 The special nodes on “path 3” found in “medical
support information system”

Nodes
Types
Branchin
g
and
Merging
Node
Merging
Node
Branchin
g Node
Branchin
g Node
Merging
Node
Branchin
g Node

Nodes
Description
“Service
Index
Screen”

The meaning from the
special node types.
Decision
and
also
Waiting
for other
processes to complete

“Selection
of
Type or Form of
Chart Screen”
“Confirmation of
the previous three
Screens”
“Registration
Completed
Screen”
“Chart Print Out
Screen”

Waiting
for
other
processes to complete

“Print
Completed
Screen”

Decision

Out

Decision

Decision

Waiting
for
other
processes to complete

Path 17
Path 18

Choose the delete menu and delete the chart
and logout
Delete the chart and logout

Table 23 The Number of Extracted Nodes (Petri Nets)

Type of Nodes
Start Nodes
Branching Nodes
Merging Nodes
Branching and also Merging Nodes
End Nodes

Table 24 The number of path found in “real estate information
system” in Petri Nets

Path Types
Table 22 The Path by Branching to Merging nodes.

Path
Path 1
Path 2
Path 3
Path 4
Path 5
Path 6
Path 7
Path 8

Path 9

Path 10

Path 11
Path 12
Path 13
Path 14
Path 15
Path 16

The Summary of the process
Print the chart and logout
Print the chart, display and logout
Register information to the chart, complete
registration and logout
Register information to the chart, complete
registration, print complete, and logout
Register information to the chart, complete
registration and logout
Register information to the chart, choose
format and logout
Register information to the chart, choose
format and logout
Register the condition and personal
information to the chart, choose format, types
and logout
Register the condition and personal
information to the chart, choose format, types
and logout
Register the condition and personal
information to the chart, choose format and
types
Register the condition and personal
information to the chart, choose format
Register the personal information to the chart,
choose format
Register the information to the chart, choose
format
Complete registration to the chart, choose
format and logout
Complete registration to the chart, choose
format and logout
Complete registration to the chart and print

The Number
1
(1:place)
2
2
0
1
(1:place)

Start Node to Branching Node
Branching
Node to
Merging
Node

All

The number of
Path Patterns
4
90

The path which has no
loops and branching and
merging nodes
Merging Node to End Node
Branching and also Merging Node to
Branching and also Merging Node.

90

7
0

Table 25 The number of nodes on the path found in “real estate
information system”

Nodes
Types
The
nodes on
the path
Branchin
g Node

Maximum
number
14

Path Types

2

Merging
Node
Branchin
g
and
also
Merging
Node

2

Branch to
Merge,
Start
to
Branch
Branch to
Merge
Not found

0

Branch to
Merge

The summary
process of path
(found in many
path)
(found in many
path)

(found in many
path)
Not found
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Login
Logout
Menu
Pharmacy
screen
Input
information

Update
complete
Receive
medicine

Fig. 17 New process with reused path

Fig. 19 The Example of Long Extracted Path(Petri Nets)
Fig. 18 The Example of Real Estate System(Petri Nets)

Table 26 The Path by Branching to Merging nodes.

Path
Path 1
Path 2
Path 3

Path 4

Path 5

Path 6

Path 7

The Summary of the process
Enter the request of real estate and check the
search results
Enter the request of real estate and check the
search results at the search service desk
Enter the request of real estate, order the
search, receive the results and check the
search results
Enter the request of real estate, order the
search, receive the results, check and send the
search results
Enter the request of real estate, order the
search, receive the results, send and check the
search results
Enter the request of real estate, order the
search, receive the results via the server, send
and check the search results
Enter the request of real estate, order the
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Path 8
Path 9

Path 10

Path 11

Path 12

Path 13

Path 14

Path 15

Path 16

Path 17

Path 18

Path 19

Path 20

Path 21

Path 22

Path 23

Path 24

Path 25

Path 26

search, receive the results, send and check the
search results
Enter the request of real estate, receive the
results and check the search results
Enter the request of real estate, receive the
results, display at the service desk and check
the search results
Enter the request of real estate, order the
search, receive the results, display at the
service desk and check the search results
Enter the request of real estate, order the
search, receive the results, display and check
the search results
Enter the request of real estate, order the
search, receive the results, display at the
service desk and check the search results
Enter the request of real estate, order the
search, receive the results via desk, display at
the service desk and check the search results
Enter the request of real estate, order the
search, receive the results via desk, check the
search results
Enter the request of real estate, order the
search, receive the results via desk, display at
the service desk and check the search results
Enter the request of real estate, order the
search, display at the service desk and check
the search results
Enter the request of real estate, order the
search, receive the results, find, display at the
service desk and check the search results
Enter the request of real estate, order the
search, receive the results, find, display at the
service desk and check the search results
Enter the request of real estate, order the
search, find, receive the results, and check the
search results
Enter the request of real estate, order the
search, receive the results, display at the
service desk and check the search results
Enter the request of real estate, order the
search, receive the results via the server, find,
display at the service desk and check the
search results
Enter the request of real estate, order the
search, receive the results via the server, find,
and check the search results
Enter the request of real estate, order the
search, receive the results via the server, find,
and check the search results
Enter the request of real estate, order the
search, receive the results via the server, find,
and display the search results
Enter the request of real estate, order the
search, receive the results via the server, find,
display and check the search results
Enter the request of real estate, order the
search, find, send the results via the server,
receive the results, and check the search

Path 27

Path 28

Path 29

Path 30

Path 31

Path 32

Path 33
Path 34
Path 35

Path 36

Path 37

Path 38

Path 39
Path 40

Path 41

Path 42

Path 43

Path 44

Path 45
Path 46

results
Enter the request of real estate, order the
search, find, receive the results via the server,
and check the search results at the desk
Enter the request of real estate, order the
search, find, receive the results via the server,
and check the search results at the desk
Enter the request of real estate, order the
search, receive the results via the server, and
check the search results at the desk
Enter the request of real estate, order the
search, receive the results via the server, and
check the search results
Enter the request of real estate, order the
search, receive the results via the server, and
check the search results at the desk
Enter the request of real estate, order the
search, receive the results via the server, and
check the search results at the desk
Enter the request of real estate, and check the
search results at the desk
Enter the request of real estate, order the
search, and receive the search results
Enter the request of real estate, check the
search results at the desk, order the search and
receive the requests, find, send and receive the
search results
Enter the request of real estate, check the
search results at the desk, order the search and
receive the requests, find, send via server and
receive the search results
Enter the request of real estate, check the
search results at the desk, order the search and
receive the requests, send via server, find and
receive the search results
Enter the request of real estate, check the
search results at the desk, order the search and
receive the requests, send via server and
receive the search results
Enter the request of real estate, send via the
research service desk and receive the results
Enter the request of real estate, send via the
search service desk, order the search and
receive the results
Enter the request of real estate, send via the
search service desk, order the search, and
receive the results
Enter the request of real estate, send via the
search service desk, find and send the results
via the server and receive the results
Enter the request of real estate, send via the
search service desk, find and send the results
via the server and receive the results
Enter the request of real estate, send via the
search service desk, order the search, and
receive the results
Enter the request of real estate, send via the
search service desk, and receive the results
Enter the request of real estate, send via the
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Path 47

Path 48

Path 49

Path 50

Path 51
Path 52

Path 53
Path 54
Path 55

Path 56

Path 57
Path 58
Path 59

Path 60
Path 61

Path 62

Path 63

Path 64

Path 65

Path 66

Path 67

search service desk, order the search and
receive the results
Enter the request of real estate, order the
search and receive, find, send the results and
receive the results
Enter the request of real estate, order the
search and receive, send the results via the
server and receive the results
Enter the request of real estate, order the
search and receive, find, send the results and
receive the results
Enter the request of real estate, order the
search and receive, send the results via the
server and receive the results
Order the search, receive the results via the
search service desk and check the results
Order the search, receive the results via the
search service desk, enter the request and
check the results
Order the search, receive the results, display at
the search service desk and check the results
Order the search, receive the results via the
search service desk and check the results
Order the search, receive the results via the
search service desk, enter the request and
check the results
Order the search, receive the results via the
search service desk, display and check the
results
Order the search, display at the search service
desk and check the results
Order the search, display at the search service
desk, enter the request and check the results
Order the search, receive the results via the
search service desk, display and check the
results
Order the search, display at the search service
desk and check the results
Order the search, receive the results, find,
send the results and receive, display at the
search service desk and check the results
Order the search, receive, find, send the
results and receive, display at the search
service desk, enter the request and check the
results
Order the search, receive, find, send the
results and receive, display and check the
results
Order the search, receive, find, send the
results and receive, display at the search
service desk and check the results
Order the search, receive, find, send the
results and receive, display at the search
service desk, enter the request, and check the
results
Order the search, receive, find, send the
results, display at the search service desk and
check the results
Order the search, receive, find, send the

Path 68

Path 69

Path 70

Path 71

Path 72

Path 73

Path 74

Path 75

Path 76

Path 77

Path 78

Path 79

Path 80

Path 81

Path 82

Path 83

Path 84

Path 85
Path 86

results via the server and receive, display at
the search service desk and check the results
Order the search, receive, find, send the
results via the server and receive, display at
the search service desk, enter the request and
check the results
Order the search, receive, find, send the
results via the server and receive, display, and
check the results
Order the search, receive, find, send the
results via the server and receive at the search
service desk, and check the results
Order the search, receive, find, send the
results via the server and receive, display at
the search service desk, enter the request and
check the results
Order the search, receive, find, send the
results via the server and receive, display at
the search service desk, and check the results
Order the search, receive, find, send the
results via the server and receive, display, and
check the results at the search service desk
Order the search, receive, find, send the
results via the server and receive, display,
enter the request and check the results
Order the search, receive, find, send the
results via the server and receive, display, and
check the results
Order the search, receive, find, send the
results via the server and receive, and check
the results at the search service desk
Order the search, receive, find, send the
results via the server and receive, enter the
request and check the results at the search
service desk
Order the search, receive, find, send the
results via the server and receive, display and
check the results at the search service desk
Order the search, receive, find, send the
results via the server and receive, display the
results and check at the search service desk
Order the search, receive, find, send the
results via the server and receive, display the
results and check at the search service desk
Order the search, receive, send the results via
the server and receive, display and check the
results
Order the search, receive, send the results via
the server and receive, check the results at the
search service desk
Order the search, receive, send the results via
the server and receive, enter the request and
check the results at the search service desk
Order the search, receive, send the results via
the server and receive, check the results at the
search service desk
Order the search, and receive the results
Order the search, and receive the results via
the search service desk
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Path 87
Path 88
Path 89
Path 90

Order the search, receive, find send and
receive the results
Order the search, receive, find send and
receive the results via the server
Order the search, receive, find via the server
send and receive the results
Order the search, receive via the server send
and receive the results

Table 28 The number of path found in “airport support
system” in IDEF0

Path Types
Start Node to Branching Node
Branch
ing
Node
to
Mergin
g Node

All

The number of
Path Patterns
7
143

The path which has no
loops and branching and
merging nodes
The path without Controls
and Mechanism.
Merging Node to End Node
Branching and also Merging Node to
Branching and also Merging Node.

143

58
34
0

Table 29 The number of nodes on the path found in “airport
support system” in IDEF0

Fig. 20 The Reuse Example of Real Estate System(Petri
Nets)

Table 27 The Number of Extracted Nodes (IDEF0)

Type of Nodes
Start Nodes

Branching Nodes
Merging Nodes
Branching and also Merging Nodes
End Nodes

The Number
8
(4:input)
(1:control)
(3:mechanism)
3
5
1
1
(1:output)

Nodes
Types
The
nodes on
the path
Branchin
g Node
Merging
Node
Branchin
g
and
also
Merging
Node

Maximum
number
4

Path Types
Branch to
Merge

The summary
process of path
(found in many
path)

2

Branch to
Merge
Branch to
Merge
Branch to
Merge

(found in many
path)
(found in many
path)
(found in many
path)

2
1

Table 30 The Path by Branching to Merging nodes.

Path
Path 1
to 5
Path 6

Path 7
to 27
Path 28
Path 29
to 33
Path 34

The Summary of the process
The passenger check-in and departs, arrive
and proceed the process to the destination
The passenger check-in, pass the immigration,
transfer to the other plane and arrive the
destination
The passenger check-in, transfer , and arrive
the destination
The passenger arrive and proceed the process
at the destination
The passenger proceed the process for transfer
and arrive, proceed the process at the
destination
The passenger proceed to transfer and arrive at
the destination
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Fig. 21 The Example of Extracted Path (IDEF0) with ICOM as nodes.

The Passenger arrived

Passenger

Table 32 The number of path found in “medical support
system” in DFD

Check-in for
Departure
A0

Passenger

Passenger arrived

Path Types

Proceed the
process on arrival
A0

Start Node to Branching Node
Passenger
Passenger arrived for Transfer

Check-in for
Transfer

Arrived to the final destination

A0

Passenger

Airport 1 Staff

Proceed the
process on arrival
from Transfer

Passenger

A0

Fig. 22 The Reuse Example of Airport system(IDEF0)

Table 31 The Number of Extracted Nodes (DFD)

Type of Nodes
Start Nodes

The Number
1

Branching Nodes
Merging Nodes
Branching and also Merging Nodes
End Nodes

6
5
2
0

Branch All
ing
The path which has no
Node
loops and branching and
to
merging nodes
Mergin
g Node
Merging Node to End Node
Branching and also Merging Node to
Branching and also Merging Node.

The number of
Path Patterns
54
533
8

0
118

Table 33 The number of nodes on the path found in “medical
support system” in DFD

Nodes
Types
The
nodes on
the path

Maximum
number
11

Path Types

Branchin
g Node

6

Merging
Node

5

Branchin
g
and
also
Merging

2

Branch to
Merge,
Start
to
Branch
Branch to
Merge,
Merge to
End
Branch and
also Merge
to Branch
and
also

Branch to
Merge

The summary
process of path
Prescribe
the
medicine, make
a bill and start
the
process
again
from
diagnose
to
prescribe.
(found in many
path)

(found in many
path)

(found in many
path)
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Node

Merge
,
Branch to
Merge

Table 34 The Path between Branching and Merging nodes.

Path
Path 1
to 45
Path 46
to 50
Path 51
to 118

The Summary of the process
The process from “Make a prescription” to the
same process, “Make a prescription”
The process from the data “Chart” to the
Process “making prescription”
The process from the data “Chart” to the
same data “Chart”

Table 35 The Path by Branching to Merging nodes.

Path
Path 1
to 10
Path 11
to 25
Path 26
to 55
Path 56
to 105
Path
106 to
110
Path
111 to
117
Path
118 to
128
Path
129 to
150
Path
151 to
187
Path
188 to
194
Path
195 to
224
Path
225 to
269
Path
270 to

The Summary of the process
The process from “Reception” to “Treat”
The process from “Reception to “Make a
prescription”
The process from “Reception” to “Prepare the
Medicine”
The process from “Reception” to “Billing”
The process from “Reception” to the data
“Chart”
The process from “Diagnose” to “Treat”
The process from “Diagnose” to “Make a
prescription”
The process from “Diagnose” to “Prepare the
Medicine”
The process from “Diagnose” to “Billing”
The process from “Diagnose” to the data
“Chart”
The process from “Make a prescription” to
“Treat”

271
Path
272
274
Path
275
289
Path
290
296
Path
297
301
Path
302
311
Path
312
324
Path
325
377
Path
378
408
Path
409
411
Path
412
417
Path
418
427
Path
428
455
Path
456
475
Path
476
505
Path
506
521
Path
522
523
Path
524
533

to

The process from “Make a prescription” to
“Billing”

to

The process from “Make a prescription” to the
data “Chart”

to

The process from the data “Chart” to the
process “Treat”

to

The process from the data “Chart” to the
process “Make a prescription”

to

The process from the data “Chart” to the
process “Prepare the medicine”

to

The process from the data “Chart” to the
process “Billing”

to

The process from the data “Chart” to the same
data “Chart”

to

The process from the data “Medical DB” to
the process “Treat”

to

The process from the data “Medical DB” to
the process “Make a prescription”

to

The process from the data “Medical DB” to
the process “Prepare the medicine”

to

The process from the data “Medical DB” to
the process “Billing”

to

The process from the data “Medical DB” to
the data “Chart”

to

The process from the data “Prescription” to
the process “Treat”

to

The process from the data “Prescription” to
the process “Make a prescription”

to

The process from the data “Prescription” to
the process “Prepare the medicine”

to

The process from the data “Prescription” to
the process “Billing”

to

The process from the data “Prescription” to
the data “Chart”

The process from “Make a prescription” to
the same process “Make a Prescription”
The process from “Make a prescription” to
“Prepare the Medicine”
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Fig. 23 The Example of Extracted Path (DFD)

Reception

Diagnose

Chart

Make
Prescription

Make
Prescription

Billing

Fig. 24 The Reuse Example of Medical system(DFD)
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A Query Optimization Model for
Object Relational Databases
A. Kitazawa1, X. Zhang2, X.F. Yao2, P. C-Y Sheu2, H. Yamaguchi3
†
Abstract—This paper describes a query optimization model
based on an object relational algebra. Problems such as path
expressions and user-defined functions are addressed in this
model by defining new operators and equivalence rules.

1.

INTRODUCTION

An object relational (OR) database [Stonebraker, Brown and
Moore, 1999] extends a relational database to accommodate
abstract data types. This extension makes an Object Relational
Database Management Systems (ORDBMS) more powerful in
modeling real world applications by rich data types. On the
other hand, it preserves the advantages of a relational database
such as scalability and efficiency. Furthermore, unlike
object-oriented databases, an object relational database (ORDB)
usually is built on top of a relational database, which can
provide more protections against failures of code executions.
Several database venders have upgraded their products to
support OR features (e.g., ORACLE8 from Oracle, DB2
Universal Database from IBM, and Universal Sever from
Informix). However, compared to a relational database, its
performance bottleneck is always a difficult problem to tackle.
In the past, extensive work has been reported on query
optimization for relational database systems, such as relational
algebra, query equivalence rules [Graefe and McKenna, 1993]
and cost estimation [Ioannidis and Poosala, 1995]. Compared
to query optimization for a relational database (e.g., SystemR
[Blasgen and Eswaran, 1976]), query optimization for an
ORDB is not as systematic. Although there were a lot of
discussions on some specific problems such as path
expressions [Jenq, et al 1990 et al] and user defined functions
[Stonebraker et al 1991], to our knowledge no optimization
model at the algebraic level has been discussed.
Manipulating new features such as path expressions and
user- defined functions is a major problem that an OR query
optimization model has to solve. For example, for cost
estimation in a relational database, people are more concerned
about the cost of disk I/O, as most CPU operations are simple
comparisons. However, in an object relational database, CPU ‡
time can also be a bottleneck due to some expensive
user-defined functions. Consider, for instance, the case of
1. NEC, Japan. 2. Dept. EECS, University of California, Irvine. 3. Research and
Development Initiative, Chuo University, Japan

determining if two chemical compounds share the same
structure, we have to retrieve almost all parts of the two
chemicals and apply a complex algorithm to perform the match.
The cost of this match can easily overtake the cost of I/O to be
the major cost of query execution.
We list three major challenges to OR query optimizations
that have been brought to us by the new features:
1. An ORDB query optimizer should be extensible and
adaptive to new data types and functions.
2. User defined data types and functions make it more
difficult to estimate the cost of a query. The query
optimizer must be able to consider the cost of user
defined functions.
3. Objects of most user defined data types cannot be
ordered, which makes indexing and hashing difficult.
Finding an appropriate way to indexing or hashing data
is important.
This paper addresses the object relational query optimization
problem by providing a uniform optimization model which
considers most of the problems and challenges described earlier
into a system based on a novel object relational algebra.
This paper is organized as follows. Section 2 summarizes the
work related to our approach. An algebraic query optimization
model is discussed in Section 3. Definitions of the operators
are discussed in Section 4. Section 5 concludes the paper.
2.

RELATED WORK

The relational data model has a well-established algebra
structure. Extensive work has been reported on query
optimization for relational database systems, such as relational
algebra, equivalence rules [Graefe and McKenna, 1993], and
cost estimation [Ioannidis and Poosala, 1995]. Several forms of
object-oriented algebra have been proposed as well [Shaw and
Zdonik 1989]. However, a mature framework of query
optimization for object-relational databases is yet to be
developed.
2.1. Algebraic Query Optimization
Shaw and Zdonik presented a set of algebras for
object-oriented databases in [Shaw and Zdonik 1989]. The
authors defined an algebra supporting object identity,
user-defined abstract data types, type collections (such as set)
and type inheritance. They defined several operators, such as
Select, Image, Project and Ojoin. They also defined other
operations including (1) nest, which generates attributes whose
value is a set, and (2) unnest, which does the reverse. The paper

478

2
also provides a strict definition of the equality of complex data
types, sets, and sets of sets. However, the paper does not
address user-defined functions. Furthermore, the authors only
discussed a theoretical algebra model, and did not provide an
implementation of the operators.
In [Subieta, et al, 1996], the authors argued that the approach
of creating a query algebra model for object-oriented databases
was a dead end because (1) an object-oriented query language
is usually more powerful and has more functionality than what
an algebra can support; and (2) the complexity and variety of an
OODB make it difficult to create such an algebra. The paper
also presents a stack-based approach as an alternative. Their
arguments, however, may not be applicable to object relational
databases because, compared to an OODB, an ORDB is much
closer to a relational database.
2.2. Extensible Query Optimization
Kabra and Dewitt proposed an extensible query optimization
framework, OPT++, to improve the extensibility of a query
optimizer so that it can be used for object relational query
optimization [Kabra and Dewitt, 1998]. The basic idea for
OPT++ is to modulize the query optimizer by implementing its
components as inheritable classes. Thus, as a framework,
designers can add new modules into the existing optimizer. The
project employed object-oriented concepts and hierarchical
structures. Parent modules are designed to perform basic
operations and they can be extended to handle detailed or new
operations. All modules are inherited from two base modules:
OPERATOR and ALGORITHM; new operations and
algorithms can be added by inheriting from these two modules.
For example, the MATERIALIZE class can be added as a child
class of OPERATOR to de-reference pointers and the
PATHINDEXSELECT class can be added as a child of
ALGORITHM to handle path expressions.
Oracle8i is an extension of Oracle 7 to support
user-defined objects [Oracle, 1997]. The optimizer of Oracle8i
is extensible that allows the designer to build user-defined
functions, create indices, and create the statistics and cost
functions that can be used by the optimizer to choose a query
plan. The cost model is also extendable to integrate the
information supplied by the user.
2.3. Path Expressions and User-defined Functions
Extensive work has been reported on two major issues in
object relational query optimization: path expressions and user
defined functions. Unlike relational databases, an attribute of a
tuple in an ORDB can be one or more compound objects whose
values are stored in another table. An object relational database
optimizer must handle this kind of path expressions efficiently.
On the other hand, evaluating the predicates in an object
relational query can be very expensive, since the predicates
may contain some user-defined functions that are time
consuming. This problem makes many well-established
heuristics in a relational database failed in an object relational
database. For example, selections are usually pushed down to
an algebraic tree in a relational database. However, this

heuristic may not always generate the best execution plan in an
object relational database. Sometimes evaluating a selection
containing a costly user-defined function is more expensive
than joining two primitive attributes.
(A) Path Expressions
Much research on object-oriented query optimization has
addressed the problem of path evaluation, which is inspiring to
ORDB optimization. In [Jenq, et al 1990] and [Kemper and
Moerkette 1990], the authors proposed a type approach which
transforms pointers (a path expression) into join operations.
When an object refers to other objects sequentially, processing
this kind of pointer chasing may lead to numerous I/O
operations. The type approach suggests the concept of “extent”
to avoid such kind of I/O operations. An extent is the set of all
objects of one class maintained by the database system,
although it is not accessible to the user. [Keller, Graefe and
Maier 1991] also proposed another approach to avoid such kind
of disk I/O per object by creating a special module, called the
Assembly operator, on top of the query processing system. This
operator can efficiently translate a disk representation to a
traversable memory representation and adjust the order of
object fetching from the disk to memory in order to achieve
better performance.
Another approach that addresses path expressions in an
OODB is algebraic. By adding extendibility to algebraic
transformation rules, when new data types and methods are
added the rules are also extended. New rules can handle path
expressions of new data types. Such extendibility applies to a
data type, an operator or a method (see, e.g., [Haas et al 1989]
and [Batory et al 1990]). Some other researchers also proposed
algebraic query rewriting (see, e.g., [Shaw and Zdonik 1989]
and [Beeri and Kornatzky 1990]). In [Mitchell, Zdonik and
Dayal 1991], the authors argued that in some cases, common
sub-expressions may appear multiple times. By using
sub-expression factorization, we can avoid duplicated efforts.
(B) User-defined Functions
The most famous method dealing with user-defined
functions is Predicate Migration (see, e.g., [Stonebraker et al
1991], [Hellerstein and Stonebraker 1992], [Hellerstein 1994]
and [Hellerstein 1998]). With Predicate Migration, a Boolean
expression is broken into a maximal set of conjuncts that are
classified as join predicates and selection predicates. The cost
of a tuple for each predicate involving an expensive method is
calculated. Accordingly, a rank is calculated and assigned to
each predicate. Predicates then migrate according to the ranks.
Selections with expensive functions are interleaving freely over
the joins. However, since the algorithm was built as an
extension of system R, only linear joins were considered.
Furthermore, this algorithm traverses the search space using
exhaustive enumeration. In order to reduce the search space, a
method called Hybrid Cache was proposed to avoid the
re-computation of expensive methods. In [Hellerstein and
Naughton, 1996], hybrid cache was compared with other
approaches that can be employed to avoid duplicated
evaluation of expensive methods.
Other simpler algorithms were proposed as well regarding
the ordering of selections and joins [Hellerstein and
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Stonebraker 1992]. For instance, the PushDown algorithm is a
simple revision of the traditional selection push down
algorithm, by choosing the order of selections carefully based
on their ranks. The PullUp algorithm, in contrast to the
Pushdown algorithm, pulls up all selections involving
expensive functions all the way to the top of a query plan.
Although these approaches are less complicated than predicates
migration, their performances downgrade dramatically in some
cases [Hellerstein and Stonebraker 1992].
In [Lee, et al, 2001], the author proposed a graphic algorithm
to solve the ordering of joins/selections involving expensive
methods. Their approach represents joins and selections as the
vertices of a graph, and represents the relations between them
as the edges. The weight of an edge is determined by the
property of the corresponding operands and operator. The
author proved a less expensive execution plan is an effective
spanning tree of the graph. Therefore, the optimization problem
is reduced to finding an effective spanning tree. Three
algorithms were proposed: MEW, MAW and MVP. The
authors claimed these algorithms are faster than the Predicate
Migration algorithm by 50% to 70%.
In [Chimenti, et al 1989] and [Yajima, 1991], an LDL
approach to optimizing expensive functions was proposed. In
this approach, an expensive function is treated as a join of
virtual relations of infinite cardinality; the cost of the join is
equivalent to the cost of applying the function. Thus, a
traditional join ordering algorithm, such as the System R
algorithm or the IK-KBZ algorithm [Ibaraki and Kameda 1984],
can be applied. However, this approach cannot find the optimal
execution plan since it only considers left most join plans (a
limitation of System R). Because selections are considered as
joins, the execution order of selections must also be linear. On
the other hand, if it considers bushy join orders, the complexity
of the algorithms grows significantly, which is exponential in
terms of the number of relations and the number of expensive
predicates involved.
Most approaches discussed in the above assume the cost of a
user-defined function is already known. Reference [Boulos and
Ono 1999] focuses on how to find the cost of user-defined
functions. It divides the cost of a user-defined function into
several parts: (1) initial cost, which is independent of the
properties of the arguments; (2) cost of the argument set, which
is proportional to the number of arguments; (3) cost per
argument, which is proportional to the size of each argument;
and (4) cost influenced by the values of the arguments. With the
cost model, the author provided a neural network method and a
multiple dimensional histogram method to estimate the cost of
functions.
Some papers on OODB optimization also addressed user
defined methods. In [Beeri and Kornatzky 1990] and [Graefe
and Ward 1989], for example, methods were proposed to
generate an evaluation plan according to some statistics.
Reference [Graefe and Maier 88] built a preliminary structure
for an OO optimizer to send messages to methods asking them
to reveal the information about their execution.

(C) Domain Specific Considerations
In some problem domains highly related to ORDB, such as
image processing, a series of user-defined functions may be
applied to an object [Seshardri, 1998]. Ordering of such
functions is also critical to database performance. For example,
suppose we plan to apply two methods, rotate(), which rotates
an image with certain degrees, and clip(), which truncates a part
of an image. Clearly, the order of these two functions does not
affect the result. However, applying clip() first would reduce
the size of the image to rotate, thus can save the execution time.
Unlike user-defined functions we have discussed, which in
most cases are predicates (i.e., Boolean functions), functions
like clip() and rotate() are more like operators. Such operators
are domain dependent; therefore we cannot include them into
an OR algebra and create separate rules for them. The concept
of E-ADT (Enhanced Abstract Data Type, see [Seshadri and
Paskin 1997], [Seshadri, 1998] and [Seshadri, Livny and
Ramakrishnan, 1997]) provides a way to optimize this type of
methods. An E-ADT exposes the semantics of its methods to
the database, but still keeps the modularity and extensibility of
the type system. The methods of each E-ADT are optimized
according to its semantics by translating a method expression
into a query plan in its own evaluation algebra. These
sub-expressions are optimized first before other operators can
be optimized.
3.

ALGEBRAIC OBJECT RELATIONAL QUERY OPTIMIZATION

As discussed in Section 2, while most approaches to
object relational query optimization have been focused on
individual problems, a systematic optimization framework is
yet to be developed.
Since an OR database is built on top of a relational
database, we can convert certain path expressions and methods
in an OR query into one or more relational operations that can
be understood and optimized by the underlying database.
Although this strategy is straightforward, it is not sufficient,
because not all expressions can be converted. For example,
some expensive methods may be “non-optimizable” for a
relational optimizer.
Our approach creates an OR algebra and defines a set of
equivalence rules. With such we estimate the cost of path
expressions and methods in a query, and search the equivalence
space based on the estimated cost. We classify object relational
query optimization into three levels:
1. Database Level: This level focuses on generic object
data types. It can be applied to all object relational database
applications. There are two sub-levels under this approach:
 Algebra level: This approach involves reordering the
operations and predicates based on some cost estimation
or heuristics for better performance. One example is
predicate migration.
 Operator level: This approach involves finding a better
way to execute each operator, such as introducing
indices or hash functions. This level has a strong
influence on query optimization, because if the
performance of an operator is enhanced it is likely to be
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executed earlier in the algebraic tree. Although many
papers have addressed indexing and hashing for
relational databases, relatively little research has been
reported in the context of ORDB, since without a good
ordering system it is hard to create indexing or hashing
for objects.
2. Domain Level: Methods in this category are usually
tailored to fit an individual domain. There are three sub-levels
under this approach:
 Application Level: Interesting properties of a specific
domain are studied and applied to optimization. For
example, a clip function that takes a portion of an image
is executed before a rotation function. This is because
the cost of the rotation function is dependent upon the
size of the input image; the clip function can reduce the
size of the image to be rotated.
 Execution level: In this level, the query optimizer can
choose the appropriate algorithms based on data
properties, memory availability, etc. For example, in a
chemical database, matching two molecule structures
without any cycle can be perfectly done by a tree
algorithm whereas a graph algorithm might be more
costly in this case. However, for molecules with many
rings, a graph algorithm may out-perform a tree
algorithm.
 Object level: Real world objects must be generalized
into object concepts and stored in a database to be
retrieved and compared. Thus, the quality of object
representation is also important to database performance.
For example, in an image database, an image can be
represented as an array of pixels. However, this
representation would not be helpful in supporting
semantic queries such as finding a shape. It will be
advantageous to group pixels into blobs, and group
multiple blobs into structures. A better representation of
object can definitely lead to faster execution
3. Algorithm Level: This is the lowest level among the
three. In an object relational database, methods are
implemented from algorithms. For example, the method
“finding identical molecules” can be implemented using a
graph detection algorithm. Improving the performance of the
graph algorithm can help us find identical molecules faster;
therefore a query can be executed faster.
Our approach is focused on the first level so that it can be
applicable in all object relational databases.
4.

AN OBJECT RELATIONAL ALGEBRA

In this section we present an OR algebra, its operators and
semantics. The basic element of the OR algebra is an extent,
which is a collection of objects. The operands of an operator
and the result of applying an operator are also extents. We first
introduce some properties of an extent.
4.1. Operators
Label: L ( E ) denotes the label property of an extent, which
is also called a projection list. The label of an extent is the

attributes of the extent and their types:

L ( E )  a 0 (t 0 ), a1 (t1 ),..., a n (t n ) 
where “ ai ” is the name of an attribute of the extent and “ ti ” is
its type. A label of one single object is defined as the label of
the extent the object belongs to:

L( j )  L( E ) j  E ,
We can also consider an object as a single tuple extent.
The label property can also be written in its full version:

 a 0 (t 0 ) : vo , a1 (t1 ) : v1 ,..., a n (t n ) : v n 
where “ vi ” is a value or a variable assigned to the attribute
name “ ai ” with type “ ti ”, and its simple version
is:  a0 ,..., al  .
Key: K ( E ) denotes the key property of an extent; it
corresponds to the key of a table in a relational database:

K ( E )  a0 ,..., al 
where ai is the name of an attribute, and  a0 ,..., al  is the
key of the extent. It is obvious that K (E )  L (E ) .
Type: T ( E ) denotes the type of an extent E:

T (E )  t
where t is a type. If t is defined, we call the extent type bound.
Otherwise, if the type of E is not defined (e.g., E is the result of
a join), we call the extent type free and T ( E ) = NULL.
We can also define the label property of t; if T ( E )  t ,
then we define L (t )  L ( E ).
We can define a type to be a type free extent F using the type
bind operation:
F  t iff L( F )  L(t ) and K ( F )  K (t ) where t is a
data type defined.
We can now define the operators. We use set descriptions,
SQL descriptions and/or examples to make the meaning of the
operators clear. Some operators in the OR algebra are inherited
from the relational algebra and have similar syntax and
semantics; these include projection, production, selection and
accumulation. Some other operators are unique for object
relational databases, such as unnest, nest, apply, native and
Extent:
(A) Projection

projectsub S  {sub | i  S }

where sub is a projection list and sub  L(S). For each element
i of set S, it generates a new object consisting of the attributes
included in sub and adds the object to the resulting set unless it
is
there
already.
Obliviously,
we
have L( projectsub S ) 

sub . The corresponding SQL query

is:
SELECT DISTINCT sub FROM S
(B) Cartesian Product

S product R  { L(i ), L( j ) | i  S , j  R}

According to the definition of Type and Key, we have K(S
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product

R)

=

<K(S),

K(R)>.

Also,

we

have

T ( project L ( S ) ( S product R ))  T ( S )
and K ( project L ( S ) ( S product R ))  K (S ) . The same
equations also apply to L(R). The corresponding SQL
expression is:
SELECT S.*, R.* FROM S, R
(C) Selection

selectC S  { L(i ) | i  S , C (i )}

where C(i) is a predicate. Note the definition of predicate is
recursive; C(i) can be multiple predicates connected by logical
connectives such as AND, OR or NOT. Unlike relational
algebra, C(i) can be a condition that involves member methods
of extent S. This makes the evaluation of selection much more
complex compared with the case in a relational database. Also
note that if C(i) involves any compound data type, we have to
use the unnest operator to resolve the path expression first.
Clearly
we
have
,
L( selectC S}  L( S )

T ( selectC S }  T ( S ) and K ( selectC S }  K ( S ) . This
means the selection operation preserves both the type and the
key. The corresponding SQL expression is:
SELECT S.* FROM S WHERE C
(D) Join
The Join operator is defined in the same way as the “theta
join” operator in relational algebra:
S joinC R = selectC (S × R).
We also have natural join, which is defined the same way as
in relational algebra. A natural join involves an equality test,
and thus is often described as an equi-join, such that any
common attributes from the two relations have exactly the same
value.
(E) Unnest
The unnest operation is used for an extent S that contains an
attribute, say S.ai, that is a compound object (In this case ai, is
called a “compound” attribute.) Usually, values of that attribute
are stored in another extent, say R. The unnest operator can
expand S.ai, get information about S.ai from R, and list all the
attributes of S except S.ai, which is replaced by the attributes of
R.

S unnestai  { L(i )  ai , L( j ) | i  S , j  S .ai }
where L(i)-ai is a projection list of S excluding the attribute ai.
We may also write the unnest operator as a binary
operator S unnest ai R where S .a i  R for clarity.
Note T ( S unnest ai R )  NULL .
In most situations, we also write unnest as a binary operator:
S unnest S.ai R. In this case, S is the extent corresponding to the
compound data type S.ai. Thus, L(S.ai ) = L(R).
The corresponding SQL expression is:
SELECT S.*, R.* FROM S, (SELECT * FROM S.ai) R
[Example 1]
Consider the following schema and the data shown in Table
1:

Patient (patientid: integer, visits: set of Visit, pinfo: PatientInfo)
key: patientid
Visit (visitid: integer, date: Date) key: visitid
PatientInfo (Pinfoid: integer, name: string, address: string) key:
Pinfoid

Table 2 shows the result of unnesting the Patient table with
the Visit table.
In Table 3, the table “Patient” is completely “unfolded” after
two unnest operations. If an attribute is a set, we create new
entries (objects) to accommodate each underlying object.
Note that what is shown in Table 1 is a logical view of the
Patient table. In some systems, “Set of” objects are
implemented in another table whose tuples back reference the
original table using a foreign key. This foreign key is important
later when we discuss operators and transformation rules. As an
example, shown in Table 4, set of Visit is implemented by the
foreign key p_id in the Visit table pointing to the Patient table.
Let R = Patient unnest visits Visit, we can obtain Table 5.
Unnest in such systems can be considered as a join between a
table and an underlying table based on the key of the top table
and the back pointer of the underlying table, in this example
patientid = p_id.
♦
Table 1
The Patient table

P a tie n tid (k e y )

v is its

p in fo

1

1 ,2

1

2

3

2

3

4 ,5

3

Table 2
Patient unnest.visits Visits
p a tie n tid ( k e y )

v is its

p in fo

v is itid

d a ta

1

1

1 /1 1

1

1

2

3 /3

1

2

3

2 /2 0

2

3

4

1 /1 8

3

3

5

3 /9

3

Instead of using pointer chasing, using unnest to resolve path
expressions seems expensive. However, we can sort a table
(e.g., Patient) and any underlying table (e.g., Visit) using the
back referencing attribute (e.g., pid in Table 4). Thus, an unnest
can be implemented by a merge join, which is usually less
expensive. We can also use the operator push down strategy to
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push “simple” selections (i.e., selections without expensive
user-defined functions) down to an unnest operator (i.e., to
combine these simple selections with a merge join) to save the
execution time (since they together can be optimized by a
relational server.) The advantage of this implementation is that
we can pose queries to an underlying table very easily. For
example, the query “Find all patients who visited a doctor after
1/1/2002” can be evaluated by the Visit table without using the
Patient table. If we use pointer chasing,

Table 1. Also, the path expression A.B, where B is a set
attribute of A, actually refers to B.
(F) Nest
Nest is the reverse of unnest. While the unnest operator joins
an extent and its underlying extent, the nest operator restores
the result to the original higher level extent. Thus nest can only
be applied to the result of an unnested extent.
Table 5
R = Patient unnest visits Visit

Table 3
Patient unnestvisits Visits unnestpatientInfo PatientInfo
p a tie n tid

Patientid

visits

(key)

visi
tid

1

Pinfoid

date

1

V is it.id

V is it.v d a te

p _ id

p in f o

1

1

1 /1 1

1

1

1

2

3 /3

1

1

2

3

2 /2 0

2

2

3

4

1 /1 8

3

3

3

5

3 /9

3

3

pinfo

1/11

1

name

Alex

address

Tokyo

1

2

3/3

1

Alex

Tokyo

2

3

2/20

2

Bob

LA

3

4

1/18

3

Carl

Irvine

3

5

3/9

3

Carl

Irvine

nest bymap S  { by , a : { map |  i  S , project by i  j} |  j  project by S }

where K ( nest by S ))  by ; map must be a projection list of
map

Table 4
Actual Implementation of Patient and Visit

P a tie n tid
(ke y)

p in f o

1

1

2

2

3

3

v is itid

d a te

p _ id
(re f)

1

1 /1 1

1

2

3 /3

1

3

2 /2 0

2

4

1 /1 8

3

5

3 /9

3

we have to traverse each patient, find all visits belonging to the
patient, and test all his/her visits one by one. This requires a
tremendous amount of disk reading.
In the remaining of the paper, we should assume that any
attribute whose value is a set is implemented using back
pointers, as exemplified in Table 4. Thus when we reference
the extent Patient, it refers to the Patient table in Table 4, not

an extent of the compound attribute to be nested and <L(by),
L(map)> = L(S).
In this expression, all attributes of S should be either in the
list by or map. The list by is a list of attributes to be kept after
the nest operation and map is a list of attributes to be nested.
The nest operator may take multiple maps if there are multiple
compound attributes to be nested. After a nest operation, a type
bind operation can be applied to restore the original type.
[Example 2]
As a continuation of Example 1, suppose we have the
following:
, pid 
nestidvid, p,vdate
R  Patient
inf o

where R was defined in Example 1 and ‘←’ is the type bind
operator discussed earlier. This operation can restore the
contents of the Patient table from R. If we wanted to explicitly
assign the name “visits” to <vid,vdate,pid>, we can use
:vid ,vdate, pid 
nestvisits
R  Patient to assign the attribute
id ,visits , p inf o 

name “visits” to the corresponding compound attribute.
In addition, the equation

T (nestLL((SR))ai ( S unnestai R))  T ( S ) holds.
♦
(G) Accumulation
This operation applies only to an extent with some
compound attributes. Semantically, it groups all objects having
the same values of the “group by” attributes (designated by the
list by) and applies an accumulation function f to a set of
attributes (designated by the list map) in each group:

accumulate byf ( map ) S  { by , a : f ( map ) | nest bymap S }
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If there is only one set attribute in the relation by, map can be
omitted. In the above, S must be an unnested extent. Its
equivalent SQL expression is:
SELECT <S.by>, f( <map>)
FROM S
GROUP BY <S.by>
[Example 3]
Consider

accumulate

the

accumulation

count (vdate )
R,
 id 

We can apply count (visits) to each tuple of R and obtain Table
6.
♦
Table 6
Result of accumulation
P a tie n tid ( k e y )

v is its

p in f o

C o u n t()

1

1 ,2

1

2

2

3

2

1

3

4 ,5

3

2

Our OR algebra also has binary set operations such as Union,
Intersection and Difference, which are the same as their
counterparts in relational algebra.
To help algebraic transformations, we also introduce the
following auxiliary operators:
(H) Aggregate
f (a)
by

The above operators were discussed in a theoretical form.
They are eventually transformed to certain physical operators,
such as nested Loop Join (NLJ), Hash Join (HJ) and Grouping
(G).

operator:

where R was defined in Example 1.

aggregate

algebraic transformation. We can assign a part of a query (i.e.,
command) to be optimized by another optimizer in an OR
algebraic expression.

A

The definition of aggregate is the same as its counterpart in
relational algebra. In this expression, A is the table to be
aggregated, by is the set of “group by” attributes and f () is a
function applied to an attribute of each group. Note aggregate is
a relational operator, and accumulate is an object relational
operator.
(I) Apply

apply paramS
The apply operator is used to connect a query and a
sub-query S, which usually is a sub-tree of an algebraic tree,
and param is the source extent of the sub-query expression.
The apply operator is just a connector without any semantic
meaning in the algebraic tree.
(J) Native

nativecommand
This operator defines an atomic unit of the algebra. It must be
a leaf node of an algebraic tree. The argument command
designates an algebraic expression to be evaluated. The
expression is considered atomic and is not involved in any

4.2. Functions
User defined functions can be classified into several
categories:
(A) Judgment Functions
A judgment function may or may not take any parameter and
returns a Boolean value. This type of functions is used in the
condition part of a selection or join operator. However, unlike
primitive predicates, evaluating this type of predicates can be
time consuming.
[Example 4]
Consider the following schemas:
class Polygon (polygonid: string, num_vertice: integer,
vertices: Set of Point)
class Point (pointid :string, xcoord: real, ycoord: real)
Boolean overplay(Polygon p2);
Boolean IsRectangle();
Real Area()
The first two methods are judgment functions: the first
returns true if a polygon overlaps with the other polygon, and
the second returns true if a polygon is a rectangle.
♦
(B) Accumulation Functions
An accumulation function may or may not take parameters
and returns a non-Boolean value. This type of functions is
usually followed by a judgment function that examines the
value returned. An accumulation function is usually converted
to an accumulate operator. The method Area() in Example 4 is
an example of accumulate functions. Evaluating this type of
functions can also be expensive.
(C) Action Functions
An action function performs a certain kind of actions. This
type of functions are converted into individual operators in the
OR algebra. For example, “retrieve” is converted to nest if there
is an unnest preceding it. In the Predator project, image
operation functions, such as clip and rotation, are also this type
of functions.

5.

CONCLUSIONS

In this paper, we have defined an object relational algebra
and applied the algebra to guide the query optimization of an
object relational database. It tries to organize ORDB query
optimization into a unified model and makes ORDB query
optimization a systematic process.
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Path expressions and user-defined functions are the two
major problems to be solved in ORDB query optimization. To
solve the path expression problem, we have introduced the
unnest operator that can be implemented by a merge join or
other physical join operations. For user-defined functions, we
have classified them into three types and solved them
separately. As a consequence, the two major issues of object
relational query optimization are integrated into one algebraic
system. We have also inherited and extended some other
operators from the relational algebra.
Defining a theoretical model for object relational query
optimization is just the first step. A lot of work remains to be
done. A partial list includes completing the equivalence rules
and proving the completeness of the set of the rules; adding
more heuristics and proving they can help in improving the
performance; and improving the cost estimation for operators
with user-defined functions and an indexing system, since the
current estimation model relies a lot on the information
provided by the database designer.
ACKNOWLEDGMENT
This work is supported in part by the Ministry of Economy,
Technology, and Industry (METI) of the Japanese government.
REFERENCES
[Batory et al 1990] Batory, D. S., GENESIS: an extensible database
management system. Readings in Object-Oriented Database Systems, p
500-518. Morgan Kaufmann, San Mateo, CA, 1990
[Beeri and Kornatzky 1990] Beeri, C. and Kornatzky, Y., Algebraic
Optimization of Object-Oriented Query Languages. In Proc. of ICDT 1990
[Blakeley, et al, 1993] Blakeley, J.S, McKenna, W. J. and Goetz, G.,
Experiences Building the Open OODB Query Optimizer. In Proc. of ACM
SIGMOD, 1993.
[Blasgen and Eswaran, 1976] Blasgen, M. W. and Eswaran, K. P. On the
evaluation of Queries in a Relational Database System. IBM System Journal,
Vol. 16, 1976, p 363-377
[Boulos and Ono, 1999] Jihad Boulos, Kinji Ono: Cost Estimation of
User-Defined Methods in Object-Relational Database Systems. SIGMOD
Record 28(3): 22-28 (1999)
[Chimenti, et al 1989] Chimenti, D., et al Towards an open architecture for
LDL. In proc. of the 15th international conf. on Very Large Database, 195-203
[Chubb, et al 2004] Charlie Chubb, Yoshi Inagaki, Carl Cotman, Brian
Cummings, Phillip C.-Y. Sheu: Semantic Biological Image Management und
Analysis. International Journal on Artificial Intelligence Tools 13(4): 881(2004)
[Garcia-Molina, Ullman, and Widsom, 2000] Garcia-Molina, H, Ullman, J.
D. and Widsom, J. Database system implementation, Prentice Hall Press, 2000
[Graefe and Maier 1988] Graefe, G. and Maier, D., Query optimization in
Object-Oriented Database Systems: A Prospectus. In Advances in
Object-Oriented Database Systems, p358-363. International Workshop on
Object-Oriented Database Systems, 1988
[Graefe and McKenna, 1993] Graefe, G.. and McKenna, M. The Volcano
Optimizer Generator, Proc of the International Conf. on Data Engineering, p
209-218, 1993
[Graefe and Ward 1989] Graefe, G. and Ward, K. Dynamic Query Evaluation
Plans. In ACM SIGMOD Proc. p 358-366, June 1989
[Haas et al 1989] Haas, L. M., et al Extensible query processing in Starburst. In
SIGMOD Proc. p 377-388 June, 1989
[Hellerstein 1994] Hellerstein, J. M. Practical predicate placement. In Proc. of
the ACM SIGMODE international conf. on management of data, 325-335.
[Hellerstein 1998] Hellerstein, J. Optimization Techniques for Queries with
Expensive Methods, proc. of ACM Transactions on Database Systems, Vol. 23,

No. 2, 1998, p 113-157
[Hellerstein and Naughton, 1996] Hellerstein, J. and Naughton, J. Query
execution techniques for caching expensive methods. In Proc. of the ACM
SIGMOD international conf. on Management of data 423-424
[Hellerstein and Stonebraker 1992] Hellerstein, J. and Stonebraker, M.,
Predicate Migration: Optimizing queries with expensive predicates. In Proc. of
the ACM SIGMODE international Conf. on Management of Data, 262-276
[Ibaraki and Kameda 1984] Ibaraki, T. and Kameda, T., Optimal nesting for
computing N relational joins ACM Trans. Database Syst 9, 3, 482-502
[Ioannidis and Poosala, 1995] Ioannidis, Y. E. and Poosala, V. Balancing
Histogram Optimality and Practicality for Query Result Size Estimation, Proc.
of the ACM SIGMOD conf. on management of Data, p 233-244, 1995
[Jenq, et al 1990] Jenq, B. P., Query Processing in Distributed ORION, In proc.
of EDBT, 1990
[Kabra and Dewitt, 1998] Kabra, N. and Dewitt, D, J., OPT++: an Object
oriented Implementation for Extensible Database Query Optimization. The
VLDB Journal, 1998.
[Keller, Graefe and Maier 1991] Keller, T., Graefe, J. and Maier, D., Efficient
Assembly of Complex Objects. In Proc of SIGMOD, 1991
[Kemper and Moerkette 1990] Kemper, A. and Moerkette, G., Advanced
Query Processing in Object Bases Using Access Support Relations In proc.
SIGMOD, 1991
[Kitazawa, Zhang and Sheu, 2005] Kitazawa, A. Zhang, X. and Sheu, P. A
Query Optimization Model for Object Relational Database, working paper on
publishing, 2005
[Lee, et al, 2001] Chiang Lee, Chi-Sheng Shih, Yaw-Huei Chen: Optimizing
Large Join Queries Using A Graph-Based Approach. IEEE Trans. Knowl. Data
Eng. 13(2): 298-315 (2001)
[Mitchell, Zdonik and Dayal 1991] Mitchell, G., Zdonik, S. and Dayal, U.,
Object-Oriented Query Optimization: What's the Problem? Technical report,
Brown University, 1991
[Oracle 1997] Oracle 8 Concepts Manual. Oracle Cooperation, Redwood
Shores, 1997
[SemanticObjects 2003] SemanticObjects Manual 2003, NECsoft. At
http://www.necsoft.com/solution/semantic/
[Seshadri, 1998] Seshadri, P., Enhanced abstract data types in object relational
databases. The VLDB journal 1998, 7:130-140
[Seshadri, Livny and Ramakrishnan, 1997] Seshadri, P., Livny, M. and
Ramakrishnan, R., The case for enhanced Abstract Data Type. In Proc. 23rd
VLDB conf. 1997
[Seshadri and Paskin 1997] Seshadri, P. and Paskin, M., Predator: An
R-DBMS with Enhanced Data Types; in Proc. to ACM SIGMOD 1997
[Shaw and Zdonik, 1989] Shaw G.M., Zdonik S.B., "A query algebra for
object-oriented databases", In Proceedings of the 6th Int. Conf. on Data
Engineering, pp. 154-162.
[Silberschatz, et al, 2002] Silberschatz, A., Korth, H. F. and Sudarshan, S.
Database system concepts, 4th edition, McGraw Hill Press, 2002
[Smith and Chang 1975] Smith, J. M. and Chang, P. Optimizing the
Performance of a relational algebra database interface, Commun. Of the ACM,
8(10):568-579
[Stonebraker et al 1991] Stonerbraker, M. and Kemnitz, G. the POSTGRES
next generation database management system. Commun. ACM 34 10 78-92
[Stonebraker, Brown and Moore, 1999] Stonebraker, M., Brown, P., and
Moore, D. Object-Relational DBMSs: Tracking the Next Great Wave.
Morgan-Kauffman Publishers. San Francisco, 1999.
[Subieta, et al, 1996] Kazimierz Subieta, Yahiko Kambayashi, Jacek
Leszczylowski, Kazumasa Yokota. A Critique of Object Algebras
[Yajima, et al 1991] Yajima, K. et al, Optimization of queries including ADT
functions. In proc. of the 2nd international symposium on database system for
advanced applications 366-373

485

SDPS-2011
Printed in the United States of America, June, 2011
2011 Society for Design and Process Science

AUTOMATIC HYBRID MOORING SYSTEM FOR SHIP-TO-SHIP
CONTAINER HANDLING IN OPEN SEA
Kook-Jin Choi*, Yong Yook Kim*, Hyun Chung*, Soonhung Han*, Phill-Seung
Lee*†, Sang-Il Kim**, Young-Hee Cho**, Young-Soo Kim**
*Division of Ocean Systems Engineering**Mobile Harbor Center
Korea Advanced Insitutitue of Science and Technology
Daejeon-si, 305-701, South Korea
V
Ce
Cm
Cs
Cc

ABSTRACT
A new concept of container transportation system
called Mobile Harbor has been being developed recently
in South Korea. The Mobile Harbor of type A1-250 is a
floating harbor which consists of a vessel with container
crane and is capable of approaching to a PanaMax class
container ship for loading and unloading containers in
open sea. Because the Mobile Harbor operates in open sea,
there should exist a reliable and safe way to maintain the
relatively constant distance between the Mobile Harbor
and the container ship during the crane operation. To
solve this problem, a novel ship-to-ship automatic
mooring system that utilizes vacuum suction pads, robotic
arms, constant-tension winches, mooring cables, and
fenders has been developed. Furthermore, the developed
system has been evaluated for its reliability and
operational feasibility. The details of the concept and
operational strategy of the novel ship-to-ship automatic
mooring system are introduced. In addition, recently
accomplished sea trails are discussed.
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INTRODUCTION
Fast growth in global cargo transportation volumes
has been fueled by stiff growth in production industries as
well as globalizations through innovations in
transportation and communications. To manage this
increased cargo volume more economically and efficiently,
the size of container ships is becoming ever larger.
Moreover, when the expansion of the Panama cannel is
finished, the container ships similar to or larger than
13,000 TEU would be commonly seen. However, small
harbors or harbors with shallow water cannot
accommodate this kind of ultra large container ships. In
coping with this kind of problem, new harbors could be
constructed or existing harbors could be dredged. Ultra
large floating dock (Kim, 2005) could be another solution.
However, these kinds of solutions are not effective in
economic or environmental perspective in many ways. As
an innovative alternative, Mobile Harbor has been being
developed by KAIST as a method to efficiently handle
cargos from ultra large container ships out of harbors
(KAIST ,2009, Kim 2009, Lee 2010, Lee and Park, 2010).
Mobile harbor of type A1-250 takes the form of a
feeder ship equipped with a mooring system that can
perform ship-to-ship mooring in open sea and a crane that
can load and unload containers from container ships in an
open ocean up to sea state three. Consequently, an ultra
large container ship can simply be moored in outer deep
water sea adjacent to small or congested inner harbors so
that Mobile Harbors can navigate to the containership and
establish ship-to-ship mooring for the Mobile Harbor to
perform container loading and unloading operations using
the cranes equipped inside of the Mobile Harbors. Then,
the containers can be transported to adjacent small or
congested inner harbors. When Mobile Harbor is realized,
the areas with poor harbor facilities or destroyed harbor
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Longitudinal wind force
coefficient (kgf·sec2/m4)
wind pressure area (m2)
wind speed (m/sec)
wetted surface area (m2)
tidal current speed (m/sec)
structure speed (m/sec)
ocean density (kgf·sec2/m4),
Beam length, (m)
projected area exposed to current
(m2),

Tidal current speed (m/sec),
water depth (m)
Wave length (m)
Wave drift force coefficient
Incident wave height (m)

mass of ship (kN)
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facilities due to natural disasters as well as the harbors that
cannot accommodate ultra large container ships due to
shallow water depth will be able to handle container cargo
volumes.
The key technologies of the Mobile Harbor include
two innovative technologies. One is an innovative
automatic ship-to-ship mooring system that can safely
establish and maintain ship-to-ship mooring by
maintaining certain mooring force once a Mobile Harbor
approach to a container ship. The other is an innovative
crane system that can load and unload containers in an
environment without wave and current control. This work
describes development of the automatic ship-to-ship
mooring system among the two key technologies of the
Mobile Harbor.
In order to moor a container ship to a quay with
conventional method using mooring ropes, it takes more
than thirty minutes of time and more than ten of
manpower. There have been developments to automate
the mooring process in quays (Cavotec). Also, there have
been studies on floating body dynamics of moored vessels
(Natarajan, 1995) and automatic tension control methods
(Sakakibara 2007). However, the existing automatic
mooring system cannot be applied to the ship-to-ship
mooring system needed by Mobile Harbor system because
the required characteristic for the Mobile Harbor is
different from the mooring systems for the quays due to
number of reasons including different sea conditions.
Although there have been conventional methods for shipto-ship mooring in open sea, the conventional method
takes a lot of time and manpower and is inappropriate for
Mobile Harbor since the conventional method employs
conventional mooring ropes and winches. Therefore,
development of an innovative new method to achieve safe
and rapid automatic ship-to-ship mooring is essential for
efficient Mobile Harbor operations that requires minimum
of manpower and time in sea.
This work deals with development of the novel
automatic hybrid ship-to-ship mooring system that
employs robotic arms, vacuum suction pads, automatic
winches, and fenders. The concept of the system as well
as functional requirements followed by feasibility tests of
the system will be discussed.

releases the mooring state. Explanations of each procedure
and each component are given as follows.
Components and Operation of the Mooring System
The components of the automatic ship-to-ship
mooring system are shown in Figure 2. The functions of
each component are as follows.
▪ Robot arm: Attaches vacuum suction pads to the
outer plate of the container ship. Switch to a passive mode
once vacuum pressure is engaged and constant mooring
forces are applied to the automatic winches. In the passive
mode, the robot arm does not carry external forces that
occur from relative movement of the two vessels.
▪ Vacuum suction pad: Connects to automatic winch
through mooring line. Attach to any arbitrary location of
the outer wall of the container ship independent of the
location of the bits. Maintain stable attachment through
vacuum suction pressure once attached to the outer wall of
the container ship.
▪ Automatic winch: Maintains constant mooring
forces with automatic tension control function.
▪ Fender: Absorbs relative movement energy between
the two vessels and makes the two vessels to maintain a
constant distance.
The operation procedure of the automatic mooring
system amid the whole operation scenario of the Mobile
Harbor is shown in Figure 3 as a flow chart. During the
navigation stage of the , the mooring system is stored
safely on the deck. When the Mobile Harbor approaches
close to a container ship, the mooring system goes into the
initial stage mode. The initial stage mode indicates the
state that the robot arm extends its arm up to the distance
closer than the range of the fender compression to enable
safe and fast approach to the outer wall of the container
ship. When the fenders of the Mobile Harbor make
contact with the container ship, the robot arm extends
itself to press the vacuum suction pads onto the outer wall
of the container ship. Then, the vacuum suction pads are
attached to the outer wall with engagement of vacuum
suction pressure. Next, the automatic winch pulls the line
from the vacuum suction pad with automatic tension
control to maintain mooring state while the robotic arms
switch to passive modes to yield safely to the relative
movement of the two vessels. When the crane operation is
finished, the mooring procedure is reversed to release the
mooring state. Then, the mooring system goes into the
storage mode for safe navigation once the distance
between the two vessels is further than certain distance.

OVERVIEW OF THE SYSTEM
Operation procedure of Mobile Harbor
The whole operation procedure for Mobile Harbor in
ocean environment is shown in Figure 1. In the operation
scenario, the automatic ship-to-ship mooring system starts
the mooring procedure in the third stage of the whole
procedure scenario given in Figure 1 to maintain constant
distance between the two vessels and provide stable
working environment for the crane operation. When the
crane operation is finished, the mooring system quickly

DESIGN AND TEST OF THE MOORING SYSTEM
Design Requirements
The design requirement criteria of the automatic shipto-ship mooring system considered for Mobile Harbor are
as applicable vessel, sea condition, mooring condition,
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allowable vessel movements during mooring, estimation
of mooring force, estimation of mooring energy.
▪ The automatic ship-to-ship mooring system
developed in this work will be primarily applicable to a
Panamax class 5,000 TEU container ship produced by
STX shipbuilding Inc. The Mobile Harbor concerned in
this work is a 250 TEU catamaran type. The major
specifications of the two vessels are listed in Table 1.
▪ The ideal sea condition for the Mobile Harbor
operation is up to sea state 3 (significant wave height
0.5~1.25m, maximum wind speed 7.15m/s) that can
secure 97.5% of the annual cargo handling dates based on
Korean national harbor construction code. In addition to
this condition, the operation condition of Mobile Harbor
was determined by applying two times higher regular
safety factor considering possible unexpected abrupt
changes in outer sea weather conditions. Then, the limit
operation condition was determined to be similar to or
larger than the determined regular operation condition of
Mobile Harbor.
▪ The moored condition of container ship with Mobile
Harbor during cargo operation is shown in Figure 4.
Container ship is in one point mooring condition and
Mobile Harbor establishes side-by-side ship-to-ship
mooring onto the side of the container ship in parallel
position. Here, the angle between the side line of the
container ship and the mooring line is about 45 degrees.
▪ The movement criteria for safe Mobile Harbor
operation condition has been set based on PIANC criteria
for movements of moored ships in harbors for loading and
unloading operation at quay walls (PIANC, 1995). The
limit movement criteria in the PIANC are surge ±0.5m,
sway ±0.6m, heave ±0.4m, yaw ±0.5°, pitch ±0.5°, roll
±1.5° for container loading and unloading operations in
100% efficiency at the harbor. Thus, the motion criteria
for Mobile Harbor were set to be 1.5 times higher than the
criteria values at harbor considering that Mobile Harbor
loading and unloading operations are carried out under
ship-to-ship mooring state in outer sea. The determined
criteria values for Mobile Harbor are shown in Table 2.
▪ Based on the range of determined conditions and
criteria, the required mooring force can be estimated. For
wind pressure area and current pressure area estimation,
the specifications of vessels listed in Table 1 and the
drawings of the vessels were used. The final condition for
mooring force estimation are as shown in Table 3. Here,
the wind pressure area was estimated in the heading
direction of the vessels when the container ship is in
single point mooring (SPM) condition.
Required mooring force can be estimated based on Korean
Harbor and Fishery Design Criteria (Ministry of Maritime
Affairs and Fisheries, 2005), design criteria of Oil
Companies International Marine Forum (OCIMF, 1994),
or design criteria of Korean Register (KR, 2010). Mooring
force estimations for Mobile Harbor were derived and
compared based on the three different design criteria for

same mooring condition as shown in Table 3. Among the
estimations based on the three different design criteria, the
resulted mooring force estimations based on KR design
criteria show the highest value. Thus, the current work
employed estimation values based on KR design criteria
for safety reason. The mooring force estimation processes
based on KR design criteria are as follows.
1) Wind force estimation
The wind force is estimated using following formula.
(1)
2) Hydraulic force estimation
Hydraulic force can occur from friction drag and
pressure drag. The friction drag can be estimated from the
following formula..
[(
)
(
)]
(2)
The applied values for At, Vt, Vs are 1814.4, 2.57, and
0.
Next, the pressure drag can be estimated using the
following formula.
(
)
(3)
The applied values for ρ, Cbd, As, Vt, Vs are 104.5,
0.52, 133.56, 2.57, and 0.
Thus, the hydraulic force is 251.21 kN that is the sum
of the friction resistance drag 16.08 kN and the pressure
drag 235.13 kN.
3) Estimation of wave drift force
Wave drift force can be estimated as follows. First,
the coefficient of wind drift force is estimated using the
following formula.
⁄

*
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The applied values for KR, h, and L are 0.5, 25, and
74.31.
The wind drift force per unit width is estimated using
the following formula.
[
]
(5)
The applied values for R, ρ, H are 0.28, 1,030, and
1.67. Thus, the wind drift force for Mobie Harbor is 24.95
kN considering the width of 25.2m under the water line of
Mobile Harbor.
4) Final estimation of mooring force
The static mooring forces of Mobile Harbor applying
previously listed three criteria are listed in Table 4. These
values are basis values for designing and selecting
vacuum suction pads and automatic winches for right
amount of vacuum suction pressure and power for Mobile
Harbor.
▪ Mooring energy can be estimated based on the
following formula to determine specifications of the
fenders.
(

3

)

(

)

(6)
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The applied values for Ms, V, Cm, Cs, and Cc are 761.4,
0.3, 1.0, 1.553, 1.0, and 1.0 respectively. The design
criteria called for multiplication of 1.5 times of general
safety factor to result in the mooring energy value of
79.82 kN·m.

commonly used for ship-to-ship mooring for superior
reliability and durability.
4) Selection of automatic winch
The automatic winch was selected to exert larger
mooring force than the suction force of vacuum suction
pads. The selected automatic winch is model EMW-15SD of Mirae Industries Co., Ltd. that can carry mooring
force of 15 ton and maximum permissible operation speed
of 15m/min.
The shape of the conceptual design based on so far
listed functional requirements and criteria contents is as
shown in Figure 5

Conceptual Design
The conceptual design of the automatic ship-to-ship
mooring system has been carried out including robotic
arms based on the design criteria shown in the previous
section. Additional functional requirements for the
conceptual design are as follows.
▪ Robot arms should be stored inside of the ship on
the deck so that no parts are exposed out of the ship hull.
▪ The mooring forces exerted from relative
movements of the two moored vessels should be carried
out mainly by the mooring lines to automatic winches and
fenders and the influence to the robotic arms from outer
forces should be minimized.
▪ Vacuum suction pads should conform to curved
surface of the ship outer hull and should maintain stable
vacuum suction pressure even for influences from
irregular surface conditions or presence of various foreign
substances.
▪ The system should cope with draft changes of the
two vessels during loading and unloading operations of
the containers.
The results of conceptual design of the major parts of
the system to fulfill previously mentioned functional
requirements and design criteria are as follows.
1) Design of the robotic arm
The robotic arm is composed of the forward and
rearward motion joint part for vacuum suction pad
attachment, the wrist joint part that have universal joint
and ball joint for attachment of the vacuum suction pad to
curved or inclined surfaces, and the base part that have
rotational axis for passive movements..
2) Design of the vacuum suction pad
Based on the mooring force calculations in the
section 3.1, the suction force of the vacuum suction pads
were set to 14 ton considering use of the four vacuum
suction pads and the 45 degree of angled direction of the
mooring line to the automatic winches. Also, the vacuum
suction pad was divided to four parts to conform to curved
shape of the outer hull of ships.
3) Selection of fenders
Considering the mooring energy estimated in the
section 3.1 and the condition stating that the distance
between the container ship and the Mobile Harbor should
be maintained to be 2.5 meters for loading and unloading
operations, the fenders for Mobile Harbor were selected.
Considering required capacity, four foam filled fenders
that have diameter of 3 meters and length of 5 meters
were selected among various types of floating fenders

Development of Ocean Demonstration Model
Real at-sea demonstration has been required to
accurately verify and test the capability of the system and
derive the problems from real at-sea operations. Therefore,
an ocean demonstration model that has compatible scale
to the real applicable system has been designed and
developed. The ocean demonstration model was designed
for ship-to-ship mooring of two smaller vessels that
represent ship-to-ship mooring of a container ship and a
Mobile Harbor. One vessel called Han-Woo-Ri
represented the container ship and a barge ship
represented the Mobile Harbor. The two vessels are
shown in Figure 6 and the major particulars are shown in
Table 5.
The design criteria for the mooring system were set
for changed vessel specification accordingly. Also, the
results of previously performed water tank test and
axiomatic design analysis (Suh, 2001) have been applied
to optimize the design. The axiomatic design process is
process of reaching optimal design through simplifying
complex design problem by applying design axiom
theories that clarifies the relationship between functional
requirements and physical design variables. The final
ocean demonstration model is shown in Figure 7.
The final ocean demonstration model has reduced
vacuum suction pad size from 2.2m of width and height to
1.65m of width and height and reduced mooring line force
per a station from 14 ton to 8 ton. Also, the number of
station was reduced from four to two. Accordingly, the
number of fenders was reduced from four to two. The
design of robot arm was modified to a manipulator shape
to have larger motion range and to achieve passive mode
more flexibly. Moreover, the robot arm wrist joint was
designed using both link shape and spherical joint to
conform to curved surface more robustly. In the first stage
of the robot arm motion, the robot arm moves up and
down through robot arm winch control. In the second
stage, the robot arm moves forward and backward through
linear cylinder. The function of the linear cylinder is to
attach vacuum suction pad to the outer hull of the
container ship.
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In April of 2011, a series of real at-sea test and
demonstrations were successfully performed with the
developed model as shown in Figure 8. In the
demonstration, the two automatic ship-to-ship mooring
units successfully established ship-to-ship mooring and
maintained stable mooring state for required amount of
time when the sea state reached up to state 3. Furthermore,
the moored vessel system experienced reduced roll motion
during moored state. In the at-sea test, inertial motion
sensors and a precision marker based 6 DOF motion
measurement system were employed to measure absolute
and relative motion of the two vessels before, during, and
after mooring. The detailed analysis of the measurements
from the ocean demonstration and experiment is in
progress.
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CONCLUSIONS AND FUTURE PLANS
To be able to efficiently process cargos to and from
container ships that are becoming ever larger, Mobile
Harbor that can load and unload containers to and from
such container ships outside of harbors has been being
developed in Korea. One of the major components of the
Mobile Harbor system is the automatic ship-to-ship
mooring system that can maintain relative movements of
the two vessels to certain motion range to enable safe
operation between the container ship and the Mobile
Harbor. This study deals with development of the
automatic ship-to-ship mooring system for the Mobile
Harbor.
The required specifications for the automatic ship-toship mooring system were estimated based on design
requirements and criteria including target sea condition
and operation condition. Then, the conceptual design of
the mooring system was carried out. To validate the
performance of the conceptual design, a real at-sea ocean
demonstration system has been developed and real at-sea
ocean demonstration was successfully performed in April
of 2011.
In the basis of the success of real ocean
demonstration, a tracking system for suction pad
attachment location and a control system that can
simultaneously control multiple winches together
employing advanced control architectures including
motion prediction capability to stabilize the moored vessel
system will be further developed to enable more secure
and safe automatic ship-to-ship mooring and eventually to
provide more efficient environment for container loading
and unloading operations in open sea.
In the end, the developed hybrid automatic ship-toship mooring ship that employs both advanced robotic
arms and conventional mooring system will be applicable
not only to Mobile Harbor but also to ship-to-ship
mooring of other general vessels in open sea and to rapid
mooring at quay walls.
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FIGURES AND TABLES
Table 1 Principal particulars of the container ship and
the Mobile Harbor

1. Depart Inner Port

Container Ship
(5,000 TEU)

Item
2. Approach Con. Ship

Displacement [ton]

3.Ship-to-Ship Mooring

4. Loading & Unloading

73,032.90

7,742.40

Length O. A. [m]

294.10

76.75

Length B. P. [m]

283.00

72.00

Breadth (MLD) [m]

32.20

33.00

Depth (MLD) [m]

21.60

11.00

12.00

5.30

13.50

5.30

Design

Draft

5. Release Mooring

Mobile Harbor
(A1-250 TEU)

(MLD) [m] Scantling
6. Return to Inner Port

Fig. 1 Procedure for Mobile Harbor operation

Robot arm

Vacuum pad

Fig. 4 Mooring condition for ship-to-ship mooring
between container ship and Mobile Harbor

Auto winch

Fender

Fig. 2 Components of automatic ship-to-ship mooring
system

Table 2 Motion criteria for safe working condition
Item

PIANC criteria

Criteria for
Mobile Harbor

Surge [m]

± 0.5

± 0.75

Sway [m]

± 0.3

± 0.45

Heave [m]

± 0.4

± 0.60

Yaw [°]

± 0.5

± 0.75

Pitch [°]

± 0.5

± 0.75

Roll [°]

± 1.5

± 2.25

Table 3 Parameters for mooring force calculation
Item

Value

Wind speed [m/s]

14.00

Tidal current speed [m/s]

2.57

Wind pressure area [m2]

471.56

Projected area exposed to
current [m2]

Fig. 3 Flow chart of automatic ship-to ship mooring
system operation
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Table 4 Estimated mooring force for Mobile Harbor MH
A1-250
Item

Value [kN]

Wind force

38.90

Current force

251.21

Wave drift force

24.95

Mooring force

315.06

Fig. 7 Developed real at-sea demonstration ship-to-ship
mooring system

Fig. 5 Conceptual design of the ship-to-ship mooring
system

(a)

(a)

(b)
Fig. 8 Real at-sea demonstration of ship-to-ship mooring
(a) two vessels ready for ship-to-ship mooring
(b) mooring system maintaining stable mooring state in
real at-sea demonstration

(b)
Fig. 6 Vessels used in real at-sea demonstration
(a) retired training vessel for the role of the container
ship (b) modified barge vessel for the role of the mobile
harbor
Table 5 Principal particular of the vessels for ocean
demonstration
Item
Displacement [ton]

Hanwoori

Barge

(Container Ship)

(Mobile Harbor)

3,288.55

1,800.00

Length B. P. [m]

93.21

48.08

Breadth (MLD) [m]

15.00

15.00

Depth (MLD) [m]

7.20

3.30
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DESIGN A NOVEL MECHANISM AND CONTROL FOR THE MOBILE
HARBOR CRANE
Eun Ho Kim, Yun Sub Jung, yonggyun Yu, Sangwon Kwon, Hanjong Ju, In
Kwun Jang, Soohuyn Kim, Byung Man Kwak, and Kyung-Soo Kim
Mobile Harbor Center
KAIST
Daejoen, Republic of Korea
If MH system load/unload containers in the open sea
and transfer the cargo by the waterway such as canal. We
expect to achieve the following:

ABSTRACT
Mobile Harbor (MH) is a novel system developed for
cargo transfer that can go out to a container ship anchored
in the deep water and load/unload containers at sea. As the
MH system handles container under the at-sea condition
with waves, wind, and so on, the MH crane should be
designed to suppress the swing motion of a spreader and
compensate relative motion between MH ship and a
container ship. Hence in this paper a novel mechanism
including the two-stage trolley, the tension controller, and
the intelligent spreader is proposed as well as control
system. With the aforementioned actuating mechanism,
we developed swing-free, position, tilting, and heave
control systems for precise and safe cargo transfer.
Experimental results with a 1/20 scale MH crane shows
the feasibility of the proposed system for at-sea cargo
transfer.

- replace and augment functions of the existing
container port to minimize problems with port
construction and expansion
- provide environmentally benign cargo transport
solution and reduce the burden of overland cargo
transport
The idea of MH system is initiated in 2007. In 2009,
MH project supported by Korea government has started to
develop original, core technologies that will enable to
overcome technical challenges of MH system. During the
project prototype demonstration on a motion platform
simulated wave environment is performed in August,
2009 and prototype demonstration in a water research
basin is successfully performed in December, 2009. In
2010, 1/20 scaled-down MH crane was developed and
verified as preliminary step for almost real scale
demonstration. Now design and manufacturing a 1/3 scale
MH system is in progress and at-sea demonstration with
1/3 scale MH system is going to be held in June, 2011.
To realize the MH system stabilization of floating
platform, automated docking and ship-to-ship mooring
system, and highly-efficient container transfer system is
necessary. Among these technologies, this paper is
focused on design a mechanism and a control system for
that MH crane can handle containers in the poor
environment.

INTRODUCTION
Since container shipping take an important role
in worldwide trade, the number of goods transported by
container ship continuously increase every year. As the
quantity of container increase, supersized container ships
whose size is over than 1000 twenty-foot equivalent units
(TEU) rise from the strong demand in marine logistics.
The increase of container ship size induces the needs for
enhanced capacity and capability of container port.
Because existing container port had reached the limitation
both accommodation and efficiency point of view. The
supersized container ship cannot access to the port
because of shallow water and the container ports are
jammed with container ship. To measure up the demand
the concept of Mobile Harbor (MH) which directly
handles the containers in the open sea instead of in a
harbor was suggested (Figure 1). MH system is a novel
maritime cargo transport system that can go out to a
container ship anchored in the deep water and handles
container on sea.

DESIGN THE MECHNICAL SYSTEM
Two-stage Trolley
During the at-sea cargo transfer, there occurs
significant relative motions between a container ship and
MH ship (surge, sway, and heave in translational motions,
and roll, pitch, and yaw in rotational motions), and also
swing motion of a spreader due to waves, wind, etc. In
order to control the aforementioned relative movement
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and suppress swing motion of spreader, we develop a twostage trolley, in which a macro-trolley (a orange outer
frame in Figure 2(a)) with 1 degree-of-freedom (DOF)
moves along the boom as a conventional trolley and a
micro-trolley (a green inner rectangle in Figure 2(a)) has
additional 2 DOFs in motion in local travelling and
traversing axis (yellow arrows in Fig. 2(b)). By
mechanism of two-stage trolley and its additional DOFs,
we can perform position compensation and swing-free
control which suppress swing motion of spreader.
However, the movement of micro-trolley in surge and
sway axis causes induced heave motion of a spreader due
to variation of rope length during motion. A novel rope
reeving mechanism is developed which can eliminate any
induced heave motion during the movement of a microtrolley by adopting a systematic layout of sheaves as
shown in Figure 2(a) [Kim et al., 2009]. As the developed
rope reeving mechanism works in a passive manner, it
requires no sensor and control system.

target container. Although a two-stage trolley performs
position compensation control against vessel movement
and swing-free control against external excitation, there
will be a certain amount of gap between a target container
and a spreader due to the presence of flexible, long ropes
between a trolley and a spreader. Considering this, we
devised an innovative spreader system, which we call an
intelligent spreader, and this provides the function of
automatic micro position compensation with 3 DOF in
motion (translation in local surge and sway axis, and
rotation in local skew axis) when a spreader approaches a
target container. Figure 4 shows a 1/20 scale model of the
proposed spreader. Because we allocate only one third of
total weight to a lower part and drive actuating
mechanism relatively slowly, the motion of a lower part
during micro positioning does not seriously affect the
control stability of the overall system.

Tension Controller

There have been various studies to stabilize swing of
spreader for harbor crane such as input shaping [Ngo and
Hong], a combined feedback control input shaping
[Vaughan et al., 2009], fuzzy logic-based control,
linear/nonlinear controls [Lin and Wai, 2001], and sliding
–mode control [Chen and Weng, 2010]. For the MH crane
control system including swing-free control, position
control, heave control, and tilting control is developed. It
directly affects the performance of at-sea cargo transfer of
the MH crane. Overall control diagram is illustrated in
Figure 5.

DESIGN THE CONTROL SYSTEM

The two-stage trolley can perform translational
compensation between two vessels. To handle the
container in the open sea, however, it is still necessary to
compensate non-negligible, relative rotations between two
ships caused by waves. For the purpose, the tension
controller is newly devised with four cylinder-type
actuators to control the tension of each rope between
spreader and trolley. As shown in Figure 3, the tension
controller is located at the end of the crane boom and
controls the magnitude of actuating strokes, which make
variation of length and tension of each rope. This, in turn,
leads to tilting motion (trim, list, and skew in rotational
motion) of a spreader attached at the end of ropes.
Controlling the tension of each rope provides an
additional tool for suppressing the swing motion of a
spreader. Figure 3(b) shows a kinetic model of a spreader
and ropes. Then, from the dynamic equation in moment,

ml ′2θ = ∑ M = mgl ′ sin θ + rT − r (T + δ )
∴θ =

g
sin θ − rδ
l′

.

Position Control
Due to waves in the open sea, the two-stage trolley
keeps moving along with the MH crane in the reference
frame. As shown in Figure 6, position control makes the
two-stage trolley move relative to the boom of the MH
crane for fixing the trolley in the reference frame, based
on the information on roll and pitch angles of MH, Θr,p,
and the required displacement of the two-stage trolley,
Xt_a, obtained from a kinematic model of MH as shown in
Equation (2). Consequently, the position control system
takes a role in compensating macro position error due to
relative ship-to-ship motion. After compensating macro
position error using two-stage trolley, residual micro
position error between spreader and target container is
compensated by intelligent spreader as shown in Figure 6
and 7.
(2)
X t _ a = L cos (φ ) − H sin(φ )

(1)

It is interesting to note that, from Equation (1), we
can control the swing motion of a spreader by applying
additional tension δ to ropes. However, unlike tilting
control separately performed by the tension controller,
swing-free control by the tension controller can be
conflicted with one by the two-stage trolley. Detailed
control procedure is explained in design the control
system Section.

Swing Free Control
In the swing-free control system, the two-stage trolley
is controlled in the traversing and travelling direction to
decrease the swing angle, θ (see Figure 8). As the twostage trolley moves along the identical direction of swing

Intelligent Spreader
As an end-manipulator of the Mobile Harbor crane
system, a spreader plays an important role in handling a
2
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algorithm was introduced. The MH is an innovative
maritime cargo transfer system that allows the container
handling in a wavy open sea. A 1/20 scale MH crane was
built as a prototype to evaluate the feasibility of the
proposed MH concept. The MH crane was evaluated on
the laboratory environment. The experimental results
clearly show the feasibility of the proposed approach in
practice. Also, the proposed approach demonstrates how
the mechatronics technology can be utilized for advancing
the maritime operation technology.
Currently, a 1/3 scale of the MH system is under
development by extending the design results with a 1/20
scale MH crane. The at-sea experiment and demonstration
with the 1/3 scale MH will be conducted in the near future.

motion, the restoring force (i.e., the source of swing)
decreases. This is the principle of suppressing the swing
motion of a spreader by using the two-stage trolley when
the swing of a spreader, Xs_r (see Figure 8), is within the
bound of strokes of the two-stage trolley. In case that
swing of a spreader, Xs_r, is larger than the maximum
stroke of the two-stage trolley, the tension controller is
activated to effectively suppress swing motion until the
amplitude of swing decreases to maximum strokes of the
two-stage trolley.
Tilting Control
When the intelligent spreader approach a target
container, tilting (trim, list, and skew) motion of the
spreader relative to a container should be controlled for
safety. For the purpose, the tilting control system is
designed to control each rope length by using the tension
controller as
Δl = −

−1
2
⎡⎣ JJ T ⎤⎦ J ⎡⎣ g ( x ) − k p ( x − xd ) − kd x ⎤⎦ − 2 ( q − l0 )
ks
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(3)

where l is the length of ropes, q the distance
between a spreader and a trolley, x the current position, xd
the desired position, J the Jacobian matrix, ks the spring
coefficient of ropes, and kp and kd proportional and
derivate control gains, respectively.
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EXPERIMENT
In this section, we explain experiments for validation
of the developed MH crane system. First, we equipped the
1/20 scale MH crane and a miniature container ship on
each Stewart platform as shown in Figure 9. Then, we
generated the independent motion of each platform to
simulate at-sea condition. To verify the performance of
the developed system, the motion platfom for the MH
crane excited around the resonant frequency of the crane
system with one meter length of ropes as a simple
pendulum. The condition of waves used was 0.6 degree
and 0.55 Hz with a π/2 phase delay for roll and pitch
motion.
Figure 1 shows a experimental result, series of
snapshots during the unloading opeartion of the MH crane.
The two-stage trolley traveled along the boom to the
position over a target container and then the spreader
approached near the container, as shown in Figure 10(a).
After activating swing-free, position, heave, and tilting
control, the intelligent sperader landed on the container
and locked the container as shown in Figure 10(b). Then,
the MH crane safely hoisted up the container from a
container ship (Figure 10(c)). Finally, the unloading
operation was successfully performed (Figure 10(d)).
CONCLUSION
In this paper, the overall control system of the Mobile
Harbor (MH) crane focused on mechanism and control

Fig. 1 The concept of Mobile Harbor
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(a)

(a)

(b)

Fig. 3 Tension controller:
(a) tension controllers at the end of the crane boom

(

(b) kinetic model for swing-free control

(b)
Fig. 2 Two-stage trolley: (a) rope reeving for passive heave
compensation, (b) micro-trolley with 2 DOFs in motion.

Fig. 4 Intelligent spreader
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Fig. 5 Control diagram of the Mobile Harbor crane system
Fig. 8 Scheme of swing-free control

Fig. 9 Stewart platform for imitation of a sea wave motion

Fig. 6 Coordinate systems of the Mobile Harbor crane

(a)

Fig. 7 Control diagram of intelligent spreader

(b)
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(c)

(d)
Fig. 10 Snapshots of the unloading operation of the MH
crane
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the command signal with an impulse sequence. In order to
suppress motion of a spreader more effectively, a
combined feedback and input shaping controller was
proposed by Sorensen, Singhose, and Dickerson. In their
scheme, a feedback module compensated for positioning
errors and input shaping was used to mitigate motioninduced oscillation. Fuzzy logic-based anti-sway control
has been also developed to face major challenges of crane
systems such as nonlinearlities and uncertainties. As a
different approach, several mechanisms using additional
ropes have been proposed, including conventional tag line
and Maryland rigging method. These additional ropes
commonly provide additional controllability for
supressing swing motion of a spreader with the slight
difference of their dynamic models.
In spite of the aforementioned proven techniques or
mechanism, the crane system installed in the MH requires
new subsystems that are more stable and robust to control
environmental disturbance. The spreader as an end
effector in robotics can be a meaningful solution because
it is attached to the last link of the system and interacts
with the environment (or environmental disturbance).
Thus, the MH spreader can be designed to compensate
“final” offset between the spreader and a target container
in terms of displacement and angle as shown in Figure
2(b). For the purpose, it is required to adopt reliable autopositioning algorithm to the MH spreader. In the field of
mobile robot system, virtual force algorithm (or virtual
force field algorithm) has been frequently used to search
the direction and magnitude of movement of vehicles as a
obstacle avoidance method. Compared with other methods
such as edge-detection method or potential field method,
virtual force algorithm allows for fast, continuous, and
smooth motion of the controlled vehicles even with
unexpected obstacles.
To the authors’ knowledge, no paper has been
published on designing a new spreader for safe and robust
operation under significant environmental excitation. This

ABSTRACT
The purpose of this study is to design a novel
spreader which can handle a container in wavy open sea.
In order to overcome the inevitable swing motion of a
spreader due to waves and wind in the open sea, an
intelligent spreader with 3 degrees of freedom (DOF) was
proposed with the aid of two different kinds of virtual
force algorithms, General Virtual Force Algorithm
(GVFA) and Applied Virtual Force Algorithm (AVFA).
From the numerical simulation with Matlab Simulink and
RecurDyn, it is verified that both algorithms provide a
robust and reliable solution for path-finding. However,
when we consider limited space and cost, AVFA with 8
sensors might be a solution of a real-world application
with the slight sacrifice of performance in terms of time
and energy.

INTRODUCTION
the increasing quantity of container being transported, the
size of container ships are on increasing trends from 5000
twenty-foot equivalent units (TEU) to over than 10000
TEU. New port systems and transfer systems have to be
developed to effectively manage large container ships.
Based on this societal and logistic demand, the concept of
the Mobile Harbor (MH) was recently proposed to directly
load and unload containers on a container ship in the open
sea instead of in a harbor (Figure 1). important because a
spreader is connected to a crane by long, flexible ropes
and they inevitably cause the significant swing of a
spreader by environmental disturbance. Great challenge to
develop the MH is to control significant environmental
disturbance such as waves and wind during cargo transfer
operation.
In the literature to date, there have been numerous
studies on the stabilization of spreader motion. Input
shaping is one of the most frequently used approaches in
the form of anti-sway control which makes a crane move
without residual sway in the suspended load. Input
shaping is easy to derive and implement by convolving
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study, for the first time in the field, proposes new
actuating mechanism and control algorithm of the
intelligent spreader for auto-positioning it with 3 DOFs of
motion based on virtual force algorithm. Through a series
of computational simulation with RecurDyn and
experiments with a scale-down model, we verified the
performance of the proposed spreader and then showed
possibility of handling a container in extreme situation as
the Mobile Harbor originally aims.
.

Hoist the container (Figure 2 (e)).
GENERAL VIRTUAL FORCE ALGORITHM
In order to align a spreader with the target container,
offset between the spreader and the container should be
measured in real time in terms of distance and angle, and
then be given to the control system. For this purpose, we
selected proximity sensors which have high reliability and
a long functional life because of the absence of
mechanical parts in addition to its low price.
In an ideal case, we can allocate an infinite number (or
at least large number) of proximity sensors along the
edges of the spreader to check the presence of the
container below the spreader (Figure 3). Under this setting,
we propose new algorithm for auto-positioning which is
called General Virtual Force Algorithm (GVFA). The
concept of the GVFA is that “virtual” forces are generated
at the sensor toward the center of the spreader and
orthogonal to the edge of the container if any part of a
target container is not located below the sensor.
The procedure of the GVFA is explained as below:

BASIC IDEA OF CONTROLLING A SPREADER IN
THE OPEN SEA
At the time that a spreader grabs a container, a spreader
should locate on the container at the right position where a
twist- lock of the spreader can operate with corner casting
on the container. Since a conventional crane is stably
mounted on the ground, a normal spreader can perform
this task only with the aid of flippers (or guide arms). In
case of the Mobile Harbor operated in the open sea,
however, a spreader and a target container on the
container ship have significant absolute and relative
motion in 6 DOFs, which demands a sophisticated motion
control system.
Main idea of the new spreader for the Mobile Harbor is
to translate and rotate automatically to match a target
container. For this purpose, 6 DOFs of motion are
basically required to control the spreader in the three
dimensional space. However, six actuators for generating
6 DOFs of motion are wasteful due to their high price and
restricted space of the spreader. We propose the novel
spreader system with 3 DOFs of motion by restricting
spreader motion on the top of a container: motion on the
plane in the three dimensions creates three constraints of
motion, which results in 3 DOFs of motion among 6
DOFs.
The general locking process of the proposed spreader
system (Fig. 2) is described as follows:

1.
Sense whether a container is located below each
proximity sensor of the spreader.
2.
Count the number of “ON” sensors for each four
side. ON: no container is detected below the sensor.
OFF: a container is detected below the sensor.
3.
Select a “dominant” side based on the number of
“ON” sensors between two opposite sides. In Fig. 3,
for example, A is dominant between A and A’, and B is
dominant between B and B’.
4.
Check whether the sensor is on the dominant
sides (A and B in Figure 3). If a sensor is “ON” and
located on the dominant side, the sensor is “activated”
and virtual force is generated at the sensor toward the
center of the spreader and orthogonal to the edge of
the container. Note that “ON” sensors on the nondominant side do not generate virtual force as the
“inactivated” state. The magnitude of virtual force,
f v , is determined as

1. Land a spreader at any position of the target
container (Figure 2 (a) to (b)). In-plane motion on
the top of the container constrains the relative
motion of the spreader.
2. Measure deviation from the center of the
container in terms of distance and angle.
3. Based on measurement at Step 2, the spreader
adjusts its position and angle through two translation
motions (sway and surge) and one rotation motion
(skew) (Figure 2 (c)).
4. When auto-positioning control is finished, lock
the container with twist-locks which are attached at
the corners of the spreader (Figure 2 (d)).

fv = α

N
M

(1)

where M denotes the total number of sensors on the
side parallel to virtual force, N the minimum “serial”
number of “ON” sensors among the group of sensor
sets on both sides parallel to virtual force and α a
proportional coefficient depending on the geometry
and inertia of a spreader. In Figure 3, for example, N
for A and A’ is 3 among 7 on the left side of A, 3 on
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the right side of A, and 5 on right side of A’. Also, N
for B and B’ is 2 between 6 on B and 2 on B’.
5. Calculate resultant vectors for force and moment
as

F=
M=

activated

∑

various
solution
finding
(or
one-dimensional
minimization) algorithms because AVFA can use only
function values (ON/OFF signals in this case), not their
derivative values to find a solution. This method is very
simple to implement and guarantees that the iteration
converges linearly to the solution of the function with
convergence ratio of 0.618, which is optimal of the
Fibonacci method.
The overall procedure is as follows:

activated

∑

fv

(2)

ri × f v .

(3)

i

1. Choose an initial weight β1 as

where ri means the distance vector of the ith activated
sensor. Then, perform a translational motion and a
rotational motion with the resultant force and moment.
Terminate a routine if all the sensors are OFF.
Otherwise, go back to Step 1.

β1 = min(0.5W ,0.5H )
(5)
where min(A, B) means a smaller value between A and B,
and W denotes the width of a spreader and H the height
as shown in Fig. 5.
2. At the ith iteration, perform motion with the
magnitude of

APPLIED VIRTUAL FORCE ALGORITHM
To find appropriate direction and magnitude of motion
for aligning the spreader with a target container, GVFA
requires ideally infinite number of proximity sensors as
described in Section III. However, considering a restricted
number of proximity sensors due to limited equipment
space and cost, we modified GVFA to Applied Virtual
Force Algorithm (AVFA) which uses a finite number of
proximity sensors.
First, we analyzed the minimum number of proximity
sensors required for auto-positioning. For the detection of
translational motion, at least one proximity sensor is
necessary on each side. For rotational motion, a pair of
opposite sides is required to equip two proximity sensors.
Consequently, a total of six proximity sensors are
minimally required to detect translational and rotational
movement of a spreader. In this paper, we uses eight
proximate sensors (two sensors on each four side) to
provide redundancy in detecting translation and rotational
motion of the spreader (see Figure 4).
Second, we determined the configuration of
proximity sensors. The position of proximity sensors
should be symmetric to each opposite side. The distance
between two sensors on one side (L1 and L2 in Fig. 5) is
set to be far from each other because the detecting
resolution of rotation is proportional to L1 and L2.
Third, we estimated the magnitude of virtual force. In
the principle of GVFA, majority of proximity sensors are
utilized to determine the magnitude of virtual force as in
(1). For the sake of efficiency, AVFA use (4) instead of
(1) so as to estimate the magnitude of virtual force with a
smaller number of sensors as

f v = αβ

N
M

f v = αβ i

N
.
M

(6)

3. At the (i+1)th iteration, check the change of sensor
signal pattern. If unchanged,
β i +1 = βi .
(7)
Otherwise, update βi+1 as
β i +1 = 0.618β i .
(8)
4. Terminate the routine if all sensors are OFF.
Otherwise, go back to Step 2.
Once we calculate the magnitude of virtual force by
using (4), we can determine the direction of translational
and rotational motion with (2) and (3) as in GVFA.

EXPERIMENTS
The proposed GVFA and AVFA were simulated
by Matlab Simulink and RecurDyn (commercial dynamic
simulation software) to verify the proposed algorithms
and to quantitatively and statistically compare the
performance of AVFA with GVFA. Fig. 6 shows the
RecurDyn models and the sensor configurations for
GVFA with 22 sensors and AVFA with 8 sensors. The
procedure of simulation is as follows.
1. Arbitrarily locate the spreader on the top of a
container with the initial position randomly generated
from uniform distribution in the interval of [-W/4, W/4],
[-H/4, H/4], and [-π/4, π/4] for (x, y, θ), respectively.
2. Then, translate and rotate the spreader on the top of a
container according to the principles of GVFA and AVFA,
so that the spreader is finally aligned with a container.
3. Perform a total of 30 simulations and obtain energy
and time required during adjustment.

(4)

where β is a weighting coefficient. All terms in (4) is
identical with those in (1) except β, which can adaptively
change the magnitude of virtual force. In order to obtain β
in (4), we applied the golden section method among
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Figure 6 shows a simulation result with traces of 4
corners of the spreader during position adjustment using
GVFA and AVFA. In the Figure 6, squares indicate holes
of corner castings located at the corner of a container (i.e.,
the target position) and stars and circles indicate the initial
and final position of four corners of a spreader,
respectively. Solid lines show the traces of spreader
corners from initial position (marked as stars) to final
position (marked as circles). As shown in Figure 6, the
final position of spreader corners (marked as circles) is
well matched with the holes of corner castings (marked as
squares) in both cases of GVFA and AVFA.
REFERENCES

FIGURES AND TABLES

Fig. 2 Handling process of the proposed auto-positioning
spreader

Fig. 1 The concept of Mobile Harbor

Fig. 3 Concept of a general virtual force algorithm
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Fig. 4 The configuration of proximate sensors for AVFA

(a)

(a)

(b)
Fig. 6 Simulation results with traces of 4 corners of the
(b)

spreader during position adjustment using (a) GVFA and (b)

Fig. 5 The RecurDyn models and configuration of proximate

AVFA

sensors for
(a) GVFA model where 22 proximity sensors are uniformly
located along the edges
(b) AVFA model where 8 proximity sensors are located at
the corners
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To control the undesirable swing motion of a spreader,
we first need to develop a robust and accurate sensing
system to measure a swing motion in real time under
harsh open sea condition. In the literature, the sensing
system for detecting the crane load or its trajectory can be
classified into two groups, non-vision based systems and
vision based systems. For non-vision based measurement,
J. Virkkunen et al. (J. Virkkunen, et al., 1990) used
ultrasonic transmitter sensors to detect the position of
crane load. S. Tanaka et al. (S. Tanaka, et al., 1994)
implemented an accelerometer on the load to detect the
location. To measure the swing angle directly, Y. S. Kim
et al. (Y. S. Kim, et al., 2004) installed an inclinometer on
the spreader and designed a velocity observer for the
angular velocity. It is reported that these non-vision based
sensors are robust to environmental factors such as
sunlight, are equipped at low cost, and require less
maintenance.
With the advance of processors, vision-based sensors
have been more commonly used for accurate, real time
data acquisition of the motion of crane load. T. Matsuo et
al. (T. Matsuo, et al., 2004) measured a swing motion by
the vision system with 60Hz image processing time. Time
delay due to image processing and signal communication
in their system was corrected with a time-delay
compensator. K. A. Hekman et al. (K. A. Hekman, et al.,
2007) installed a camera system on the trolley and
attached markers on the hook to detect the motion of the
hook. For the wide working radius of a telescopic crane, S.
Nara et al. (S. Nara, et al., 2006) implemented a
combination of a camera with power zoom and a laser
range finder. A compact vision system was designed by K.
Peng et al. (K. Peng, et al., 2010), using a camera of
resolution 1024´768 pixels and an onboard processor.
Lights from the LED arrays adjacent to the camera
illuminated the reflective markers on the crane hook. The
geometry and size of the marker patterns were aided in
detecting the hook motion. In an attempt to reduce image
processing time, H. Kawai et al. (H. Kawai, et al., 2009)
proposed an improved template matching method, so-

ABSTRACT
To load and unload containers directly in the open sea,
the concept of Mobile Harbor (MH) was recently
proposed. Since the MH system operates under harsh atsea condition, controlling the undesirable swing motion of
a spreader requires a robust and accurate sensing system
for the measurement of a swing motion. However, current
sensing systems for conventional cranes have been used to
obtain only partial information of spreader movement
such as sway or heave motion. Moreover, they are also
known to be sensitive to environmental factors such as
excessive light exposure, fog, rain, etc. In this paper, we
proposed a robust sensing system which can provide
information on all 6 DOF motions (surge, sway, heave,
trim, list, and skew) of a spreader in real time for at-sea
cargo transfer and assessed the proposed system with
measured data by a motion capture system.
INTRODUCTION
In order to to meet the increasing demand of new port
systems and cargo transfer systems due to increasing
quantity of containers transported, the concept of Mobile
Harbor (MH) was recently proposed (Figure 1) (E. H.
Kim, et al., 2011). This novel maritime cargo transfer
system will enable us to load and unload containers
directly in the open sea. Due to harsh environment in the
open sea, however, there are many challenging issues to
realize the ideal system in the world. Authors and their
colleagues have been putting great efforts into developing
systems for mooring a container ship and Mobile Harbor
in a quick and robust manner, compensating relative 6DOF motions between two ships, suppressing the swing
motion of a spreader, and so on. Especially swing motion
should be controlled all the time during cargo transfer
within a certain bound of swing amplitude for safety and
productivity. If successful, a spreader of Mobile Harbor
can grab a target container even under the wavy condition
in the open sea with the aid of position compensation.
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images are very robust under poor outdoor condition such
as night, fog, and rain.
IMUs in both the spreader and the trolley provide
drift-free 3D orientation, calibrated 3D linear acceleration,
3D rate gyro, and 3D earth-magnetic field data (Xsens).
IMUs measure trim and list motion among 6 DOF
motions.

called vector code correlation (VCC), which analyzes two
landmarks on the spreader to obtain information on height
and sway.
To authors’ knowledge, the aforementioned sensor
systems have been used to obtain only a part of
information on the motion of crane load (same as a
spreader in this paper) such as sway or heave in relatively
mild environement. However, since a spreader of Mobile
Harbor shows significant 6 DOF motions (surge, sway,
heave, trim, list, and skew) during the at-sea cargo transfer,
a sensing system should be able to measure all 6 DOF
motions of a spreader precisely and robustly in real time
(Figure 2). For clear understanding, sensing systems in the
literature and our proposed method are summarized and
compared in Table 1.
Since the MH crane at sea is excited unlike
conventional quayside cranes mounted on the ground, a
sensing system considering such additional motions is
required to accurately measure the motion of a spreader.
Moreover, to some extent, existing methods are unsuitable
for the MH crane in terms of robustness, accuracy, and
quantities of information. In this paper, we thus proposed
the robust sensing system which is designed to measure
spreader motion for the MH crane, and quantitatively
assessed measured data with those from a motion capture
system.

B. Image processing algorithm
One of important requirements for sensing systems is
real-time without time delay. This means that any of timeconsuming hardware or algorithm is inappropriate in field
application. For example, image processing algorithm
such as template matching is still time consuming to
detect markers on a spreader even if many researchers
have improved its efficiency. The proposed vision system
based on IR components makes image processing
algorithm lighter and faster.
As illustrated in Figure 5, two makers are extracted
from captured images by means of simple and
straightforward image processing algorithm, but it is very
effective. Figures 6 (a) and (b) show an original image
and a result image, respectively.
Then, two center points (xim1, yim1) and (xim2, yim2) of
each IR marker, which is defined as M1 and M2, are
calculated by equation 1, 2 and Figure 7.

SYSTEM DESCRIPTION
A. Hardware configuration
Basically the MH sensing system for spreader motion
adopts vision based system which consists of smart vision
camera, an IR (infrared rays) pass filter lens, two IMUs
(inertial measurement units) in the trolley and the spreader,
and two IR markers on the spreader. To verify the
proposed system and corresponding sensing algorithm, we
built a 1/20 scale MH system as shown in Figure 2.
Figures 3 (a) and (b) show the bottom of the trolley
and the top of the spreader, respectively. The smart vision
camera in the trolley part has a CCD camera (a resolution
of 640´480 and a frame rate of max. 110 fps) and CPU
(1.6GHz Intel Atom processor) embedded for image
processing. Unlike conventional vision systems, the smart
vision camera does not send a large amount of image data
to PC for image processing, but processes image data by
the embedded CPU without time delay (Figure 4). Thus,
the smart vision camera is a highly effective system in
many aspects such as real-time processing and system
conciseness.
Two IR markers on the spreader generate the infrared
rays of 850nm wavelength for 6 DOF motions of the
spreader. To reduce noise signal from the visible spectrum,
the smart vision camera which has IR pass filter lens
detects the IR components on the spreader selectively.
Although it is practically impossible to avoid IR noise
from direct or reflected sunlight, IR-based captured

M1_x = Mp1_x - Moffset1_x, M2_x = Mp2_x - Moffset2_x

(1)

M1_y = Mp1_y - Moffset1_y, M2_y = Mp2_y - Moffset2_y

(2)

M1 = (M1_x, M1_y), M2 = (M2_x, M2_y)

(3)

In equation 1 and 2, Mp1 and Mp2 are markers of
present image, M1 and M2 are corrected markers by offset
markers Moffset1 and Moffset2. Here, offset markers Moffset1
and Moffset2 are representative of the discrepancy between
the center point (ox, o y) of image and the spreader center.
This discrepancy changes as a result of swing motion
during crane operation or deformation of hoisting ropes.
Using the corrected marker position, surge, sway and
skew can be expressed as

155(Centerx - Surgeoffset )

\ Surgemm =

( M 2 _ x - M 1_ x ) 2 + ( M 2 _ y - M 1_ y ) 2
(4)

155(Centery - Swayoffset )

\ Swaymm =

( M 2 _ x - M 1_ x ) 2 + ( M 2 _ y - M 1_ y ) 2

(5)
M offset 2 _ y - M offset1_ y
\ Skew(q ¢) = tan (
) - tan (
)
M 2 _ x - M 1_ x
M offset 2 _ x - M offset1_ x
(6)
-1

M 2 _ y - M 1_ y

-1

2

505

Heave can be represented by equation 7 as inverse
function of the distance between M1 and M2. In equation 7,
parameters k1 and k2 can be obtained from experiments.
Finally, trim and list are calculated by the discrepancy in
angle as in equation 8.

\ Heavemm =

accuracy by using angle distortion compensation.
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CONCLUSION
In this paper, we developed a robust sensing system to
effectively measure spreader motion, based on IMU and
smart vision camera with an embedded CPU. To enhance
sensing robustness from the aspect of hardware, our
system adopted IR lens, an IR filter, and IR markers to
selectively detect IR spectrum with less noise in images.
With the above hardware, image processing algorithm
used in this paper has improved sensitivity and specificity
to detect IR markers on a spreader with reduced
processing time by virtue of simplified algorithm. To
verify the proposed sensing system, we built a 1/20 scale
MH system with the sensing system and measured swing
motion of a spreader with two different methods: the
proposed IR-based smart vision system and a motion
capture system. Measured data indicate that the proposed
sensing system is useful and reliable in detecting swing
motion in various environmental conditions. In the
proposed method, however, vision information was
obtained as 2D images from 3D space, which may cause a
serious measurement error if the distortion angle between
a trolley and a spreader becomes non-negligible. In the
further study, we would correct vision data for higher

S. Nara and S. Takahashi, "Visual Feedback Tracking
with Laser to Moving Crane Hook," Journal of Robotics
and Mechatronics, vol. 18, p. 795, 2006
Kelvin Chen Chih Peng and William Singhose, A
Vision-Based Predictive Hook-Tracker For Industrial
Cranes-, ICSV 17, 2010
H. Kawai, Y. B. Kim, and Y. W. Choi, "Anti-sway
system with image sensor for container cranes," Journal of
Mechanical Science and Technology, vol. 23, pp. 27572765, 2009.
MTi and MTx User Manual and
Documentation, Xsens Technologies B.V.

Technical

3

506

FIGURES AND TABLES

Heave

Sway

Surge

List
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Fig. 6 Extraction of markers using image processing

Fig. 5 Schematic diagram of image acquisition and processing
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Fig. 7 Correction of marker position by offset markers
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PERFORMANCE OF LIVE MIGRATION IN XEN ENVIRONMENTS
blinded
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with one physical host, these problems affect many virtual
servers usually implying service downtimes. Also if the
administrator wants to change a hardware component of
the physical host or the entire host itself there may occur
service downtime of many virtual machines [4]. To reduce
or even avoid such problems, migration techniques are
commonly used in current data centers [13]. As
virtualization is a technique for abstracting special
hardware settings it is relatively easy to migrate a virtual
machine to another physical host.

ABSTRACT
Many data centers use virtualization techniques for
efficient utilization of modern server resources. Migrating
virtual machines across physical hosts is a powerful
strategy to facilitate fault management and system
maintenance in such virtualized environments. Currently
often manual migration of virtual machines is employed in
data centers. As automatic live migration for moving
virtual machines during runtime between physical hosts in
an automatic manner might be a technology with a
multitude of use cases in future data centers. This paper
presents requirements which result in an improved live
migration performance as well as reduced downtime
during an automated live migration. Therefore, we present
experimental measurements showing the dependency of
different processor and memory load situations for Xenbased virtual machines. The measurements are discussed
and proposals are derived that will improve future live
migration metrics for calculating destination machines of
automatic virtual machine migration. Besides the
employment in migration metric, administrators can use
the proposal to improve the performance of live migration
in data centers.
Keywords: server virtualization, live migration, Xen,
performance, memory load, processor load.

Migration Technology
The simplest approach for a migration of virtual
machines is a pure one phase stop-and-copy-technique,
which means that the virtual machine is stopped, the state
(containing VM memory) is copied, and the VM is started
again [5].
This classical approach for migration of virtual
machines has a big disadvantage: At least during copying
memory pages the VM must be stopped to avoid
inconsistent state information. As the size of the VM
memory may be very large, the downtime during
migration may be unacceptable high [5].
To reduce downtimes, two additional phases – push
phase and pull phase – are employed. During these phases
the virtual machine is alive – thus, migration techniques
using at least one of these two phases are called live
migration. Thus, from a general point of view, migration
techniques of virtual machines consist of the following
three phases [5]:
o Push phase: Chosen memory pages of source
VM are pushed to the destination while running
the VM; modified pages must be re-sent;
o Stop-and-copy phase: After stopping source VM
pages are transferred; VM on destination host is
started;
o Pull phase: During runtime of the new VM pages
are transferred when accessing them.

INTRODUCTION
Virtualization in Data Centers
Virtualization has been used for years within data
centers to improve efficiency of physical resources and to
simplify their management. Therefore, virtualization is an
important motor for cost reduction [1]. Modern data
centers deploy virtualization for several components, such
as servers, network, and storage [2]. This paper addresses
server virtualization, which is a technique for aggregating
several virtual machines on a small number of physical
servers running different operating systems and
application software. But especially this advantage of
virtualization – the improved utilization of hardware by
running many virtual machines (VMs) on less physical
hosts – is also its disadvantage [3]: If there are problems

LIVE MIGRATION
Live migration can be divided into pre-copy and postcopy or demand-migration approaches [5],[6]. Pre-copy
approaches employ the first two of the former-mentioned

1
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Figure 1: Bandwidth while accessing a service during live migration

phases and thus, copy the VM state from source to
destination during the push phase. Memory pages which
are modified during that transfer operation are copied
iteratively at the end of the push phase (iterative-precopy). The VM is stopped for a very short period of time
which is used to copy last state changes before restarting
the VM on the destination host (stop-and-copy phase).
Post-copy approaches like described in [7] are starting the
VM on destination side and pulling every page when
accessing it.
Both live migration techniques reduce the downtime
of virtual machine migration compared to classical stopand-copy approaches. Thus, current virtualization
implementations like VMware [8] and Xen [9] support
live migration in one of the described forms. As described
in [5], Xen uses a pre-copy solution whereas VMware
deploys all described migration phases and, thus has also a
pull phase [10].

Automatic Live Migration
Automatic live migration calculates when and where
a virtual machine is migrating to, and it automatically
starts the migration. This technology extends the use cases
of live migration by a multitude of possibilities, like
automated migration in case of danger for the IT
infrastructure or migration to more energy-efficient target
systems for cost-reduction. A kind of automatic live
migration is implemented by VMware, which is used for
“right-sizing” the IT infrastructure in case of dynamically
changing demand [13]. The migration metric for the
implemented automatic live migration considers only load
of source and destination physical machine and free
resources (memory and CPU) at the destination host.
As the authors of this paper presented in [14] there
are a multitude of further migration criteria which should
be considered for an improved performance as well as
better resource utilization of the migrated virtual
machines. Migration criteria might be use-case-dependent.
When using dynamic live migration for improving
energy-efficiency of data centers, the metric for
calculating destinations of live migrations should consider
information like the kind of cooling of the destination
machine (active or passive) or the avoidance of thermal
hot spots by migration. A clustering-based algorithm can
be used to combine such information, as presented in [14].
For improving automatic live migration, information
about the performance impact of live migration on
running virtual machines as well as the influence of VM
specifics on the migration process have to be considered
and integrated in a migration metric as well. This paper
presents measurements showing the influence of different
CPU and memory load situations on the performance of
the migration process of virtual machines in a Xen-based
environment. Special focus also targets the downtime
during migration as this is important for scenarios with

Application of Live Migration
Currently live migration can be used for maintenance
reasons in data center environments [11]. If a physical
host has to be repaired or exchanged the virtual machines
running at this host must be migrated. If the workload of a
virtual machine rises such that the physical machine gets
overloaded, migration may help, too [12]. Sometimes
migration is used to fulfill user requirements by separating
hardware and software concerns especially in Cloud
environments. Users than may choose between machines
with different computing power (and price) without losing
the chance to switch the hardware later when needed. All
these scenarios are relatively static ones. The
administrator controls the live migration – it is often done
manually.
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2.

Migration time and downtime in dependency of
memory size of virtual machine and number of
pages modified by VM.
Processor load was varied using a self-developed load
generator tool. The tool changed time phases with high
processor load (memory access and computation) and low
processor load (sleeping) in a way that the overall CPU
load resulted in the wanted percentage value. The load
was supervised by using the command line tool top.
For varying the number of modified pages during
runtime we extended the load generator tool in a way that
during load phases the specified number of memory pages
was modified.

Figure 2: Migration time and downtime during
live migration of virtual machine while increasing
the VMs CPU load

Processor Load Dependencies
The first measurement that we present in this paper
aims at ascertaining the dependency between CPU load of
a migrated machine and migration time, as well as
downtime during live migration of that VM.
As shown in Figure 2, the processor load has a big
influence on migration time in cases of high load. The
migration time does not increase as long as the average
CPU load does not exceed about 35 percent. After that
mark the migration time continuously grows, whereas the
increase is significant starting at about 60 percent CPU
load.
The virtual machine downtime of the live migration is
almost constant until the virtual CPU runs up to 90
percent. When the load further increases from 90 to 100
percent, the downtime increases by the factor two (from
ca. 1.3-1.44 seconds up to 3 seconds).
The described effect can even better be seen in
Figure 3. There we present measurement results, which
depict the migration time in dependency of the CPU load
while concurrently on the physical source host another
virtual machine with a CPU load of 100 percent is
running. Such a scenario may e. g. happen in case of
Denial-of-Service attacks when virtual machines with
server software are attacked by a large number of external
hosts.

high availability. The results of these measurements are
discussed in this paper and will be used for improving
automatic live migration metrics in the next step.

PERFORMANCE OF LIVE MIGRATION
WITH XEN
Measurement Environment
For our live migration performance tests we used two
Dell PowerEdge 1650 physical server systems running the
Xen-4.01 hypervisor with two virtual machines. Each
physical server had two Pentium III processors with 1,4
GHz and 1 GB RAM. Both servers were connected to
each other with two 1 Gbit-Ethernet cables bundled
together by a switch. There were 128 MB RAM enabled
for each virtual machine. The virtual machines were
running Linux.
For measuring migration time and downtime we used
Ixia’s IxChariot software [15]. The data throughput was
measured while accessing a UDP service on the migrated
virtual machine. When watching the throughput over time,
migration phases can clearly be evaluated. Figure 1
depicts this by means of an example measurement. It can
be seen when the migration starts (and thus, the iterative
pre-copy phase in which memory pages are copied in an
iterative way), and when the downtime begins and
terminates. The downtime represents the stop-and-copyphase because the virtual machine is stopped and therefore
not reachable anymore which results in a zero bandwidth.
Thus, migration time and downtime can easily be
evaluated.
Using this technique the following measurements
have been analyzed:
1. Migration time and downtime in dependency of
processor load of migrated virtual machine and
in dependency of processor load of other (nonmigrated) virtual machine.

Figure 3: Migration time and downtime during
live migration with concurrently running 100 percent
loaded virtual machine
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Figure 4: Migration time and downtime of VM migration
when increasing CPU load of concurrently running
virtual machine

Figure 6: Migration time and downtime during
live migration of virtual machine while increasing
modified memory pages

As it can be seen, that migration time of the virtual
machine is slightly higher than in the first migration tests.
But the behavior is similar: Starting at about 60 percent
load in the migrated VM the migration time increases
significantly. Whereas the downtime in the prior
measurement did not exceed 3 seconds this measurement
shows extreme increases of the downtime up to
measureable 15 seconds when increasing the load over
60 percent. This is significant and could be a problem in
case of server systems with high availability requirements.
Unfortunately, it was impossible to measure the
migration time with more than 70 percent of the virtual
CPU load due to crashes of the endpoint software of the
IxChariot measurement suite.
The last presented measurement for load dependency
of virtual machine migration is presented in Figure 4.
In the depicted case the CPU load of a concurrently
running virtual machine is varied while migrating a VM
without load. The migration shows a clear dependency
with a likewise behavior to Figure 2. Starting at about
60 percent load of the not migrated VM the live migration
time increases significantly. The downtime is relatively
constant until the load exceeds 90 percent where it starts
rising from about 1.5 to 5 seconds.

Memory dependencies
The presented measurements in this paragraph focus
on the migration time and downtime in dependency of the
memory size of virtual machines and the number of
modified pages during the migration of a VM.
Therefore, Figure 5 depicts the migration time and
downtime of a VM in dependency of the VM memory
size. It can clearly be seen that the migration time rises in
an approximately linear manner when increasing the
memory size of a VM. This is a predictable behavior as
the higher number of memory pages has to be copied
during the pre-copy-phase of the live migration. It is also
be depicted that the downtime which corresponds to the
stop-and-copy-phase of the migration is constant in all
measurements. As only modified pages are re-sent by Xen
during the stop-and-copy phase, the running applications
within the VM during these measurements always
modified a similar number of pages. If an application
changes many pages during migration, the downtime time
should increase. This fact can be seen in the following
measurement, which is depicted in Figure 6.
The Xen hypervisor determines pages, which are
often modified (so-called writeable-working-set, WWS)
and other pages for an efficient live migration [5]. Usually
the hypervisor copies pages, which are not part of the
WWS during the pre-copy phase whereas pages from the
WWS are copied during the stop-and-copy phase [5].
Figure 6 depicts the dependency of migration time
and downtime from the number of modified pages. The
virtual machine memory size is constant in all
measurements of Figure 6. It can clearly be seen that the
migration time rises with increasing modified pages until
about 8128 pages, which corresponds to about
32 megabyte of memory. When further increasing the
modified page number, the migration time stays constant
at about 14 seconds whereas the downtime increases
starting at 8128 pages. This implies an increase of the
stop-and-copy phase and thus, an increasing number of
pages, which are copied during the stop-and-copy phase

Figure 5: Migration time and downtime during
live migration of virtual machine in dependency
of VM memory size

4

514

•

instead of the pre-copy phase. Probably the workload
generated by our load generator (which is synthetic) leads
to an increasing workable-writing-set of pages (WWS)
when a specific number of modified pages is exceeded (in
our case 8128). Anyhow, the dependency of migration
time from the number of modified pages can clearly be
seen which implies that virtual machines with applications
that have workloads with many page modifications need
longer for migration even if the amount of allocated
memory of the virtual machine is identical. This applies to
the downtime of the virtual machine as well.

The VM memory size influences migration time
but not downtime. Downtime is only influenced
by workloads of applications within the VM that
modify many memory pages during migration (as
e. g. applications with large databases in
memory). To reduce downtimes of such
applications the regarding VMs should only be
migrated in times with less memory changes (as
e. g. at night, when database changes are reduced
due to less user activity).

CONCLUSION AND FURTHER WORK
DISCUSSION

Xen is a very powerful virtualization tool for efficient
use of dedicated server hardware among many virtual
machines. Thanks to its live migration capabilities it
allows wide and productive use in data centers and
research
institutions.
Our
experimental
results
demonstrate that migration performance can be improved
when requirements regarding CPU load and memory
access patterns are considered. The presented
requirements can be the basis to realize an improved
metric for the calculation of destination hosts in automatic
live migration environments.
Our next steps will be the implementation of the
proposed improvements of an automatic live migration
metric. The metric has to be tested in different hard- and
software environments to check the acquired requirements
under different conditions.

Whereas all presented measurements show
differences in detail, the following main conclusions can
be drawn in our measurement environment:
• Migration time of any virtual machine on a
physical host is significant rising if the CPU load
of at least one of the virtual machines exceeds 60
percent.
• Downtimes during migration are relatively
independent of CPU load as long as only one
virtual machine has high load. In high load
situations of over 90 percent on one VM of a
physical host the downtimes rise slightly. In case
of at least two highly loaded virtual machines
downtimes increase significantly.
• The migration time of a virtual machine depends
on memory size in a linear fashion. The
downtime during migration is independent of the
VM size.
• Memory intensive workloads that modify many
pages increase the migration time and the
downtime as well.
These statements lead to a series of results that should
be considered when using live migration in Xen
environments. Administrators may consider them to
realize efficient and fast live migration and low
downtimes. But especially in case of automatic live
migration as it has to be employed e. g. in future energyefficient data centers these results must be considered by
the automatic live migration metric. With keeping the
following facts in mind, efficient and fast live migration
and low downtimes can be implemented:
• Only one virtual machine on a physical host
should regularly get into high load situations.
Thus, the migration of two high-load
(endangered) VMs to one physical host has to be
avoided by the migration metric. Otherwise
migration time and downtimes while migration
may rise significantly. This can easily be
implemented as the CPU load of virtual
machines has to be evaluated in all cases.
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ABSTRACT: Proactive failover is a resiliency strategy
that replaces classical reactive recovery by a combination
of failure prediction and preventive failover. The approach
can be applied to different hardware and software layers
that exist in modern evolving systems – but each layer has
its own costs and failover capabilities.
This paper investigates the applicability of virtual machine live migration for proactive failover, based on a
generic strategy for choosing a proactive failover system
level. The experimental performance analysis shows that
virtual machine live migration has product-specific performance behavior with product-independent upper bounds on
the total migration time. The major influencing factor is the
dirty page generation rate inside of the virtual machine.
I. I NTRODUCTION
Next generation processor and memory technologies will
provide tremendously increased computing and memory
capacities for application scaling. However, this comes
at a price: Due to the growing number of transistors and
shrinking structural sizes, overall system reliability of future server systems is about to suffer significantly. Analyses of large-scale systems have shown a mean time between failures (MTBF) in the order of 6.5 to 40 hours [1],
depending on installation maturity. Google for example experiences a MTBF in the order of one hour, which is hidden from server software (and therefore the users) through a
fault-tolerant middleware layer and replicating file systems
[2]. This assumption especially holds for standard server
hardware, e.g. X86 technologies, which is not designed
from ground-up to deal with physical faults.
The traditional solution for this issue are different kinds
of spatial redundancy in server operation. Various protocols
cope with transient and permanent faults based on redundancy on or above the operating system level. Until in the
early 2000s, these resiliency concepts mainly involved reactive recovery schemes for crash faults, based on well-known
system properties like the expectable failure types and corresponding roll-back mechanisms. However, today’s systems are complex, heterogeneous, evolving networked systems and infrastructures characterized by dynamic requirements and changes in the environment. This leads to increasingly fuzzy boundaries between fault classes. Next-

generation resiliency strategies therefore need to be adaptable and wider in scope, without having a complete understanding of fault models and error propagation chains. This
new way of achieving availability is widely known under
the terms autonomic computing and self-X capabilities.
One prominent tool for achieving adaptive fault handling
is proactive fault tolerance. It builds on techniques that can
infer system characteristics autonomously from monitoring
data using, e.g., machine learning techniques, and react accordingly [3], [4]. While traditional solutions only react
to failures that have already occurred, the use of machine
learning algorithms allows to anticipate failures and to act
proactively even before they occur. A classification of these
techniques and an assessment of their effect on availability
is available in [5].
One class of proactive fault tolerance techniques is concerned with proactive failover (PFO) to a supposedly faultfree unit before the system actually has failed. If the
failover is successful downtime is avoided and hence availability is increased. The recent introduction of virtualization as another standard system layer in X86-based systems
provides promising new possibilities for PFO. The virtualization layer allows for operating system - independent
failover strategies based on mature virtual machine migration technologies. In the remainder of this paper, we first
want to discuss the general tradeoffs that have to be considered in proactive failover architectures. Based on this general understanding, we discuss virtual machine migration as
one relevant approach, based on experimental results with
different virtual machine live migration products and application load scenarios.
II. T HE C OVERAGE VS . OVERHEAD T RADEOFF
Todays computing environments usually comprise various system levels. A typical server environment consists of
several multi-core CPUs accessing shared main memory on
a server. Several such blades are mounted to a computer
rack, and each computational site hosts several of these
racks. On top of that there are multiple computing sites located at various geographical locations for disaster survival.
There might be additional layers (e.g., racks connected to a
switch) or layers might be left out (e.g., no racks in the case
of volunteer computing).
PFO can take place on various layers. In each case, a
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migration object is moved from one failover unit that is
deemed to fail in the near future to an equivalent or at least
similar unit that is supposed to be fault-free (see Figure 1).
Site

Site

Rack

Rack

Server

Server

CPU

CPU
Core

Core

Fig. 1. Onion model for failover layers.

The appropriateness of each system level for PFO is determined by the amount and kind of available monitoring
data, the kind of faults that can be anticipated based on
this data, and the failover capabilities made available. Each
level therefore has its own cost/benefit relationship.
Figure 1 is intentionally drawn in the form of “onion
rings” similar to the fault model by [6] since each level of
PFO represents a different error containment barrier [7] for
hardware faults.
The result is that failover at a specific level cannot compensate for an error at any system level above. Faults on
the lowest level include core-specific hardware structures
such as L1/L2 caches. In this case, the migration of threads
between cores (assuming appropriate hardware isolation) is
a feasible remedy. If the problem is CPU-specific, e.g., a
fault in the core interconnect, the threads must be migrated
to a separate CPU in the system. Migrating processes from
one CPU to another again does not help if there appears to
be a problem with main memory. Higher layers might face
power or networking issues and rely on whole system migration approaches for failover. This helps only if the target
is outside of the error containment region, for example at
another rack or site.
In conclusion, high-level failover solutions seem to offer resiliency for a larger set of fault classes. However,
the caveat is that migration on higher levels involves an increasing overhead in terms of resources and time. Since
the granularity/size of migration objects increases, the increased “distance” between source and destination unit results in in lower transfer throughput.
The broader coverage of possible faults in higher system
layers also leads to heavier problem with the system state
monitoring accuracy. The monitoring overhead and granularity increases with the system layers. The latter leads
to an increasing inappropriateness of high-level monitoring
data for detecting low-level system error states, since the
data only reflects fault effects on the application behavior,
visible in application server performance statistics and error
logs.
We call the balancing act between the kind of faults to be
handled and the costs to be invested the coverage-overhead
tradeoff.

It could be argued that cross-level combinations can
solve this problem (low level monitoring, high level
failover). However, this works only for very well defined
workloads, where the low-level monitoring can clearly
identify derivations from the static load curve generated by
the application.
Table I presents a list of failover levels, some representative faults on this level, and the according migration objects.
Coarse-grained migration at higher levels typically takes
longer than on lower levels, and the placement of migration
objects is part of the anyway given resource management,
such as operating system scheduling or cluster load balancing.
III. FACTORS FOR P ROACTIVE FAILOVER
The novel property of PFO is its anticipatory handling
of error conditions. Although a simple time-based prediction based on previous occurrences of failures is also possible, most approaches rely on a continuous evaluation of
system state for error conditions. It must be noted that the
associated problem of selecting monitoring variables poses
a challenge of its own. The process of collecting the monitoring data in time window ∆d , detecting the imminent failures (prediction), and performing the preventive migration
activity forms a classical control loop.
lead-time
activation
t

fault

error

ΔF

failure

Fig. 2. Time line for proactive failover.

We assume that the total amount of time consumed for
PFO is determined by the sum of time consumed for each
of the three phases. It comes as no surprise that there is
an upper limit for the total amount: the entire process must
finish before the failure occurs. Figure 2 depicts the situation. The hatched area indicates that in this setting the
total time consumed for PFO exceeds the time until failure
occurrence.
Failure prediction can in general only reach a certain
level of accuracy. Determining factors are, among others,
the amount of data gathered (∆d ), the computational complexity of the prediction algorithm, and the lead time, i.e.,
how far predictions reach into the future. The overhead
comprises efforts such as data collection and computing the
prediction models. Failure predictors are always imperfect,
leading to false positive or false negative predictions. The
goal of any prediction algorithm approach is of course to
maximize the number of true positive and true negative predictions, and to reduce false predictions.
Even though a generic failure prediction approach in or
below the (guest) operating system layer seems to be desirable, our earlier results indicate that - in order to give ’longtime forecasts’ (¿10 s) - additional monitoring on the application layer will be crucial, which makes the predictor less

518

3

TABLE I
C OMPUTER SYSTEM LEVELS AND MIGRATION OBJECT EXAMPLES .

Level
Site
Rack
Server
CPU
Core

Fault Location
Site power supply, cooling, network backbone
Rack power supply, switching hardware
Server hardware
Shared CPU units (L3 cache)
Per-Core CPU units (L1/L2 cache, registers)

generic. This holds specifically for X86-hardware and software products considered in the study presented here (see
also [12]). An alternative can be hardware-centric solutions
such as the zSeries by IBM, which relies on advanced event
sources in all hardware units to perform predictive failure
analysis (PFA). Based on the zPDT mainframe simulation
environment, we are currently investigating how PFA concepts can be ported to standard server technologies. Another solution is the utilization of advanced processor hardware data sources in recent X86 products such as the Nehalem EX processor.
The second major factor influencing the design of a
proactive failover solution is overhead costs introduced by
the additional functionality. This includes administrative
costs, service interruption costs, and consumed interconnection throughput costs during operation and failover attempts. In order to make a proper analysis of these factors,
two time intervals need to be distinguished: Total migration time expresses failover duration from start to end of the
migration process whereas blackout time denotes the subphase in which the service provided by the migrated object
is unavailable during the failover process. Both times are
determined by the chosen level of migration and the type
of objects to be migrated. The classical availability metric
(uptime over lifetime) is hence influenced mainly by blackout time whereas total migration time determines overall
feasibility of the PFO solution.
IV. H OW TO SELECT THE RIGHT SYSTEM LAYER
Our proposed approach to identifying a feasible proactive failover strategy consists of two major phases. The
first phase eliminates inappropriate PFO solutions, while
the second finds the best possible variant in the remaining
layers. The first phase can be structured into the following
steps:
1. Choose a fault model F to be considered. This should
consider the nested nature of fault classes [6].
2. The chosen fault type mandates a system layer where
such faults occur. The choice therefore rules out all lower
system levels for migration, due to the error containment
property discussed above.
3. Define some percentage α of predicted occurrences of
F that should be handled, and determine the time interval
∆F between error and failure occurrence (see Figure 2).

Migration Object
Virtual machine over WAN
Virtual machine over LAN
Virtual machine over highspeed network
Threads in shared memory (flushed cache)
Threads in shared memory (persisting L3 cache)

We assume the corresponding random variable TF to have
a probability distribution and we need to identify ∆F such
that P (TF ≤ ∆F ) ≥ α. This can be derived from historical
data or through fault injection experiments.
4. Use ∆F as an upper bound for approving the feasability
of a PFO strategy. If total migration time at some level is
larger than ∆F under normal conditions, then this level sets
an upper bound in the stack of system levels.
5. Reduce the set of PFO candidate solutions by defining
(or measuring) lower bounds for the data collection interval (∆d ) and for the time needed to compute the prediction
algorithm are assumed.
Steps one and two are qualitative assessments, whereas
steps three to five are quantitative ones.
In the second phase, an optimal PFO solution has to be
selected from the restricted solution space. However, due
to the manifold of PFO solutions (both in terms of the number of failure prediction algorithms as well as in terms of
migration layers and objects), identifying an “optimal” solution is in general infeasible.
An optimal PFO approach obviously should maximize
availability at minimal total overhead. Availability depends
not only on the blackout time but is also linked to prediction accuracy as any false alarm causes extra (unnecessary)
blackout time, and any missing alarm causes downtime due
to not handling the fault. Additionally, lead time has to be
greater than total migration time, and may be larger than
the maximum total migration as sufficient condition.
Total overhead includes overhead in time and resources
as well as administration for monitoring, prediction and migration. Given such complex optimization problem there
unfortunately is no way to determine upfront a single best
PFO approach for a given system and scenario. It rather
requires a balanced assessment of load-dependent overhead
costs, design of experiment and assessment of prediction
accuracy as well as technical feasibility checking.
V. A N E XAMPLE : A PPLICABILITY OF VIRTUAL
MACHINE MIGRATION

With the given analysis strategy for proactive failover approaches, it is not only possible to choose the right technology for a chosen fault model, but also to rank mechanisms
in their suitability for on or the other fault type. As one
example, we want to investigate virtual machine live mi-
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gration as possible migration technology.
The first step of the PFO strategy selection is the choice
of a fault model F . From the nature of virtual machine
migration, it is clear that this mechanism is best suited for
faults on or above system level, while outages on lower levels (e.g. core level) can be handled more efficient if intrasystem approaches, such as operating system scheduling.
One typical representative for relevant system-level
faults are multi-bit memory cell faults. Recent studies show
that this kind of problem is on the rise, mostly reasoned
by aging effects and the decreased structural sizes of such
components [8]. Even though modern operating systems
can deal with faulty memory pages, they can only apply
limited recovery strategies. One example is the Linux memory management implementation, which (correctly) decides
to kill those user-space processes that try to work with
memory pages that became defective during runtime. Although this strategy maintains the integrity of the particular
operating system instance and application data, it might be
catastrophic from the viewpoint of service availability.
The IT industry already started to consider the anticipated future increase of memory problems with a set of
new hardware monitoring facilities. Mechanisms such as
the Intel Machine Check Architecture (MCA) or the Predictive Failure Analysis (PFA) offer the necessary monitoring
support for hardware-corrected errors, but delegate the according preventive reaction to the higher software layers.
Permanent memory faults, if not handled accordingly,
have the potential to harm the entire physical server. CrossCPU and cross-core migration facilities do not provide the
necessary error containment barriers in a classical SMP
setup. In contrast to adding / removing faulty CPUs from a
running virtual machine host, current hypervisors also have
only limited support for memory hot plugging and removal.
According to the system layer onion model shown in Figure
1, we can therefore only move up in the system stack to the
point were the affected resource (here the main memory) is
no longer shared. Migrating entire virtual machines across
blades therefore seems to be the appropriate failover strategy for state-of-the-art in X86 virtualization software and
server hardware. .
According to the presented methodology, the time interval ∆F between error and failure occurrence must be estimated based on experience or fault injection experiments.
Since the majority of memory reliability studies relates to
the FIT metric (failures per billion device hours), there is
only a small amount of existing data on ∆F for memory
errors. The well-known large scale study by Schroeder et al
[9] at least shows that there is a strong correlation between
hardware-correctable and not correctable memory faults.
For nearly 80% of the uncorrectable memory faults in the
system, there were correctable memory faults identifiable
in the same RAM module. Even though the study does not
provide insights on the average time distance, it implies correctable and non-correctable errors to both happen ’during

a month’. Sources from semiconductor industries estimate
error-per-bit-hour rates ranging from 4E-7 down to 5E-14,
underlining the assumption that the typical ∆F can be expected to have at least the magnitude of hours. The challenge here is to define the threshold of correctable faults
that serves as activation of an error state (see Figure 2).
Other examples for relevant system-level outages with a
large enough prevention time frame are physical host storage outages or overload situations, which can be treated as
performance fault. Based on the given time dimension, we
now want to investigate the migration time frame given by
virtual machine live migration facilities.
VI. V IRTUAL M ACHINE L IVE M IGRATION
Virtualization as a concept for isolation and multiprogramming is known since the late 60s [10] [11]. Todays
data center operation more and more facilitates virtual machine live migration as standard solution for load balancing
or physical machine maintenance. In such a setup, a virtual machine (VM) can be migrated during runtime from
one physical machine to another physical machine without
explicit interruption.
This is technically realized through a combination of
shared storage for the VM images and a pre-copy phase,
where differential updates amongst the VM working sets
are transferred until a product-specific stop condition is fulfilled. In the subsequent phase, equivalent to the blackout
phase denoted above, the VM on the source host is stopped
and remaining memory pages are copied over.
The movement can take place not only because of load
balancing or hardware maintenance demands, but also as a
reaction on hardware error conditions detected by the environment. In most cases, this implies a rollback to and recovery from the last fault-free state of the whole virtual machine. When the suspend / resume cycle is triggered after
the actual error state started to be detectable, the recovery
scheme implements a classical reactive migration. Unfortunately, reactive migration often cannot be applied to services provided with soft real-time constrains, as the downtime involved might violate given service-level agreements
such as maximum service latency or maximum number of
dropped requests per client. The alternative pro-active recovery scheme proposed by us would move the virtual machine away to another physical host before a failure occurs
[12].
The migration time here is the time from requesting the
hypervisor to migrate the VM until the tool chain reports
the successful migration. The blackout time is the period
where the VM is not responsive to network I/O due to the
migration. The latter needs to be significantly smaller than
the migration time in order to fulfill the live property of migration. In order to obtain a quantitative statement for the
worst-case live migration time, we conducted a large set of
experiments with both artificial and benchmark-based load
generators. Total migration time was measured by captur-
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ing the runtime of the product command-line tool that triggers a migration. Downtime was measured by a high-speed
ping (50 ms) from another host, since the virtualization
products do not expose this performance metric by themselves. The downtime is expressed as the number of lost
Ping messages multiplied by the ping interval. All tests
were executed on hardware provided by the HPI FutureSOC lab – 8-Core Intel Xeon E5540 at 2.53GHz, 12GB
RAM per machine, 2 Gigabit-NICs for the migration link
and the external link. All measurements were performed
both with Windows Server 2008 and Linux 2.6 installations
in the guest. All machines were configured with one virtual
CPU and a varying amount of (virtualized) physical RAM.
In all cases, the virtualization guest tools / drivers were installed. Our study covered the hypervisors from VMWare
ESX 4, Xen 3, and KVM.
Live migration, as every performance-critical software
feature, is influenced by a multitude of hardware / software
factors. We are aware of the fact that new product versions,
node and networking hardware as well as special optimization switches can lead to better or worse results. Nevertheless, the point of our investigations is to identify major
worst-case influence factors when using live migration for
dependability purposes.
In the first experiments, we performed at least 10 migrations per CPU utilization degree in the guest system, as
shown in Figure 3. The measured results showed a 95%
confidence interval of not more than -/+ 1s derivation in
the migration time for all load values. This proves the migration to be independent from CPU load factors, since the
hypervisor reserves enough computational capacity for its
own purposes.

Fig. 3. Migration time under guest CPU load

Other experiments investigated the influence of dirty
page generation on migration time. We used a small dirty
page generation tool, which modifies a locked set of memory pages in a round-robin fashion during the live migration. The experiments are based on the hypothesis that the
dirty page rate forms a relevant independent variable for
migration time. This assumption is reasoned by the precopy approach applied in standard live migration facilities,

Fig. 4. Migration time under page modification load

Fig. 5. Blackout time under page modification load

were pages modified after migration start must be transmitted again, or must be deferred to the blackout phase. Products like Xen identify the write attempts by emptying the
shadow page table entries at the beginning of each round
[13].
Figure 4 shows that for an increasing page change rate,
all products have a fast ramp-up in the relative migration
time. At a product-specific rate of dirty page generation,
all products switch the memory transfer policy so that the
overall migration time decreases again. An investigation of
source code and personal communication with vendors confirmed that this is reasoned by a shift of the affected memory regions to the blackout phase of the transfer. This can
also be acknowledged by the according increase in blackout
time in these cases, as shown in Figure 5.
In order to obtain a deeper understanding of the related influence factors in dirty page load, we performed
experiments with different parameter combinations for the
amount of modified memory and the page modification rate
per product. Figure 6, 7 and 8 show contour plots for the
different combinations and the resulting migration time.
All frameworks have their own similar contour shapes
for increasing virtual machine memory size, however, both
Xen and KVM show linearly increasing migration times in
this case. This seems to proof that VMWare purely focuses
on the transfer of modified pages, since the configured vir-
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tual machine size has no relevant influence at all. There is
only a small influence of the amount of modified memory
to the migration time, which could be simply reasoned by
dirty page testing overhead.
The other two products seem to ’give up’ from a certain
modification rate, by starting larger memory block transfers without deeper consideration of its modification state.
The contour plots show that Xen, from the modification
rate threshold point, at least still shows a dependency to
the amount of memory allocated by the load generator, even
though the increase rate is much higher than with VMWare.
The migration time in KVM ,from the threshold point, starts
to depend on the virtual machine size only. Additional
’zoom-in’ experiments showed in a 95% confidence interval that this rapid increase in the migration time for Xen
and KVM is a consistent property of the products.
The shift in the behavior of Xen and KVM can be explained by the documented stop conditions for the pre-copy
phase in these products. For normal operation of live migration facilities, it is assumed that only a few numbers of
pre-copy rounds are necessary. As an example, the precopy phase of Xen stops (1) when a small-enough amount
of memory is left on the source or (2) if an upper limit for
the transferred data was reached or (3) if the time taken
gets too long [14]. The latter factor is measured in number of pre-copy rounds. If the modification rate reaches
a threshold close to the link speed, the pre-copy phase is
only stopped by the second condition, so that the amount
of transferred data becomes a multiple with the VM size.
VMWare seems to have a smoother handling of the different load factors in a live migration setup here.
In sum, it turns out that all virtualization stacks provide
a suitable amount of deterministic behavior and worst-case
migration performance. Confidence intervals for the measurements taken never dropped below the 90 % threshold.
Live migration therefore seems to be ready for prime time
in reliable large-scale server operation. This is underlined
by the fact that blackout time – the crucial factor for not
sacrificing service performance agreements – also stays in
acceptable boundaries. Under extreme circumstances, migration time can go up to 300 seconds, while the average
cases with light load vary between 10 and 30 seconds. This
fits into the time frame given from the fault model examples, which makes virtual machine migration a more than
feasible solution for proactive failover. A side aspect not
targeted here are legal issues coming into the game when
virtualization products perform automated migration decisions. Currently, the virtualization products vendors avoid
such functionalities as default setting, in order not become
liable for broken service level agreements arising from malfunctioning migration features.
VII. S UMMARY
We investigated the applicability of virtual machine live
migration for proactive failover in a two-step process.

First, we introduced a generalized methodology for ranking
proactive failover approaches, based on the assumed fault
model and the failover system level. In the second step,
we analyzed some results from a large-scale live migration experiment to prove the suitability for avoiding failures
due to non-correctable memory hardware errors. The three
investigated virtualization products show their worst-case
migration time under specific dirty page load conditions.
The worst-case point heavily depends on a combination of
memory load factors and product types, which shows that
both application-specific and virtualization product-specific
stress tests are necessary for a true availability improvement
through virtual machine live migration.
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Fig. 6. VMWare migration time with varying dirty page load.
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VIRTUALIZATION IN LEARNING PROCESSES – A COMPREHENSIVE
CONCEPT TOWARDS MULTIMEDIA BASED EDUCATION
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MOTIVATION

ABSTRACT

The current knowledge societies make Lifelong
Learning necessary, as there is a constant need for welleducated people in the field of science, industry and
economics. Furthermore learning and teaching are not
strictly separated anymore. New media types like
collaborative online platforms encourage users of different
educational backgrounds to join forces for the purpose of
collecting and managing information. Phenomena like the
free encyclopedia Wikipedia or the wiki-based network of
so-called fansites Wikia continue to keep an active user
community for keeping the content up-to-date.
Lifelong learning means providing opportunities for
people to learn throughout their lives so that knowledge
and skills can be developed and improved continuously.
This enhances social inclusion, competitiveness and
employability. These needs are useful for both
professional development and personal fulfillment. In
regards to the concept of a learning cycle this method
even includes the ability to pass knowledge or skills on to
others in an understandable manner.

Nowadays sophisticated society requires latest
knowledge in job-related and scientific environments and
therewith constant learning opportunities. Traditional
learning concepts are insufficient for these challenges as
they are mostly limited to certain groups of learners.
Moreover learning in its traditional form of attendance
learning is bonded to physical limits of time and place. In
the years to come this kind of acquiring knowledge will be
enhanced or even replaced by virtual learning
environments. The paper introduces the concept of the
virtualization of learning processes demonstrated at a
virtual university. Proceeding from the motivation and
conditions to build up virtual learning environments we
focus on the current state of work.
Virtualization in this research area is primarily
defined by the organizational form and the learning and
teaching schedule. A range of courses or degree programs
for training and further education purposes is offered by
either a single actual educational institution or an alliance
of institutions. This offer builds a so-called “virtual
university”. Synonymously terms like Distance University
or Internet Online University are commonly used.
This paper focuses on virtualization in learning
processes, demonstrated on the model of a virtual
university. Starting by pointing out the motivational
aspects we then clarify the basic necessary terms ELearning, Blended Learning and Virtual University.
Following we introduce and discuss the concept
highlighting different projects that were and are
successfully realized at the University of Rostock. Those
projects that contribute to the Virtual University are
Media Based Junior Studies, International Education
Armenia and Computer Engineering Online. They all will
be presented in the context of Lifelong Learning.

STATE OF THE ART
Distance learning
Distance learning itself is not an innovative concept
and has been accepted in the academic education for
several decades now. For instance, the training institution
FernUni Hagen in Germany offers distant degree courses
since 1974. The predominant way to realize a learning
process in absence of any learners was based on
distribution of a script. The development of new
techniques and methods led to different ways of providing
learning content: besides offline-based means like CDs,
CD-ROMs or video or audio tapes. The Internet brought a
range of interactive possibilities like learning platforms
with features for collaborative working experiences via
chat, wiki, message board etc.

E-Learning

1
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Nowadays, the term E-learning isn‟t used only in the
professional discipline [UL04,RZ09, Sch06]. E-learning is
well-integrated in the education sector and often used in
projects. The semantic of the term E-learning is manyfaceted and changes from time to time. This reflects the
current literature. The meaning can be summarized as
E-learning is learning and teaching preprocessed with
didactic-pedagogic principles supported with online and
offline media. These technologies allow storing and
transmitting of text, pictures and sounds.
Nowadays the term E-Learning contains all kinds of
electronically aided learning or teaching via a specific
media that is based on information or communication
technologies.

Virtual University
A Virtual University (VU) represents a facility that
provides different learning and teaching arrangements on
the basis of E-learning processes independent from time
and place via internet. The term “virtual” refers to the fact
that a course is not taught in a class room but through an
alternative mode that features a characterization linked
with tuition. Thus participants do not need to frequent the
learning facility physically in order to learn. Virtualization
is especially defined by the organizational form as well as
the learning-teaching-course that appear offered by both
single real institutions and a combination of institutions
offering a range of courses or fields of study via Internet.
Synonymously a VU is also named Distance-, Online- or
Internet-University.

Blended Learning
E-Learning allows different usage of media and
methods for a learning process. This join together and
mixing is state of the art. But the integration of modern
communication and information technologies in the
learning and socializing is an actual field of research.
Blended Learning is deduced from “to blend”. In
conclusion it means mixed learning often called hybrid
learning. Main objective is the didactic useful Relation of
face-to-face teaching and up-to-date electronic learning
concepts. The different learning methods were completely
mixed, so that the advantages united and avoid the
disadvantages.
Media, learning processes, face to face and online
teaching come together and act together more than the
sum of all parts. This allows the rise of the efficiency and
the learning potential. The learners are socializing in faceto-face meetings. They meet each other and especially the
teacher. Questions and further information can be
explained. The Teacher can react on comprehension
difficulties. With the help of pedagogic support and the
help from each other they are more motivated. The Elearning method helps to process the learning material
with media e.g. pictures, videos, animation, sounds, text,
and simulation for different learning type. Because of the
independence of time and space the learner can
individually get their own learning scenario. Every learner
can set his own learning speed.
Face-to-face
meetings
have
an
enormous
disadvantage; all participants must be at the same time at
the same place.
All participants of the actual course must be on the
same knowledge level to prevent the loose of the learning
progress. But the individualization gets lost.
With the combination of E-learning and face-to-face
meetings, disadvantages can be compensate and we reach
a higher level of quality. A promising combination means
balancing didactic-pedagogic components. This is a very
complex task and should be only made by special trained
authors.

CONTRIBUTING PROJECTS AT THE
UNIVERSITY OF ROSTOCK
Media based Junior Studies
The Media-based Junior Studies (MbJS)[DTF08,
Schö08], offered by Rostock University since 2008, are an
approach to implement concepts of New Learning Culture
during a specific part of lifelong learning. German pupils
of the secondary school level 2 with good achievements
are offered the possibility to take part in lectures of
Rostock University. MbJS are carried out using a blended
learning approach. Pupils watch the real lecture with
recorded video signal, Powerpoint slides and table of
contents. Support is assured via the learning platform.
Besides the online lectures pupils have the main benefits
are the independence of place and time.
Model international education Armenia
Starting October 2010, the chair of computer
architecture offers a German computer science program
for students of Yerevan State University (YSU). The
project offers a Master degree in Computer
Science/Visual Computing and is supposed to be
expanded in the course of the program. The lectures of the
program are both offered during online phases by Rostock
University and as attendance compact courses. Online
lectures are offered in English, using a learning
management system. Thus, lectures can be studied time
and place independently, individually and repeatable at
home. If students use the offered material independently,
they have the freedom to decide about their actual
attendance at YSU.
Computer Engineering Online
The project Computer Engineering Online includes a
network of North German universities whose aim it is to
design an online-based study program in the field of
computer engineering - with support by the initiative
Virtual College Landscapes North Germany. As a
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contribution to extra-occupational study opportunities this
will be an answer for social challenges referring to the
lack of skilled employees.
Using innovative learning environments will improve
the integration of new results in the field of e-learning
research. Another challenge is the development of a
balanced model in order to take care of sustainability
aspects that are abetted by international focusing for the
future.

costs are low because no interactive scripts must be
generated.
For the first method requires long-term strategy.
Short-term adaption of demands of the market is
inconvertible. Every Offer requires pre-financing to create
the e-content in the planning phase. The flexibility is
restricted because there is a lot of time needed before the
update of the content. All of these disadvantages are less
marked in the second method. Very important is the
knowledge transfer because of the technology progress
and because of a flood of information. Another aim is to
provide the learners with up-to-date knowledge.
The second method can react very fast. If it is clear
what content should be taught a virtual classroom can
initiate the knowledge transfer.
Both methods are used at the University of Rostock
because of the different academic culture and especially
the different usage of multimedia. That is why both
methods will find continuing support.

Different models for distance learning at the
University of Rostock
The further education unit of the University of
Rostock established a distance learning method for master
studies and other modules that aren„t available in the
regular curriculum. The e-learning projects at the faculty
of computer science and electrical engineering use another
method for the digital knowledge transfer. This chapter
shall provide a comparison between both approaches.
The second procedure uses the modern technology of
lecture recording software as an integrated system with
presentation slides and additional functions for searching
and navigation through the content. Recorded courses are
added to the repository and/or live broadcasted to the
audience with the help of video streaming technology.
Thus, students can replay the video as often as they like
with free software and particular add-ons. This procedure
contains a virtual classroom, which means a learning
environment like a virtual chat room. Recipients from all
over the world can participate at lessons and lectures
remotely with their own computer or mobile device, but
within the community of a class. A very important aspect
is the technical and the subject-specific support to reduce
the inhibition level and promote the learner individually.
Both models can be integrated in the blending
learning situation and provide comprehensive support.
Both offer complete courses of studies, groups of modules
and single modules for further education. The source for
the learning content is the curriculum of the University of
Rostock and additional content. This requires further
examination rules and study regulations. The first
procedure needs a long-term preparation, because the
author needs a lot of time to write down the scripts and
this reflects in the costs. An important disadvantage is the
actuality of the content especially the technical
innovations.
The second procedure synchronizes the learning
content (videos and add-ons) with the real life lectures.
The costs and effort for the authoring of the learning
content is very low. The e-content is up to date because
the lectures can be recorded every semester. The effort for
the Author isn‟t too much because he can use the actual
regular lectures. But to minimize the work students can be
assist the recording. New offers, that aren‟t in the
repository should be captured by compel the authors. The

CONCEPT
Technical infrastructure
This chapter is about the technical part of the virtual
university. Students are encouraged to organize their
courses and the learning content in a personal learning
environment (PLE) which is the basis of the
infrastructure. This starts with the registration for the
chosen course. Then learners are able to use all the
software tools to cooperate and collaborate with the other
participants. Furthermore individual relationships and
connections between students of a course can be
established with the help of a social profile. This
prominent feature that is commonly known from social
networking sites fosters the teamwork performance.
The e-content includes all the different learning
methods and media types of a lecture. A first method
focuses on traditional scripts that are rehashed in elearning modules. The disadvantage of this kind of
content is the complex and sophisticated process to update
it. The second method of content authoring is the lecture
recording. With the help of mainstream hardware and
special software, any audio and video information as well
as the slides can be synchronized and published in the
PLE. Remote students may see and hear most of whatever
a regular attending student experiences in the real lectures.
Moreover the software allows replay the lecture as many
times as a student wishes. The navigation control is very
simple and similar to a video recorder. The remote learner
can seek to every position of the lecture file. To support
the synchronous phase of the learning process, the virtual
university integrates web conference systems in the PLE.
This software allows the sharing of the lecturer‟s desktop,
his slides or an editable whiteboard to all remote
participants. Presenters and learners are able to
communicate with each other via webcams and headsets.
3
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This is a very useful feature to motivate all participants of
the learning process. As the software is browser-based, all
requirements are a browser and an Internet connection.
Even tests and questionnaires can be realized with the
system. A complex role and rights management allows the
host of a meeting to prevent malpractice. And to enhance
the regular learning process all participants can take
advantage of additional software tools like wikis, blogs
and forums.
For future researches the developments in augmented
reality look promising. A suchlike feature would allow the
users to immerse in a brand new learning scenario. The
content is related to the actual environment of the learner.
This could improve the motivation and is more practiceorientated and hence ready-to-use. With the help of a fully
shaped object in front of the learner the optimizing and
editing of the related article can be easier to understand.
A new research area is the gamification. In this
context this field is similar to game based learning. Tasks
that is mostly tedious for the user would get an interesting
add-on. Simple games within the graphical user interface
keep the learner motivated and intensify the use of the
personal learning system. There are different awards for
different abilities and learning levels so that a ranking
system for all learners is possible.
Regarding special practical lectures there will be a
remote lab system. Examples for appliance would be
measure of wind speeds in physics or experiments with
dangerous substances in chemistry courses. The remote
lab shall be easy to import and have realistic and practical
experiments - not only animations or videos for that kind
of scientific studies.
However, the PLE doesn‟t only consist of many addons. It also has to realize several interfaces with other
standards of learning content. It should be able to integrate
SCORM or IMS packages and to convert special learning
dialects like eLML or <ML>3. As a special feature for
addressing the cultural aspects of international learning
<ML>3 [GR09,UL03] comes with a valuable add-on
functionality.

Pedagogic support should be given by the author of
the learning content. Here we want to give a short
description about the organizational task in relation to the
didactic model (the structured model for mobile blended
learning).
The first phase starts before the beginning of the
semester. After students register at the virtual university
they get an online account for the personal learning
environment. Online socialization begins with the
completion of individual user profiles in the system. The
learners have the chance to work with the software and
test their technical skills. After that they meet their fellow
students. Basic educational content is provided within the
personal learning environment to work on individual
deficits before the students start to receive their regular
lectures. Beforehand the lectures have been recorded with
special software and hardware, to ensure that the
synchronicity of audio and video content to related slides
is maintained. Additionally different exercises and
examples can be constructed with the integrated tools of
the PLE e.g. multiple-choice tests, matching tests. The
lecturer can interactively work with the participants of the
course to keep up the motivation. In an attendance phase,
the received theoretical content of the lectures gets applied
in practical exercises. The result should be the
construction of deeper knowledge. To reach this goal,
face-to-face communication during personal attendance is
important and additionally featured within the
communication system. Add-ons like chat, wiki, private
message and forum allow a lot of collaborative work
between the learners and teachers. For example, if the
wiki is used, students can build teams and work together
to solve challenges. The tutors support the learning
process and are able to check the results. Knowledge
construction should lead to applicable knowledge, leading
to the postphase. The complexity of exercises will
increase, adopting more and more situations where the
knowledge can be applied in future.
Didactics
From a didactic point of view all learning is not just
seen as the result of teaching. Learning and teaching are
interdependent parts of learning processes.
Different didactic models [Nö04; GS04; DDT09]
have been used to build an efficient learning structure in
E-Learning projects. Mostly blended learning as a
practicable method is integrated. A very interesting
didactic model is the structured model for mobile blended
learning. This is separated into three phases called
prephase, attendance phase, postphase. These are the
basics of the organization of the whole construct. The
three phases have different and distinctive functionalities.
First the different prior knowledge of the learners is
brought to a comparable level in the prephase. In the
meaning of a virtual university following tasks must be
practiced access to the virtual learning environment,

Organizational aspects
The virtual university can offer a lot of studies that
have no practical parts in their curriculum e.g.
mathematic, law, business studies, and computer science.
Separating the infrastructure to manage students,
content and the curriculum is useful because the study
administration and engineering department differs from a
regular university. Some sections should be intensified
especially because the student doesn‟t visit the office to
have answers about her studies. A virtualization of the
management structure isn‟t realizable in the near future.
Real offices and office employees must be in place.
A very important fact is the acceptation and
certification of the academic achievement at different
universities to raise the attraction.
4
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motivation for the learning method, socialization with the
other participants, information exchange. In phase 2
(attendance phase), new knowledge is constructed with
the help of information exchange and knowledge
construction. The attendance in this phase is of special
importance for the knowledge construction process and
therefore not facultative. Constructed knowledge gets
applied in the postphase. Now passive knowledge gets
transformed into active knowledge. The learner learns to
apply declarative knowledge in actual situations in order
to solve problems. Different exercises chosen by the
teacher or lecturer are used to train professional fields of
application. Both professional and methodological
knowledge get applied in this phase.
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POTENTIAL
We see a high potential in a “Virtual University of
Rostock”, as this concept provides a chance to connect
projects in a special institution that can be seen as an
outsourced part of the university.
This concept helps to dramatically reduce any kind of
redundancy in the university‟s E-Learning activities,
because it combines the expertise of all the participating
projects
Realization of an educational institution in the
University of Rostock
Both of the above- mentioned processes are different
in the effort and the financial costs but both are
practicable methods.
As a future prospect we find that a virtual university
needs structured processes to design customized and
optimized study programs and offers for different target
groups of recipients
CONCLUSION
In this paper we discussed a concept for a virtual
university. First we pointed out the meaning of lifelong
learning in information societies. Then we defined our
idea of E-Learning and Blended Learning and focused on
advantages of those approaches. That was followed by an
overview of our recent projects that helped us to gain
expertise in the field of blended learning scenarios for
different target groups: the Media-based junior studies for
pupils, International Education Armenia for remote
students and Computer Engineering Online for extraoccupational further education. Thus, we aim at the
development of an innovative learning life cycle for wide
audiences. We therefore use a combination of state-of-theart technologies for enhancing individual learning
processes. Our system not only supports the time- and
location-independent aspects of E-Learning (Blended
Learning), it also focuses on a high degree of mobility for
all recipients.
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technological issues of batteries for EV (Electric Vehicle)
application (Suh, N. P., 2010, Suh, I. –S., 2010). The key of
this technology is that it enables EV to be charged
whether it is in motion or at a stop by utilizing the
inductive power transmission principal. The cables
installed under the roads generate magnetic field and
current is induced by this field in coils of pick-up device
mounted under the vehicle. With power supplying cables
installed in the amount of 20% of total driving distance,
OLEVⓇ can collect power with more than 80% of power
transmission efficiency, at 20 cm air gap (Suh, 2011). This
technology enables OLEV Ⓡ to keep the same level of
driving performance with conventional EVs with just one
fifth of typical EV’s battery capacity requirement. Supply
of electric power by non-contact magnetic induction, which
is developed by KAIST, can refer to the new technology to
overcome the limitations of capacity and energy density of
the secondary battery. Schematic layout of this bus and its
related components are shown in Figure 1.
Electric power from the power inverter is supplied to the
power line and generates time-varying AC magnetic field.
This magnetic flux then induces current in pick-up coil.
Induced electric power goes to the battery and is mainly used
in motor, HVAC (Heating, Ventilation and Air-Conditioning)
and brake system while charging the battery in the vehicle.
For a successful EV introduction to mass market, it is
imperative that the vehicle is capable of meeting the
customers’ expectations on driving distance and still
having other functions work as conventional cars do.
Main obstacle to this goal has always been the lack of
storable energy in a battery. Since the battery size is not
big enough to store the amount of energy required to
execute all the necessary functions of a conventional car,
power management is one of the most critical issues when
it comes to EVs. The second largest power consuming
part of cars is air-conditioning system. For example,

ABSTRACT
Battery issues like weight, cost, charging time and
infrastructure have been major obstacles to EV (Electric
Vehicle) introduction. As a solution, KAIST introduced the
new concept of on-road wireless charging technology, called
OLEVⓇ (On-Line Electric Vehicle). In the application of
the technology efficient power management, especially
with HVAC (Heating, Ventilation and Air-Conditioning)
system in electric vehicles remains as yet to be solved, in
view of continuous and efficient energy management
operating on the electrified road.
In this paper, control algorithm of HVAC system power
management for OLEVⓇ is introduced. The main purpose is
to control the amount of power being consumed by HVAC
system so that it does not affect any key performances of a
vehicle in terms of driving distance and speed. Specifically,
the algorithm makes sure that HVAC consumes no more
than 20% and 25% of instantaneously available power for
air-conditioning and heating respectively by controlling the
output from HVAC system, while maximizing the HVAC
performance as a customers’ perspective.
We developed a proper set of dynamic models and
control algorithms for HVAC system linked together with
OLEVⓇ system operation. With these models, simulations
have been carried out to verify that this algorithm leads to
improved driving distance of OLEVⓇ.
INTRODUCTION
In recent years, electrical vehicles (EVs) have been
considered as one of the green technologies that could be a
key solution to global energy depletion and green house
effects. Especially, many automotive manufacturing
companies are trying to make efforts to introduce new
concepts of transportation including alternative energy
vehicles, which can reduce the dependence on fossil fuels as
well as the environmental pollution caused by conventional
internal combustion vehicles (Suh, 2010).
OLEVⓇ (On-Line Electric Vehicle) is a new concept
of electric vehicle, which can provide solutions to the current

according to i-MiEV
from Mitsubishi, the driving
distance at one charge reduces by 30 - 40% with the airconditioning system operating (Kam, 2010). Lower the
power consumption from HVAC, more power can be
allotted to the driving motor which will lead to better
Ⓡ
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performances. Thus, it is important that accurate and
efficient power control algorithm is applied to the HVAC
system.

simplified description of the cooling and heating system
will be explained in the following sections.

OBJECTIVE

The cooling cycle is composed of a compressor, a
condenser, an expansion valve, an evaporator, and a fan
(Park, 2010). The scroll-type compressor operates with
the polytropic process in a single superheated vapor state.
An evaporator for exchanging heat with bus cabin is the
fin & tube type heat exchanger model by parallel cycle.
Using NTU (Number of Transfer Units) method, the rate
of heat transfer and outlet temperature of the evaporator
can be calculated on the conditions with different layout,
size, and mass flow rate of heat exchanger (Barreto, 2008).
Thus, the heat transfer between the evaporator and the
cabin can be calculated from the temperature difference of
the evaporator inlet and outlet.

Cooling Cycle

The layout of power management of HVAC system is
schematically shown in Figure 2. The main idea of this
management is that the system determines a maximum
power value allowed for HVAC system to consume. This
maximum value is variable depending on battery SOC
(State Of Charge) and pick-up power. Larger pick-up
power and higher battery SOC will result in larger amount
of power allowed for HVAC system. Here, value of
battery SOC is a matter of vehicle’s driving mode. The
change in SOC levels will be affected by the road grade,
power supply and pick-up on the powered track, and
vehicle dynamic performances during vehicle operation.
Hence, it is necessary for the power management system
to check these parameters accurately and determine a
valid allowable power for HVAC system operation.
The main parameters considered in this algorithm are
target cabin temperature, power consumptions from each
component, transferred power from the road, battery SOC
and HVAC operation mode. The controller makes sure
that HVAC system only consumes 20% and 25% of the
available power for air-conditioning and heating
respectively and still maintains the target cabin
temperature. A set of dynamic models of vehicle were
designed in our previous study (Park, 2010). These
models include velocity profile of a vehicle, motor,
battery, pick-up and HVAC system. This control
algorithm was then applied to these models and
simulations were carried out to verify that an OLEV Ⓡ
vehicle is capable of keeping both the expected driving
distance and target room temperature. The specifications
of an OLEVⓇ bus used in this study are summarized in
Table 1. Models were designed according to these
specifications in our previous study (Park, 2010).

Heating Cycle
The heating cycle is composed of a compressor, a set
of PTC heaters, a plate-type heat exchanger, and a heater
unit. This cycle operates in a way that heater unit
exchanges heat with cold air in cabin and this heat
exchanging process is executed in condenser with
refrigerant (Won, 1999). Additionally, from the
evaporator waste heat from motor and electronic
components of a vehicle is collected and is provided to
compressor (Naid, 2005).
Specifications of HVAC System
Target power specifications of HVAC system are
summarized in Table 2. Table 3 describes the component
design specification to meet the requirement of cooling and
heating performance for the OLEV bus application. Air
conditioning (or cooling) and heating system are targeted
to have 24 kW and 26 kW of cooling and heating load
respectively and power consumption of 28 kW and 26 kW
for air conditioning and heating respectively. Refrigerant
for the application here is R-134a.

HVAC SYSTEM DESCRIPTION

Control Algorithm

HVAC system is composed of heating cycle and airconditioning cycle. Air conditioning system and heating
system are targeted to have 24 kW and 26 kW of cooling
and heating load respectively. Refrigerant used here is R134a. Figure 3 shows the HVAC combined system layout
in this study. The upper schematics diagram in Figure 3
shows the cooling system operation, which is composed
of a condenser, a set of radiators, an electric motor to
drive a compressor, and HVAC interface module inside
the vehicle cabin. The lower one shows the heating system
operation utilizing PTC (Positive Temperature
Component) heater. The complete system is operated with
purely electricity by a single common electric motor. A

This control algorithm of HVAC system power
management automatically adjusts the operation mode of
HVAC based on two types of data; available power and
room temperature. Higher level operation mode consumes
more power and results in larger change of heat ( ∆Q )
during the cyclic operation of heating and cooling. This is
summarized in Table 4. In air-conditioning operation,
heating load capacities are actually calculated as 12 kW
for level 1 operation, 18 kW for level 2, and 24 kW for
level 3.
Basically, the algorithm makes judgments whether to
maintain or downgrade the current operation level based
on the feedback data of available power. If the required
power for the current HVAC operation level is bigger than
20% and 25% of the total available power in case of air2
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conditioning and heating respectively, the controller
automatically downgrades the operation level of HVAC
so that the vehicle has sufficient power to be driven at any
time. The operational level change is based on available
battery and pick-up power while estimating the required
power for HVAC operation, and the desired operational
level of HVAC is controlled based on the feedback loop
of control input based upon the cabin temperature.
However, it should be noted that this is executed only
under the circumstance where the vehicle has sufficient
available power to operate HVAC at any level and
whenever the driver wants. With the feedback of room
temperature data, the controller automatically downgrades
or upgrades the operation level to maintain the target
room temperature commanded by the driver. The
necessity of this control criterion comes from the fact that
the electric power should not be wasted by unnecessary
operation of the air-conditioner or heater possibly caused
by the driver’s higher demand on heating and cooling
performance. Block diagrams that schematically show
how the algorithm works are shown in Figure 6 and
Figure 7.

As marked in Figure 8, the controller is consisting of
power controller part and temperature controller part.

MODELING

Drive Mode

Power Controller Part
The power controller part works in a way that it keeps
receiving the data of power consumption from the drive
motor, power being supplied from the road and battery SOC
and then decides whether the vehicle has enough power to
operate the HVAC system at the commanded operation level.
If there is not enough available power, the controller
automatically downgrades the operation level which will
require less power to operate. This downgrading process is
done by controlling the compressor and blower fan for
cooling system and PTC and heater unit for heating system.
Temperature Controller Part
The temperature controller part works only under the
circumstance that the vehicle has enough available power to
operate HVAC system at any level. With the feedback room
temperature data, the controller automatically downgrades or
upgrades the operation level to maintain the target room
temperature.

In this model, road infrastructure of powered road
system installed at KAIST Mun-ji campus is applied. This
route is 815 m long and power cables are installed under the
first 340 m.
The drive mode of the bus in this course is called ‘Munji Drive Mode 1.’ Its velocity profile is shown in Figure 10.

With the models designed in our previous studies,
HVAC system controller was designed and applied using
MATLAB SIMULINKⓇ (Park, 2010).
With the data from pick up (1), battery (2) and motor
(3) as shown in Figure 8, the controller calculates
available power at every time step. The controller receives
the data of collected power from pick up (1), battery SOC
data from battery (2), motor power consumption data from
motor and current room temperature data from cabin (4).
With these input data and algorithm explained above, the
controller comes up with appropriate HVAC operation
level at every time step.

SIMULATION
In order to verify that designed models are reliable and
legitimate and see whether this controller operates as w
expect, simulations were carried out using MATLAB
SIMULINK Ⓡ . We carried out separate simulations with
and without the power-managing control algorithm
applied to see how this system can improve OLEV Ⓡ ’s
performance in terms of driving distance.
We assumed a winter environment with ambient
temperature at −10°C , initial room temperature at −15°C
and target room temperature at 20°C . Simulations have
been performed until t = 1500 seconds, which correspond to
5 laps of duration on KAIST Mun0ji Campus drive mode.

HVAC System Power and Temperature Controller
Figure 9 shows a complete set of dynamic models
with the control algorithm applied. The set is composed of
drive mode model, motor, pick-up, battery, HVAC system,
BMS (Battery Management System), bus, cabin and
HVAC system power and temperature controller. Drive
mode model sends vehicle velocity to the motor model,
and motor power consumption is calculated in the model.
At the same time battery, pick up and cabin block send the
battery SOC data, the collected power data and the room
temperature data respectively to HVAC system’s power/
and temperature controller. With these feedback data the
controller determines the operation mode of HVAC
system and sends the control signal to HVAC system to
operate. As a result, room temperature data and HVAC
system power consumption data is updated at every time
step.

Simulation without Power Management

In this simulation, no control algorithm of HVAC system
was applied. We varied the operation level of the heater
randomly, level 3 for the first 3 laps, level 1 for the fourth lap
and level 2 for the last lap. As the vehicle completes a single
lap, battery SOC level rises first and then drops. This is
because power is supplied from the road in the first 340 m of
the routine. As a result of completion of 5 laps, battery SOC
level increased by approximately 3% as shown in Figure 11.
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do. Hence, this work has opened up a possibility for EVs
to compete with internal combustion vehicles in terms of
performances like speed, driving distance, cost, time and
so on while keeping its most important concept, ecofriendliness.

Simulation with Power Management

In this simulation, the control algorithm we have
introduced so far in this paper was applied. As the initial
room temperature ( −15°C ) is far below our target
temperature ( 20°C ) the heater starts with level 3
automatically. From Figure 12, we can see that battery SOC
level variation shows a similar trend. However, this time,
heater operation level is generally lower because it is keep
being adjusted based on how close the room temperature is to
the target temperature. As a result of completion of 5 laps,
battery SOC level increased by approximately 8% with the
control algorithm applied. Figure 13 shows the resultant
room temperature variation.
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CONCLUSION

Control algorithm of HVAC system power management
has been developed and evaluated in this paper. With the set
of dynamic models of OLEV Ⓡ including drive mode,
power drive system, pick-up device, room environment
and HVAC system, HVAC controller has been applied.
This algorithm is executed by adjusting the operation level
of HVAC system; higher level operation mode consumes
more power and results in larger change of heat ( ∆Q ). By
this, we can control the power consumed by HVAC
system and room temperature.
Specifically, the algorithm makes sure that HVAC
system consumes no more than 20% and 25% of the
available power in case of cooling and heating respectively
by controlling the output from HVAC. Furthermore, the
system controls the output of HVAC system based on the
room temperature concomitantly to prevent any waste of
power due to driver’s negligence
To verify that this power-managing control algorithm is
able to enhance the performances of an EV in terms of
driving distance and maximum speed or acceleration, we
carried out simulations with and without this algorithm
applied. In the simulations, Mun-ji Drive Mode 1 was
applied and we drew out the results of the completion of 5
laps. The application of this controller resulted in 5% higher
battery SOC level. Since the vehicle does not run faster than
20km/h in Mun-ji Drive Mode 1, motor itself does not
consume power large enough to critically decrease the
battery SOC level. However, in cases where the bus runs
much faster, this 5% increase of resultant battery SOC level
would be a big difference to the maximum speed or
acceleration as well as driving distance of OLEV Ⓡ. Since
chief obstacles to EV introduction are all about batteries and
power, efficient power management, that is to save power as
much as the vehicle can, is definitely the key to the
enhancement of EV performances.
With this control algorithm applied to the power
management system, the OLEVⓇ bus will be capable of
meeting the customers’ expectations on driving distance
and still have other functions work as conventional cars
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Fig. 1 Schematic layout of OLEVⓇ system operation
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Fig. 3 HVAC system architecture for OLEV application;
cooling (upper) and heating (lower)

Fig. 2 Schematic layout HVAC (Heating, Ventilation and AirConditioning) power control

Table 1 Specification of an OLEVⓇ
Specification
Bus

Seats

45

Capacity

20kW

Super-

Max. voltage

720V

capacitor

Continued current

150A

Type

Li-polymer

Voltage

620V

Rated capacity

60A

Energy

37.2kWH

Fig. 5 Heating cycle

Induction

Table 2 Target power specification of an OLEV
Cooling
Heating

Pick-up
device

Battery

Type
Motor

Fig. 4 Cooling cycle
5

motor

Rated Power

240kW

Efficiency

above 93%

Max target
power

28 kW

26 kW

Less than 20%

Less than 25%

of

of

consumption
Target power
consumption

available

power

available

power

Target
COP(Coefficient

1.6

of Performance)

5
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Table 3 Specifications of HVAC system components
Compartments

Key specifications
Model:

Cooling &
Heating

Copeland ZR190KCECompressor

TW5
Work for cooling: 12kW
Work for heating: 8.35kW

Condenser

40kW
5EA,

Condenser fan

Cooling

blade#8,

Φ313mm,

Fig. 7 Control algorithm block diagram of heating

Efficiency: 78%

Expansion valve
Evaporator

Power

consumption:

operation cycle

20W,

Operating pressure: 35bar
28kW

Evaporator blower

8EA, 352

165

140mm3,

Efficiency: 78%
2EA, Motor power: 200-400W,

Water pump
Heat exchanger
(evaporator)
Heating

Fig. 8 HVAC system controller model

Capacity: 60lpm

Heat exchanger
(condenser)

41.7kW

26kW

PTC heater

2EA, 6kW

Heater unit

7EA, Heating capacity: 3.25kW

Table 4 Required HVAC power consumption on different
operation levels
Air-Conditioning

Level 1

Level 2

Level 3

12 kW

18 kW

24 kW

13 kW

19.5 kW

26 kW

(Cooling Load Capacity)
Heating

Fig. 9 HVAC controller applied OLEVⓇ model in
SIMULINKⓇ

(Heating Load Capacity)

Fig. 6 Control algorithm block diagram of air-conditioning
operation cycle
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Fig. 10 ‘Mun-ji Drive Mode 1’ velocity profiles

Fig. 13 Room temperature variation

Fig. 11 Power consumption and SOC level change by
HVAC system operating without control algorithm

Fig. 12 Power consumption and SOC level change by
HVAC system operating with control algorithm
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ABSTRACT
As a solution to the battery issues in EV (Electric
Vehicles) introduction to the market, KAIST has introduced
the new concept of electric charging technology, an OLEVⓇ
(On-Line Electric Vehicle) system. The magnetic
resonance phenomena with optimized inductive magnetic
shape has been applied to maximize the power
transmission efficiency with enough power capacity to
drive the traction motors, so that EVs can be charged
while the vehicle is in motion or at stationary. Optimized
construction of road electrification is required to
implement this technology in view of minimizing the road
infrastructure investment while maintaining enough
charged energy storage for continuous operation of EVs.
The design variables for OLEVⓇ applications includes the
battery energy capacity, powered track length and traction
motor size under given operation conditions of closed
operation travel route, vehicle specification, battery
specification and traction motor performance etc.
In this paper, an algorithm and program development
process is presented focused on optimizing the design
variables in road electrification as well as the EV
specification in closed route application. The optimization
process is to minimize the road electrification so that EVs are
capable of operating continuously and can have enough
instantaneous required power by applying simulation on
several standard driving cycles. Considered factors includes
required instantaneous power, collected power from on-road
power supply, required vehicle performance, battery charge
and discharge rates, and battery SOC (State Of Charge).
Locations and distances of the powered tracks have been
determined in the view of required electric energy and
instantaneous required power for a normal vehicle operation
in an actual road application and on a standard driving cycle.
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=

Froll
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Aerodynamic resistance force,
(N)
Grade resistance force, (N)
Rolling resistance force, (N)
Total traction force, (N)
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Acceleration, (m/s2)
Mass moment of inertia, (kg m2)
Angular acceleration of a wheel,
(rad/ s2)
Effective radius of wheel, (m)
Air resistance coefficient
Air density, (kg/m3)
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INTRODUCTION
As the depletion of fossil energy and green house effects
have become one of the most critical issues internationally, a
lot of studies about green energy and their application areas
are being carried out vibrantly. Especially, many automotive
manufacturing companies are trying to make efforts to
develop new concepts of transportation including alternative
energy vehicles, which can reduce the dependence on
petroleum as well as environmental pollution caused by
conventional internal combustion vehicles (Suh, 2010)
Recently, EVs (Electric Vehicles) like i-MiEV of
Mitsubishi, Leaf of Nissan and Volt of GM have entered
into the mass production market for EVs. Even with such
circumstances where the commercialization of green
transportation is being highly demanded, issues related to

NOMENCLATURE
F

=

Force, (N)
Force for inertial acceleration of
a vehicle, (N)
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batteries, such as weight, price, capacity, charging time and
infrastructure, etc. still remain as obstacles.
In this sense, OLEV Ⓡ (On-Line Electric Vehicle)
developed by KAIST can provide an innovative step to the
eco-friendly public transportation and immediate solutions to
the current technological issues of batteries in EV application
(Suh, I. -S., 2010, Suh, N. P., 2010, Park, 2010). OLEVⓇ
system is composed of the power supply system on the road
and the electric vehicle with power pick-up devices. The
power pick-up can collect electric power wirelessly from
the induced magnetic field generated by the power cables
installed under the roads, while the vehicle is being driven.
As shown in Figure 1 schematically, the power inverter
supplies 100 kW power capacity with 200 Ampere
electricity to the power cable installed under the road,
which generates induced magnetic field with optimized
shape. The pick-up coils attached under the moving
vehicles can collect the magnetic field and convert to the
DC electricity through the rectifiers and regulators inside
the vehicle. The electricity can directly be charged to the
on-board battery or the traction motor (Suh, 2011). The
power inverter standing on road-side is to provide 20 kHz
AC electricity from the commercial grid electricity of 3phase 440V. The system transmission efficiency measured
has been achieved to 83% during the wireless power
transmission, with the air gap of 20 cm for bus application,
where the efficiency measures the output electric power
from the regulator and the input power to the power
inverter. Then power losses in the efficiency measurement
includes from the power inverter, powered cable, power
transmission through the air gap, and power electronics in
the vehicle. With this technology, the OLEVⓇ bus, shown
in Figure 1, is capable of charging its battery while on the
electrified road and able to manage the required driving
power and energy with reduced battery size of 20% of
typical required energy capacity (Suh, 2011).
Performances of OLEVⓇ in terms of driving distance,
maximum velocity and acceleration are very dependent on
the length and location of the constructed powered track.
Thus, it is important to optimize and determine the location
and length of the power lines. In this paper, an algorithm and
program development process is presented focused on
optimizing the design variables in road electrification as well
as the EV specification on closed route application. The
optimization process is to minimize the road electrification so
that EVs are capable of operating continuously and can have
enough instantaneous required power by applying simulation
on several standard driving cycles. Considered factors
includes required instantaneous power, collected power from
on-road power supply, required vehicle performance, battery
charge and discharge rates, and battery SOC (State of
Charge). Locations and distances of the powered tracks have
been determined in the view of required electric energy and
instantaneous required power for a normal vehicle operation
in actual road application and on standard driving cycles.

STANDARD DRIVING CYCLES
For the optimized determination of the distances and
locations of the powered tracks in closed route application
of OLEV Ⓡ application, several standard driving cycles
have been taken as an example studies. The standard
driving cycles, in the form of vehicle velocity over time,
can provide good examples of closed route application of
vehicle travel route especially for public transportation
application such as city buses.
The vehicle’s velocity over time is the basis of
calculation of required power and total electric energy
consumption. These standard velocity profiles are
established, for fuel economy and exhaust emission
measurement for internal combustion driven vehicles,
considering factors like traffic conditions, number of stops,
required performances and so on. In this paper, several
standard driving modes have been reviewed compared
with the measured velocity profile from a local
commuting city bus, then selected the most similar one for
further optimization process.
Currently, UDDS (Urban Dynamometer Driving
Schedule) of EPA, BAC (Business Arterial Commuter),
New York Bus (US), JE05 (Japan) and Braunschweig
(Europe) are being used in heavy-duty vehicle emission
measurement (Edgar, 2003, Sato, 2008). These driving
modes are summarized in Table 1. In Table 1, the
measured velocity profile on Daejeon city bus also has
been added for a realistic example. Those standard driving
modes has been compared with the measured local mode
to choose the most realistic example to the local city
application of OLEVⓇ.
Among these drive modes being used in many areas,
the Braunschweig mode has been selected for further
optimization algorithm development, which is currently
being used in bus emission measurement in Europe,
because those parameters summarized in the Table 1
showed strong similarity with the measured velocity
profile from the Daejeon city bus. UDDS and JE05 modes
showed higher speeds rather than the city bus’ operation,
which has the speed limit of 60 km/h. The New York Bus
mode is close one, but the travel time and distance showed
shorter than the city bus’. In the Braunschweig mode,
vehicle runs 11 km in approximately 1740 seconds with
average velocity of 22.9 km/h and maximum velocity of
58.2 km/h. In Figure 2 and Figure 3, the velocity profiles
for the Braunschweig and the measured Daejeon City Bus
(DCB) modes are shown. In the following optimization
process will utilize these two driving modes which is
helpful in developing the algorithm and calculation
program to determine the proper sets of powered track
installation on the road. The effect of grade resistance can
also be a part of the parametric sensitivity during the
optimization calculation by introducing reasonable ranges
of road grades in the velocity profiles.
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Ftotal  Facc  Fair  Frolling  Fgrade
Prequired  ( Ftotal  v ) / total
total  motor  gear

DEVELOPMENT OF VEHICLE DYNAMIC
MODELING
In order to obtain instantaneous required power at every
time step while an OLEV Ⓡ bus is operating on the
Braunschweig mode, one of typical city bus has been used as
summarized in Table 2. This bus has been built converted
from Diesel-operated to a fully electric vehicle including the
power pick-up devices and other necessary control and
communication devices, in addition to a small energy storage
capacity of 25 kWh of Li-polymer battery.

(5)
(6)
(7)

Simulink Modeling
From the vehicle modeling process above, we
developed a program for optimization of on-road powered
track construction using MATLAB SIMULINKⓇ.
Parameter Setting Panel

Resistance Modeling

Figure 4 is the user interface panel in which a user
can enter or modify parameter values.

The traction power required to drive the vehicle in typical
standard driving cycles are computed by considering the rolling
resistance, aerodynamic drag, inertial forces of vehicle
acceleration, and grade resistance (Jazar, 2008).

Calculation Blocks
Figure 5 shows the calculation blocks designed in
MATLAB SIMULINK Ⓡ . As the ‘Drive Mode’ block
sends the information of the vehicle’s position, velocity
and acceleration, ‘Motor’ block calculates the required
power from the vehicle. Inside the motor block we
designed some of the constraint blocks according to the
specified performances of the motor mounted in an actual
OLEV Ⓡ bus. The maximum acceleration of the induction
motor is limited to 2.0 m / s 2 and its rated power is 240 kW.
Then the ‘Battery’ block calculates the variation of SOC
level as the vehicle consumes the stored electric energy
from the battery for the traction motor.

Inertial Force of Acceleration
Acceleration resistance can expressed as below.
Facc  m  x  i   / r

(1)
However, the second term of Equation (1), which means
rotating acceleration inertia, can be neglected because there is
no transmission and engine crank axis in EVs.
Aerodynamic Drag
As the vehicle accelerates, air resistance increases.
This air resistance is variable depending on the shape and
speed of a vehicle and is expressed as below.
Fair  cw    A  v 2 / 2
(2)

SIMULATION

Here, we set the air resistance coefficient to 0.6 which is a

Simulation Conditions

common value used when it comes to bus.

We put some of the important parameters on the UI
panel shown in Figure 4. The vehicle specification data
from table 1 were applied. Simulations were carried out in
three different conditions in terms of locations and lengths of
power lines, and arbitrary road grades. These conditions are
summarized in Table 2 during the drive cycle of the
Braunschweig mode. In condition #1, there are no power
lines or uphill road. In condition #2, power lines are installed
in three sections but there is no uphill road as in condition #1.
In condition #3, both power lines and uphill road exist. In this
calculation, the power pick-up capacity has been assumed to
be 120kW of power and the gradient angle values are set to
8 identically.
In Braunschweig mode, the vehicle comes to a stop
quite frequently but for only a short amount of time.
Therefore, additional power lines set at locations where the
vehicle runs relatively slow. This is to keep the lengths of
power lines as short as possible while keeping the charging
time as long as possible.

Rolling Resistance
Rolling resistance is present whenever the vehicle is
being driven. It can be expressed as below.
(3)
Frolling  f R  m  g
Normally, when the vehicle runs at a speed below 150
km/h, value of rolling resistance coefficient is
approximately between 0.012 and 0.2.
Grade Resistance
Along with resistances described so far, grade resistance
hinders the drive of a vehicle and is related to the gradient
angle of a hill. This is expressed as below.
(4)
Fgrade  m  g  sin 
Traction Power Calculation
This calculation is carried out to see how much power is
needed to drive at a desired velocity. This is done by
multiplying the velocity of a vehicle by the sum of all the
resistances and then dividing it by the total efficiency. This
process is shown below in Equation (5) to (7).

Calculation Results
Figure 6 shows the plot of required traction power over
time from the vehicle in Braunschweig mode. From now on,
condition #1, #2 and #3 described above will be referred
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to as ‘No Power Line’, ‘Power Line 1’ and ‘Power Line 2’
respectively.

a simulation, with the powered tacks. Energy consumption
variation and SOC variation are plotted in Figure 10 and
Figure 11 respectively in these conditions.
With the optimized power lines installed, we can see
that the vehicle is provided with sufficient power and
hence, the SOC level rises as a result of one complete
cycle of Braunschweig mode.

Parameter Setting Panel
As we have explained in earlier section about resistance
modeling, required power increases when the vehicle
accelerates and is passing the uphill road. In ‘No Power Line’
and ‘Power Line 1’ conditions, required power in 3 km - 3.2
km section and 6 km - 6.2 km section are 147 kW and 180
kW respectively. On the other hand, in ‘Power Line 2’
condition which has 8 uphill road, required power in 3 km 3.2 km section and 6 km - 6.2 km section are 344 kW and
309 kW respectively.
Figure 8 and Figure 9 show the resultant energy
consumption of the vehicle and SOC variation in three
conditions, summarized in Table 3. The battery energy
capacity is assumed to be 40 kWh in the simulation, since 25
kWh was not enough for the instantaneous traction power
requirement.
In ‘No Power Line’ condition, no power is supplied
from the road so energy consumption would be the variation
in battery SOC, simulating pure electric bus operation.
Starting with 80%, SOC decreases down to 20% after
completing #1 cycle of Braunschweig mode. In other #2
conditions, energy consumption decreases and SOC
increases in first 2 km because power is supplied from the
power line. We can also note that in 3 km - 3.2 km energy
consumption is much higher in Power Line 2 condition
than in Power Line 1 condition because of the hill
climbing resistance generated by the uphill road.

CONCLUSION
In this paper, we have introduced a program that
calculates the required instantaneous power from the vehicle
in every time step which is necessary in determining
locations and lengths of powered tracks. Required length of
power line in order to maintain the initial SOC after one
complete cycle of Braunschweig mode was approximately
22 % of the whole travel length of one complete driving
cycle.
Through this optimization program, we are capable of
achieving the energy balance according to any variation in
battery capacity, powered track locations and distances, road
gradient angles, vehicle specification and so on. Therefore,
this program will allow us to determine appropriate locations
and lengths of powered tracks and required battery capacity
with given vehicle specifications under closed vehicle travel
routes.
The algorithm and calculation procedure will provide
crucial information in the planning stage of OLEV
application in view of urban transportation strategy and
overall cost estimation.

Power Line Optimization
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Power Line Determination Criterion
In the Braunschweig mode, a vehicle travels for 1740
seconds and 22% of this time is a stoppage time. First, we set
power lines in locations where the bus is at a stop and the
lengths of these lines are 5 m which is a bit longer than the
length of a bus (3.5 m). Then, we also set the powered track
sections where the required instantaneous power is larger
than 100 kW as powered track sections, considering the
battery discharging power capacity.
Optimization Results
In the Braunschweig mode, a vehicle has a stoppage
time of 442 seconds and required length is 150 m. Sections
with required power larger than 100 kW is 2244 m long.
Hence the total length of power line is 2394 m, which is
approximately a 21.8% of the whole routine (11 km). Power
Line provides power of 150 kW and the pick-up device
collects this power with efficiency of 80%. After determining
the locations and distances of powered tracks, we carried out
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Fig. 3 An example of measured bus velocity profile in
Daejeon, Korea
Fig. 1 Schematic layout of OLEVⓇ bus

Table 2 Bus specifications
Vehicle
type /model

Table 1 Summary of standard driving cycles for heavy duty
vehicles
Drive Mode

UDDS
BAC
NYBUS
JE05
Braunschweig
Daejeon inner
city bus

Rail
Time
(s)
1060
2830
600
1829
1740
4200

Distance
(km)
8.9
22.5
1.0
13.9
10.9
19.0

Max
Speed
(km/h)
93.3
88.5
49.6
88.0
58.2
60.0

Bus cabin
Average
Speed
(km/h)
30.4
28.9
5.9
26.9
22.9
16.3

Max Acc
(m/

s

2

City bus, BC211M

)

2.0
1.0
1.7
1.6
2.4
2.2

Dimension

Battery

Motor

Max number of passengers

48

Curb weight (kg)

12,000

Length (mm)

11,000

Width (mm)

2,490

Height (mm)

3,180

Wheelbase (mm)

5,400

Type

Li-polymer

Energy storage capacity

40kWh

Type

Induction motor

Power output (kW)
(continuous/rated)
Efficiency

120/240
above 93%

Fig. 2 Braunschweig mode velocity profile

Fig. 4 User interface panel in MATLAB SIMULINKⓇ
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Fig. 8 Traction energy consumption change comparing ‘power
line 1’ and ‘power line 2’ conditions with pure EV mode, ‘No
Power Line’

Fig. 5 Calculation blocks

Fig. 9 SOC change comparing ‘power line 1’ and ‘power line 2’
conditions with pure EV mode, ‘No Power Line’
Table 3 Simulation conditions adding powered track and
grade to Braunschweig cycle

Fig. 6 Traction power requirement for Braunschweig
mode

Powered track

#1

#2

#3

N/A

0-2

0-2

4-6

4-6

8-10

8-10

N/A

3-3.2

location in km

Grade location with 8
degree in km

N/A

6-6.2

Fig. 7 Traction power requirement for Braunschweig Mode with
added powered track (zoomed-in)

Fig. 10 Energy consumption change with optimized powered
track installation
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Fig. 11 SOC change with optimized powered installation
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Vehicle) introduction to mass market. These include
inconveniences in plugging the battery, safety matters in
bad weather, charging time, power transfer efficiency and
so on.
EV charging technology can be divided into two
branches, conductive charging and wireless charging. In
each branch, there fast charging and slow charging
technologies. Up to this point, conductive charging
technologies have never been free from issues related to
inconveniences in plugging and safety matters and thus,
wireless charging technologies are attracting more
attention over conductive charging technologies.
This wireless charging technology is composed of
power inverter that supplies power to lines installed
underground to generate magnetic field and pick-up
device mounted at the bottom of a vehicle to collect
electric power. Its schematic layout is shown in Figure 1.
In parking lots, power lines are laid underground and
electric power is supplied to these lines from inverter. In
each parking lot, power lines make up two loops so that a
longer vehicle (bus) can be charged while two different
passenger cars can be charged at one bus parking lot.
The most representative leaders in wireless
technologies include HINO (Japan), SHOWA (Japan),
Wampfler (Germany), BOM-BARDIER (Canada) and
Auckland University (New Zealand). Main features and
performances of their technologies are summarized in
Table 1. Largest capacity with highest efficiency is
achieved by BOM-BARDIER (Canada) however, air gap
is very short with only 65 mm. Technology from
Wampfler seems to be the best one in general considering
its capacity, efficiency and weight of pick-up device and
inverter. Air gap value is fairly long enough as well with
30 – 150 mm (KAIST OLEV Brochure, 2010).
With such trend, we will be introducing wireless
charging technology developed by KAIST (Suh, N. P.,
2010) in this paper. This technology does not only refer to
conventional power inverter and pick-up device but it also
includes electricity billing system. Its schematic diagram
is shown in Figure 2. Throughout this paper, we will be
introducing our technology’s development process and
demonstration project.

ABSTRACT
While introducing electric vehicles (EVs) into the
massive market volume is important for the global
environmental protection and reduced dependence on the
petroleum depletion, the customers’ acceptance on electric
vehicles is one of critical elements toward future eco-friendly
transportation. Transportation sectors are responsible for
approximately 25 % of global CO2 emissions. One of the
major issues in market penetration of electric vehicles are
establishing enough numbers of charging stations in view of
customers’ convenience. Wireless and fast charging system
can provide significant contribution to establishment of
charging stations with improved safety and convenience. By
applying the shaped magnetic field in resonance (SMFIR)
technologyⓇ, which enables the EV battery charging without
having any plug, electric vehicles can be charged wirelessly.
The power capacity can be high enough to reduce the
charging time to less than half an hour depending on the
battery energy capacity of storage. In this paper, the main
features of intelligent wireless EV fast charging are described
with the technical aspect of system architecture including the
development of billing and center operation system. This
system will provide an innovative break-through in EV
charging industry and market, which has been possible only
through the technology innovation of SMFIRⓇ.
INTRODUCTION
Ever since the advent of first internal combustion
engine vehicles, the world has been depending on
petroleum heavily as a main energy source. With this
source, transportation technology has prospered with
increasing global CO2 emissions. Considering the fact
that transportation sector is responsible for 25% of global
CO2 emissions, development and introduction of ecofriendly transportation system is imperative. Hence, a lot
of endeavors in developing a green transportation in order
to handle the global warming, pollution and petroleum
depletion have been made internationally. As a result, EV
(electric vehicle) with rechargeable batteries has stood out
as the most feasible solution. However, several issues
have risen above the surface as obstacles to EV (Electric
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SMFIRTECHNOLOGY AND WIRELESS FASTCHARGING SYSTEM

charging or induction with more details. Figure 6 and
Figure 7 show the systematic architecture of both
technologies. The contact charging system supplies DC
power to the battery system on EV that was converted in
the AC/DC converter installed in the charger. Power from
the distributor is a 3-phase 380 V/60 Hz AC. In case of
non-contact charging, 3-phase 380 V/60 Hz AC power
from the distributor is converted to DC and then again it is
converted to a single-phase AC power of 200 A/20 kHz.
This power is supplied to the power lines underground to
generate time-varying magnetic field. As this magnetic
field reaches the pick-up device installed under the vehicle,
current is induced in coils wound around the pick-up
device (Suh, 2011)..
This non-contact power supply system resolves most
of the problems that could come to surface when the
charging infrastructure is constructed. These include
spacing problem and safety problems due to exposed
electric wires and effects from weather. Also, by
designing the pick-up device to have natural frequency of
20 kHz, which is the frequency of the supplied power,
charging efficiency is magnified.

SMFIRTechnology Introduction
With SMFIRⓇ (Shaped Magnetic Field In Resonance)
technology, EVs can be charged while in driving motion
as well as at a stop. This charging process begins with
typical industrial power of 3-phase 60 Hz 380 or 440 V
entering the inverter. Inverter converts this power to
single phase 20 kHz electricity with 200 A (rms value).
This converted power is then applied to power cables
installed underneath the paved road generating timevarying magnetic field. Then this magnetic flux enters the
pick-up device installed at the bottom of EV. Pick-up
device is a T-shaped iron core with coils wound around
the center part and is designed to have natural frequency
of 20 kHz so that resonance phenomenon occurs. This
resonant power transfer leads to maximum transfer
efficiency due to natural characteristic of any alternating
flow. Schematic diagram of this technology is shown in
Figure 3. We can see that magnetic field shows a dual
elliptical shape (Suh, 2011). Formation of this magnetic
field into a specific shape is due to design characteristics
of a pick-up device. Since the design iteration process of
detailed magnetic field is beyond the scope of this paper,
we will not be discussing this in details.

Wireless Charging With SMFIR
To be more specific with SMFIR Ⓡ technology in
terms of performances, main parameters to consider
would be air gap, power transfer efficiency and maximum
collectable power in single pick-up unit. As shown in
Figure 8, current of 20 kHz, 200 A from the inverter flows
through the power lines lying underground. Then, magnetic
field is generated as depicted in Figure 8 around the power
lines. E-shaped ferrite core was installed together to amplify
the magnitude of the magnetic flux. As the magnetic flux
generated from the power lines reach the E-shaped core
part of the pick-up device, current is induced in coils
wound around. This current is then used to charge the
battery. In this charging infrastructure, we have achieved
83% of power transfer efficiency while maintaining the air
gap of 200 mm. Each pick-up unit can collect 20 kW.
This charging system is then applied to a bus as
shown in Figure 9. Inverter installed outside provides
electricity to power lines laid underground and pick-up
device collects electric power. Then this power is stored in
battery.

Comparison between Conductive and Inductive
Charging
Utilizing SMFIRⓇ technology, we developed our own
OLEV Ⓡ (On-Line Electric Vehicle) bus technology. In
Figure 4, major distinctions from existing charging
technologies (conductive battery recharging and battery
swapping) are summarized. This wireless technology is
superior to others in aspects of cost, safety, driving
distance, charging time and so on. Vehicle does not need
to stop and wait for hours to recharge its battery and this
leads to reduced required battery capacity to 20% of other
EVs. Another thing worth to note is that charging process
can be executed safely regardless of weather conditions
because no electric cables are exposed over ground. Our
technology is also competitive in terms of efficiency.
Wireless Charging Application Areas
Other than EV area, this wireless fast charging
technology has many other potential application areas.
These areas include robot, railway, harbor, airport, theme
park, home appliances and so on.

Billing System
Figure 10 shows the interface of the electricity billing
system in intelligent wireless fast charging (‘i-charge’)
system. As shown, every component of this system shares
information with each other. The billing system is composed
of 4 functioning parts. First, inverter information processing
is needed to obtain the information of supplied electricity.
Second, battery information processing function takes care of
battery’s status information. Third, there is user’s interface
and finally, there is fee charging driver that interlocks the

INTELLIGENT WIRELESS FAST-CHARGING (“ICHARGE”) WITH SMFIRTECHNOLOGY
Systematic Architecture
In this section, we will be discussing the charging
infrastructures for contact or (conductive) and non-contact
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charging space. In case of two passenger cars at a stop
above each small inner loop, power is provided to these.
In this way, system is capable of utilizing a same space for
two purposes. Figure 14 is a picture of actual inverter built
in our demo project and its specifications are summarized
in Table 2.

billing system and other components of the charging
infrastructure.
Central Operation and Management System 
With the charging facilities and billing system, there
is one more component that completes the charging
infrastructure developed based on SMFIR Ⓡ technology.
That is central management system. The main role of this
management system is to receive data of electricity being
consumed from charging facilities and process this data
with billing system to come up with the fee that the user
has to be charged with. It is the center of network between
charging facilities and billing system. This network
composition is shown in Figure 11.
Management algorithm in this system is composed of
three phases. Firstly, as the vehicle enters the charging
spot, user chooses how much of electric power to charge
through user interface screen. Secondly, this data is sent to
distributor to charge the exact amount that user chose.
After the charging has been done, this billing data is sent
to billing system. Then finally, this is sent to central
management system to execute the payment process. User
gets to choose the payment method, cash or credit card. In
order to get the payment done, central management
system receives credit card or cash data and then
processes it. Another important concept that needs to be
considered in billing system is ‘Smart Metering’. In short,
it is basically a concept that electricity rate (kW/dollar)
varies depending on what time a driver charges his/her
electric vehicle.

Vehicle Specifications
In our demo project in this study, a microbus that was
converted to EV is used. This conversion includes power
pick-up devices, Li-polymer battery and other necessary
control and communication devices. Its specifications are
summarized in Table 3.
Pick-up System
5 units of pick-up devices are installed at the bottom of
the vehicle to collect magnetic flux generated from the power
lines. It is designed to have the natural frequency of 20 kHz
and AC is induced in coils. Then rectifier converts this
collected AC to DC. Pick-up device and rectifier are shown
in Figure 15. Its electrical specifications are summarized in
Table 4. This device can store and come up with 20 kHz
output power of maximum 20 kW. Maximum output voltage
is 440 V.
Power Transmission Efficiency 
In this paper, by power transfer efficiency, we mean
the amount of power collected by pick-up device divided
by the amount of power being applied to inverter.
Through the demo project, we were able to verify that
intelligent wireless fast charging (‘i-charge’) with SMFIRⓇ
technology transfers power with efficiency of 83% while
maintaining the 200 mm air gap.

CHARGING PERFORMANCE WITH
DEMONSTRATION PROJECT
Demo Project in General

CONCLUSION

In order to verify that our system is superior to other
existing or proposed wireless charging systems, we
carried out a demo project. In this demo project, microbus
was converted to EV, charging facilities, inverter,
underground power lines and pick-up were actually
constructed with billing system and central management
system.
Figure 12 is a picture of actual microbus used in our
demo project. Yellow and blue road parts represent the
location of power lines.
Figure 13 is a schematic layout of charging facilities.
This includes inverter and power lines. From the
distribution box, 3-phase 60 Hz 380 V is applied and
converted to single-phase 200 Arms 20 kHz by inverter.
Then this power is supplied to the power lines laid
underground. As you can see in each charging space, there
is one outer loop and two small inner loops. Outer loop is
for charging longer vehicles like bus and two inner loops
are for shorter vehicles like passenger cars. Power is
provided to a outer loop when a bus is stationary at a

For a successful EV introduction to mass market,
development of safe and fast wireless charging technology is
essential. This is because it is not easy for conductive
charging systems to be free from safety issues related to
weather conditions, plugging and so on. In this sense, we
designed the systematic architecture (charging system and
billing system) and verified its performances like efficiency,
capacity, and air gap and safety through demo project. Since
no wireless charging technology has been commercialized in
vehicle industry yet, we believe that more work on business
analysis and setting the industrial standard are necessary.
Intelligent wireless EV fast charging (‘i-charge’) system
is a new battery charging system that is completely
independent of any climatic conditions. Since there is no wire
exposed, it is fundamentally free from all the safety issues
related to possible electric shocks. The most representative
achievements in this study are as follows.
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With the pick-up device that has maximum
power output of 20 kW, we achieved the power
transfer efficiency of 83%.
By applying the wireless battery charging
technology, any risk of electric shock has been
minimized and hence, secured electrical safety.
The wireless charging facility introduced in this
paper is mostly installed underground and
requires space for inverters only. This leads to
cheap construction cost.
Since no electrical equipment is exposed on the
ground, charging process can be done regardless
of any weather condition.
We installed the electricity fee charging system
inside the actual vehicle and had this system run
wirelessly.
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SHOWA

30/60/150

HINO

30

BOM-

250

Auckland

5–6

-

92/92/93

35/70/150

84

-

0.73

93

-

-

150
200

University

100
50
180
65

–
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Fig. 2 Schematic diagram of intelligent wireless EV fast
charging system
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Fig. 3 Schematic diagram of SMFIR



Fig. 4 Schematic Diagram of SMFIR
Fig. 1 Schematic layout of wireless charging technology

Table 1 Current state of wireless charging technologies
Company

Cap.
(kW)

Eff.
(%)

Wampfler

70

86

Pick-up
Weight
(kg)
-

Inverter
Weight
(ton)
14.5

Air gap
(mm)
30

–
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Fig. 10 Billing system interface

Fig. 5 Potential application areas for wireless charging

Fig. 6 Systematic architecture of contact charging

infrastructure

Fig. 11 Network composition

Fig. 7 Systematic architecture of non-contact charging

infrastructure

Fig. 12 Microbus


Fig. 8 Cross-section of SMFIR charging process

Fig. 9 SMFIR charging infrastructure applied to microbus
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inputs and outputs

Operating
Conditions

Communication

RS232, 485

Ambient Temperature

-20 - 40 C

Humidity

10 - 50%

Cooling System

Air - Cooling



Table 3 OLEV microbus specifications
Model
Battery

Motor

GCC
Li-Polymer
20 – 100
320
100
95
32
120
180

Type
SOC (%)
Voltage (V)
Ampere (A)
Efficiency (%)
Capacity (kWh)
Rated Power (kW)
Max. Power (kW)

Fig. 13 Schematic layout of charging facilities

Fig. 15 Pick-up system
Table 4 Pick-up system specifications

Fig. 14 Inverter
Table 2 Inverter specifications
Input

3-phase Alternating
Voltage

380~440Vrms
Efficiency higher than 95%
Power factor higher than 0.9

Output Voltage

Single-phase 0~440 Vac

Output Frequency

20 kHz

Maximum Power Output

20 kW

Working Voltage

> 2 kV

Insulation Resistance

> 5 MOhm

(Rated)
Input THD lower than 15%

Output

Earth Resistance

Lower than 10 

Single-phase Output

Rated Power
100 kW
Rated Current 200 A @20
kHZ

Input/Output

Transfer Switch

Electronic/4
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PERFORMANCE CHARACTERISTICS OF A HEAT PUMP SYSTEM
USING COOLANT OF ELECTRIC DEVICES FOR AN ONLINE ELECTRIC
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ABSTRACT
The objective of this study is to investigate the
performance characteristics of the heat pump system
using R-134a in heating mode. The heat pump system is
designed for heating a passenger compartment by using
the discharged energy from the coolant of electric devices
such as a motor and inverters of the online electric bus.
The performance of the heat pump system was tested with
the variation of operating parameters; outdoor
temperature and mass flow rate of coolant for the
electrical devices. The heating capacity, compressor work,
and heating COP were measured and their behaviors upon
the parameters were observed. Experimental results
showed that the COP of heating mode increased with
decreasing outdoor temperature from 20 ℃ to 0℃ and
observed to be 3 when the outdoor temperature is to 0℃.
The observed characteristics of the heating COP suggest
that the heat pump system is applicable to the cabin heater
of an electric vehicle, which suffers from a short driving
range.

In recent years, many concerns have been focused on
the international issues of the shocking oil price and
environmental pollution with depletion of fossil fuel
energy resulting from industrialization. Moreover,
enormous consumption of fossil fuel energy leads to
environmental pollution including air pollution, acid rain,
global warming due to the carbon dioxide, and destruction
of the ozone layer. Especially increase of the automobile
makes these problems more severe. Thereby, studies on
the effective use of energy and less exhaust gas of the
automobiles are necessary. Accordingly, the automobile
manufacturers are looking for the alternative like hybrid
vehicles, fuel cell electric vehicles and electric vehicles.
In cases of these vehicles, due to the less engine waste
heat that on the conventional vehicles, the passenger
cabin heating has a considerable impact on the fuel
economy, especially the waiting period, as well as the
passenger cabin cooling. Therefore the performance and
improvement on the heating system for passenger cabin
heating is very important for energy savings, as well as
vehicle air conditioning system. Moreover under heating
conditions in alternative vehicles, the heat pump system
using the discharged energy from electric devices such as
a motor, a battery, an inverter of the electric vehicle could
be one possibility for heating and shorter heating warm up.
This is because the heat pump system has an advantage of
providing heating of the vehicle without international
combustion engine.
The performance characteristics of the heat pump
system using R-134a have been investigated. Park et al.
(2007) studied on the development of heat pump system
for high efficiency engine vehicle. They estimated the
feasibility of the R-134a automobile air conditioning
system using heat pump in diesel engine. Lawrence et al.
(2003) compared the on-vehicle performance of an R152a and R-134a heat pump system using engine coolant.
They reported that the performance and capacity for both
R-152a and R-134a heat pump systems are almost

NOMENCLATURE

COP

h
Q
T

=
=
=

specific heat, (kJ kg -1 K-1)
coefficient of performance
enthalpy, (kJ/kg)

=

capacity, (W)

=

temperature, (C, K)

=

compressor work, (W)



W

Subscripts
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=
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=

pressure
refrigerant
water
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Table 2 shows test conditions used in this study. During
the experiments, the outdoor air temperature was set to 0,
10, 20 oC. Water flow rates for condenser side and
evaporator side were varied from 0.015 to 0.025 m3/min
and 0.035 to 0.050 m3/min, respectively. Each experiment
tested and measured after the air temperature and water
flow rate were completely stable. Table 3 shows the
uncertainties of the measured parameters. Refrigerant and
water temperatures were measured with thermocouples.
The thermocouples were calibrated to an accuracy of ±
0.1 oC. Pressures were measured using a pressure
transducer with an uncertainty of 1.0%. The refrigerant
mass flow rate was measured using a Coriolis type flow
meter with an uncertainty of ± 0.2% of reading.

identical. Shin et al. (2008) reported the R134a heat pump
application for the buses by using engine coolant as a heat
source, based on the retrofitting roof mounted air
conditioning system. They found that the roof mounted
heat pump system could provide better heating
performance for the passenger compartment using the
engine coolant as a heat source than the conventional
heating systems.
Extensive studies have been conducted on heat pump
system using R-134a for conventional automobile and
buses with internal combustion engines. However, studies
of the performance characteristics of the heat pump
system using R-134a in heating mode for an electric bus
are very few in the open literature. Therefore, this study
measured and analyzed the performance characteristics of
the heat pump system using R-134a in heating mode for
an online electric bus by varying the outdoor temperature
and water flow rate for condenser and evaporator sides. In
addition, the present study aims to suggest a heat pump
system as the cabin heater of an electric vehicle using the
calculated heating COP, the measured outlet water
temperature of the condenser, and the measured outlet air
temperature of the heater core units.

Data reduction
The refrigerant side capacity was calculated by the
refrigerant enthalpy method (ANSI/AMCA 210, 1985 and
ASHRAE Standard 116, 1983). The heating capacity for
water side was determined by utilizing both the water flow
rate and enthalpy difference was calculated by equation (2)
because single-phase liquid was used as the working fluid.

Q ref  m ref href
Q  m C (T

EXPERIMENTAL SETUP AND DATA
REDUCTION

w

w

p,w
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w ,in

 Tw,out )

(2)

The water side capacity was consistent with the
refrigerant side capacity within 5%, so the present
experimental setup was found to be appropriate. The
heating COP (coefficient of performance) of the heat
pump system was calculated by equation (3).

Test setup
Fig. 1 shows the schematic diagram of the basic
experimental setup to measure the performance of the
heat pump system using coolant of electric devices. The
test set up mainly consisted of the scroll compressor, two
plate heat exchangers (condenser and evaporator), an
expansion device (TXV), and 6 heater core units for
indoor heating of the bus. Table 1 shows the
specifications of the heat pump system used in this study.
The test set up was installed in a psychometric
calorimeter to provide pre-controlled ambient temperature.
The psychrometric calorimeter, equipped with an airhandling unit including a cooling coil, a heating coil, and
a humidifier, was set to 0/10/20 oC to an accuracy of ±0.2
o
C. The psychrometric calorimeter was controlled by
using PID control method. The compressor frequency was
fixed at 60Hz and current used to drive the compressor
was measured by inverter driver (SV-IG5A)
manufactured by LS industrial systems. The compressor
work was calculated by power input and current. During
the experiments, the major operating parameters were
monitored graphically and numerically in real time.
Fig. 2 shows the photograph of the experimental
setup used in this measurement of the performance of the
heat pump system for an online electric bus. To calculate
and evaluate the performance of the heat pump cycle,
temperatures, pressures, and mass flow rates were
measured. In addition, the power input was measured
exactly to evaluate the heat pump system using R-134a.



COP 

Qw


(3)

Wcomp
The uncertainty of the power input, heating COP and
heating capacity were determined to be 0.2%, ±3.73%,
and ±3.72%, respectively, using the method suggested by
Moffat (1985).
RESULTS AND DISCUSSIONS
Steady state performances
Fig. 3(a) shows the pressure and enthalpy relation of
the heating heat pump system using the coolant of electric
devices for an online electric bus designed in this study.
The heat pump system in the heating mode required
relatively low compressor work, hence the high value of
the heating heat transfer efficiency (heating COP)
compared with other heating system like PTC heater only.
This is because working across a small temperature
gradient between the heat source and heat sink requires
the input of little work to transport heat. The expansion
device in this system is used the thermostatic expansion
valve (TXV). The TXV automatically controlled well the
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evaporator side. The heating COP decreased by
approximately 5.07% with the increase of water flow rate
for evaporator side from 0.035 m3/min to 0.050 m3/min
because the compressor power increased by 6.31%,
although the heating capacity increased by 6.63%. The
heating COP was 3.06 at the water flow rate for
evaporator side of 0.035 m3/min.
The observed characteristics of the heating COP with
the variation of the operating conditions suggest that the
heat pump system designed in this study is applicable to
the cabin heater of an electric vehicle, which suffers from
a short driving range.
Fig. 7 shows the variations of the pressure drop and
heat transfer rate at the heater core with working fluid
changes. The heat transfer rate at the heater core using
water as working fluid was on average 32.0% higher than
that of the ethylene glycol-water mixture (50:50%) but the
pressure drop was on average 40.9% lower than that of
the ethylene glycol-water mixture (50:50%). This is
because viscosity of the water was lower than that of the
ethylene glycol-water mixture (50:50%) but the heat
transfer of water was higher than that of the ethylene
glycol-water mixture (50:50%). Therefore, in this study as
shown in Fig. 7(b), the heat transfer rate would be
decreased if the ethylene glycol-water mixture was used
as the working fluid.
Fig. 8 shows the water temperature of the condenser
outlet and the air temperature of the heater core outlet
with the variation of the outdoor temperature. The water
temperature of the condenser and the air temperature of
the heater core unit outlet are on average 55.4 oC and 41.9
o
C, respectively, with the variation of outdoor temperature.
However, generally, the outlet temperature of the heater
core of the conventional coolant heating system using
wasted heat from the internal combustion engine is over
minimum 50 oC (Shin et al., 2008). Therefore, to improve
the heating performance and quick warm-up response for
the passenger, study on the hybrid heat pump system
using the PTC heater is necessary. In addition, in design
stage of the heat pump system for a cabin heating of an
online electric bus, it should be considered.

amount of the pressure drop with a heat load and it
affected the compressor work properly. As shown in Fig.
3(a), the heating COP decreased with the rise of the
outdoor temperature due to the decrease of the required
heating capacity. The pressure drop of the evaporator side
was more severe than that of the condenser side because
the rated refrigerant pressure drop at the evaporator side
was 270% higher than that of the condenser side at the
same test conditions, as shown in Fig. 3(c).
Fig. 3(b) shows the water pressure drop at the
evaporator and condenser sides. Both heat exchangers
were tested with the water flow rate under inlet water
temperature of 14 oC. The water pressure drop of the
evaporator side was on average 55.4% higher than that of
the condenser side at water flow rate ranging from 0.044
m3/min to 0.120 m3/min. In addition, Fig. 3 (c) shows the
refrigerant pressure drop at evaporator and condenser
sides.
Fig. 4 shows the variations of the compressor power,
heating capacity, and heating COP with the outdoor
temperature. This test was performed at 0.020 m3/min and
0.040 m3/min of water flow rates for condenser and
evaporator sides, respectively, and 15 oC of an inlet water
temperature for an evaporator side. Generally, in the
heating mode, the heating capacity and the heating COP
increase with a rise of outdoor temperature with a same
constant expansion device (Cho, 2005). However, in this
study, the pressure drop at the TXV is automatically
controlled with the outdoor temperature changes. The
heating COP decreased by approximately 7.00% with the
increase of the outdoor temperatures from 0 oC to 20 oC
because the heating capacity decreased by 11.57%,
although the compressor power decreased by 5.06%. The
heating COP was 3 at the outdoor temperature of 0oC.
Fig. 5 shows the variations of the compressor power,
heating capacity, and heating COP with the water flow
rate for condenser side at outdoor temperature of 10 oC.
This test was performed under water flow rate for
evaporator side of 0.035 m3/min, outdoor temperature of
10 oC, and 15 oC of an inlet water temperature for an
evaporator side. The heating COP increased by
approximately 6.73% with the increase of water flow rate
for condenser side from 0.015 m3/min to 0.025 m3/min
because the heating capacity increased by 3.23% and the
compressor power decreased by 3.15%, respectively. This
is because the performance of the heat pump system was
varied with the operating conditions of the heat sink
discharged from electric devices. The heating COP was
3.17 at the water flow rate for condenser side of 0.025
m3/min.
Fig. 6 shows the variations of the compressor power,
heating capacity, and heating COP with the water flow
rate for evaporator side at outdoor temperature of 10 oC.
This test was performed under water flow rate for
condenser side of 0.020 m3/min, outdoor temperature of
10 oC, and 15 oC of an inlet water temperature for an

CONCLUSION
The performance characteristics of the heat pump
system using R-134a in the heating mode were
experimentally investigated by varying the outdoor
temperature and water flow rate for condenser and
evaporator sides. The heating COP decreased with the rise
of the outdoor temperature and water flow rate for
evaporator side but the heating COP increased with the
rise of the water flow rate of condenser side. In addition,
the heating COP was 3 at the outdoor temperature of 0oC.
The water temperature of the condenser and the air
temperature of the heater core unit outlet are on average
55.4 oC and 41.9 oC, respectively.
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Fig. 1 Schematic diagram of the experimental setup.

Fig. 2 Photograph of the experimental setup.
Table 1 Specifications of the components of the heat pump
system
Components

Specifications

Compressor

Scroll type

(displacement rate)

0.1453 m3/s

Condenser

Plate heat exchanger

(material, size)

(Alloy 316, Ref/ water : 3.040/3.135 dm3)

Evaporator

Plate heat exchanger

(material, size)

(Alloy 316, Ref/water: 2.470/2.565 dm3)

Expansion devices

Thermostatic expansion valve (TXV)
Overall size

Heater core

(320x194x37 mm)

(Size)

Core size
(265x193x29 mm)
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Table 2 Test conditions
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50

Items

Conditions

Outdoor air temperature (oC)

0, 10, 20

Water flow rate for a condenser
3
side (m /min )

0.015, 0.020, 0.025

Water flow rate for an
3
evaporator side (m /min )

0.035, 0.040, 0.045, 0.050

Refrigerant

R-134a

Working fluid

Water

o

Pressure drop (kPa)

Water temperature = 14 C
40

Condenser
Evaporator

30
20
10
0
0.00

0.02

0.04

0.06

0.08

0.10

0.12

3

Volume flow rate ( m /m)
(b) Water pressure drop

Table 3 Uncertainties of the measured and reduced
parameters
1.5
Conditions

Temperature

±0.1 oC

Mass flow rate

±0.2%

Pressure

1.0%

Heating capacity

±3.72%

Power input

±0.2%

COP

±3.73 %

0.5
0.4702

650
Refrigerant flow rate (kg/h)
(C) Refrigerant pressure drop

655

Fig. 3 Pressure and enthalpy relation, water pressure drop,
and refrigerant pressure drop at evaporator and condenser
sides

Qheating(KW)

40

4

10

5
COPheating

35

Qheating(kW)

30
25

3

20
3

10
150

200

250

300

350

400

450

500

Enthalpy (kJ/kg)
(a) P-H diagram
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COPheating

R-134a saturation line
Room temperature 0 oC
Room temperature 10 oC
Room temperature 20 oC

Comp. work(KW)

Pressure (kPa)

o

Inlet temperature = 55 C

1.0

0.0
645

5

10

Refrigerant of an evaporator
Refrigerant of a condenser

1.269
Pressure drop (kPa)

Items

2

10
5
0

Compressor work (kW)
0

5

10

15

20

1

o

Outdoor temperature ( C)
Fig. 4 Variations of the compressor power, heating capacity,
and heating COP with the outdoor temperature
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5

30

Compressor work (kW)

5
Heat trasfer rate (KW)

35

COP heating
Qheating (kW)

4

25
3

20
15

COPheating

Comp. work(KW)

Qheating(KW)

40

2

10
5

Ethylene glycol-water mixture (50:50%)
Water

4
3
2
1

o

Outdoor temperature = 10 C

0
0.010

0.015

0.020

0.025

1
0.030

0
0.000

3

Condenser flow rate (m /min)

0.005

0.010

0.015

0.020

3

Volume flow rate(m /min)

(b) Heat transfer rate with volume flow rate
Fig. 7 Variations of the pressure drop and heat transfer rate
at the heater core with working fluid changes

Fig. 5 Variations of the compressor power, heating capacity,
and heating COP with the water flow rate for condenser side
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Evaporator flow rate (m /min)
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Water temperature of the condenser outlet
Air temperature of the heater core outlet
o

51.5 ~ 67.5 C

o

41 ~ 45 C

4

10

16

22

o

Outdoor temperature ( C)

Fig. 6 Variations of the compressor power, heating capacity,
and heating COP with the water flow rate for evaporator
side
3.0

Ethylene glycol-water mixture (50:50%)
Water

2.5
Pressure drop (kPa)

Fig. 8 Variations of the water temperature of the condenser
outlet and air temperature of the heater core outlet with the
outdoor temperature
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EXPLOITING THE SEMANTICS OF VIRTUAL LEARNING
ENVIRONMENTS TO ACCOMMODATE STUDENTS WITH DISABILITIES
Eiman Almami , Radmila Juric
School of ECS, University of Westminster
London, UK
In our research we deal with modern VLEs which are
capable of accommodating the variety of needs of people
and therefore creating such environments more
perceptible to a range of students and personalizing them
according to their needs. For a decade we have been
talking
about
Augmentative
and
Alternative
Communication (AAC) devices in various types of
classrooms and embedding them in any type of VLE is
becoming a must in modern learning. However, the
choices of AAC devices and software technologies that
are overwhelmingly taking part in our everyday lives and
consequently infiltrating VLEs, show that we do not know
exactly what we need in each particular instance of a VLE
and why! This complex problem does not have a trivial
solution, but our paper illustrates that the success of
creating a suitable VLE depends on correct decisions on
assistive technologies, types and formats of materials
available within a VLE, contents and purpose of VLE
instances and most importantly, juxtaposing all of them
with specific needs of disabled students, who can then
participate in a VLE. This paper is one of our many
experiments of using semantic web technology in order to
make correct decisions on constituent parts of any
pervasive computational space (Koay, et al., 2010, Reddy,
2006) and treating a VLE as an instance of such a space.
In this occasion we add aspects of VLEs, which can
address needs of students with disabilities.
The paper is structured as follows. The
BACKGROUND section describes our initiative to treat
any instance of VLE as a pervasive computational space
(Kumar, M., 2003, Munoz, M., et al, 2006). We use
semantic web technology, and OWL/SWRL enabled
ontologies in particular, in order to understand, model and
create VLEs, which in turn will guarantee participation of
students with disabilities. Consequently, we introduce 2
case studies which deal with a fraction of requirements in
such VLEs. They are both based on the same set
semantics, initially defined within an existing VLE
ontology, and they both follow the same procedure of
manipulating the VLE semantics in order to answer a
competency question(s) in the case studies. These
questions are focused on various requirements which need
to be met if we wish to claim that our instance of a VLE
will be able to accommodate needs of students with
disabilities and guarantee their participation in the VLE.

ABSTRACT
Virtual Learning Environments (VLEs) supported by
modern technologies devices, have empowered learners
and instructors with a range of functionalities and services
which change the way we perceive learning processes
today. We talk about improved communication patterns
and modes for learners, who may exhibit problems from a
wide spectrum of disabilities; we welcome changes of
learning models and pathways for such students and very
often expect them to be integrated into classrooms with
students of different backgrounds and profiles. In this
paper we have tested if can adapt any type of pervasive or
generic learning environment to create a VLE which fits
the needs of students with disabilities. We have looked at
ways of enriching existing VLEs with requirements
specific for students with a spectrum of disabilities in
order to assimilate them into any type of classroom. Our
ideas have been illustrated by modeling the semantics of a
VLE in OWL ontology VLE_ONT, imposing constraints
upon its concepts by defining datatype properties, suitable
for our problem domain, and reasoning upon them
through SWRL in order to propose the best possible
instance of a VLE.
INTRODUCTION
With globalization and evolution of new technologies
and devices, there is an increasing scope for education
becoming accessible to everyone regardless of the
students goals, profiles, backgrounds, age, and disabilities.
In modern classrooms, VLEs give us an opportunity to
simulate “real world” to its perfection and, at the same
time, to enhance students learning experience through a
plethora of technologies and devices (Falk and Dierking,
2002). Thus we have to focus on VLEs main objectives:
to provide pedagogic tools and methodologies to enhance
the teaching-learning process, which can be extended as
far as investing in immersive environments and
tools.(Peters and Rosson, 2008) Furthermore, VLEs must
be highly interactive environments in which the learning
content is available online with automatic feedback to the
student‟s learning activities (Al-Ajlan and Zedan, 2008,
Mecella, et al., 2006).
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The section DEFINITION AND MANIPULATION
OF VLE ONTOLOGICAL CONCEPTS shows how the
generic VLE ontology has been adopted in our
experiments, which show how we accommodate needs of
students with disabilities though the manipulation of the
VLE concepts. We have followed our philosophy of (a)
keeping VLE ontology and its concepts as generic as
possible and (b) paying attention to, or exploiting the
power of ontological constraints and reasoning upon VLE
concepts in order to manipulate VLE semantics and
answer competency questions in case studies. CASE
STUDY 1 section shows how we dealt with the problem
of deciding what MATERIALS are ready for running a
class which students with dyslexia and ADHD could join.
CASE STUDY 2 section shows how we dealt with the
problem of deciding what exact technology should be
present in a VLE where students with Autism and
Asperger‟s syndrome could contribute in discussions. In
the RELATED WORK we overview a few research
initiatives which address needs of students with
disabilities and select a few examples of using ontologies
and semantic web technologies for resolving a variety of
problems in modern learning environments. In the
EVALUATION section we look at advantages and
limitations of our solution and the power of using
OWL/SWRL technology in our case studies, thus making
design decisions dependent on them. We discuss our
future works in CONCLUSIONS.

where and which their constituent parts are, is dependent
on whether their users (student and lecturers) will
participate in them.
In this paper we wanted to show how two
competency questions can be answered through an OWL
ontological model, which describes a VLE, the constraints
imposed on the model and the reasoning through SWRL.
Our competency questions (Gruninger and Fox, 1995,
Noy and McGuiness, 2001, Horridge, et al., 2004 ,
Gruninger, 1996) are mainly concerned with the issue of
choices of technologies and materials which secure
participation of students and lecturers in such VLEs.
DEFINITION AND MANIPULATION OF
ONTOLOGICAL CONCEPTS
Our VLE_ONT ontological model given in Figure 1
has been adopted from (Syal et al., 2010, Koay et al.,
2010)
It
has
three
super
classes
LEARNING_ENVIRONMENT,
STUDENT
and
LECTURE, which mirror major constituent parts of any
VLE.
We
build
a
learning
environment
(LEARNING_ENVIRONMENT) through background
and preferences of students (STUDENT) and the purpose
of a lecture (LECTURE) which takes place in the
environment. Each of these super classes has its own
hierarchy which details superclass‟ specificity and
prepares it for ontological reasoning.
The LEARNING_ENVIRONMENT super class
contains self explanatory hierarchies:
 TECHNOLOGIES / DEVICES with emphasis on
their
CHARACTERISTICS
and
FUNCTIONALITIES, which are required to be
present and delivered in the VLE
 MATERIALS essential for delivering a LECTURE,
with emphasis on their CONTENTS and FORMATS
and
 The CLASSROOM class which contains the exact
timetabling details such as LOCATION, DAY_ OF_
CLASS, TIME_ZONE, which may be needed for
running scheduled lectures.
The LECTURE super class hierarchy contains
 TOPICS, where we can define subjects, programs
and their detailed topics which will be covered in a
particular lecture or assess in a particular exam or
discussed in a particular tutorial;
 LEARNING OUTCOMES which specifically target
individual session (lectures and tutorials) and which
may be related to the assessment of the topic covered
in the lecture or tutorial and
 ASSESMENT which may be attached to a particular
subject or lecture.
The PROFILE subclass of the STUDENT superclass
is reserved for specifying the semantics of disabilities in
terms of their types and needs of students who are
suffering from them. We have currently divided the

THE BACKGROUND
The research in this paper is a part of our ongoing
investigations on how to build pervasive systems in
various environments and across problem domains, by
manipulating the semantics stored in such environment or
generated by them. When we use the term “building
pervasive systems” we usually talk about choosing all
relevant components of such systems which may become
their consistent parts. Therefore, relevant components of
such systems range from technologies, devices, hardware,
software, applications, users, their personalized needs and
services they expect from such environments. The
discussion on the pervasiveness of modern computational
spaces is outside the scope of this work, but we claim that
any VLE does exhibit a proper nature of pervasive
environments. It is dependent on technologies which
enable the creation of VLEs, therefore we have to make
correct choices of hardware and software solutions which
support any VLE. It also has to take into account that
users are essential constituent part of any VLE (users are
lecturers and students) who are either (A) willing to
deliver services (“lecturers deliver lectures”) or (B)
requiring personalized services (“materials for disable
students should be available”) in order to guarantee their
participation in an instance of a VLE. Therefore modeling
the semantics of any VLE, for the purpose of deicing
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hierarchy of STUDENT superclass into students‟
PROFILE and PREFERENCES, because of its generic
structure, which may describe any student who contributes
in classes. Consequently in our VLE_ONT, DISABILITY
is a subclass of PROFILE subclass, i.e. the DISABILITY
class becomes the only place where we can store the
semantics of disabilities. This might be seen as a
limitation, which could be remedied if we manage the
“semantics of disabilities” by either
a) defining a set of constraints upon individuals of the
STUDENT subclasses and any other subclass which
belongs to subclasses of the LECTURE and
LERANING_ENVIRONMENT superclasses, or
b) re-designing the hierarchy of the STUDENT
superclass to accommodate a complex semantics of
disabilities and their impact on student‟s profile
background.
In this paper we chose option a) where OWL data type
properties proved to be powerful enough to strengthen the
relationships between VLE_OTN concepts in terms of
supporting the complexity of semantics of disabilities in
any VLE.
The manipulation of VLE_ONT ontological concepts
is also adopted from (Koay, et al. 2010) in terms of how
we combine VLE_ONT ontological classes in reasoning
and how to use the results of such reasoning to answer our
competency questions. Therefore Figures 2 and 4 show
our process of reasoning in terms of matching individuals
from selected VLE_ONT subclasses, which are located at
the leaves of our ontological hierarchies. The matching,
performed though SWRL, results in moving individuals,
from the classes at the leaves of ontology into new classes
such as RESULT_1 and RESULT_2. It is obvious that
we reason upon the results of our reasoning, i.e.
RESULT_ 1 and RESULT_2 classes, which are populated
after running reasoning rules R1 and R2, are used for
matching their individuals when running rule R3 and
moving selected individuals from RESULT_ 1 and
RESULT_2 classes into class RESULT_ 3. It is expected
that in all our examples each competency question can be
answered by retrieving the individual(s) stored in
RESULT_3.
Apart from re-using the reasoning process from
(Koay, et al., 2010) and applying it in Figures 2 and 4, we
have standardized and defined the way we use constraints
within VLE_ONT, as outlined in a) above.
It is
important to note that the process in Figures 2 and 4 does
not specify exactly which OWL constraints we may chose
for preparing VLE_ONT individuals in order to perform
successful ontological matching and moving correct
individuals toward the RESULT_3 classes. Constraints in
OWL ontolgoies are essential for strengthening the
semantics of their concepts and there is no consensus on
which constraint might produce better results. Our choice
of using only data type properties, as the most efficient

type of OWL constraints in our problem domain, is
justified in the EVALUATION section.
In our next two sections, focused on case studies 1
and 2, we apply the process from Figures 2 and 4, using
the ontological concepts from Figure 1 by specifying for
each case study:
 Which competency question we answer;
 Which VLE_ONT subclasses are involved in
reasoning in order to answer the competency
question;
 Which data type properties we define upon the
individuals from the chosen VLE_ONT sublcasses;
 Which SWRL rules we run in order to populate
RESULT_3 class from Figures 2 and 4, which in turn
should contain the individuals(s) which answer
competency question.
Therefore each case study is explained through its own set
of tables and SWRL rules, based on Figures 2 and 4: the
tables with definitions of data type properties, their
domain classes and range values of individuals of the
VLE_ONT classes involved in reasoning and a set of 3
SWRL rules which move individuals, in order to answer a
particular competency question.
CASE STUDY 1
In this section we illustrate how we obtain an answer
to the following competency question:
“what materials, in terms of their content and format,
are ready for accommodating students with dyslexia
and ADHID, for the purpose of running a session on
Social Intensive Systems with particular interests in
social network privacy and security”.
The VLE_ONT concepts involved in this case study are
MATERIAL, PROFILE and TOPICS subclasses, as given
in figure 2. However, we use subclasses FORMAT and
CONTENT of the MATERIAL class in order to
understand fully what is expected from materials which
support lectures, which in turn will be matched with
students preferences (CONTENT) and disability
(FORMAT).
Data type properties
Table 1 shows the data type properties definitions for
VLE_ONT subclasses included in Figure 2. It lists data
type properties of the ontological individuals from the
CONTENT and FORMAT, DISABILITY and SOCIAL
SCIENCE subclasses.
It is important to note that we have the same set of
individuals for FORMAT and COINTENT subclasses,
which is dictated by the type of the competency question.
We ask: “which materials are ready …”, which means that
we need to choose correct materials “out of many”. In
other words all materials, i.e. all individuals of subclass
MATERIAL must have
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SOCIAL_SCIENCE(?A) ∧ covers(?A, "privacy") ∧



a specific format (thus FORMAT subclass) such as:
special fonts, may contain pictures, may exhibit the
final formatting through slides, may require audio
reader and similar. These are all range values of data
type property has_format imposed on various
individuals of the class FORMAT and
 a specific content (this CONTENT subclass) such as
privacy and ethical issues, security, ontological
concepts and similar. These are all range values of
data type property has_content imposed on various
individuals of the class CONTENT.
Individuals of subclasses DISABILITY and SOCIAL
SCIENCE are actually telling us exactly which disability
we deal with (DYSLEXIA and ADHD) and which topics
within the social science curriculum are of interest to our
students
(Social_Network_Privacy
and
Social_
Network_Security). String literals of data type properties
imposed on all these individuals are very important. This
is the place where we have to insert our knowledge on
disabilities and lecture topics. Therefore tough data type
properties and their range values we specify that if we
expect our dyslexic students to join a main stream class in
SOCIAL_SCIENCE, than its material must have a
“special font”, should include “audio_reader” and we
should agree on “no_pictures” within materials. For
students with ADHD we have to ensure that we have
“audio_reader”. Furthermore, if we advertise that we will
run classes in SOCIAL_SCIENCE, which cover the topic
of Social_Network_Privacy and Social_Network_Security
then we have to say exactly that in the
Social_Network_Privacy material we will cover
“privacy”, “ethics” and “legal“ issues and NOT “security”
and in Social_Network_Security we will cover “security”,
“privacy” and “legal “ issues, and NOT “ethics”.
Therefore if students are interested in lectures on
Social_Network_Privacy and Social_Network_Security
they will be taught privacy”, “ethics”, “security” and
“legal” issues.

SOCIAL_SCIENCE(?B) ∧ covers(?B, "ethics") ∧
SOCIAL_SCIENCE(?C) ∧ covers(?C, "legal") ∧
SOCIAL_SCIENCE(?D) ∧ covers(?D, "security") ∧
CONTENT(?E) ∧ has_content(?E, "can_be_privacy") ∧
CONTENT(?F) ∧ has_content(?F, "can_be_ethics") ∧
CONTENT(?G) ∧ has_content(?G, "can_be_legal") ∧
CONTENT(?H) ∧ has_content(?H, "can_be_security") →
RESULTS_1(?E) ∧ RESULTS_1(?F) ∧ RESULTS_1(?G) ∧
RESULTS_1(?H)

Rule 1 Case Study1

The individuals which are moved after running Rule
1 to class RESULT_1 are Social_Network_Theory,
Social_Network_Legal and Social_Network_Ethics. They
all cover issues relevant to student interests in
Social_Network_Privacy and Social_Network_Security.
Rule 2 below shows matching of the requirements of
students suffering from dyslexia and ADHD (they require
“special_fonts”, “no_pictures” and “audio_reader”) to
FORMATS of materials. In other words, Rule 2 will
single out (an) individual(s) from the FORMAT class
which matches literal values of the DYSLEXIA and
ADHD individuals in terms of securing that the material is
written in the correct format (“can_have_special_font”,
“can_have_no_pictures”, “can_have_audio_reader”).
DISABILITY(?A) ∧ requires(?A, "special_fonts") ∧
DISABILITY(?B) ∧ requires(?B, "no_pictures") ∧
DISABILITY(?C) ∧ requires(?C, "audio_reader") ∧
FORMAT(?D) ∧ has_format(?D, "can_have_special_fonts") ∧
FORMAT(?E) ∧ has_format(?E, "can_have_no_pictures") ∧
FORMAT(?F) ∧ has_format(?F, "can_have_audio_reader")
→RESULTS_2(?D) ∧ RESULTS_2(?E) ∧ RESULTS_2(?F)

Rule 2 Case Study1

The individuals, which are moved after running Rule
2 into class RESULT_2, are Social_Network_Theory, and
Social_Network_Legal. They are both specifying
materials which are written in the format suitable for
students with Dyslexia and ADHD.
Rule 3 below moves ontological individuals from
RESULT_1, RESULT_2, into RESULT_3. However,
only individuals which appear in both RESULT_1 and
RESULT_2 classes are moved into RESULT_3.
Therefore the screen shot in Figure 3 shows that only
materials (CONTENT) on Social_Network_Theory and
Social_Network_Legal, which actually deal with Social_
Network_ Privacy and Social_Network_Security, are
prepared in the format which can be acceptable by
students with Dyslexia and ADHD.

Reasoning
We are running a set of three rules upon classes from
Figure 2 in order to find out the answer to the competency
question.
Rule 1 below shows matching of the topics of
students‟
interests
(Social_Network_Privacy
and
Social_Network_Security) with topics available in
materials under their CONTENT. In other words, Rule 1
will single out (an) individual(s) from the CONTENT
class
which matches
literal values of the
Social_Network_Privacy and Social_Network_Security
individuals in terms of ensuring that the material covers
privacy,
security,
ethics
and
legal
issues
(“can_be_privacy”, can_be_legal”, can_be_security”,
can_be_ethics”).
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RESULTS_1(SOCIAL_NETWORK_ETHICS) ∧

what devices, which can support DISCUSSIONS, can be
used by students suffering from AUTISM and
ASPERGER_ SYNDROM.) String literal of these data
type properties strengthen the semantics of disability and
the meaning of discussions within VLE_ON. Therefore
we specify that if we expect our autistics students to join
discussions, then devices, which will assist such students
must have “voice control”, “sound control”, should
support “no_colours”, should allow “no_sudden_sounds”
and favor “step_by_step_communication_style”.
For
students with asperger syndrome we will be looking for
devices which have “voice control”, “sound control” and
allow “step_by_step_communication_style”. Therefore
devices chosen to support disable students in discussions,
should have (CHARACTERISTICS of) “voice control”,
“sound control”, should support “no_colours”, should
allow
“no_sudden_sounds”
and
favor
“step_by_step_communication_style”.
Furthermore, if we claim that we will run a
DISCUSSION then the essential functionality of devices
used in them match our requirements that DISUSSIONS
can exist (FUNCTIONALITY) only if Immage and Sound
“is_given”, and “is created” during the discussions.

RESULTS_1(SOCIAL_NETWORK_LEGAL) ∧
RESULTS_1(SOCIAL_NETWORK_THEORY) ∧
RESULTS_2(SOCIAL_NETWORK_LEGAL.) ∧
RESULTS_2(SOCIAL_NETWORK_THEORY.) ∧
RESULTS_2(WEB_APPLICATION__SOCIAL_SYSTEM.)
→RESULTS_3(SOCIAL_NETWORK_LEGAL.) ∧
RESULTS_3(SOCIAL_NETWORK_THEORY.)

Rule 3 Case Study1

CASE STUDY 2
In this section we illustrate the reasoning which
answers the following competency question:
“Which technology or devices would suit a student
with a specific disability Autism and Asperger
Syndrome, when conducting a discussion is an
essential part of the assessment?
The VLE_ONT concepts involved in this case study are
TECHNOLOGY_DEVICES,
PEOPLE
and
ASSESSMENT subclasses, as given in figure 4.
However, we use subclasses FUNCTIONALITY and
CHARACTERISTICS of the TECHNOLOGY_DEVICES
class in order to understand fully what exactly today‟s
devices deliver in terms of services in learning
environments (FUNCTIONALITY) and how they are
going to be useful (or matched) for students with
disabilities (CHARACTERISTICS).

Reasoning
We are again running a set of three rules upon classes
from Figure 4 in order to find out the answer to the
competency question.
Rule 1 below shows matching between essentials for
running DISCUSSIONS (Sound and Image) and
FUNCTIONALITIES of devices which are used as a
support in discussions. In other words, Rule 1 singles out
(an) individual(s) from the FUNCTIONALITY subclass
(which is a device) which match(es) literal values of the
Sound and Image individuals (i.e. you can run discussions
through Sound and Image, if each of them “is_given”,
is_created” in an instance of a VLE). This matching
secures that the device(s) can be used in the discussion
because
it
(they)
secure(s)
“image_given”,
“voice_created”, “sound_given” .

Data type properties
Table 1 shows the data type properties definitions for
VLE_ONT subclasses included in Figure 4. It lists data
type properties of the ontological individuals from the
FUNCTIONALITY,
CHARACTERISTICS,
DISSABILITY and DISCUSSION subclasses.
As in case study 1, the same set of individuals for the
FUNCTIONALITY, CHARACTERISTICS subclasses,
are dictated by the type of the competency question:
“technology or devices are suitable …” In other words all
TECHNOLOGY_DEVICES, i.e. all individuals of the
FUNCTIONALITY, CHARACTERISTICS subclasses,
must have:
 a specific functionality such as generating speech,
sound, creating pictures and allowing changes in
them etc. These are all range values of data type
property has_function imposed on various individuals
(devices) of the class FUNCTIONALITY.
 a specific characteristic such as: it does not have
voice or sound control, there are no colors, and it
does not support a step-by-step communication style.
These are all range values of data type property
has_characteristics imposed on various individuals
(devices) of the class CHARACTERISTICS.
Individuals of subclasses DISSABILITY and
DISCUSSION are telling us exactly which disability we
deal with (AUTISM and ASPERGER_ SYNDROM) and

DISCUSSION(?A) ∧ can_be_through(?A, "is_given") ∧
DISCUSSION(?B) ∧ can_be_through(?B, "is_created") ∧
FUNCTIONALITY(?C) ∧ has_function(?C, "image_given") ∧
FUNCTIONALITY(?D) ∧ has_function(?D, "voice_created") ∧
FUNCTIONALITY(?E) ∧ has_function(?E, "sound_given")
→RESULTS_1(?C) ∧ RESULTS_1(?D) ∧ RESULTS_1(?E)

Rule 1 case study 2

There are four individuals which are moved after
running Rule 1 to class RESULT_1.
They are
Picture_Exchange_Communication_System,
Tablet,
Video_System and Portable_and_Handhel_AAC.
Rule 2 below shows matching of the requirements of
students suffering from Autism and Asperger Syndrome
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(they require that they devices have “voice_ocntrol”,
“sound_ocntrol”, “no_colours_, “no_sudden_sounds” and
“step_by_step_communication_style”)
to
CHARACTERISTICS of devices. In other words, Rule 2
will single out (an) individual(s) from the
CHARACTERISTIC class which matches literal values of
the Autism and Asperger Syndrome individuals in terms
of securing that the device used is appropriate for them
(“has_voice_ocntrol_avaliable” and “has_no_colours”).

communications. We also look at ontological models
which have been exploited in educational environments
for various purposes, and their potential overlapping with
our work.
(Yufang et al., 2005) focuses on Collaborative Virtual
Environment (CVE) technology for people with autism,
with emphasis on the role of avatars as a support when
dealing with students‟ emotions. Their CVE acts as an
efficient „assistive technology‟, in a safe and controlled
environment, which helps to build self awareness of
autistic students and more effectively convey their
emotions. The CVE can be incorporated into any VLE
and the functionality/characteristics of their technology
may be easily placed as individuals in our VLE_ONT and
manipulated through our reasoning rules.
(Chivukula, et al., 2008) addresses the problems of
teaching disabled individuals by adding audio/visual
instruction feeds, voice/video conferencing, and text chat
to the Automated Internet Measurement Lab (AIM-lab).
The user of an AIM-lab system interacts with the system
using a web browser, which runs a java applet, opening a
new “pop up GUI”, for each request. Features such as
audio/video chats, online conferences, and message
boards, provide various channels for collaboration,
depending on the learning goal, which would greatly
benefit disabled students in collaboration with peers
and/or tutors. However, A desktop GUI accommodates
various learning and collaborative components which
ensure that students customize their learning environment
by rearranging the number, positions, and size of each
component in accordance to their personal learning styles.
(Cha, et al., 2006) describe a learning environment
where the learner‟s preferences are diagnosed, and then
user interfaces are customized in order to accommodate
the preferences. Interfaces are based on the learning style
model developed by (Felder and Silvermann). The
diagnosis of the learner styles are carried out by applying
the Decision Tree (DT) and Hidden Markov Model
(HMM) approach to the information collected from the
user behavior.
The work of (Ma and Kumar, 2007) focuses on
discoverability and reusability of learning resources,
called learning objects, to be assembled into coherent,
larger scale structures such as courses. They supplement
learning objects metadata with ontologies which store
semantics of pedagogical environments. However, the
purpose of their ontologies is to share well defined
pedagogical concepts and principles, manage the meaning
of educational terminology and accommodate its
knowledge expansion. Learning resources can then be
browsed and visualized through ontologies and structured
toward the support in learning objectives and activities.
The authors do not specify how they manipulate concepts
from their ontologies, but they claim that their inference
mechanisms (not specified in the paper) will allow search

DISABILITY(?A) ∧ requires(?A, "voice_control") ∧
DISABILITY(?B) ∧ requires(?B, "sound_control") ∧
DISABILITY(?C) ∧ requires(?C, "no_colour") ∧
DISABILITY(?D) ∧ requires(?D, "no_sudden_sounds") ∧
DISABILITY(?E) ∧ requires(?E, "step_by_step_communication_style") ∧
CHARACTERISTICS(?F) ∧ has_characteristics(?F, "has_no_colour") ∧
CHARACTERISTICS(?G) ∧
has_characteristics(?G, "has_voice_control_available")
→RESULTS_2(?F) ∧ RESULTS_2(?G)

Rule 2 Case Study 2

The individuals, which are moved after running Rule
2
into
class
RESULT_2,
are
Picture_Exchange_Communication_System,
and
Portable_And_Handheld_AAC. They are both securing
voice control and absence of colors.
Rule 3 below moves ontological individuals from
RESULT_1, RESULT_2, into RESULT_3. However,
only individuals which appear in both RESULT_1 and
RESULT_2 classes are moved into RESULT_3.
Therefore the screen shot in Figure 5 shows that only
devices
(FUNCTIONALITY)
Picture_Exchange_Communication_System,
and
Portable_And_Handheld_AAC, which actually can secure
sound and image in discussions are suitable for students
with Autism and Asperger Syndrome.
RESULTS_1(PICTURE_EXCHANGE_COMMUNICATION_SYSTEM.) ∧
RESULTS_1(PORTABLE_AND_HANDHELD_AAC.)

∧

RESULTS_1(SPEECH_GENERATING_DEVICE.) ∧
RESULTS_1(TABLET.) ∧ RESULTS_1(VIDEO_SYSTEM.) ∧
RESULTS_2(PICTURE_EXCHANGE_COMMUNICATION_SYSTEM) ∧
RESULTS_2(PORTABLE_AND_HANDHELD_AAC)
→RESULTS_3(PICTURE_EXCHANGE_COMMUNICATION_SYSTEM) ∧
RESULTS_3(PORTABLE_AND_HANDHELD_AAC)

Rule 3 Case Study 2

RELATED WORKS
We are not aware of any research which uses
ontological reasoning for creating VLEs suitable for
students with disabilities. In this section we give a
selection of interesting approaches to dealing with
disabilities in terms of exploiting immersive technologies,
interfaces
and
collaborative
technologies
for
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learning objects to include terms which are semantically
related to those entered by the learner.
For relatively new list ontologies, which are used for
semantic description of metadata in environments which
contain educational resources, we refer the reader to the
paper published by (Lama and Sanchez, 2009) and to
relatively old selection from 2004 of ontologies in
teaching and learning from (Wilson, 2004). It is important
to note that in spite of acknowledging that “shared
vocabularies” are essential in conveying the meaning
across semantically different operational environments,
only recently we have been able to convey the structure
and the meaning of metadata elements in machine
interpretable format through Semantic Web technology
and OWL/SWRL enabled ontologies in particular.
The paper of (Zouaq and Nkambou, 2009) propose
the creation of ontology based organisational memory,
which acts as a knowledge base for various training
environments in which we can exercise on-the-fly creation
of learning objects.
Their Document, Domain,
Instructional Role, Competence and Instructional
Learning Theory ontologies, stored within an ontological
layer of the knowledge production component
architecture, structures different kind of resources used in
the creation of learning objects. These ontologies are
focused on expressing and defining various terms, indexes
and knowledge. However, OWL ontological concepts are
manipulating through OWL constraints and SWRL rules
in order to connect them correctly when creating learning
objects and fulfilling each instructional event. Therefore
the deployment of OWL concepts and SWRL rules play
important role in linking semantically related components
of their architecture, but it does not necessarily increase
inference within OWL ontologies, as we advocate in our
solution.
Their knowledge production component
architecture increases the number of created learning
objects specific for a particular instructional event, which
then becomes tailored to specific training needs.
The work of (Lei and Lei, 2009) constructs an online
learning behavior analysis system based on ontology and
semantic parsing. Their ontology is used for describing
the contents of learning subjects, performing semantic
annotation to mark learning behavior, resolving semantic
heterogeneity and many more.
OWL and SWRL
reasoning is used in (Chi, 2009) in order to represent
abstract views of content sequencing and course material
when creating the curriculum content and inserting them
as factual knowledge though inference mechanisms. They
deploy OWL constraints though object and data type
properties and use SWRL in order to create or even
identify semantic relationships amongst the individuals of
their ontology.
One of the best examples of learning (domain
specific) ontologies can be found in (Bourdeau, et al.,
2007). Its detailed concepts conceptualize the world of
education by allowing declarative modeling not only of

concrete phenomena, but also of theoretical knowledge
about the phenomena related to learning, construction and
instructional design. From this perspective we can
probably re-sue their modeling concepts in order to
improve the semantics stored in our VLE_ONT.
EVALUATION
We evaluate our work by looking at advantages of
using OWL/SWRL technology in our examples, and
making design decisions dependent on them. We also
look at limitations of our current model and reasoning
mechanisms and propose their improvements.
Data Type Properties are the main type of constraints
imposed on VLE_ONT. The reason is twofold: (a) our
problem domain contains the semantic which can be
successfully described through natural language, thus
range values in data type properties are ideal places to
store the meaning of relationships between ontological
concepts, such as: Dyslexya students will require in their
materials “special fonts”, “audio reader” and they might
be more engaged if their materials have “no_pictures” (b)
ontological matching, when using data type properties,
gives us a power of deciding exactly how the matching
may happen, i.e. we have a power of using range values
for each individual in our SWRL rules which dictate
matching, i.e. reasoning, which in turn becomes more
descriptive
This enables a better precision of
manipulating the meaning behind ontological concepts in
VLE_ONT.
As a consequence of (a) and (b) above, our SWRL
rules, from Figures 4 exhibit a higher level of hard
coding, compared to SWRL rules which must use OWL
classes and object properties defined upon them.
However, it is debatable whether we achieve better
description and manipulation of the semantics of our
problem domain through either
(i) elimination of data type properties and range values,
which can then generate lean SWRL rules which are
not overloaded with hard coding or
(ii) manipulation of range values in SWRL rules in order
to input the precision of our knowledge on how we
wish to manipulate the semantics. In order to justify
the benefits of
(iii) We could also argue that a very precise and detailed
retrievals in languages such as SQL, have always
exhibit a high level of hard coding, which in turn was
never seen as an obstacles in having successful
retrievals across database elements.
Our hard coding in SWRL rules affects their
reusability, but their power to manipulate the semantics.
However, our Rules 3 form Figures 5 can be easily rewritten in terms of removing explicit naming of
individuals, which is an unwanted way of SWRL coding –
and probably the only type of hard coding we disagree
with. Due to brevity reasons in this paper we replace a set
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of SWRL rules which can then move individuals which
appear in both classes RESULT_1 and RESULT_2 into
class RESULT_3, with our way of coding SWRL rules 3.
It has to be noted that our specific process of matching
individuals, taken from (Koay, et al., 2010) and
accompanied with types of competency questions use din
this paper (“which is the best possible device choice…. or
“which is the best possible format of materials… “) from
this paper, will always end up with relatively simple Rule
3: extracting individuals which appear in both classes
RESULT_1 and RESULT_2.
Reusability has been a very important driving force in
this paper and behind our choices of OWL model,
constraints and SWRL built upon them. We have already
emphasized that we are reusing the process from (Koay, et
al., 2010) which dictates the way we model and pair OWL
classes (see Figure1).
The process also prescribes the way of matching our
VLE_ONT individuals which guarantees that we will
have answers to our competency questions. The way we
create hierarchies for classes is essential for matching and
can not be ignored, i.e. it is required by the process in
order to claim reusability. Consequently, we have only
one OWL class available for storing the semantics of
disabilities and the way we model needs of students who
suffer from them in VLE_ONT. This can bee seen as a
limitation in our model, because it might be impossible to
store the complexity of semantics of disabilities within
one single class DISABILITY! However, this is a trade
off, between (x) our choice of reusing the reasoning
process and ontological model which will guarantee
answers to competency questions and (y) creating a
completely new ontological hierarchies and new reasoning
mechanism which will then create more „space‟ for
storing a complex semantics of the disability domain.
Consequently, our choice (x) above has been underpinned
with the extensive use of range values and data type
properties as described in (a) and (b) which obviously
give us enough „space‟ for dealing with the semantics of
disabilities without having more than one OWL subclass
for disabilities available in VLE_ONT.



how many various types of competency questions we
may “ask” upon the current VLE_ONT concepts, by
relying on the power of OWL constraints and SWRL
rules built upon the VLE_ONT. This will then
directly address the appropriateness of our perception
that VLEs‟ constituents parts, selected through our
reasoning mechanism in VLE_ONT, will secure the
adoption of the VLE by students and lecturers (see
the background section) and
how will a new hierarchy, created from the
STUDENT class in the current version of VLE_ONT
affect our reasoning mechanism and if we dedicate
more OWL concepts in the hierarchy for
accommodating the semantics of disabilities in
learning environments in general.
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Fig. 1 Current ontological classes for VLE_ONT (adapted
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TOPIC

SOCIAL_
SCIENCE
RULE1
RESULT_1
CONTENT

MATERIAL

RULE3

RESULT_3

FORMAT

RULE2

PROFILE

RESULT_2

DISABILITY

Fig. 2 The most important subclasses from case study 1
Table 1 Datatype properties in VLE_ONT for case study 1

Fig. 3 Rule 3 case study 1-matching individuals from
RESULT_1 and RESULT_2 subclasses
ASSESSMENT

DISABILITY

RULE1a

RESULT_1a

FUNCTIONALITY
TECHNOLOGY
DEVICES

RULE3a

RESULT_3a

CHARACTERISTICS

RULE2a

PROFILE

RESULT_2a

DISABILITY

Fig. 4 The most important subclasses from case study 2

10

566

Table 2 Datatype properties in VLE_ONT for case study 2

Fig. 5 Rule 3 case study 2-matching individuals from RESULT_1
and RESULT_2 subclasses
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mechanisms which are capable of inference and
computations based on ontological engineering.
Furthermore, modern software applications built upon
OWL/SWRL enabled ontologies are not exclusively in the
domain of knowledge bases, knowledge acquisition,
inference and retrievals. We talk here about manipulating
the real world objects modeled and exploited through
OWL/SWRL enabled ontologies for the purpose of
understanding their meaning in modern computational
environment and the role they may have when building
software applications.
In this work we name them “semantic” software
applications because they are concerned with (a) the
semantic of environments they model and compute and
(b) the portion of the semantic web technology stack, i.e.
OWL/SWRL enabled ontologies in particular.
The paper is organized as follows.
In the next section we reflect upon a few research
papers which build some kinds of software applications,
or computations upon ontologies. In the next section,
RELATED WORKS we describe our proposed
Conceptual Model of Semantic Software Application with
its three distinctive environments: Application Execution,
Connection and Semantic Environment. They are needed
for (or we may say that they may be dictated by) two
reasons:
(1) technologies needed for the deployment of
OWL/SWRL enabled ontologies (OWL API in
particular), and
(2) sound software engineering principles which divide
front end of software applications from the back-end,
which contains and manipulates persistent data.
Consequently, the TECHNOLOGY SPECIFIC DESIGN
COMPONENTS section details the role of technologies
needed for the deployment of our proposal and their
impact on the software application design. The section
named SEMANTIC SOFTWARE APPLICATION
DESIGN details the illustration of our conceptual model
in a particular problem domain of managing retrievals
across Medical Databases. Furthermore, we add further
examples of implementations in the section which follows
and demonstrate that the same conceptual model creates
three identical software application designs in three
different problem domains. The only difference between
these examples is that each example is dependent on

ABSTRACT
The purpose of this paper is to investigate the reuse of
a generic Software Architecture (SA), which can generate
a set of specific software applications dependent on
persistent data stored in OWL/SWRL enabled ontologies.
We term such software applications “semantic” because
they are concerned with (a) the semantics of environments
they model and compute and (b) the portion of the
semantic web technology stack, i.e. OWL/SWRL enabled
ontologies in particular. We have applied our proposed
SA in three different problem domains and concluded that
the design of semantic software applications from the SA
remains the same across different problem domains.
Apart from technology specific design decisions, all
software applications built upon OWL/SWRL enabled
ontologies can be designed according to our conceptual
model from the proposed SA.
INTRODUCTION
The standardization of Semantic Web technology has
opened a new horizon in our attempts to create a new type
of software applications, which are dependent on
persistence stored in OWL/SWRL enabled ontologies.
The deployment and use of OWL/SWRL enabled
ontologies far exceeds the domain of the Semantic Web
and Web in general. We are able to create and exploit
such semantically powerful environments built with OWL
ontologies, enriched with reasoning mechanisms
developed through SWRL rules, in a range of domains:
from business modeling and decision making to
addressing interoperability in heterogeneous software
systems and pervasiveness in modern computational
environments.
However, exploiting the power of OWL/SWRL
enabled ontologies requires a disciplined approach to the
software application design for at least two reasons:
(i) Semantic Web technology will always affect the
design of any software application which needs
concepts stored in semantically rich environments
such as OWL/SWRL enabled ontologies, and
(ii) computations in such environments are moving away
from traditional programming to reasoning
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different content of OWL/ SWRL enabled ontologies for
retrievals. We comment on our future works in
CONCLUSIONS.

CONCEPTUAL MODEL OF SEMANTIC
SOFTWARE APPLICATIONS
Figure 1 shows the SA which comprises a conceptual
model of a semantic software application, dependent on
OWL/SWRL enabled ontologies.
The top most layer hosts software components
responsible for deploying the functionality of the front end
part of the software application: mostly user interfaces,
manipulation of user inputs received through the
interfaces and the management of the application itself.
This is also known as an Application Execution
Environment: usually created through Java Technology
and its Integrated Development Environments (IDE) such
as NetBeans. Consequently a set of JSPs (Java Server
Pages) responsible for capturing user inputs, are
forwarding them to software components which are
deployed as Servlets. Therefore any number of JSPs are
connected to each Servlet and a set of Servlets, are
responsible for managing the functionality of the software
application. The role of Java Classes is to streamline the
functionality of the application towards a particular type
of persistence (ontological concepts) which in this
particular instance of the SA means connecting to OWLAPI.
The middle layer named Connection Environment
consists of technology specific components which use
data supplied by Java Classes in order to trigger the
execution of SWRL rules, thus performing a certain type
of computations upon the persistent data (ontologies). In
other words the middle layer allows Java classes to
interact with components from the Semantic Environment:
it passes user requests in OWL syntax to the ontology(ies)
and it also passes the SWRL rules to the Jess engine for
their execution, as an essential part of a reasoning
mechanism, which may exist in any OWL/SWRL enabled
ontologies.
The lowest layer hosts a Semantic Environment
which stores very often persistent data and their metadata.
They are likely to contain various ontologies, i.e. mainly
individuals stored in ontological classes. Therefore this
environment contains ontological concepts which we
divide into the three distinctive groups. The division is
dictated by the role of SWRL and OWL in the Semantic
Technology stack. However, it is generic enough to be
applicable to any modeling and programming language
(or technology) which can manage main ontological
classes, individuals, their constraints and reasoning rules
upon them. It is important to note that the power of
OWL/SWRL enabled ontologies gives us complete
freedom of manipulating their concepts. Therefore our
idea of separating OWL basic concepts from constraints
and rules is essential if we wish to claim that our Figure 1
is a generic model of SA with clearly specified roles of its
main constituent parts (components).

RELATED WORKS
We have been unable to find published work on
semantic software applications, which have the same
concerns, as in our (a) and (b) from the Introduction, and
compare them to this paper. The main reason for the lack
of clear related works is in the overload of the word
“semantic”, which means a plethora of “things” in modern
computing. We have also been disappointed with
numerous implementations of OWL/SWRL enabled
ontologies across problem domains, which give no
information on how software applications were designed
and built upon such ontologies. Consequently there are no
specific software architectural styles or conceptual models
which address (i) and (ii) from the Introduction and
guarantee the creation of a software application, which we
can call “semantic”, i.e. which are concerned with (a) and
(b) from the Introduction.
One of the interesting attempts to promote a layered
architecture for developing semantic web applications is
given in (Liu et al., 2010). However, they work in the
Web, environment, i.e. Semantic Web domain and they
claim that Java EE 3-tier architecture has been successful
in developing large scale enterprise applications. They
may have systemized the way of using SPARQL and
turning the result of such retrievals into objects, i.e.
turning RDFs and OWL ontologies into classes, but they
rely on traditional MVC patterns for storing computations
in Java and do not use SWRL. The work of (Zhang and
Hansen, 2008) places their OWL/SWRL enabled
ontologies within a designated Hydra Middleware
Architecture based on Web services in pervasive
middleware and self healing systems. Consequently, their
architecture is very domain specific and accommodates
the functionality covered by OWL and SWRL in a
specific Diagnosis Manager, as an architectural
component which manages ontological individuals and
SWRL rules which run upon them.
The paper which resembles our work is concerned
with the design of web applications using OWL and
SWRL (O‟Connor et al., 2009). However, there is no
explicit conceptual model of the architecture they create
or use and they are concerned with the integration of
various information formats through their ontological
modeling and reasoning, for the purpose of creating a web
application. Their concern is that ontology driven software
applications will always deal with multiple ontologies
therefore a certain level of integration (of application data
or ontological individuals) will always have to occur.
Consequently, they have developed SQWRL language as
a built in library which contains SQL influenced built-ins
for retrievals of information stored in OWL nntology.
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between the Jena OWL reference model (that include the
SWRL rules) and the Jess reasoning engine. Thus, the Jess
reasoning engine opens the Jena OWL reference model
and accesses SWR rules within it, using the SWRL rule
engine bridge. The SWRL rules are then imported onto
the bridge from the Jena OWL reference model and are
executed/run to generate the results. Therefore, the SWRL
rule engine bridge gives the software application the
necessary infrastructure to incorporate the Jess reasoning
engine into the software application in order to provide a
mechanism to:
- import the SWRL rules and relevant OWL classes,
individuals and object/datatype properties in the Jena
OWL reference model and to write knowledge
obtained from them, onto the Jess reasoning engine,
- allow the Jess reasoning engine to perform inference
and to assert its new knowledge back to the bridge,
and
- insert that asserted knowledge into the Jena OWL
reference model.
Therefore the software application is capable of extracting
information from the ontologies, running the SWRL rules
and storing back the results to the original ontologies.

TECHNOLOGY SPECIFIC DESIGN
COMPONENTNS
Figure 1 has indicated how the tools and languages
used for deploying the SA components, make them
technology specific. Consequently their presence has
influenced the way we design software application from
the proposed SA. We briefly describe technologies (tools
and languages) essential for the deployment of our SA in
paragraphs below.
OWL DL is used to create the ontologies using the
Protégé 3.4 ontological editing toolkit environment.
NetBeans 6.4 IDE is used to develop and implement
the software application built upon our ontologies as it
provides
extensible
application
development
environments and the functionality of uploading all the
Protégé plug-ins (i.e. all the packages that make up the
functionality of the Protégé 3.4 ontological toolkit
environment). NetBeans 6.4 IDE allows its functionality
to be extended by the selection of Protégé-OWL API
libraries in order to create, manipulate and serialise OWL
ontologies. NetBeans 6.4 IDE also includes the inbuilt
swing package and provides a swing GUI builder.
Protégé-OWL API library is used to provide a Java
API and reference implementation for creating and
manipulating OWL ontologies. Thus, the software
application takes the help of Protégé-OWL API in order to
extend the functionality of abstract classes and methods
for populating ontologies with individuals, as well as
creating a bridge to a reasoning engine and running the
SWRL rules. It must be noted that the only way to
manipulate ontologies created in Protégé 3.4 (i.e. the
Protégé OWL model), is to convert them, into a „Jena
OWL reference model‟, in order to get a static snapshot of
the ontological model at run time. Thus, the „Jena OWL
reference model‟ generated for each individual ontology
in the Semantic Environment behaves like a run-time copy
so that the software application can manipulate them.
Jess reasoning engine is used to infer logical
consequences from a set of asserted facts or axioms in
OWL ontolgies. The Jess reasoning engine is the preferred
engine for running the SWRL rules as it comes as an
inbuilt package with Protégé 3.4. Many other reasoning
engines such as Bossam1, Pellet2, RacerPro3 and Jena4
need to be imported externally while the others do not
fully support the SWRL rules. Thus, the software
application connects to the Jess reasoning engine
whenever it needs to execute/run the SWRL rules.
SWRL Rule Engine Bridge5 from the OWL API
library is extended to create an instance of a bridge

SEMANTIC SOFTWARE APPLICATION DESIGN
Figure 2 illustrates a generic SA from Figure 1 and
shows the way we design a software application from the
generic SA solution. When comparing Figures 1 and 2 we
can see that we concentrate on the Connection
Environment, which is dictated by the technologies
described in the previous section. Therefore we extend the
Connection Environment by separating from it an OWLAPI Reference model.
Furthermore, application design form Figure 2 carries
domain specific information, i.e. we have to supply the
purpose and the functionality of the software application
we design. Without these two additional information:
technology dependent factors and domain specific
software components, we can not design any software
application.
The problem domain used in Figure 2 is in pervasive
healthcare where we perform retrievals, across a set of
various medical databases, in order to derive Medical
Summary for a particular patient. In other words, we
issue requests for retrievals through UIs and the results of
such retrievals are also displayed at the UI level. It is
important to note, that the correct results of retrievals to
obtain a Medical Summary for a particular patient
depends on data stored in a set of ontologies, i.e. the
application we show in Figure 2 needs to retrieve
ontological individuals and NOT traditional database
elements (Kataria and Juric, 2009, Kataria and Juric
2010). These individuals are being moved around OWL
ontologies through SWRL rules in order to obtain a
correct result of retrievals. Therefore, we have a case

1

http://bossam.wordpress.com/about-bossam/
http://clarkparsia.com/pellet/
3
http://www.racer-systems.com/products/racerpro/index.phtml
4
http://jena.sourceforge.net/
5
http://protege.cim3.net/cgibin/wiki.pl?SWRLRuleEngineBridgeFAQ
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study of exploiting the content of ontological concepts
instead of retrieving the content of databases, in order to
manage data retrievals. Thus, the specificity of this
particular problem domain is visible in the Application
Execution and Semantic environments of Figure 2. We
have named our JSP components and OWL/SWRL
components.
UserRequest.jsp,
and
UserAdditionalInformation.jsp are .jsp components
which accept user‟s inputs (requests for retrievals) and the
ResultsOfRetrievals.jsp display results of running the
application.
OWLJavaServlet.java: is a Servlet that acts as a
management console to direct inputs from jsp to java class
and vice versa. It also interacts with the OWL model to
extract individuals (if required) generated as a result of
execution of SWRL rules on the ontology.
OWLConnection.java: is a plain java class which
interacts with both; the ontology stored in the Semantic
Environment and the JESS engine (with the help of OWL
API). In other words, the class establishes connection with
underlying Jess engine and Ontology using the OWL API.
It also creates an OWL model from the ontology.
OWL API: is a set of jar libraries, which contain
methods through which Java Classes communicate with
the ontology and jess engine.
JESS Engine J: is also a set of jar libraries, which
are not directly imported into the Java Class. However
they are required by the OWL model when executing the
SWRL rules inside the Ontology. In other words, Java
Class “asks” the bridge to execute the SWRL rules and
bridge would then pass the same rules to the Jess engine.
The Jess libraries would be invoked at the time when rules
are to be executed.
OWL API Reference Model is a static snapshot of
the OWL model at run time, i.e. „Jena OWL reference
model‟, upon which rules can be executed and inference
from running rules can be stored.
Healthcare Summary Ontology: is the underlying
ontology which contains all classes with individuals (Y,
M and P) and various constraints (C) associated SWRL
rules (R) with the ontology.
Protégé User Interface and SWRL Rule Design are
tools available for designing ontologies and writing
SWRL rules. Therefore both of these functionalities exist
within the Protégé, which is a plug-in for NetBeans. A set
of SWRL Rules is always associated with the ontology
stored in the Semantic Environment.

changes are the names and numbers of UI (j.sp) and
Servlets and names and number of ontologies stored in the
Semantic Environment. It is not important to draw a
separate Figure 2 for each case study, because they will
not show significant differences to the example of
retrieving a Medical Summary from the previous section.
Therefore in this section we give for each case study a
small scenario in order to introduce problem domains and
descriptions of the content of individual UIs, i.e. .jsp. It is
important to note that both of these examples are based
solely on the OWL ontologies, i.e. the problem domain
did not require the existence of any of the traditional types
of databases ad the functionality of our software
applications depend exclusively on the content of our
OWL concepts: ontological individuals, constraints and
SWRL rules. Furthermore, in order to test reusability of
Figure 2, in both case studies we rely on computations
done through SWRL rules, i.e. we are not very dependent
on computations which can be done with Java in the
Application Execution environment.
The first case study uses one ontology, created for
the purpose of managing the semantics of a Virtual
Learning Environment (VLE), through OWL concepts,
constraints and SWRL rules defined upon them. The
purpose of the software application built upon such an
OWL/SWRL enabled ontology is to get a list of
technologies and devices which should be deployed in a
particular instance of VLE for the purpose of running an
exam set for students who have a particular academic
background, i.e. they were not taught “concept maps”
(Syal et al., 2010). We have a set of UIs very similar to
.jsp in Figure 2, which allow users to enter their requests
and read the results through them.
Therefore we enter, through JSP components, user
inputs: the user (lecturer) wishes to run an exam, and
students, who will sit the exam, ma not have questions on
“concepts maps”.
The software application which
accepts this input, will display on one of its JSP, the
outcome of such a request: out of many technologies and
devices, such as MULTITOUCH SURFACES, TABLETS
and INTERACTIVE BOARDS, available for this instance
of a VLE, only TABLET device would be suitable for
running this particular exam. Consequently TABLET, as
a name of a device suitable for the exam is displayed on
the
software
application
UI,
i.e.
in
the
ResultsOfRequests.jsp.
The second case study also uses one ontology,
created for the purpose of extracting web site design
features. Design of web site is always dependent on a
variety of factors, ranging from: individual designer
skills, and background, personal context in terms of
cultural identification (nationality, ethnicity, religion,
citizenships etc.), to the purpose of the web site they
design, the motivation of potential web site users and their
intentions in manipulating the content of the web site.
(Kim and Kuljis, 2007). The purpose of the application

FURTHER EXAMPLES OF IMPLEMENTTAIONS
Figure 1 has been applied in two more case studies
from a completely different problem domain. In both
cases the outcome is almost identical to Figure 2: the only
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built upon such an ontology is to connect all factors
(design elements) relevant for creating an appropriate web
design, and filter the best possible combination of design
elements, i.e. web site features in any particular situation.
The ontological model which mirrors the complexity of
the scenario contains an excessive set of ontological
classes and their hierarchies, which were successfully
managed through SWRL rules in order to list the best
possible set of web design elements for a particular
situation (“context”) (46, 47). It is obvious that we are in a
very similar position as in the previous case study: We use
a set of UIs very similar to JSP in Figure 2, which allow
users to enter user requests and read the results through
them.
Therefore, we enter through the JSP components all
user inputs: the targeted users of a web site, which is
being designed, will be interested to find out in a
particular context (“political”), for the purpose of
collaboration and information seeking (“purpose of the
web site”), everything about the spread of Buddhism in
the UK. The software application which accepts this type
of input, will display, on one of its JSPs, the outcome of
such a request: of many web site design features (and
known cultural markers), the web designer should pay
special attention to COLOURS, SYMBOLIC and
ICONIC IMAGES, REFERENCED TEXTS, LINKS (to
Statistic data) and should take into account WEB 2.0.
(which will be displayed in the ResultsOfRequests.jsp)

become a challenge in modern software applications
which claim to exploit the meaning, i.e. the semantic of
the environments in which they reside. We are currently
investigating the robustness of our conceptual model in a
range of applications which would interchangeably use
database elements and ontological individuals on ad-hoc
bases without imposing any changes in their format and
without performing any kind of integration of either data
or ontological individuals.
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ABSTRACT
Preventive Health Care (PHC) is of
eminent importance in today‟s world (Kuller,
2006). There is enormous number of applications
available to store and manage data related to
Preventive Health Care. Realizing the importance
of PHC, this paper builds PHC ontology by
converting existing relational data set using
Protégé 3.4.5 with the help of Datamaster plugin. Ontology and semantics have become
solutions for many problems we encounter,
especially in domains like Healthcare. This paper
shows our experiences while creating ontology
from database, applying semantics to it and then
analyzing the pitfalls of the approach. From the
work that is mentioned here, it is observed that, a
clean accurate and fool proof technique for
mapping relational data to ontology has not been
obtained yet.
KEYWORDS Ontology, Reasoning, Datamaster,
Relational Database, Protégé, Preventive Health
Care, Diabetes, Cancer.
INTRODUCTION
Ontology related research is becoming widespread
in the field of Computer Science (Chandrasekaran
et al., 2002). Ontology can be defined as
systematic and formal representation of
knowledge of a domain in terms of all relevant
entities and the relationships among them.
Ontology gives potential terms for describing
knowledge about each domain (Chandrasekaran et
al., 2002). All theories can be classified into two
main categories i.e. Mechanism theories and
Content theories. Ontology comes under Content
theories as they are related to objects, properties
of objects and relations among objects in a
specific domain of knowledge (Chandrasekaran et
al., 2002). Data is omnipresent but organizing data
in the most effective way and deriving precise
knowledge from it, is time consuming and errorprone. While developing Ontology, Ontology
modelers work with Subject Matter Experts
(SME) to gain insight into the subject area
(Albarrak and Sibley, 2009). But many

organizations tend to avoid involving SMEs in
long term projects and since a part of knowledge
has been stored in databases, an inexpensive and
less error-prone method is to extract knowledge
from existing sources (Albarrak, Sibley ,2009).
The derived knowledge can be used as a base for
Ontology modelers, who can then further expand
it by adding more semantics (Albarrak and Sibley,
2009). To enhance knowledge – driven querying
of relational databases, a handful of tools have
been used to map data dynamically from
databases to Ontological model (O‟Connor et. al,
2007). Datamaster , RDBToOnto , ODEMapster
are examples for tools which are developed for
Relational database to Ontology conversion. Here
we use Datamaster for converting our Relational
model. Datamaster is a Protégé plug - in that
allows the user to import a relational database
structure into a Protégé – OWL or Protégé –
frames ontology. This also supports the importing
of table contents if needed (Nyulas et. al , 2007).
Datamaster plug-in was designed in the
BioSTORM project, in which it was aimed to
develop a computational test bed that can draw on
real – world data sources and also it would allow
users to configure run and verify alternative
surveillance methods (Nyulas et. al, 2007).
Ontologies have been being crucial in answering
the problem of data sharing for many years. They
show us a very powerful mechanism to represent
knowledge
and
conceptualization
inside
information systems (Gruber, T.R., 1993). As a
part of this paper, we cover the problem of
generating an ontological model from its
underlying database, which involves mapping of
relational data to ontological concepts and their
instances. Thus the ontological model and
reasoning upon it, answer our competency
question: “Which is the most optimal set of
preventive measures to be taken against a
particular
disease
(given
the
habits,
symptoms/physical measures of an individual)”.
In this paper, domain that is taken under
consideration is Preventive HealthCare (PHC).
Preventive health which is also described as
„warding off disease‟ is the process of making
regular decisions and applying positive actions on
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health diet habits and lifestyle so as to avoid
diseases in future (Kuller, 2006). Preventive
health concentrates more on wellness rather than
sickness by showing the way to stay away from
possible diseases. Prevention of diseases appears
to be the cornerstone in extending the health
quality of life of each individual (Kuller , 2006).
Many diseases can be prevented, yet health care
systems do not make the best use of their
available resources to support this process.
(Wright, 2011) says that early treatment of at-risk
patients can dramatically bring down healthcare
expenditures.

challenges faced in this approach and we make
lessons which are to be applied later.

This paper is organized as follows. In the
following section we give a brief summary of the
BACKGROUND works of this research which
primarily talks about main interests and goals of
the paper. SCENARIO section describes a sample
context where the approach detailed in this paper
can be applied. This is followed by PROCESS
section which includes all crucial steps that has
been carried out during this research work. It
includes transformation of table to ontology,
mapping of tables to ontology attributes,
description about OWL Classes, Data type
properties, and reasoning rules. We evaluate the
work in the next section and we make an
introspective study about the advantages, pitfalls
and challenges of the work. As the last section, a
brief summary about the work and the
continuation of the research planned to be
conducted in future are given under
CONCLUSION & FUTURE WORK.

We have 3 Microsoft Excel spread sheets
each containing manually collected data. The first
one comprises of details about a list of patients
with a set of symptoms, lifestyles and habits. And
the second spreadsheet contains a set of diseases
and their symptoms where the third one has
preventive measures corresponding to each
disease. While data in these files are converted to
ontology files we have 3 different OWL classes
which represent the three spreadsheets. In a real
time scenario this kind of spreadsheets may
contain thousands of rows of data. After
converting to Ontological model it becomes easier
to manipulate the data and we are able to derive
more precise information using SWRL rules.
Once the ontological model is generated, further
steps are similar to the scenario detailed in (Suh et
al. 2011). Also this PHC system can be useful to
various healthcare professionals and it doesn‟t
want the user to be aware of the disease(s) that
he/she is prone to.

The contributions of this paper are the
following: 1) Formalizing a method for converting
relational data to ontology in the world of
preventive healthcare. 2) Applying semantics to
the generated ontology. 3) Validating the strength
of the conversion process by comparing results
from (Suh et al. 2011) and the one from this
research.
SCENARIO

BACKGROUND
Let us consider a tuple in the PATIENTS
table,
which
got
converted
into
db:PATIENT.Sheet1 class. The data type
properties of the individual are set as described
below. Figure 1 shows the individual that is
created in the model after conversion of database
into ontology.

The research in this paper has been
carried out as a part of experiments to explore the
power and significance of ontology over the most
commonly used data manipulating techniques
existing today. The research related to PHC and
ontology has been done in two ways. First one is
detailed in (Suh et al. 2011) which is associated
with designing and reasoning of ontology model
starting from the scratch and this paper depicts
the second approach which focuses on converting
relational data into an ontological model and then
applying semantics to this ontology. It is
undeniably true that the semantics and semantic
web are very promising evolution in today‟s
world (Sheth and Ramakrishnan, 2003). While
mapping relational data to ontology model, handcrafting methods can be very tiresome, time
consuming and error-prone (Habegger, 2007).
Also this process demands thorough study and
analysis of the relational data which needs to be
converted. So it is also important that during the
final steps, we list out pitfalls, drawbacks and

NAME: Tim
BLOODPRESSURE:Normal_blood_presure
EXERCISE: No
SUBSTANCE: No
BLODDSUGAR: No
GENDER: Male
SYMPTOM 1: weight_loss
SYMPTOM 2 : frequent_urination
SYMPTOM 3: nausea
DRINKING: Yes
SMOKING: No
During the first layer comparison, the
system takes the inputs "weight_loss",
"frequent_urination" and "nausea" in the data type
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properties and compares it against the symptoms
of results in the Disease.Sheet1.


The system identifies

db:DISEASES.Sheet1_Instance_1
(Diabetes Type 1)

db:DISEASES.Sheet1_Instance_10
(Diabetes Type 2)





as the Potential diseases identified and moves it to
the
RESULT_1_PATIENTS_POTENTIAL_
DISEASE.
Second match is done between the
symptoms of the diseases in RESULT_1_
PATIENTS_POTENTIAL_DISEASE and the
preventive
measures
stored
in
db:PREVENTIVES.Sheet1.And all the potential
preventive measure identified are moved to
RESULT _2_POTENTIAL_PM.



In
above
result,
instance
db:
PREVENTIVES.Sheet1_Instance_16(stop_smoki
ng) is removed after the filtration , since the user
Tim, doesn‟t indicate a habit a smoking, which
means the preventive measure "stop smoking" is
of no relevance in this case.

The system identifies:










PROCESS
db:PREVENTIVES.Sheet1_Instance_1
(stop_drinking_alcohol)
db:PREVENTIVES.Sheet1_Instance_10
(include_high_vitamin_food)
db:PREVENTIVES.Sheet1_Instance_11
(no_substance_abuse)
db:PREVENTIVES.Sheet1_Instance_12
(exercise_regularly)
db:PREVENTIVES.Sheet1_Instance_13
(eat_spinach_and_carrot)
db:PREVENTIVES.Sheet1_Instance_14
(reduce_usage_of_sugar)
db:PREVENTIVES.Sheet1_Instance_16
(stop_smoking)
db:PREVENTIVES.Sheet1_Instance_24
(avoid_expossure_to_environmental_pollutio
n)
db:PREVENTIVES.Sheet1_Instance_27
(avoid_passive_smoking)

This paper has been initiated by many
issues which are found in current relational data
models and it aims to ease the process of
generating ontology from an existing dataset.
Here our goal is to automatically generate
ontology from available data which is in tabular
form. As explained earlier our experience clearly
tells that this type of mapping is not a smooth
process as reliable tools are not readily obtainable
for verifying the semantics inside this ontology.
Transforming tables to ontology: Preparation
steps
To convert the tables into ontology, various
number of tools are available today, as specified
earlier. We use Datamaster v1.3.2 plug-in with
Protégé which works with any JDBC/ODBC
driver. As the relational data that we use here is
stored in MS-Excel spreadsheets, we had to install
xlSQL – Y8 driver before using Datamaster. This
driver helps Datamaster to import concepts into
Protégé ontology from Excel spreadsheets as if
they were tables in a relational database
(http://protegewiki.stanford.edu). Following steps
were carried out to install the driver:

In third level of matching, the results in
RESULT_2_POTENTIAL_PM are matched
against the user's data which includes SMOKING,
DRINKING, SUBSTANCE and EXERCISE data
type property's range values. After this filtration,
we get the most optimal set of preventive
measures
for
the
particular
user
in
RESULT_3_CORRECT_PM. The individuals
shown below are the ones those are moved from
RESULT_2_POTENTIAL_PM
to
RESULT_3_CORRECT_PM.



db:PREVENTIVES.Sheet1_Instance_11
(no_substance_abuse)
db:PREVENTIVES.Sheet1_Instance_12
(exercise_regularly)
db:PREVENTIVES.Sheet1_Instance_13
(eat_spinach_and_carrot)
db:PREVENTIVES.Sheet1_Instance_14
(reduce_usage_of_sugar)
db:PREVENTIVES.Sheet1_Instance_24
(avoid_expossure_to_environmental_pollutio
n)
db:PREVENTIVES.Sheet1_Instance_27
(avoid_passive_smoking)

1.

2.

db:PREVENTIVES.Sheet1_Instance_1
(stop_drinking_alcohol)
db:PREVENTIVES.Sheet1_Instance_10
(include_high_vitamin_food)

3.

3

Downloaded XlSQL-Y8.zip file from the
page
available
at
http://protegewiki.stanford.edu/wiki/XlSQL
-Y8#Download .
Extracted the downloaded .zip file and
created an xlSql-Y8 directory.
Moved files given in Figure 1 and move
them from xlSql-Y8 directory to the
location
specified
as
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[PROTEGE_INSTALLATION_DIR]\plugin
s\edu.stanford.smi.protegex.datamaster.

In the mapping process, as shown above,
OWL classes are generated for each relational
table and ontological individuals are generated for
each record in the table. Furthermore each column
of tables is represented as an attribute of the OWL
class. As the source dataset doesn‟t have foreign
key, the foreign key OWL class does not have any
importance here.

xlSql-Y8 File Names

As mentioned earlier, the source data is
stored across 3 different MS - Excel spreadsheets
which are PATIENTS, PREVENTIVES and
DISEASES. Each table has more than one column
and multiple rows.
There can be integrity
constraints set for these tables, but we do not use
any of them because the PHC scenario doesn‟t
need them for data manipulation.

OWL Classes
The ontological model that is designed
here has 3 main classes and their properties. The 3
main classes are:
db:PATIENTS.Sheet1 - corresponds to the
spreadsheet table that stores patient information.

Patient data in MS Excel

db:DISEASES.Sheet1 - corresponds to
spreadsheet table that stores diseases details.

the

db:PREVENTIVES.Sheet1 - corresponds to the
spreadsheet table that stores preventive measures
for each disease.
RESULT_1_PATIENTS_POTENTIAL_
DISEASE , RESULT_2_POTENTIAL_PM and
RESULT_3_CORRECT_PM are also part of this
model which are the OWL classes that store
results of reasoning process. They contain
individuals which range from potential disease,
PHC measures to the final list of preventive
measures applicable to a particular user or patient.

In this transforming process the 3 tables
which are shown in figure above, are fed into the
system as input for producing an equivalent
ontology which can be manipulated using the
power of Protégé 3.4.5 and SWRL rules.
Datamaster appears as a tab in Protégé 3.4.5 with
two dropdowns for JDBC Driver and JDBC URL.
There are also fields to type in User Login and
Password as shown in Figure 2. The path where
MS - Excel tables are saved, is given as a part of
JDBC URL. „Connect‟ button in the same frame
is clicked to establish the connection between
MS- Excel documents and Datamaster. Once the
connection is successful, tables in the
spreadsheets are shown on the left side of the
screen under the frame Data Tables and preview
is available on the right frame.

Data type Properties
Table 1 which is self explanatory shows
the complete list of data type properties and range
values of OWL classes. Data type properties of
each class help to add semantics to the model.
String literals show all allowed values for each
data type property. Data type properties are very
important for making matches among individuals
of PHC Model in order to do reasoning. Table 2
should be read together with Table 1. Table 2
contains individuals of classes which are matched
and moved during the reasoning process.

Mapping Process
Once all required tables are available in
Preview section, they can be imported to ontology
by using „import‟ button. As soon as the import is
done OWL classes are generated and each of them
corresponds to tables in MS - Excel spreadsheets
that we had converted. Mapping is shown below:

Reasoning Process
Figure 2 shows detailed view of
reasoning process which has been adopted from
works given in (Suh et al. 2011). We have 4 layers
of matching individuals and during each level of
matching individuals are moved from one class to
another one as the result of matching.

Table  OWL Class
Column  Data type property
Record  Individual
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The first step i.e. matching #1 is for
matching input which is specific to a user
(db:PATIENTS.Sheet1) with individuals of all
diseases those are stored in db:DISEASE.Sheet1
class. In this step all diseases which are related to
the symptoms and lifestyle of the user are filtered
and
moved
to
RESULT_1_POTENTIAL_DISEASES class.

SWRL Rule 2

In next step, i.e. matching # 2, is
matching
of
diseases
stored
in
RESULT_1_POTENTIAL_DISEASES with the
individuals from db:PREVENTIVES.Sheet1
class. This step filters all possible preventive
measures applicable to the diseases which are
found in RESULT_1_POTENTIAL_DISEASES
class
and
move
them
to
RESULT_2_POTENTIAL_PM.

SWRL Rule 3

EVALUATION
This paper has mainly focused on
utilizing data stored in a spreadsheet to implement
an ontological structure in a preferred domain.
Also we have analyzed the advantages and
challenges came up during this process.
Significance and scope of otology and semantic
reasoning are growing day by day (Guarino,
1998). Any experiment in this area can be
tremendously beneficial for future growth of
technologies (Guarino, 1998). One of the most
attractive features of ontological modeling is the
diversity of approaches across various ontological
models. We have exploited this freedom for
diversity and that makes the approach that we
have used for modeling and reasoning different
from other widely found ontology. Within the
limitations of the data available inside relational
model we addressed the PHC scenario and have
created ontology and applied SWRL rules in order
to identify a set of preventive measures against
diseases, based on input of individuals (which are
stored
inside
spreadsheet
and
then
db:PATIENTS.Sheet1 class) who lead diverse life
styles, with specific physical status, and also they
may exhibit symptoms which are related to
potential diseases. The prime contributions of this
paper are:

The final step i.e. matching #3 is done
between
the
individuals
of
RESULT_2_POTENTIAL_PM and specific input
from patients regarding their lifestyle. The
intention of this matching is to filter all preventive
measures
stored
in
RESULT_2_POTENTIAL_PM to refine them and
eliminate preventive measures which are not
relevant to the use lifestyles. As a result of this,
the final class RESULT_3_CORRECT_PM
contains
individuals
of
RESULT_2_POTENTIAL_PM class which are
strictly adhere to the given patient‟s lifestyle
factors.
It is noticeable that Figure 2 shows the
semantics of the process, without explaining much
about the layers. However, it is evident how the
output of reasoning through SWRL becomes input
to the next step of reasoning and how individuals
are moved across various classes.
Reasoning rules
Reasoning rules used are strictly
following the reasoning process and matches 1, 2
and 3 which are performed using SWRL rules. All
3 rules which are being used in this model are
given below.

1) We have made use of a relational data set
which has been used for another work (Suh
and Valasingam, 2008) to generate ontology on
PHC. This step helps to understand how a
relational data set and its attributes are mapped
to ontology.

SWRL Rule 1

2) The reasoning process that we have used is
given in Figure 1. This process is reusable, in
any context where we wish to filter any kind of
preventive health information via inputs
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provided by users. The reasoning used here is
very similar to the one used in (Suh et al. 2011).

information stored in the ontology. Our work can
be considered as an elementary approach for
converting relational data to build ontology. From
our experience that we acquired during the
progress of this paper, we feel that as long as the
source data is not well – organized, the resulting
ontology is likely to behave inconsistently. Even
after automatic transformation of relational data to
ontology, manual effort had been needed to begin
reasoning process. Therefore we can‟t consider
this process as a fully automatic one but semiautomatic. The work that has been done here has
inspired us to continue our research on more
advanced and extended methods for transforming
existing databases to ontology by choosing the
same of different domains of interest. It is
advantageous if this research is extended using
bigger databases which make use of referential
integrity techniques that stores real time data.
Also we plan to include more constraints and
complicated scenarios in relational data set which
can in turn generate more detailed and richer
ontology.

3) We have performed an introspective study to
analyze the pitfalls that is found in this kind of
process.
1) Relational data set is not well
equipped to hold all information needed
to generate ontology and to apply
semantics after conversion.
2) OWL classes and data type properties
were automatically generated in Protégé
after conversion, but they were not
constructed as per the way that we
wanted to create a very efficient and
meaningful ontology.
3) Even though the conversion process
was automatically performed with the
help of Datamaster in Protége, setting of
range values for each data type property
had to be done manually.

ACKNOWLEDGEMENT
4) As each column of the Relational data
set got mapped to one data type property
in ontology, there were a couple of
duplicate attributes among data type
property which also got removed
manually after conversion.

We acknowledge the sincere support,
advice and encouragement that we have received
from Dr. Radmila Juric and Dr. Pavandeep
Kataria of University of Westminster, U.K.,
during each and every phase of this paper. This
research was supported by research enhancement
grant from the Graduate School of Texas A&M
University - Commerce.

5) When compared to the works given in
(Suh et al. 2011), except the source of
data used for building ontology, there are
lot of similarities in the approaches used.
But during reasoning process result
generation were not as smooth as in (Suh
et al. 2011) as the information mounted
on ontology after the transformation was
not sufficient and rich enough to conduct
semantic reasoning in the most efficient
way.
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TABLES AND FIGURES
Domain Value

db:PATIENTS.Sheet1

Data type Property name

String literal

db:BLOODPRESSURE

high_blood_pressure,low_blood_pressure,
normal_blood_pressure

db:BLOODSUGAR

high_blood_sugar, low_blood_sugar,
normal_blood_sugar

db:CHOLESTEROL

high_cholesterol, low_cholesterol, nil

db:DRINKING

yes,no

db:EXERCISE

yes,no

db:GENDER

yes,no

db:SMOKING

yes,no

db:SUBSTANCE

yes,no

db:SYMPTOM1,
db:SYMPTOM2,
db:SYMPTOM3

frequent_urination, vomiting, excess_thirst, weight_gain, blurred
_vision, cramping, drowsiness, weight_loss, vomiting , nausea, extreme
hunger, blurred _vision, cramping, drowsiness, presistent_chestpain,
coughs_up_blood, wheezing_hoarness, repeated_resperatory_infections,
smoking, low_soduim_level, shortness_of_breath, breast_lump,
inverted_nipple, discharge_from_nipple, peeling_of_nipple_skin,
change_in_breast_size, change_in_breast_shape,skin_dimpling,
weight_gain, increased_sensitivity_of_breast,
burining_sensation_around _breast.
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db:DISEASES.Sheet1

db:SYMPTOM

frequent_urination, vomiting, excess_thirst, weight_gain, blurred
_vision, cramping, drowsiness, weight_loss, vomiting , nausea, extreme
hunger, blurred _vision, cramping, drowsiness, presistent_chestpain,
coughs_up_blood, wheezing_hoarness, repeated_resperatory_infections,
smoking, low_soduim_level, shortness_of_breath, breast_lump,
inverted_nipple, discharge_from_nipple, peeling_of_nipple_skin,
change_in_breast_size, change_in_breast_shape,skin_dimpling,
weight_gain, increased_sensitivity_of_breast,
burining_sensation_around_breast.

db:PREVENTIVES.Sheet1 &
db:DISEASES.Sheet1

db:DISEASES

Diabetes Type 1
Diabetes Type 2,
Lung Cancer
Breast Cancer

db:PREVENTIVE

avoid_exposure_to_envoronmental_pollution, avoid_fatty_foods,
avoid_passive_smoking, control_body_weight,
discontinue_hormone_therapy, drink_aloe_vera_juice
eat_broccoli_sprouts, eat_fresh_fruit_and_vegetables
eat_leafy_vegetables, eat_spinach_and_carrot,
eat_tomatoes_and_ornages, exercise_regularly, have_soy_products
include_high_vitamine_food_in_daily_diet, no_substance_abuse
stop_drinking_alcohol, stop_smoking, take_fiber_supplement_daily
take_garlic_thyme_antioxidants

is_not_applicable_for_patients

who_exercises,who_does_not_smoke,
who_does_not_drink,who_does_not_use_substance.

is_useful_for_managing

frequent_urination, vomiting, excess_thirst, weight_gain, blurred
_vision, cramping, drowsiness, weight_loss, vomiting , nausea, extreme
hunger, blurred _vision, cramping, drowsiness, presistent_chestpain,
coughs_up_blood, wheezing_hoarness, repeated_resperatory_infections,
smoking, low_soduim_level, shortness_of_breath, breast_lump,
inverted_nipple, discharge_from_nipple, peeling_of_nipple_skin,
change_in_breast_size, change_in_breast_shape,skin_dimpling,
weight_gain, increased_sensitivity_of_breast,
burining_sensation_around_breast.

db:PREVENTIVES.Sheet1

Table 1. OWL classes and data type properties
ONTOLOGY CLASSES

INDIVIDUALS

db:PREVENTIVES.Sheet1

db:PREVENTIVES.Sheet1_Instance_1 thru 35

db:PATIENTS.Sheet1

db:PATIENTS.Sheet1_Instance_1 thru 5

db:DISEASES.Sheet1

db:DISEASES.SHeet1_Instance_1 thru 35

Table 2. OWL Classes and Individuals

Figure 1. Individuals tab in Protégé 3.4.5.
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Match 1:Between range values in
individuals of db:DISEASES.Sheet1
and db:PATIENTS.Sheet1

RESULT_!_POTENTIAL_DISEASES:
List of diseases that can be related to
symptoms in the user.

Match #1

db:PATIENTS.S
heet1

Match #2

RESULT_1_P
OTENTIAL_DI
SEASE
<D1,D2…>

db:DISEASES.
Sheet1

Match 3 : Between range values in
individuals of
RESULT_2_POTENTIAL_PM and
db:PATIENTS.Sheet1

Match #3

RESULT_3_C
ORRECT_PM
<P1,P3...>

RESULT_2_POT
ENTIAL_PM
<P1,P2,P3..>
db:PREVENTIV
ES.Sheet1

Match 2: Between the range values in
individuals of
RESULT_1_POTENTIAL_DISEASE
and db:PREVENTIVES.Sheet1:

RESULT_2_POTENTIAL_PM: List of
preventive measures for the diseases in
RESULT_1_PATIENT_POTENTIAL_DISEASE

List of the best possible preventive
guidelines for the user

Figure 2. Reasoning process

Figure 3. Datamaster v1.3.2 tab in Protégé 3.4.5.

9

582

SDPS-2011
Printed in the United States of America, June, 2011
2011 Society for Design and Process Science

SMART PREVENTIVE HEALTHCARE SYSTEM USING ONTOLOGICAL
REASONING
S. Suh1, P. Kataria2 , D. H. Lee3 S. Ajit1, J. Sadanandan Nair1, R. Juric2
Dept. of Computer Science, Texas A&M University - Commerce, Texas, USA.
2
SECS, University of Westminster, London, UK.
3
Dept. of Computer Science and Engineering, Pusan National University, Korea.
1

the heart of any system of knowledge
representation for that domain. Thus, the first step
in devising an effective knowledge- representation
system is to perform an effective ontological
analysis of the field or domain. Weak analyses lead
to incoherent knowledge bases (Chandrasekaran et
al. 2002). Secondly, ontology enables knowledge
sharing. When ontological rules are applied in the
system, interoperability among various entities and
the expandability of the system are guaranteed
(Eun et al. 2002).
In this paper we use the domain of Preventive
Health Care (PHC) as the domain of interest, i.e.
the domain which will help us to illustrate our
ideas on how to deploy ontological engineering in
order to build an accurate and effective knowledge
from data intensive sources.
To significantly bring down the morbidity and
death rate in a population, prevention of diseases is
the only method, which is at the same time the
cornerstone in extending the health quality of life
of each individual (Kuller 2006). Many diseases
can be prevented, yet modern / western health care
systems do not make the best use of their available
resources to support this process. (Wright 2011)
says that early treatment of at-risk patients can
dramatically bring down healthcare expenditures.
We have all been aware for decades that by giving
more attention to preventive measures, we can save
millions of dollars which are currently being spent
as health care costs. We have also known that the
most costly and disabling conditions like cancers,
cardio-vascular diseases, diabetes and respiratory
diseases can be linked by common preventable risk
factors. Taking the ever increasing importance of
preventive healthcare systems in today’s
environment and the advancement of modern
technology in the field of ontological modeling and
reasoning tools into consideration, we try to couple
up these fields together to propose a solution which
generates the most relevant preventive measures
against a particular disease, based on the data
supplied by individuals or users, who may exhibit
various symptoms, physical measurements, such as
vital body signs and lifestyle factors and habits
which can affect their health.

ABSTRACT
There are infinite numbers of sources across the
globe which provides advice and recommendations
formulated
as preventive
measures against
diseases. One general drawback of these sources is
their inability to produce a customized output
based on specific needs of individual(s), taking into
account their physical status, life style and
symptoms of potential disease(s) they may show.
This research paper aims at creating an ontological
repository and reasoning upon it, by exploiting the
power of semantic web technology (OWL/SWRL)
and Protégé 3.4.4, in order to generate customized
preventive measures against diseases based on user
input, i.e. specific need(s) of an individual. We
perform ontological reasoning through clearly
defined steps, which enable matching of
ontological individuals through SWRL rules. Our
proposal allows for a software application to be
built upon the ontological solution, and thus fits
any existing Preventive HealthCare (PHC) system
which might need a specific set of preventive
measures against diseases.
KEYWORDS
Ontology, Preventive HealthCare, OWL, Jess
reasoning, SWRL rules, Protégé, Diabetes, Cancer.
INTRODUCTION
Though data is available everywhere, arranging
it in the most efficient way and being able to access
them are herculean tasks. “We are drowning in data
but starving for knowledge” (Miller, 2007).
Furthermore, in order to utilize data effectively, the
knowledge generated from the data should be
accurate and effective. In this paper we focus on
ontological
engineering
and
technologies
associated
with
modern
semantic
web
environments, in order to address both: creating
accurate and effective knowledge from data
intensive environments. Historically, we have
proved that ontological models help in
conceptualization of selected domain of interest
(Gruber 1993). Given a domain, its ontology forms
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We experiment with the power of ontological
modeling and reasoning, in order to model a PCH
which in our experiments contain the semantic of
four diseases: Diabetes Type 1 and Type 2 (Suh
and Valasingam 2008), Lung Cancer and Breast
Cancer (“Medicine Plus”, US National Laboratory
of Medicine, from NIH). The ontological model
and reasoning upon it is created in order to answer
our competency question: “Which is the most
optimal set of preventive measures to be taken
against a particular disease (given the lifestyle,
symptoms /physical measures of an individual)”.
The paper is organized as follows. In the next
section we give a brief overview of the
BACKGROUND of this work, by highlighting the
man focus of the interest: the creation of a
customized list of preventive measures using
OWL/SWRL enabled ontologies. In the section
which follows we give a specific scenario which
will underpin and illustrate our modeling principles
and reasoning mechanisms. Consequently, the
ONTOLOGICAL MODEL AND REASONING
section describes our OWL classes, constraints
upon them which strengthen the semantics stored
in the OWL classes, and reasoning upon the
through SWRL rules. We evaluate our work in the
penultimate section, by assessing our modeling
decisions, highlighting our future work and
justifying the lack of related work in this paper. A
brief summary of the paper can be found in
conclusions.

potential disease(s) they might not be
aware of.
2) Experimenting with OWL ontologies to
describe the relationships between
lifestyle factors and other symptoms with
potential diseases. The reasoning upon
such OWL concepts through SWRL may
bring us an appropriate set of PHC
measures against any type of disease.
We use the idea of exploiting particular OWL
constraints such as data type properties from (Syal
et al., 2010, Kataria and Juric, 2010) in order to
strengthen the semantics of our OWL model and
prepare it for the reasoning process.
SCENARIO
We illustrate an example of a PHC
context that includes a set of user (or potential
patient) details, such as: lifestyle, physical status
and symptoms of current or potential diseases;
information on diseases; and corresponding
preventive measures or guidelines. The PHC
environment is very broad as it encompasses a
variety of data repositories, i.e. the collected data
come from various types of sources like medical
journals, clinical guides, publications, web etc. The
PHC system can be used by various healthcare
practitioners or users, such as doctors, nurses,
therapists and health conscious individuals. These
users may not be aware of the format and location
of data repositories involved in the PHC system,
and they are also free to enter the symptoms and
potential patient’s lifestyle factors, habits, as
his/her inputs to the system. These data inputs are
essential for both: triggering our ontological
reasoning and consequently creating a customized
list of preventive measures against a potential
disease. However, one of the most important
features of our PHC system is that these users will
not be given a list of potential disease(s) they might
be prone to, because we want to avoid their
unnecessary panic. However, we would be able to
advise them on how to avoid potential disease(s)
through PHC measures and thus take some
effective precautions to stay healthy.
For example, Lady X of age 35 experiences
frequent urination and weight gain in the last 6
months and she has also recently started drinking
more water. She can use the PHC system to enter
symptoms such as “frequent urination”,
”weight_loss” and “excess_thirst” and add more
information to the system by entering her lifestyle
habits such as “habit_of_eating_non_vegetarian
_food”, “habit_of_smoking” and “does_not_
drink”. Based on Lady X’s inputs, Our PHC
system should be able to identify that there is a
chance for Lady X to have Diabetes Type 2 or/and
to get a Lung cancer in future. However, the final

BACKGROUND
The research in this paper has been
conducted as part of experiments on various data
modeling and knowledge discovery techniques. As
Preventive HealthCare is of high importance today,
it has been selected as the domain of interest when
experimenting with new approaches to modeling in
data intensive system and knowledge discovering
techniques.
Furthermore, the Semantic Web
technologies (ref the stack) has given us an
opportunity to experiment with ontologies and
reasoning upon them in order to support inference
and decision making in systems like PHC.
Ontological approaches have a history of countable
benefits over other conventional techniques used
for data modeling, because of their role in
addressing interoperability, reusability, knowledge
stability and consistency of various systems (Sheth
and Ramakrishnan 2003, Berners-Lee et al. 2001,
Fensal 2003, Menzies 1999 and Gruber 1995).
In this paper we focus on two issues:
1) A particular problem of PHC where we
would like to associate PHC measures
with people’s lifestyles and their habits,
which may result in them getting
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outcome of using the PHC system should be a list
of preventive measures against potential diseases,
but diseases Diabetes Type 2 or/and Lung cancer
should be hidden from Lady X. Therefore the
system should list the following preventive
measures:“STOP_DRINKING_ALCOHOL”,“EXERCI
SE_REGULARLY”,“AVOID_FATTY_FOODS”,“EAT
_LEAFY_VEGETABLES”,“INCLUDE_HIGH_VITA
MINE_FOOD_IN_DAILY_DIET” etc. In order to
balance this set of preventive measures with Lady
X lifestyle habits, the PHC system should eliminate
“EXERCISE_REGULARLY” from the list of
preventive measures, because Lady X actually does
exercise regularly!

sufficient to test our model. However, we have
such a semantic through OWL constraints in order
to prepare OWL classes and their individuals for
the reasoning process which is described in the
next section.
Data type properties
This section illustrates our way of
strengthening the semantics of PHC_MODEL,
through data type properties.
Table 2, which is self-explanatory shows the
complete list of data type properties that are
defined upon ontological individuals:
Data type properties of the POTENTIAL_
DISEASE class are:
• characterised_by_symptoms.
• consequences_of_lifestyle.
• consequences_of_physical_measures.
Data type properties of PATIENT class are:
• has_lifestyle_factors .
• has_symptoms.
•
has_physical_status.
Data type properties of PREVENTIVE_
MEASURES class are:
• is_not_applicable_to_patients
•
is_useful_for_managing.
Table 1 carries terms which are taken
from the scenario and PHC_MODEL. We draw
the reader’s attention to the role of the domain and
range values listed in Table 1, because they are
very important for creating specific matches
between the individuals of the PHC_MODEL in
order to perform reasoning. Therefore, by using
domain and range values as listed in Table 1, we
are able to secure the matching between
PHC_MODEL individuals through range values,
which are variables in our SWRL rules. Table 2
should also be read together with Table 1. In Table
2 we deliberately omit specifying which
individuals are “ready” to be matched by using data
type properties, because we list the individuals of
base ontological classes of the PHC_MODEL in
Table 1.
Table 2 should also be read and interpreted in
a specific manner. For example, the potential
disease DIABETES_TYPE_1, which is an
individual form the POTENTIAL_DISEASE class
(see Table 1) is characterised_by_symptoms (data
type property defined upon all individuals of the
POTENTIAL_DISEASE class in Table 2.
“frequent_urination”, “excess_thirst”, “extreme_
fatigue” etc. (range values in Table 2 for the
individual of the POTENTIAL_DISEASE class).
Because Table 2 does not show individuals of our
base ontological classes, we therefore do not divide
range values of a particular data type property
according to individuals they are defined upon.
However, the top right most corner of Table 2
shows that four groups of range values for the data

ONTOLOGICAL MODEL AND REASONING
The semantics of any PHC environment
contains information on patients, diseases,
symptoms, patient’s lifestyle factors and various
physical and vital sign measures taken from
(potential) patients. Thus we need to
• Store the data about (potential) patients which
includes the symptoms they may have, lifestyle
factors and physical measures, such vital signs
• Check the presence of any disease(s) which the
(potential) patient might be prone to.
• Give a set of PHC tips which is customized for
the (potential) patient, which can prevent the
onset of a potential disease.
OWL Classes
Main OWL ontological classes of the
PHC_MODEL, shown in Figure 1 are PATIENT,
POTENTIAL_DISEASE,and
PREVENTIVE_MESAURES which are selfexplanatory. In other words, their individuals will
list all possible diseases, preventive measures and
user’s inputs relevant for the PHC system. The list
of ontological individuals used in this experiment
which populate the base classes of the PHC
_MODEL is given in Table 1.
However, the model also contains the
§ RESULT_1_PATIENT_POTENTIAL_DISEASE
§ RESULT_2_POTENTIAL_PM_IDENTIFIED
§ RESULT_3_CORRECT_PM
classes which store the result of our reasoning
process. They contain individuals which range
from potential diseases, PHC measures to the final
list of PHC measures customized for a particular
user or (potential) patient. Their exact role and
content is described in the PROCESS section.
It is important to note that our model has no
class hierarchies. This does not mean that we might
not have them in future. We are currently
experimenting with the feasibility of using the
OWL model and the process of reasoning for
determining the best possible PHC measures for a
(potential) patient, thus the semantics stored in
individuals of these basic classes appears to be
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type property characterised_by_symptoms
is
associated
with
individuals
of
the
POTENTIAL_DISEASE classDIABETES_TYPE_1,
DIABETES_TYPE_2,
LUNG_CANCER,
and
BREAST_CANCER
respectively. In all other cases we mix range
values of all individuals per a data type property
together for brevity reasons!

between
the
individuals
of
RESULT_2_POTENTIAL_PM_IDENTIFIED
class (a set of all possible preventive measures for
detected potential diseases) and specific inputs
from patients regarding their life style (see (c)
above). The purpose of this matching is to filter all
preventive
measures
stored
in
RESULT_2_POTENTIAL_PM_IDENTIFIED in
order to refine them and eliminate PHC measures
irrelevant to the user (potential patient). In other
words, the RESULT_3_CORRECT_PM class
contains
individuals
from
the
RESULT_2_POTENTIAL_PM_IDENTIFIED
class which strictly adhere to the patient’s lifestyle
factors.
The layering in Figure 2 shows which base
classes are used in matching at which layer, and it
also shows the way of re-using the result set of
reasoning. Therefore classes in layers 2 and 3 are
reusable in terms of their involvements in
matching, but they always match with one of the
base ontological classes.
However, individuals of classes from the
PATIENT sub-hierarchy are used twice in
matching:
§ the first time, in match 1, when we needed to
determine a list of diseases which might be
associated with the full user input ( (a) – (c) above)
and
§ the second time when we need to filter all
possible preventive measures against potential
diseases which fit the patient’s life style (option (c)
above).
Finally classes in all layers except the left most
layer must contain the result sets of reasoning, i.e.
no initial ontological classes of the PHC_MODEL
which describe the semantics of our PHC
environment can be placed outside the initial layer.
It is important to note that Figure 1 shows the
same semantics of our reasoning process, but
without emphasizing the layers. However, it also
shows how the output of our reasoning through
SWRL becomes an input into the next step of
reasoning and how individuals of the PATIENT are
used twice in our reasoning process.

The Reasoning Process
Figures 1 and 2 illustrate our reasoning
process. In Figure 2 we demonstrate our reasoning
steps through four layers in terms of matching
individuals of OWL classes and moving them to
the next layer, as the result of the matching. The
layering in the reasoning process is very important.
It determines which classes are to be involved in
reasoning, i.e. which individuals will be involved
in ontological matching and which individuals will
consequently be moved from one class to another
as the result of these matching. Therefore, the left
most layer in Figure 2 always contains our initial
ontological concepts, i.e. classes which store the
semantics of our problem domain: PATIENT,
DISEASE and PREVENTIVE_MEASURES.
The first step (match #1) in our process is to
match an input created by the user (e.g. potential
patient, modeled as PATIENT class) with all
diseases we have stored as individuals in our
DISEASE class. This means that we are filtering
through the user input all diseases which the
particular user might be prone to. It is important to
note that the user input in our PHC system
includes a range of factors which may detect
potential disease and may contain: (a) potential
patient’s symptoms of some diseases, (b) physical
status of the potential patient, e.g. measurements of
vital signs, and (c) and life style factors which also
include user’s hobbies and attitudes. The result of
this matching is a set of diseases, i.e. individuals
from the DISEASES class which have been moved
to the Result_1 class in layer 2, because they are
filtered
through
range
values
of
the
POTENTIAL_DISEASE and PATIENT data type
properties (see Table 2).
The next step (Match #2) of the reasoning
process is to match diseases stored in
RESULT_1_PATIENT_POTENTIAL_DISAEAS
ES
class
with
individuals
form
the
PREVENTIVE_MEASURES class. The purpose
of this matching is to extract all possible preventive
measures for a set of diseases discovered in the
first matching. This set of preventive measures can
be overstated, i.e. it may contain all possible
combinations of preventive measures that might
apply to any possible combination of diseases
identified from the user input.
Therefore the final step (Match #3) of the
reasoning process is the matching performed

Reasoning Rules
Our reasoning rules strictly follow the
reasoning process and Matches 1,2 and 3 which are
done through SWRL rules.
SWRL Rule 1:
Below illustrates how the data type properties:
has_lifestyle_factors, has_physical_ status and
has_symptoms set on the class PATIENT and their
range of values are matched against the range of
values
in
characterised_by_symptoms,
consequences_of_ lifestyle and consequences _of
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filtering
of
individuals
stored
as
the
RESULT_2_POTENTIAL_PM_IDENTIFIED
class. Rule 3 below matches individuals from the
RESULT_2_POTENTIAL_PM_IDENTIFIED
class with the user input specified as (c) in The
Reasoning Process section. The datatype properties
involved
in
this
matching
are
is_not_applicable_to_patients set on individuals
of the class PREVENTIVE_MEASURES and
has_lifestyle_factors, has_physical_status and
has_symptoms set on the individuals of the class
PATIENT. This further filters the entire set of
preventive measures for the diseases, identified as
the result of running Rule 1 against the specific
component of the user input to get the most
optimal set of preventive measures for the
(potential patient).

physical_measures properties for individuals of the
POTENTIAL_DISEASES class. Thus the rule
determines the set of diseases that the user might
be prone to. This set of diseases, after the matching
is
then
moved
to
the
RESULT_1_PATIENTS_POTENTIAL_DISEASE
S lass. Figure 3 shows the individuals moved
through Rule 1.
SWRL Rule 1

Table 4. SWRL Rule 3
SWRL Rule 2:
Below shows matching between individuals of
the
RESULT_1_PATIENTS_POTENTIAL_
DISEASE
and
PREVENTIVE_MEASURES
classes. After generating the set of diseases the user
might be prone to, the second rule determines the
set of preventive measures against diseases
discovered as the result of running Rule 1. Rule 2
illustrates how the data type property
characterised_by_symptoms set on the class
RESULT_1_PATIENT_POTENTIAL_DISEASES
and their range of values are matched against the
range of values of the useful_for_managing data
type
property
for
individuals
of
the
PREVENTIVE_MEASURES class. The result of
running Rule 2 is a set of individuals from the
PREVENTIVE_MEASURES class which match
individuals from the RESULT_1_PATIENT_
POTENTIAL_DISEASE class. These individuals
are then moved to the RESULT_2_POTENTIAL_
PM_IDENTIFIED class, as shown in Figure 4.

The results of running Rule three are given in
Figure 5. If we compare individuals listed in
Figures 4 and 5, we will see that the individual
“EXERCISE_REGULARLY” has been taken out
from the list of preventive measures. This is
because the list of range values, which describe
lifestyle factors (has_life_style_factors data type
property) of the user (individual of the PATIENT
class)
DID
contain
the
value
“EXERCISE_REGULARLY”.
EVALUATION
In this paper we have experimented with the
ontological modeling and reasoning in order to
identify a set of preventive measures against
diseases, based on inputs of individuals who lead
various life styles, have certain physical status and
may show some symptoms which are related to
potential diseases. The main contribution of the
paper is twofold:
1. We have defined and used a specific reasoning
process which is given in Figures 1 and 2 and
which dictates the exact way we perform
ontological matching, and moving of
ontological individuals in order to answer
competency question(s).
The process is
reusable, whenever we need to filter any kind of
existing healthcare information (such as PHC
measures) through inputs supplied by users
(user input specified as (a)-(c) in The
Reasoning Process section). The process works

SWRL Rule 2

SWRL Rule 3:
In order to customize the output generated
from running Rule 2, Rule 3 provides additional
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on the layering principle where matching of
ontological individuals is done within and in
between layers. In other words, we are allowed
to match individuals of classes which do not
belong to the same layer.
2. We have used data type properties in order to
strengthen the semantic of our ontology PHC
_MODEL and describe the relationships which
may exist between its classes. The expressivity
of range values of individuals of the
PHC_MODEL classes, which are endorsed
with data type properties, allows us to input our
own knowledge on how the matching through
data type properties will function. Furthermore,
these range values are very often selfexplanatory; therefore they give the reader
enough information on how the semantic of
relationship between the PHC_MODEL
ontological classes has been modeled and how
the matching between their individuals happen.

in
the
RESULT_1_PATIENT_POTENTIAL_DISEA
SES class. We are currently using the life style
factors, (c) from The Reasoning Process section
but it can be any other combination of existing
or factors we may add in future. Therefore the
user input must be extendible.
As a consequence of a) - d) above, we may
have more complex reasoning rules in terms of
managing the potential diseases the patient may be
prone to ad preventive measures which are
associated with the diseases.
The answer to c) must be juxtaposed with the
fact that our SWRL rules enable us to run a
comparison of range values, essential for matching
of this type of individuals. Furthermore, if we
follow the suggested improvements of our proposal
in terms of entering the user input through
application interfaces, as suggested above, we can
easily develop user interfaces in the Java
environments instead of having them as “stored
user data” within the PHC system.
Finally, we have not found any related works
which uses OWL/SWRL enabled ontologies with
the specific process of reasoning in order to
propose a customized set of preventive measures
based on the user input (a) – (c) from the
Reasoning Process section. However, we would
like to draw reader’s attention to the work of
(Kuller, 2006), which we could use for
strengthening the value of our proposal.
In (Kuller, 2006), preventive “medicine”
approach is particularly important for the “higherrisk group” of the population and he specifically
define major risk factors for PHC systems such as
cholesterol, blood pressure, smoking etc. However,
individual susceptibility, given a specific risk
factor level, very often is decided by genetics and
life style factors might then have different impact
on PHC measures in combination with our genetic
make up. Thirdly, the adherence to various
therapies
(pharmacological
and
nonpharmacological), has appeared to be effective in
the bringing down the risk factor and occurrence of
disease. However, according to (Kuller, 2006), a
monitoring system is necessary in order to identify
changing trends in lifestyles of the population and
risk factors associated with lifestyles, before it
starts affecting the pubic health in a negative way.

We would like to suggest the improvements of
our proposal in terms of entering the user input
through application interfaces and populate our
ontology, i.e. range values of individuals form the
PATIENT class with data supplied by application
interfaces. We are currently testing our proposal
by entering a bigger range of individuals in our
ontological classes which can better mirror real life
examples. However,
a) We should be experimenting in future with the
richer set of ontological individuals of the full
scale application of our proposal and evaluate
how the number of these individuals would
affect the nature of SWRL rules, due to our
decision to use data type properties for
describing the semantic of relationship between
ontological individuals.
b) We should pay attention, as a consequence of a)
above, to a high level of hard-coding within our
reasoning rules, as a consequence of using data
type properties, thus more research has to be
done in order to exploit the power of all OWL
constraint sin this particular problem domain.
c) We have the power, within our reasoning
process to involve any combination of
individuals of PATIENT and DISEASE classes
in order to filter a set of diseases related to a
potential patient. We are currently using (a) (c) from the Reasoning Process section to
extract a disease(s), but in future we may have
any other combination of factors which will
single out a set of diseases for a potential
patient.
d) The same rationale applies to step 3 of the
reasoning process. We should be able to use
any particular set of “factors” which can help us
to filter an appropriate (customized) set of
preventive measures, against disease(s) stored

CONCLUSION
This paper proposes a specific OWL
ontological model and reasoning, through SWRL,
upon its concepts, which assist in choosing the
most appropriate preventive measures, against
various diseases, which may appear in healthy
people as a consequence of various factors,
including their lifestyle. The reasoning mechanism
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proposed in this paper, is based on the matching of
ontological individuals, with semantics strengthen
through data type properties as our choice of OWL
constraints. We have met our initial objectives 1)
and 2) from the BACKGROUND section: our
SWRL enabled ontology MODEL_PHC and the
specific reasoning process deliver answer the
competency question:
“Which is the most optimal set of preventive
measures to be taken against a particular disease
for a particular person/individual“.
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FIGURES AND TABLES
Ontology Class

Ontological_Individual_Created

POTENTIAL_DISEASE

DIABETES_TYPE_1
DIABETES_TYPE_2
LUNG_CANCER
BREAST_CANCER

PATIENT

JOHN
SANDRA
TOM
KAIVALYA

PREVENTIVE_
MEASURES

AVOID_EXPOSURE_TO_ENVORONMENTAL_POLLUTION
AVOID_FATTY_FOODS
AVOID_PASSIVE_SMOKING
CONTROL_BODY_WEIGHT
DISCONTINUE_HORMONE_THERAPY
DRINK_ALOE_VERA_JUICE
EAT_BROCCOLI_SPROUTS
EAT_FRESH_FRUIT_AND_VEGETABLES
EAT_LEAFY_VEGETABLES
EAT_SPINACH_AND_CARROT
EAT_TOMATOES_AND_ORNAGES
EXERCISE_REGULARLY
HAVE_SOY_PRODUCTS
INCLUDE_HIGH_VITAMINE_FOOD_IN_DAILY_DIET
NO_SUBSTANCE_ABUSE
STOP_DRINKING_ALCOHOL
STOP_SMOKING
TAKE_FIBER_SUPPLEMENT_DAILY
TAKE_GARLIC_THYME_ANTIOXIDANTS

Table 1: OWL classes and individuals.
Domain
Value

Datatype Property Name
characterised_by_
symptoms

Range Value: String Literal
frequent_urination, vomiting , excess_thirst, extreme_fatigue,
weight_gain, numbness_of_feet, blurred _vision, cramping, drowsiness
weight_loss, frequent_urination, vomiting , nausea, extreme hunger,
blurred _vision, cramping, drowsiness
presistent_chestpain, coughs_up_blood, wheezing_hoarness,
repeated_resperatory_infections, smoking , low_soduim_level,
shortness_of_breath
breast_lump, inverted_nipple, discharge_from_nipple,
peeling_of_nipple_skin, change_in_breast_size,
change_in_breast_shape, skin_dimpling, weight_gain,
increased_sensitivity_of_breast, burining_sensation_around _breast

POTENTIAL_
DISEASE

consequences_of_
lifestyle
consequences_of_physical
_measures

smoking, does_not_smoke ,drink, do_not_drink, vegetarian,
non_vegetarian, substance_abuse, no_substance_abuse
high_blood_pressure, normal_blood_pressure, low_blood_pressure
,high_blood_sugar ,normal_blood_sugar, low_blood_sugar
,high_temperature, low_temperature, normal_temperature
,over_weight, under_weight, balanced_weight, low_cholesterol,
,high_cholesterol
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has_lifestyle_
factors

habit_of_smoking, does_not_smoke, habit_of_drinking, does_not_drink,
habit_of_using_substance, does_not_use_substance,
habit_of_eating_vegetarian_food, habit_of_eating_non_vegetarian_food

has_physical_status

normal, high_blood_pressure, normal_blood_pressure, low_blood_pressure
,high_blood_sugar ,normal_blood_sugar, low_blood_sugar ,high_temperature,
low_temperature, normal_temperature ,over_weight, under_weight,
balanced_weight, low_cholesterol, ,high_cholesterol.

has_symptoms

frequent_urination, vomiting
,excess_thirst,extreme_fatigue,weight_gain,numbness_of_feet, blurred _vision,
cramping, drowsiness, weight_loss,Frequent urination, vomiting , nausea,
extreme hunger, blurred _vision, cramping,drowsiness, presistent_chestpain,
coughs_up_blood,wheezing_hoarness,
Repeated_resperatory_infections,smoking,low_Soduim_level,
shortness_of_breath, breast_lump,inverted_nipple,discharge_from_nipple,
peeling_of_nipple_skin, change_in_breast_size,
change_in_breast_shape,skin_dimpling, weight_gain,
increased_sensitivity_of_breast,burining_sensation around _breast.

is_not_applicable_to_patients

who_exercises,who_does_not_smoke,
who_does_not_drink,who_does_not_use_substance.

PATIENT

PREVENTIVE_
MEASURES
is_useful_for_managing

frequent_urination,excess_thirst,extreme_fatigue,weight_gain,numbness_of_fee
t, blurred _vision, cramping, drowsiness, weight_loss, vomiting ,
nausea, extreme hunger,
presistent_chestpain,coughs_up_blood,wheezing_hoarness,
repeated_resperatory_infections,smoking, low_soduim_level,
shortness_of_breath,breast_lump,inverted_nipple,discharge_from_nipple,
peeling_of_nipple_skin, change_in_breast_size,
change_in_breast_shape,skin_dimpling,
increased_sensitivity_of_breast,burining_sensation around _breast.

Table 2: OWL Classes, Properties and String literals.

Figure 1.OWL classes and matching
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Figure 2. Process of reasoning

Figure 3. Result 1
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Figure 4. Result 2

Figure 5. Result 3
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ABSTRACT
Science, Technology, Engineering, and Math
(STEM) are broad areas of academic concentration
critical to economic growth and prosperity that the
Software Engineering Society (SES) recognizes as an
important foundation for successful deployment of
software engineering projects globally. Society for
Design and Process Science (SDPS) plans to advance
SES while contributing to STEM outreach globally
by promoting the development of SDPS student
chapters at universities that can be managed by an
online platform. In Fall 2010, after we successfully
established the first SDPS student chapter at Indiana
University-Purdue University (IPFW), SDPS board
members and officers encouraged the development of
a professional website for SES. In response to this
need, project SESnet case study was offered at IPFW
in Spring of 2011 in the course CS 567: Software
Project Management. Nine graduate students worked
as a team to architect and implement an improved
platform for modular development of a web-portal
for SES with enhanced functionality. Current best
practices and experimental modules demonstrating
various project management techniques and
technologies learned in class were applied to develop
a web platform to advance SES membership globally
while developing STEM outreach activity locally.
This is an interim report describing the course
approach and progress of project SESnet sponsored
by SDPS. We conclude with a brief discussion of the
potential broad impact to global SES activity by
establishing SDPS student chapters that can advance
STEM disciplines at the university level. The
important contribution of under-represented groups in
STEM is considered by meeting the federal
requirements set forth by the Section 508

INTRODUCTION
Science, Technology, Engineering, and Math
(STEM) are broad areas of academic concentration
critical to economic growth and prosperity that SDPS
and the Software Engineering Society (SES)
recognizes as an important foundation for successful
deployment of software engineering projects globally
that take into account the synergy of
multidisciplinary disciplines, i.e. transdisciplinary
thinking. SDPS plans to advance SES while
contributing to STEM outreach globally by
promoting the development of SDPS student chapters
at universities that can be developed and managed by
a student-built online platform.
Thanks to the encouragement of the SDPS board
members, the initiative to develop the next generation
of global transdisciplinary thinkers was inspired the
during SDPS conference in summer 2010. As a
result, work soon began at IPFW, UAB, and other
major universities to develop student chapters that
can communicate with each other more effectively,
and also with SDPS members and leaders. In Fall
2010, the first official SDPS-SES student chapters
were established at IPFW and UAB which has paved
the way to advance STEM via project SESnet. The
initiative to begin work on improving the official
website for SES began immediately at IPFW after
members returned from Dallas conference.
In Spring 2011, Project SESnet was offered as a
case study at IPFW in the course CS 567: Software
Project Management for the first time in the
Department of Computer Science (managed by the
Purdue System). Nine graduate students registered
for CS 567 and formed a team to architect and
implement an improved platform for modular
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development of a web-portal for SES with enhanced
functionality. Current best practices and experimental
modules demonstrating various project management
techniques and technologies learned in class were
applied to develop a web platform to advance SES
membership globally, while developing STEM
outreach activity locally and via e-learning. We
report on the current work in progress of project
SESnet sponsored by SDPS midway into the
semester, followed by a brief discussion of the
potential broad impact to global SES activity.
We hope to realize our vision of educating the
next generation of transdisciplinary thinkers, while
advancing STEM disciplines in SES by establishing
SDPS-SES student chapters managed by the platform
developed by Project SESnet. We believe our course
experience will be helpful in developing knowledge
of best practices for web platform development and
collaboration with other SDPS-SES chapters as they
are established and develop into social networking
organizations that utilize the most recent 21st century
technologies. Upon completion of CS 567 this term,
we plan to recruit more students interested in SES
and STEM for further module development and
management, in addition to other students from
under-represented groups from both Purdue and
Indiana system at IPFW to continue development of
this web platform. Our mission for SES is expected
to be expedited by the participation of SDPS
members using new social networking technologies
online for improved collaboration between chapters.

specification, and IEEE 1016 for software design
description. The student project manager managed
the Gantt chart tasking and the Basecamp application
for synchronized collaboration between classes that
met once a week every Wednesday night from
6:00pm-8:45pm. The student assigned as application
architect developed a blue-print for organizing the
modules and their interactions from the presentation
layer down to the persistence layer (Fig 1). The
student assigned as functional architect made sure
that the modules identified in the application
architecture met the detailed specifications recorded
in Acclaro Design for Six Sigma (DFSS) tool by
Axiomatic Design Software, Inc. Each student was
assigned to be in charge of development of a module
and their own concept map that managed all their
documents and linked to the project concept map. As
the students developed each of their modules
asynchronously,
the
architects,
module
developers/designers, and systems engineering
students considered ways to integrate various
technologies into a seamless application. Joomla and
other related technologies were chosen for this
integration. Software engineering principles were
introduced in class in addition to project management
techniques and technologies to maximize results
during integration of the front-end of the system with
the back-end. Effective linkage to web services and
other outsourced capability using COTS tools is also
planned for integration according to the application
architecture.
We are testing Joomla and other web
technologies, like Magento and eFront, for
integration under one main site at www.sesnet.org .
The developed modules accessible from this main
site currently are as follows with sample reference:

CASE STUDY APPROACH
Team management with multi-layer concept map

-

The Rational Unified Process (RUP) was followed
throughout the semester, starting with research in the
Inception Phase, architecture development in the
Elaboration
Phase,
detailed
design
and
implementation in the Construction Phase, with plans
to hand over the complete web platform with all nine
modules to SES during the Transition Phase. A team
of students was formed on the first day of class and
appropriate roles were assigned as needed during
each phase. A team leader volunteered and support
roles were assigned accordingly to meet the
requirements of the course as defined by global
standards (The Project Management Institute Inc,
2011). The students with systems engineering roles
maintained all project documentation using various
online tools, such as concept maps, according to
various industry standards, e.g. IEEE 1058 for project
management, IEEE 830 for software requirement

-

-

-

-

-

2

Authentication [Provides a reliable method
for authentication of many users]
(Papatheodoulou, N. and Sklavos, 2009)
GPS location [Provides a way to globally
manage interacting groups using a drilldown visual map] (Reumer, 2011)
E-Commerce [Provides a facility for
developing
e-commerce
applications]
("Magento – Home – eCommerce Software
for Growth”, 2011)
Digital Library [Provides an pre-approved
warehouse of accessible and secure online
documents] (Joomla!, 2011)
Translation [Provides a language translation
ability for key modules on platform]
(Ananyan, 2011)
Ergonomics [Provides a user-friendly
approach to the platform management]
(Web Design Discussion, 2011)
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-

-

-

Transition phases. A concept map was used for
organization, documentation version control,
presentations, and efficient file sharing. The
application architecture (Fig. 2) that was developed
identified key modules and their relationships, which
was referenced and updated throughout all the
phases. The modular approach to web development
started with an application architecture that organized
the web platform into nine separate modules for
development by the nine graduate students. Modules
were individually tested after development and
during integration. Additional modules can be added
at a later time with reconfigurable options as more
students volunteer to develop Project SESnet during
the summer and beyond.
Throughout the project a Gantt chart using MS
Project kept track of progress for assigned tasks
based on the Project Management Plan (PMP)
prepared according to standard IEEE 1058.
Basecamp collaboration software was utilized for
teamwork between classes, along with tools for
expedient file sharing, such as www.dropbox.com..
Joomla, Magento, and eFront and other content
management system technologies were tested and
integrated into the main Joomla site requiring
authentication. Students participated in weekly
meetings to clarify their integrated approach, while
announcements
of
required
documentation,
assignments, and project work were posted online in
Blackboard, which is the e-learning management
system environment adopted at IPFW. Students
developed a website and slide presentation for each
module at the end of each RUP phase to report their
progress, difficulties encountered, and plans for work
during the next phase of the project with team
feedback.
Functional requirements of the various modules
were assigned to each student who then utilized
various tools, including, for example, Acclaro Design
for Six Sigma (DFSS) for dynamically capturing the
information architecture using an axiomatic design
approach, after the overall application architecture
was established. The design matrix produced with the
functional requirements identified could be
hierarchically decomposed for analysis, as needed.
Risk management was done by utilizing a design
structure matrix (DSM) and Failure Mode and Effects
Analysis (FMEA), facilities also streamlined by
Acclaro. Then UML could be used for detailed
design according to the analysis produced during the
Elaboration Phase that established the application
architecture and more detailed functional architecture
captured and decomposed in Acclaro.
Following the PMP as a guiding document
(based on IEEE 1058), the project deadlines were
established, assigned, and managed for various

Search & Indexing [Provides an efficient
search and index method for the platform
intranet] (Takahashi, Y.; Ito, T., 2010)
E-learning
[Provides
an
efficient
management structure and environment for
global courses] (Trajanov, Donevska,
Ivanoska, 2004)
Social Tools Integration [Provides a social
networking environment linked into popular
media] (Cueva Carrión Samanta Patricia et
al, 2011)

Syllabus Guiding Case Study Development
The focus for the semester was demonstrating skills
in software project management with a case study
(Project SESnet), which exercised skills in
developing, integrating, documenting, and managing
the modules for a website with various functionalities
applying appropriate information technology. An
overview of the development approach for Project
SESnet through student participation is provided in
this paper. The course was designed to provide
students with experience in task management
essential and critical to the software industry.
Appropriate textbooks and important references
introduced students to fundamental concepts needed
for understanding industry direction and practice
(Table 2). Key reference links were provided in
advance, in addition to periodic announcements in
Blackboard course web portal - not listed here (Table
3). By the end of the semester, each team was
instructed to prepare for submission the following
deliverables for the case study: an attractive team
binder, CD e-documentation of all project and
individual work in binder, and an online Cmap that
can be used to present to employers. Each student
prepared an individual Cmap that was linked to the
main project Cmap containing all documentation for
the project in progress. A detailed project description
was provided to guide the student development
according to established industry standards, e.g. IEEE
1058 for the project management plan (PMP), IEEE
830 for the software requirements specification
(SRS), and IEEE 1016 for the software design
description (SDD). The Project Management Body of
Knowledge (PMBOK) and Software Engineering
Body of Knowledge (SWEBOK), in addition to the
systems engineering standards were applied as
needed.
During the RUP Inception Phase a formal vision
document was prepared and various technologies
were downloaded and setup for collaboration. Other
documents and technologies were acquired and
utilized in other phases throughout the semester,
continuing with the Elaboration, Construction, and
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provides a set of checkpoints for each guideline
(Table 5).

assigned tasks with the Gantt chart and weekly
updates. The functional and nonfunctional
requirements were archived in the software
requirements specification (SRS) according to IEEE
830 standard by the systems engineer in the group
managing the industrial documentation. Visio UML
stencil download was utilized for the application
architecture as well as the UML diagrams archived
according to the IEEE 1016-2009 standard. Concept
map technology provided by the Institute of Human
Machine Cognition (IHMC) was utilized (Cmaptools)
for version control and overall mapping of the project
according to RUP phases. Tools such as these
simplified record keeping (e.g., project work as well
as homework) for the instructor, the team leader, and
the individual members. This approach made it
possible to educate students on PMBOK and
SWEBOK theory using RUP and axiomatic design
approach and support tools, while conforming to
industry best practices for the production of a
professional web platform. During the Transition
Phase, a duplicate staging site with identical modules
is planned, allowing for the module testing in parallel
without affecting progress of the main production site
in development. In the IEEE 1016-2009 standard,
each object oriented UML class structure was
documented that depicted static and dynamic
diagrams for modeling the case study based on the
application
and
information
architecture.
Demonstration of risk mitigation techniques utilized
(e.g. DSM, FMEA) was recommended. Excerpts
from the syllabus are provided (Table 1-4). The
application architecture that guided the modular
development was developed by the student in this
role (Fig. 1). The concept map overview for Project
SESnet with nine embedded Cmaps for management
of website development is provided (Fig. 2). Each
student also managed his/her own Cmap with all
assignments and project documentation provided as
attachments according to the RUP phases.

CONCLUSION AND FUTURE WORK
Project SESnet is planned and architected using a
modular information architecture that will enable the
implementation of numerous technologies as more
features and benefits are included for members of the
Software Engineering Society. When completed, we
envision the robust webportal will be able to support
a global membership base as early as this summer,
starting with nine modules and expanding in
capability over time, as more modules are
recommended, developed, and integrated to the main
www.sesnet.org website sponsored by SDPS.
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Fig. 2. Management of Project SESnet Cmap with nine embedded Cmaps

Table 1. Official Course Description for CS 567: Software Project Management at IPFW
Official course description for CS 567 for the Department of Computer Science at Purdue, Fort Wayne
campus (IPFW): “Consideration of managing the software development process and implementing information
technologies. Advanced material in project planning, cost and time estimation, mechanisms for monitoring and
controlling projects, quality assurance, change management, and leadership and team building. Other topics include
project tracking, managing multiple projects, data sharing, communicating plans, and transnational considerations in
areas such as staffing and vendor support. Students apply project management software to case studies.”
Table 2. Textbooks utilized in course
- Required: Managing and Leading Software Projects by Richard Fairley, Wiley, 2009
(ISBN: 978-0-470-40573-4)
- Support: Software Engineering, Addison-Wesley (8th Edition) by Ian Sommerville, Pearson, 2007
(ISBN 0-321-31379-8)
- Support: Building Web Applications with UML by Jim Conollen, Pearson, 2003
(ISBN: 0-201-73038-3)

Table 3. Partial list of links referenced during semester
- PMI: http://marketplace.pmi.org
- Managing and Leading Software Projects:
http://www.computer.org/portal/web/book_extras/fairley_software_projects
- ISO 12207: www.12207.com
- Sommerville textbook: http://www.comp.lancs.ac.uk/computing/resources/IanS/SE8/index.html
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- UML and related papers: http://www.uml.org
- SWEBOK and IEEE industry standards: http://www.computer.org/portal/web/swebok
- Concept map tool download: http://cmap.ihmc.us/download
- Visio UML/SysML stencil download: http://softwarestencils.com/uml/index.html
- Axiomatic Design tool and related papers: http://www.axiomaticdesign.com/technology/papers.asp
- Microsoft Alliance (Visio, MS Project tools): http://msdn05.e-academy.com/purduefw_ece
- Virtual Collaboration tool: https://signup.37signals.com/basecamp/Free/signup/new
- Quality printing and PDF conversion: http://www.cutepdf.com
- Joomla content management system (CMS): http://www.joomla.org/

Table 4. Tools (required)
- Acclaro DFSS,
- Visio UML stencil,
- Cmaptools,
- MS Project,
- Basecamp,
- Joomla

Table 5. Priority levels for Web Content Accessibility Guidelines

Priority Levels Description

I

A Web content developer must satisfy this checkpoint. Otherwise, one or
more groups will find it impossible to access information in the document.
Satisfying this checkpoint is a basic requirement for some groups to be able
to use Web documents.

II

A Web content developer should satisfy this checkpoint. Otherwise, one or
more groups will find it difficult to access information in the document.
Satisfying this checkpoint will remove significant barriers to accessing
Web documents.

III

A Web content developer might address this checkpoint. Otherwise, one or
more groups will find it somewhat difficult to access information in the
document. Satisfying this checkpoint will improve access to Web
documents.
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technologies is under constant development and update –
because knowing what is happening, finding methods and
also portraying new threats can be some of the most
important ways to help ensure that systems are better
protected against computer threats, especially in the
Internet.
Given this context, to characterize and monitor
malicious activity on the Internet, one of the methods used
is to place sensors on unused address spaces. Monitoring
the steps used by the invaders, one can get a better view of
where the problem is and how to fix it to prevent future
attacks on the production environment. There are some
terms related to monitoring of environments, some of
them bring the word HONEY as a prefix in analogy to bee
honey, attracting enemies.
Among the types of sensors used for this purpose we
highlight the honeypots - security devices specially
configured to collect information on attacks and which
value lies in being probed, attacked or compromised
(Spitzner, 2002 [8]). In general, these are computers
specially configured in order to record all activity that
occur during approaches, attacks and intrusions to
information systems or computer networks (Provos, 2007
[12]).
Since a honeypot is not a production system, all
traffic directed to it is, mainly, malicious or anomalous.
This fact makes the data collected by honeypots highly
valuable because, unlike the data collected by intrusion
detection systems, they hardly contain false positives and
allow easy extraction of signatures of malicious activity
(Spitzner, 2002 [8]).
The first documented experience of implementation
of mechanisms for monitoring intruder activity dates from
1988, when Clifford Stoll made public the story of the
invasion occurred in the systems at the Lawrence
Berkeley Laboratory (LBL). Noting the invasion, instead
of closing the access doors to the attacker, he took the
decision to monitor and record all of its steps. This
monitoring revealed not only the origin of the attack, but
also the motives of the attacker.
In 1990 a group of researchers and security
professionals created a network specifically designed to
be compromised, called Honeynet, initiating the

ABSTRACT
When there’s a dispute over something of great value,
knowing your opponent is always a vantage point. In the
digital world, the most valuable property is information.
The study of attack methods is one of the most important
areas of information security. Honeypots are security
features developed to be probed, attacked and engaged in
a fully monitored environment and under control.
However, the task of knowing and studying possible
intruders and virtual pests requires a certain level of
human interaction, higher than what autonomous
electronic tools can offer. The goal of this article is to
obtain an overview of the implementation of social
engineering, information security tools and social
networks to promote interaction between honeypots and
the main websites and electronic social networks existing
today.
Keywords: Honeypots, Social Networking, Malicious
Traffic, Spam, Spammers, Social Engineering,
Information Security.
INTRODUCTION
Since ancient times human beings have always felt
the need to know their enemy. This need has always been
of paramount importance, whether in war, sports or any
activity involving disputes and conflicts about property,
land or treasures. To be aware of the tactics, techniques
and attack motivations used by the opposing forces is –
historically – a fundamental requirement to always have
competitive advantage.
In the digital world this context is no different. With
the evolution of media, computer technology, and social
engineering, the security of information systems began to
feel more than ever, the lack of more detailed knowledge
of which vulnerabilities to protect themselves and the
methods and tools used by the attackers.
Today, the study of taxonomies of attack is one of the
most important trades in the security area. The evolution
of knowledge, techniques and tools for information
security could not be different. A multitude of
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myspace, twitter, tymr), professional networks (linkedin),
community networks (social networks in neighborhoods
or cities), political networks, among others, and allow an
analysis of how organizations develop their activity, how
individuals reach their goals or measuring the social
capital – the value that individuals get from the social
network.
A common feature in the various types of social
networking is the sharing of information, knowledge,
interests and efforts in pursuit of common goals. The
intensification in the creation of social networks in this
sense reflects a process of strengthening civil society in a
context of greater democratic participation and social
mobilization.
In theory, in the structure of social networks, social
actors characterized themselves more by their
relationships than by their attributes (gender, age, social
class). These relationships have a variable density: the
distance between two actors can be big or small, and some
actors may occupy a more central role than others. This
phenomenon is explained by some scientists that point to
the existence of strong and weak ties as well as structural
holes where the actors can not communicate with each
other except through the intervention of a third party.
In the study of social networks structure it’s necessary to
explore the relationship status among its members,
sociometric networks, social capital, support networks,
mobilization, the business interconnections and public
policy networks.
In 2010, the social networks were highly discussed
and explored. They were used as communication tools by
multiple sectors: companies, famous people, anonymous
people, in short – everybody was connected to a network.
Due to the worldwide success of social networks, Mark
Zuckerberg, the creator of Facebook, was appointed by
Time Magazine the Person of the Year.
Sharing photos, videos and personal information over
the Internet raises many issues related to on-line privacy.
All this hype raises, without a doubt, greed and the desire
in the hackers, to plant traps and data extraction tools of
such information in social networks. Examples of this are
spammers, malicious code and scripts that are deployed
through social engineering, misleading advertisements,
fake profiles and gossip, all used as bait to lure users, their
information, preferences and personal data.

HONEYNET PROJECT, which goal is to reveal the tools,
tactics and motivations of the attackers.
However, the evolution of the media, the
popularization of Internet access and computer resources
provided the perfect environment for the emergence of
new techniques, tools and malicious threats, in new
contexts and devices. With the change of scenery,
techniques, strategies and motivations were also changed,
which has turned the task of mapping activities and
malicious traffic increasingly complex.
It may be mentioned here the development of viruses
for mobile devices, financial fraud, emergence of
spammers (generators of unsolicited electronic messages
sent in mass for various purposes), ethical, moral and
social aberrations – all aiming to usurp information from
users (mostly inexperienced ones) through automatic
social engineering techniques in order to obtain financial,
social or criminal advantage.
In recent years, the growth in popularity and ease of
Internet access culminated in a high increase in the
number of social networks users. A social network is a
social structure composed of people or organizations
connected by one or more types of relationships that share
common values and goals. One of the fundamental
characteristics that define these networks is its openness
and porosity, allowing horizontal and non-hierarchical
relationships among the participants.
Looking into a different perspective, one can see
social networking as a strong niche for information about
people, their customs, habits and connections – sources of
information that can be used for the most different
purposes. Consequently, social networks have become
targets of malicious traffic generating tools, including
spammers, viral messaging and automatic pests capable of
creating fake accounts and profiles, trying to persuade real
users to virtually relate with these artifacts, thus allowing
the theft of valuable information.
From this comes the question: what are the
motivations, strategies, tools and methodologies used by
malicious traffic circulating on social networks? How to
apply Honeypot mechanisms to map them? What methods
of this technology could be implemented for this purpose?
The aim of this paper is to provide considerations and
answers to these questions.
BACKGROUND OF SOCIAL NETWORKS

SOCIAL ENGINEERING IN SOCIAL NETWORKS

Although the principles of a network are its openness
and porosity, for being a social link, the fundamental
connection between people is through identity. The
network limits are not limits of separation, but the limits
of identity. It’s not a physical limit but a limit of
expectations, trust and loyalty, which is permanently
maintained and renegotiated by the communications
network.
Social networks can operate at different levels, for
example, relationship networks (facebook, orkut,

In Information Security, Social Engineering is the use
of practices to gain access to sensitive or important
information in systems or organizations through deception
or exploitation of people's confidence. For this, the
scammer can pose as someone else, take another
personality, pretend to be a professional in a particular
area, etc. It is a way of getting into organizations, which
does not require the use brute force or errors in computers.
It explores the security flaws of the very people who,
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with the ultimate goal of extracting personal and financial
information.
It is noticeable that, as social engineering works
basically on the fault of the human factor, the
implementation of a honeypot for social networking
becomes, from the computational point of view, a rather
complex task, given the multiple variables and
technologies employed.
However, the simplest way to use this technique is
when the human user itself, in this case an information
security expert or someone interested in collecting
malicious traffic, becomes a live honeypot, posing as a
victim of social engineering techniques in social networks,
in a monitored and protected environment.

when not properly trained for such attacks, can be easily
manipulated.
Used for positive or negative purposes, it is important
to note that social engineering is applied in various sectors
of information security. Independent of computer systems,
software or platform used, the most vulnerable element of
any system of information security is the human user,
which has behavioral and psychological traits that makes
it vulnerable. Among these characteristics, we can
highlight the professional and personal vanity, selfconfidence, a willingness to be helpful, the search for new
friends, spread of responsibilities and power of
persuasion.
Most of the techniques of social engineering focus in
obtaining privileged information by tricking users of a
given system through false identification, acquiring the
charisma and confidence of the victim. A social
engineering attack can happen through any means of
communication such as telephone calls, direct
conversations with the victim, email and WWW.
In online social networks, a traditional way of using
social engineering to entice the user to certain traps is the
email or private message of their own social network.
Virus writers often use this mechanism to spread their
creations. In most cases, it is necessary that the user, when
receiving the email or message, run the attached file or
visit a particular website so that its computer is infected.
The creator of the virus then thinks of a way to make the
user click in the attachment. Once infected, the user opens
the door for criminals to use their computing resources to
steal information and spread false messages, causing even
more casualties.
To induce the click, one of the most common
methods is to set a headline that arouses curiosity. The
text can deal with pornography, love, betrayal, breaking
news or even a particular subject. One of the most classic
examples is the “I Love You” virus, which arrived in
people’s inbox using the same name.
In addition to the spread of viruses and worms, these
messages or fake emails may also contain bogus websites,
whose main objective is to obtain personal and financial
information of the user, such as bank account numbers
and passwords. Through social engineering, the user is
tricked into clicking on that address, very similar to a real
website address. As a result, the victim naively enters
their data and ultimately they are caught in an electronic
false environment.
Studies show that over 83% of fake profiles contain
links to websites outside the social network, for general
advertising, product sales, pornography, piracy, other
relationship networks and several adware (Webb, 2010
[7]).
Social engineering is yet able to get people to access
inappropriate websites through flashy advertisements,
fake promotions, exorbitant promises and other lures, all

SOCIAL HONEYPOTS
Generally speaking, honeypots are available
exclusively to computing resources being probed, attacked
or compromised in an environment that allows control and
monitoring of input/output activities. In this work, the
main honeypot object is the set of fake profiles that will
try to pass as real users, who will interact with actual
humans and with malware.
Once this information is available to users of these
social networks, a new concept of honeypot is introduced:
spammers start creating evil honeypots through fake
profiles, attracting and stepping into several other social
networks, spreading false information and collecting
valuable data from those users.
However, this technology has a great ability to map
malicious traffic on social networks, precisely because it
has the potential to interact with real users in a highinteraction production environment.
Hamed Haddadi (University of London) and Pan Hui
(Deutsche Telekom Laboratories) performed an
experiment which consisted in the creation of fake profiles
on social networks, some of famous people, some of
anonymous. Through random requests of friendship, it
was observed that users generally do not accept such
requests, but when it comes to fake profiles of celebrities,
the level of acceptance increases dramatically, as shown
in Figure 4.
Several studies about the spam generated by social
networking sites can be found in the scientific community.
Among them stand out those promoted by HEYMANN et
al (2007), whose work shows that, along with the growth
and success of social networking websites, as well as their
interactions, there was a proportional increase of flow of
unwanted spam. That being there are three potential
mechanisms to contain the spreading of spam: those based
on detection, demotion and prevention – mechanisms
already proposed for email and spam control tools, but
with a new approach for social networks.
So far, the model proposed by HEYMANN had not
yet been implemented in line with the honeypot
technology.
3
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tool that is accessing the electronic service. Forms and
web pages that don’t have captcha nor authentication
treatment are strong candidates to receive malicious traffic
generated by bots registering and collecting email
addresses.
A honeypot of this category could provide thousands
of web pages and forms, automatically generated, without
any checking fields, containing in their codes multiple
email addresses hosted on a single web server, with the
possibility to monitoring and controlling traffic. Later
these pages could be propagated in social networks
through fake profiles that could be probed and
compromised, allowing collection and storage of data for
analysis.
Another strategy that would prove to be effective
would be to insert social honeypots in different countries
and continents, thus allowing the characterization and
mapping targeting of spammers and other malware, since
the motivation, most used social network, profiles, and
accessibility vary with the financial conditions, economic
and social backgrounds of the targeted country.
Finally, one last aspect to be considered in social
honeypots, especially those that interact in relationship
communities like Twitter, Orkut, Facebook and Myspace,
besides other variants such as Youtube, Blogger and the
like, is that the false accounts must be created with the
fewest restrictions possible. That is: profiles,
commentaries, personal data, communities, friends and
friendship request permissions must be as public as
possible, aiming for the maximum level of interaction
with spammers and their tools.

One of the pioneering works in the world for tracking
spammers using honeypots belongs to Kyumin Lee
(Department of Computer Science and Engineering Texas
A & M University), James Caverlee (Department of
Computer Science and Engineering Texas A & M
University) and Steve Webb (College of Computing
Georgia Institute of Technology, Atlanta), where it is
proposed the concept of a “Social Honeypot” to track and
monitor social spam, collect data on these and finally to
analyze the data.
Based on this analysis, Kyumin Lee, James Caverlee
and Steve Webb (2008-2010) concluded that the social
behavior of spammers is directed through temporal and
geographic
recognition,
so
containing
certain
characteristics according to the these variables.
Their work then culminated in a proposal to develop a
framework capable of collecting traffic from spammers in
social networks and their interactions, and also provide
statistical analysis of the properties of these profiles in
order to create classifiers and filters to stop new or already
existing spammers. This analytical work could also be
done by mechanisms of artificial intelligence that, over
time and as receiving information flows, would filter
spam more effectively and accurately, with a low rate of
false positives.
SOCIAL HONEYPOTS AND POSSIBLE
INTERACTIONS
Facing some research and scientific work developed
and presented here, it is intended to boost the limits and
possibilities of application of social honeypots in the
current context of the global network of computers.
A bot, short for robot, is a software designed to
simulate human actions automatically, usually at a much
higher rate than would be possible for a single human
editor.
Some bots can be used by spammers to send spam in
massive quantities. Other bots look for email addresses on
web pages in general, particularly contact forms,
collecting them and storing them in remote locations.
Then there are the more sophisticated bots, capable of
entering into social networks, create profiles, add people
and spread automatically.
About honeypots, and the interactions presented
above, which aim to interact with humans in real social
networks, one can still apply them to identify automatic
malicious traffic generated by bots, thus capturing the
origin of the attack, its category, impact, among others.
One way to reach this level of interaction would be to
provide web servers hosting pages vulnerable to several
attacks such as registration forms without checking the
"captchas" – an acronym for the phrase "Completely
Automated Public Turing test to tell Computers and
Humans Apart": a test of cognitive challenge, used as a
tool for anti-spam user authentication, whose goal is to
make sure that this is a real human and not a automated

FINAL CONSIDERATIONS
For most researchers it’s the clear fact that social
networking websites significantly alter the flow of
information in society. The easiness of interacting in an
electronic environment, through the exchange of text
messages, voice, photo sharing, music and videos makes
more and more users look for these tools as a way to
exploit them in many different ways, from human desire
to relate to others until the purely technological and
commercial exploitation of them.
Given this paradigm, many problems arise naturally,
related to user privacy and security, as the amplitude of
these social networks grows. From that, emerges the need
to create mechanisms for authentication and validation of
people who use them, as a way of containing the spread of
computer plagues, especially spammers.
On the other hand, authentication and defense
mechanisms alone are not sufficient to stem the rising tide
of malicious traffic present on the Internet, especially on
social networks. The knowledge of this traffic is essential
in formulating policies and strategies of containment and
prevention of spam. It was observed that the honeypot
technology can be used to trace this flow efficiently,
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allowing the collection and analysis of malicious data in
web sites and social networks.
Given the framework of STEVE WEBB et al, that
aims in the creation of interactive honeypots to monitor
traffic on social networks, and HEYMANN et al, which
formulates containment strategies for blocking spam
traffic on these websites, it’s then suggested an
improvement of social honeypots technologies, so that
farms of heterogeneous honeypots, or social honeynets,
can be used both in social networks and social websites,
through specific mechanisms of each network, applying
methods of search engine optimization, indexing and
cataloging of all this traffic.
It is also important to consider the social and
geographic aspects where the honeypots would work,
since there is a big difference in behavior, motivations,
techniques and computational resources of spammers
around the world.
Finally, an aspect that demands much discussion is
the legal aspect of social honeypots. Since honeypots
involve issues as privacy, confidentiality and may even
contain evidence of computer crimes, it is necessary to
discuss the legality and even the creation of specific laws
that will guide research or even commercial applications
of these tools.
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Fig. 1 Most accessed Social Networks in the world –
January to March 2011. Facebook, Twitter, MySpace,
Linkedin, Ning and Tagged, in order of worldwide
access.
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Fig. 2 Example of a friend request from a fake profile.
(Source: S. Webb [3])

Fig. 5 The three anti-spam strategies: detection, demotion
and prevention. (Source: Heymann [2])

Fig. 3 Example of a honeypot profile attracting a spammer
on Twitter. (Source: S. Webb [7])

Fig. 6 A complete scheme of bookmarking social
websites. Users (top) interact with interfaces that
correspond to social mechanisms or actions clearly
defined within the website. The anti-spam strategies
applied shown in yellow have “spam fighting”
functionality. The other colors are subtitled for
detection, demotion and prevention. It is noticed
that this model there is the use of honeypots [2].

Fig. 4 Results of the experiment carried out by Haddadi [4].
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ABSTRACT

BACKGROUND

This paper introduces a modeling strategy originating
from information theory and combinatorics for the
analysis of behavioral semantics of DSMLs with the use
of design space analysis.

DSML programs, like any other program, conform to
a grammar which consists of definitions of the abstract
syntax, concrete syntax, static semantics, and dynamic
semantics of the language. Specification of abstract syntax
includes the concepts that are represented in the language,
and the relationships between those concepts. Concrete
syntax definition provides a mapping between metaelements and their textual or graphical representations.
The runtime behavior of each syntactical meta-element
defined in the DSML represents the dynamic semantics of
the language. These specifications result in precise
representation of DSMLs.

INTRODUCTION
Model-Driven Engineering (MDE) has been shown to
increase productivity and reduce overall development cost
[Vallecillo, 2008]. The concepts advocated by MDE focus
on abstractions associated with a specific domain while
providing tailored modeling languages for domain
experts. Domain-Specific Modeling Languages (DSMLs),
used within the MDE context, enable end-users who are
domain experts to participate in software development
tasks and to specify their own programs using domain
concepts in the problem space, rather than programming
language concepts in the technical solution space.

The advantages of formal representation of programs
are well-known [Stoy, 1977; Plotkin, 1981; Nielson and
Nielson, 1999; Plotkin, 2004; Harel and Rumpe, 2004].
First, the program is precisely and unambiguously
defined; second, it offers a unique possibility for analysis
and generation tasks. Both of these factors contribute to
the improvement of program design and development.

This shift in the emphasis on domain concepts for
software development introduces fundamental challenges,
which drive new research in DSMLs. For example code
generation, validation, verification, and different kinds of
analysis require a precise representation of behavioral
semantics of DSML. Most modeling toolsets do not
permit the representation of DSMLs to be defined in a
way which would support such desirable analysis and
generation tasks effectively. Furthermore, these modeling
toolsets generally are not flexible enough to introduce
additional desirable analyses forms originating outside of
the software development paradigms.

Design Space Analysis (DSA) is an approach aimed
at helping the software designer reason about his design
early on in the development process [Maclean, Young,
and Moran, 1989]. Design Algebra [Aksit and
Tekinerdogan, 2001] is a DSA technique enabling
designers to identify, quantify, select, and reason among
the design alternatives. They define the term Design
Space to represent a set of design alternatives. This
representation and reasoning technique facilitates
understanding the differences of the resulting designs. For
DSML designs, there is a need to represent behavioral
semantics which enables identifying design alternatives
and support quantitative analysis.

This paper will introduce a modeling strategy
originating from information theory for the representation
of behavioral semantics of DSMLs. Two major challenge
areas that we will study in representation of behavioral
semantics of DSML are: (i) utilizing formal tools to
provide a mathematical foundation for reasoning about
DSML designs; (ii) enhancing the current meta-modeling
methods by providing techniques for quantifying design
alternatives.

Unfortunately, specifications of behavioral semantics
of DSML have not yet been developed to a level of
formalism to address many of the classical issues. While
the syntax of modeling languages is commonly specified
by meta-models, an appropriate and standard formalism
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for specifying behavioral semantics of modeling
languages does not exist. Recently, this is identified as
one of the most important research topics in MDE and
several proposals exist [Chen et al., 2005; Chen,
Sztipanovits, and Neema, 2005; Di Ruscio et al., 2006;
Rivera and Vallecillo, 2007] on the precise and
unambiguous definition of the problem, while there are no
proposals yet for generally accepted
analysis and
generation tasks.

transition system only contain values; they represent the
result of the specification. Most of the DSML platforms
that initiated a formal way of specifying the semantics
have employed an operational style of the semantics
definition.
Attribute grammars
An attribute grammar [Knuth, 1968] is another
formal technique used to specify static semantics as an
extension of a context-free grammar. This technique can
be used to specify dynamic semantics as an interpretation
of constructs by defining a translation into lower level
code.
Attribute grammars are mostly utilized to check the
correctness of the static semantics such as variable type
checking, compatibility between procedure definitions and
calls. Attribute grammars form one of the essential parts
of compilers and bring benefits such as automatic
construction of compilers, interpreters and other languagebased tools. However, the large number of rules required
for a complete definition of a language may offer
challenges when using attribute grammars to define a
DSML.

DSML research would reach a level of maturity if
through mathematical representation of behavioral
semantics of DSML one could improve the design process
of DSMLs by identifying design alternatives and
supporting quantitative analysis. A DSML designer would
be able to compare, order, select, and balance among the
alternatives in the context of design space analysis.
METHODS FOR REPRESENTING SEMANTICS
There are several different methods that have been
proposed to describe the semantics of programming
languages in a concise and formal manner [Nielson and
Nielson, 1999]. They also have been successfully applied
to define the semantics for DSMLs. The following lists
three main approaches to specify programming language
semantics that may also be useful for defining the
semantics of DSMLs.

DESIGN ALGEBRA
Software designers during design have to consider
multiple alternatives and reach a decision based on
experience and methodology plan to be used. They may
eliminate some design alternatives in early stages, which
may result in loss of information. Therefore, designers
need a consistent technique to depict, compare, and select
among design alternatives. Aksit and Tekinerdogan
[2001] provided an approach
to rank various design
alternatives based on quality factors, adaptability, and
time. They provided algebraic techniques, called Design
Algebra, to form a mathematical foundation for the design
process. Design Algebra can be considered a special form
of Relational Algebra [Codd, 1970] that implements
operation instructions such as size, reduce, quantify, and
generate for design spaces. Design space is a function that
maps fundamental concepts to the design properties.
Fundamental concepts of the domain are identified with
domain analysis. Design properties include quality factors
and implementation details which cover functional and
non-functional requirements. Each design alternative in
design space can be considered as one specific mapping of
concepts to design properties. Design algebra operations
can be listed as follows:
 Size, defines the total number of alternatives
which can be generated from design space.
 Generate, identifies all possible design
alternatives in a design space.
 Reduce, enables a condition to reduce the size of
design space. (Reduction is the mechanism

Denotational semantics
Denotational semantics [Stoy, 1977] is a semantic
definition technique, which is based on formal constructs.
In denotational semantics, each language element is
associated to a mathematical object by mapping functions.
Concise and rigorous definition of objects and functions
provides an excellent way to represent the meaning of
constructs. Although the denotational semantics of
DSMLs could be defined in terms of state changes,
manipulating mathematical objects rather than DSML
constructs lead to difficulties and complexity during
implementation.
Operational semantics
Operational semantics [Plotkin, 2004] can be used to
specify the meaning of a programming language in terms
of program execution on abstract machines. Semantic
definitions are composed of rules, which describe specific
effects of language constructs on an abstract machine.
Each rule consists of preconditions that have to be met for
the rule to apply and affects the transformation of the
current state in some way. Applying the rules of
operational semantics yields new states that gradually
extend and finally replace the syntactic structures by
auxiliary constructs and values. The final states of this
2
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which provides elimination of alternatives based
on required criteria. Unfeasible and uninterested
alternatives are discarded by the reduce
operation.)
 Quantify, measures the design alternatives to
provide a means with which to differentiate
criteria. (The most relevant design alternative has
the highest value after quantification process.)
Fuzzy logic [Zadeh, 1973, 1996] is one of the techniques
to quantify each design alternative and capture designers’
intuition. Designers’ main problem is lack of expressive
ability in design methodologies. This lack of
expressiveness leads to inability to represent and manage
design alternatives and degrades the quality of the overall
development process. Marcelloni and Aksit [2000], Aksit
and Marcelloni [2001] introduce a new methodindependent approach based on fuzzy techniques to
increase the adaptability and reusability of design
methods. Two main requirements of their methodology
are to prevent elimination of alternatives and to provide a
measure for each alternative to reason about them. To
fulfill these requirements they proposed a fuzzy logic
based technique. Fuzzy logic enables the designer to
assign various scale values into their design. Moreover
fuzzy reasoning associates a measure with each alternative
and allows designers to make a decision from various
alternatives.

Structural Entity Space:
Mappings between structural domain concepts (C
Domain) into structural meta concepts are shown in this
space. Figure 1 and Figure 6 demonstrates the space as a
two dimensional space.
 The predefined property P EntityMeta is a set of
metamodeling alternatives for concepts.
PEntityMeta = (Class, Operation, Attribute)
 SStructuralEntity defines design space that maps
the concepts of C Domain to the elements of
PEntityMeta and as such represents the total set
of alternatives of domain models.

P EntityMeta

S Structural Entity

C Domain
Figure 1: Structural Entity Space
Structural Relation Space:
This space shows the relations between domain
concepts as metamodel relational terms. Figure 7
demonstrates the space as a two dimensional space.

DESIGN SPACE SPECIFICATIONS FOR DSML
DESIGN
DSML Design consists of structural and behavior
specifications. All the possible design alternatives for
these specifications form a design space for the DSML.
The DSML designer obtains the domain details by
Domain Analysis. The DSML designer maps all domain
concepts into structural and behavioral terms. Table 1
shows the mapping between these concepts and language
meta-elements. For the identification of the metamodeling
abstractions four different design spaces can be defined.
These are
 Structural Entity Space,
 Structural Relation Space,
 Behavioral Flow Space, and
 Behavioral Expression Space.

Behavioral Spaces:
As shown in Figure 2, two Design Spaces, Behavioral
Flow and Behavioral Expression spaces, are utilized to
complete the design steps of DSMLs.
 The property P Behavioral is modeling a set of
behavioral alternatives for operations.
 S Behavioral :: O Domain → P Behavioral
Behavioral Flow Space:
This space shows the logical flow of operational
domain concepts with Cubic Graphs [Greenlaw and
Petreschi, 1995; Prather, 1995]. Each cubic graph
represents a flow, which is composed of if and/or loops, as
a combination of decision nodes and junction nodes.
Figure 8 demonstrates the space as a two dimensional
space.

Class
Attribute
Structural
Operation
Domain
Relationships
Concepts
Sequence
Behavioral
Branch
Loop
Table 1: Mapping between Domain Concepts and MetaElements

Behavioral Expression Space:
Flow Space presents the main steps of logical flow.
Additionally, cubic graph edge specifications as well as
domain concept mappings are required. Expression space
shows specification of cubic graphs labels. Figure 9
demonstrates the space as a two dimensional space.
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P Behavioral

process that maps input possibilities to output
possibilities. Furthermore, this mapping may be
represented in combinatorial terms and may be analyzed
with information theoretical formalism.

S Behavioral

O Domain

To elaborate on the idea, the ADD operation is introduced.
For example, ADD semantics with combinatorial terms
with input/output details are specified as follows:
P Flow

P Expression

S Behaviora Flowl

S Behavioral Expression

Domain Concept: ADD
Inputs: {x,y | 0<x<4 & 0<y<4}
O Domain

O Domain

X
Y
1
1
1
2
1
3
2
1
2
2
2
3
3
1
3
2
3
3
Table 2: Specification of ADD concept

Figure 2: Behavioral Spaces
COMBINATORIAL
SPACE ANALYSIS

APPROACH

FOR

DESIGN

As originally envisioned, Design space is a function that
maps fundamental concepts to the design properties. As
stated above, DSML Design consists of structural and
behavior specifications. Therefore, all possible design
alternatives for these specifications form a design space
for a specific DSML. The discipline of combinatorics is
rich in methods and techniques when all possible cases are
called into the analysis [Papoulis and Pillai, 2002]. Below,
we will describe an analysis approach by taking advantage
of this property. Our motivation is to eventually connect
this observation with the information theoretical analysis
by taking into account the partition function formalism
[Khandekar, McEliece, and Rodemich, 1999] and as such
the entropy analysis. Our exposition is based on a specific
example outlined below.

Output
2
3
4
3
4
5
4
5
6

The semantics of the ADD concept then can be stated as a
mapping from one partition to another partition.
Figure 3, Figure 4, and Figure 5, visually depict the prior
partition, intermediate partition, and final partition
respectively.

DSML Semantics is related to operational semantics,
which defines state transitions, or denotational semantics,
which maps concepts to mathematical functions, or
attribute semantics, which gives attribute values, and
seems to have no connection with information theory. To
present information theoretical analysis, we must first
observe that, in computer science, DSML semantics is the
execution behavior of DSML elements, which are
representation of operational concepts in the given
domain. Although it may seem rather mechanical,
semantics may be described and analyzed in
combinatorial terms. As computer scientists, we observe
that the execution of semantics of operational concepts
run deterministically and the outputs are not randomly
produced. When we omit all side effect issues in
semantics specification, one claims that given a specific
input, one gets a specific output when executed with the
same semantics. However it should be noted that we
cannot actually know about the input until the program
executes and we are totally ignorant of the detailed
specification before implementation. Therefore, we claim
that the semantics problem can also be formulated as a

Figure 3: Prior Partition
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CONCLUSION AND FUTURE RESEARCH
We proposed an approach in which a semantics
problem is formulated as a process that maps input
possibilities to output possibilities. Furthermore, we
demonstrated with a simple example that this mapping
may be represented in combinatorial terms and can be
analyzed with information theoretical formalism.
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9 9
9
H FinalParti tion  2.19

Entropy differences between prior and final partitions can
be interpreted as an information content reduction.
Following these calculations and partition representations,
the semantics of the ADD function may be defined as
entropy reduction when combined with the transition steps
between partitions.

5

611

Marcelloni, F., Aksit, M. (2000) Improving ObjectOriented Methods by Using Fuzzy Logic. ACM SIGAPP
Applied Computing Review, vol. 8, iss. 2, pp. 14-23.
Nielson, H., Nielson, F. (1999) Semantics with
Applications: A Formal Introduction. Wiley Professional
Computing, Wiley, Revised Edition.
Papoulis, A., Pillai, S. U. (2002) Probability, Random
Variables and Stochastic Processes, McGraw Hill, 4th
edition.
Plotkin, G. (1981) A Structural Approach to
Operational Semantics. Department of Computer Science,
Aarhus University, Aarhus, Denmark.
Plotkin, G., (2004) The Origins of Structural
Operational Semantics. Journal of Logic and Algebraic
Programming, vol. 60-61, pp. 3-15.
Prather, R. E. (1995) Design and Analysis of
Hierarchical Software Metrics. ACM Computing Surveys
(CSUR), vol. 27, iss. 4, pp. 497–518.
Rivera, J.E., Vallecillo, A. (2007) Adding Behavioral
Semantics to Models. In: Proceedings of the International
Enterprise Distributed Object Computing Conference

(EDOC 2007), IEEE Computer Society, Annapolis,
Maryland, USA, pp. 169-180.
Shannon C. E. (1948) A Mathematical Theory of
Communication. Bell System Technical Journal, vol. 27,
pp. 379–423 and 623–656.
Stoy, J., (1977) Denotational Semantics: The ScottStrachey Approach to Programming Language Theory.
MIT Press, Cambridge, MA.
Vallecillo, A. (2008) A Journey Through the Secret
Life of Models. In: Dagstuhl Seminar: Model Engineering
of Complex Systems.
Zadeh, LA. (1973) Outline of a New Approach to the
Analysis of Complex Systems and Decision Processes.
IEEE Transactions on Systems, Man, and Cybernetics
1973; vol. SMC-3, iss. 1, pp. 28–44.
Zadeh, LA. (1996) Fuzzy Logic = Computing with
Words. IEEE Transactions on Fuzzy Systems, vol. 4, iss.
2, pp. 103-111.

.

6

612

Metamodeling Concepts

Operation

SStructural Entity

Attribute

Class

m
Do

ain

t
ep
nc
o
C

#1

m
Do

ain

t
ep
nc
o
C

#2

m
Do

ain

3
t#
ep
c
n
Co

ain
m
Do

t
ep
nc
o
C

#n

Domain Concepts

Figure 6: Structural Entity Space

Metamodeling Concepts

No Relation

MethodOf

SStructural Relation

AttributeOf

Generalization

Association

1
t#
ep t #2
c
p
n
Co c e
in Con
a
m in
Do ma
Do

1
t#
ep t #3
c
p
n
Co nce
n
o
i
C
ma in
Do ma
o
D

Domain Concepts

n
t# 1
ep #nc
t
n
Co ncep
n
i
o
ma n C
Do mai
Do

Figure 7: Structural Relation Space

7

613

Metamodeling Concepts

Prime of Order n
Cubic Graph #n

SBehavioral Flow

Prime of Order 2
Cubic Graph #1
Prime of Order 1
Cubic Graph #2
Prime of Order 1
Cubic Graph #1

D

om

ain

Op

at
er

ion

#1

m
Do

ain

Op

ion
at
er

#2

Do

in
ma

Op

io
at
er

n

#3

Domain Operations

m
Do

ain

Op

ion
at
er

#n

Figure 8: Behavioral Flow Space

Metamodeling Concepts

Expression #n

SBehavioral Expression
Expression #3

Expression #2

Expression #1

1
l#
be
La

2
l#
be
La

3
l#
be
a
L

4
l#
be
a
L

n
l#
be
a
L

Domain Labels

Figure 9: Behavioral Expression Space

8

614

SDPS-2011
Printed in the United States of America, June, 2011
c 2011 Society for Design & Process Science

Improving Vision Based Robot Navigation Through Specific Location
Markers
Cengiz Togay, Utku Bayram
Computer Engineering Department
Canakkale Onsekiz Mart University
Canakkale
ABSTRACT:Navigation is one of the most studied problems in the robotics area. To navigate a target, a robot has
to know its own position and target positions and its orientation in surrounding environment. Robots are guided
to a target based on some inputs. The input can be some
sensor readings such as ultrasonic, GPS, infrared, etc. or
cameras. In this study, we utilized vision based inputs for
navigation. Landmarks defined as identifiable objects with
known real position in an environment are utilized to estimate the position of a robot. One of the pioneering studies
introduced by Sugihara utilizes a single camera to estimate
the position through beacons (landmarks). Our developed
robot named Troy has a webcam to capture images from the
environment. We utilized an open source image processing
API named OpenCV to process images and identify landmarks. When the landmarks are identified, we can estimate
distance of the landmarks to the robot, and then these distances are utilized for estimating the robot’s position and
orientation. In this paper, we present a monocular vision
based range measurement method for indoor applications
for navigation of a robot with two identified landmarks and
also identified experiences are presented.
I. I NTRODUCTION
One of the important problems in Robotics is navigation.
Outdoor navigation, especially in an unstructured environment is more difficult than indoor navigation because of
lack of information about the environment. To navigate a
robot, behind other parameters (maps, avoiding obstacles,
etc.) position of a robot in a Cartesian coordinate system has to be known [11][13]. There are various methods
and techniques proposed to obtain the position of a robot
and most of them are based on the hardware. Equipments
(Global Position System (GPS), sensors, scanners, etc.) of
the robot specify accuracy of measurements. Typically, we
have identified six options to measure distances to a target
landmark:
• Laser scanner costs about 4000 USD. One of the short
range products can measure about 5.5m with a 190 degree
viewing angle. One of the problems of laser scanners is bad
reading, especially on glass surfaces. Reading error of laser
scanners is about +-5mm.
• Sonar sensors cost about 100 USD. Sonar devices transmit a short burst of ultrasonic sounds to the target and read

reflections of sounds. Sonar can be effected by temperatures and humidity. Ultrasonic sensors especially are selected in underwater applications.
• A GPS costs about 100 USD. Most important drawbacks
of a GPS are that it is not useful in indoor applications. For
outdoor applications, commercial off the shelf GPS models
produce errors in the range of +-10cm. Even, a GPS stops
reading in the shadow of satellite visibility.
• Estimated position can be calculated in wireless networks
through received signal strength. Location of a node within
a network can be estimated with known reference wireless
modems, for instance, Zigbee Modems [4][15][18]. This
approach is generally applied for outdoor applications because of the noise in buildings.
• Theoretically, based on the start position and evaluations
of movement, position can be estimated. However, because of the reasons such as frictions and battery life, robots
mostly realize movements with errors. Therefore, this kind
of approach can be applied in only limited laboratory environments or some systems such as gear systems.
• Millimeter wave radar (77 GHZ) is used for navigation
[8]. It can be chosen especially for outdoor applications
because of its low atmospheric absorption.
• The cost of vision based applications mostly depends on
the cameras that are used in the application. In our study,
we have preferred a 1.3 Megapixel webcam that costs about
30 USD. Vision based approaches suffer from changes in
the light. Images can provide more information than sensors. For instance, sensors can miss objects because of
their size and shape. On the other hand, vision processing
requires an amount of computation to extract meaningful
knowledge from images.
Sensors (inputs) can be classified as two types namely
active (laser, sonar, radar, etc.) or passive (vision). Single
sensory device provides only partial information about the
environment [12]. The inevitable corruptions by noise on
a sensor also require further effort for comparison and test.
Therefore, in some studies [12][5][3][2] more than one sensor (e.g. encoders, odometric, gyroscopic, sonar measures,
etc.) are utilized together. This kind of studies increases the
precision of position at the same time, increases complexity of calculation. Same type of sensor usage (multi robots
or multi sensors on a robot) in the environment can cause
confusions on sensor reading.
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Sensors are used as input for the navigation process. In
some situations, instead of utilizing maps, learned perception sequences can be used to control a robot [6]. Mostly
machine learning algorithms are applied in this kind of
studies. Another approach is a vision based navigation.
For example, image retrieval system utilization with Monte
Carlo localization [19], searches a database with query image and relies on the founded image for estimating the
robot position. Tracking painted lines is another example of vision-based approaches. Position of a robot can
be estimated through landmarks. One of the pioneering
studies is presented by Sugihara [17] and extended by followers [13][1] for self-localization based on a single camera. Another method is proposed to gather useful landmarks from a monocular camera for an Autonomous Micro Aerial Vehicle application [7]. Binocular cameras for
stereo vision present another approach for range measurement [14][16][20].
Basically, there are three kinds of navigation: Mapless,
Map-Building-Based, and Map-Based [9]. In Mapless navigation, any information about the environment is not provided at the beginning and also in this approach a map is not
constructed about the environment. Robots are affected by
many factors such as friction between wheels and surface of
the environment. Because of the cumulative effects of such
factors, robots lose their position [13]. As a second group
of navigation, Map-Building-Based navigation also starts
with no information however maps can be created and updated during the navigation process. One of the approaches
is the simultaneous localization and map building (SLAM).
Objects in the environment can be identified through sensors, cameras, etc. Identified objects and their relative positions are set on a map. Approaches in this group can
suffer from errors in sensor readings since active sensors
(sound and light) can cause interferences among each other
[13]. Therefore, swarm intelligence [18] (more than one
robot utilization) or a robot with many sensors is required
to pay an attention about sensor readings. As the last kind,
Map-Based navigation system starts with a map about the
environment which can include various landmarks. A beacon (landmark) is introduced as a readily identifiable object
with known position in the environment [13][9]. Based on
the environment and a problem, a specified minimum number of landmarks should be identifiable in the environment.
There are more than one way to estimate the position of a
robot through landmarks utilizing angle and distance, based
on available landmarks [13]:
• one beacon and at least two readings. In this case, position estimation error is affected by errors of robot actions.
• at least two landmarks if the robot’s position is known
• at least three landmarks if the robot’s position is unknown
Errors on the identification of the landmarks are most important part of navigation. There are various errors and the
most expected type is defined by errors on distance and
orientation estimation. Another error type is false posi-

Fig. 1. Landmarks

tives[1]. Because of sensor errors, unexpected landmarks
can be identified based on the internal world model of the
robot. Therefore, as a part of self-localization, a robot also
should know the history of sensor readings and executed actions to check the identified landmarks [11]. For example,
as depicted in Figure 1, depending on the view angle of the
robot, landmarks can be sensed with deceiving sizes. Based
on this size understanding, robot estimates that landmark is
closer than it really is.
In this paper, we studied Map-Based navigation and utilized a vision-based approach with a single camera for indoor environments. We prefer to use landmarks consisting of squares with unique colors in the environment as
depicted in Figure 1. Therefore, we can fix some errors
related with the identified landmarks as explained in Section 3. A general vision based process is used to identify
landmarks and their distances to the robot through captured
images. Identified landmarks are matched to landmarks in
maps. Robot position and orientation are estimated based
on distances and landmarks as discussed at section 3.
II. T ROY
We have developed a robot named Troy as depicted in
Figure 2. Troy is basically composed of six wheels, 6 DC
motors, a PIC16F877, two metal sensor, a 1.3 Megapixel
webcam, and a netbook. For the purpose of the debugging, the system and accelerating the development phase,
we have chosen the netbook option instead of other embedded systems for image processing. Troy utilizes OpenCV
2.1 as an image processing library. The system is developed
in the Microsoft Visual C++ 6.0 environment. Frictions between the environment and wheels affect the value of measurement errors. Therefore, we need another approach to
figure out the position of the robot. We utilized two metal
sensors approximately to measure distance that is caused by
a robot action, especially in forward action. Troy can move
the camera in four directions. This property is very important to identify more than one landmark in a map. Since
relative positions of the landmarks are known, landmarks
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Fig. 2. Troy developed in Canakkale Onsekiz Mart University (2010)

can be found based on the identified one. Rotation of the
robot with respect to the target landmark is possible; however, variability of frictions can cause to rotate a robot to
an unexpected position. Since orientation is based on the
angle among landmarks, any error on the rotation of a robot
effects the orientation.
III. M ETHOD
In a map-based navigation, with utilization of sensors
(laser scanning, vision-based, etc.), identified objects (landmarks) from in the environment are matched to objects in
the map. Based on the distance from identified markers,
history of executed actions, and a map, the robot estimates
its position in the environment. Since, we are considering a 2D environment and single camera; at least two signs
landmarks are required to estimate predict the position of a
robot. We have applied a generic algorithm for vision based
localization is described in four steps in following list [5],
[9], [10]:
1. Acquire sensory information: capture an image. In this
study, Opencv 2.1 is utilized as an image processing tool.
Since the Troy has a mobile camera, camera starts to scan
landmarks from the expected angle in the environment.
2. Detect landmarks: process an image and identify landmarks with their distances to the robot. We have applied
landmark special filters on the obtained image. The output
of this process is expected to produce an image that consist of only land markers. However, except for some light
conditions, noise always presents. For this reason, Troy
searches an object with an area bigger than a threshold.
Since the robots position is known approximately, threshold
value can be set based on the expected values. Therefore,
small areas (noises) are not included int the solution. When
we have obtained an image which includes landmarks, we
can find contours. In this study, two colored square landmarks as depicted in Figure landmarks are used. Algorithm searches squares where one square consists of another
square. Otherwise, the robot can identify false landmarks.

Fig. 3. The Environment consisted of landmarks and The Troy

For instance, after filtering, Figures 4 and 5 is obtained.
As it can be seen, there are other objects (noises) that are
missed by filters. Since, we search for a green square (11cm
X 11cm) in a blue square (23cm X 23cm), only the landmarks are identified. Because of light conditions, missing
parts can occur as depicted in Figure 4. Since we know
the proportions (11/23) between these two objects, we can
complete the missing parts on the landmark. Our approach
is to obtain the maximum area through proportions. In this
study, prediction of the distance landmarks is based on the
area of the landmark. Position of a landmark in the image
can cause errors. Same line can be represented in different
length in different positions in a camera because of optics
as depicted in Figure 4. For this reason, when a landmark is
identified, the mobile camera is positioned to the center of
the landmark and then this process start from the beginning.
If the camera is set to the center, distances to the landmark
can be calculated based on estimated sizes. We can predict
distance value of the landmark through a proportion of the
landmark’s area (pixel) at 100 cm and estimated landmark’s
area (pixel).
3. Establish matches between observation and expectation:
match identified landmarks in the environment with landmarks in the map. In this process, the history of the identified landmarks and executed actions are evaluated. As discussed in section four, the landmarks can be assessed bigger
or smaller than their actual sizes. According to the wrong
size, the distance is calculated incorrectly. Therefore, landmarks can be matched to wrong landmarks in the map. The
estimation of an expected position also is depending depends on the history of the execution actions. For example,
example, after ”go forward 100 cm” action, robot should
be approximately 100 cm ahead of the last position. Since,
we also used an encoder mechanism (two metal sensors) for
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Fig. 4. Fully identified a beacon

Fig. 5. Partially identified beacon

wheels to measure movement, we can estimate the effect of
action. For instance, the Troy can have 2 cm error at 100
cm at the same surface. Therefore, a robot can guess the
akin landmarks in the environment. By the end of this step,
the landmarks in the map are identified in the environment
and distances to them are known.
4. Calculate (estimate) position: Troy, evaluates identified
landmarks based on the last position and action history and
checks its own estimated position. To calculate this position, we used Cosines Theorem. For a triangle as depicted
Figure 3 with sides m, n, and d and the angle α opposite the
side m, Cosines Theorem is depicted in Equation 1. Cos
α can be obtained as represented in Equation 2. Position
of the Troy can be estimated as an angle in Cartesian system and (beacon1.x+d1, beacon1.y-h) from Equation 3 and
Equation 4 in terms of this direction. For orientation, we
utilized camera angles where the landmarks are identified
with their centers as depicted in Figure 3.

IV. C ONCLUSION

m2 = n2 + d2 − 2nd cos α

(1)

cos α = (n2 − d2 − m2 )
(2nd)

(2)

d1 = n ∗ cos α

(3)

p
2
n2 − d12

(4)

h=

In a scenario, Troy travels between two points. As noted
before, at least two landmarks should be identifiable. In
our laboratory conditions, we set the landmarks at a hall
way as depicted in Figure 3. Distance between landmarks
d is specified as 150 cm. Troy’s moves to center of the hall
and orientates itself to the center and then moves to the target. After each action, we applied the algorithm presented
above.

This paper introduced a single camera vision based navigation approach for indoor applications. This approach is
applied on a robot named Troy. With this approach, Troy
can find landmarks in the environment and estimate distance to them. Based on the previous knowledge and predicted distance values identified landmarks are mapped to
the map in Troy. The landmarks and distance values are
utilized to estimate the position of the Troy in the environment. In the laboratory conditions, Troy has succeeded to
move between a start point and end points.
During our laboratory studies with Troy, we have identified some problems for the position estimation:
1. Robots cannot move so accurately. There are lots of parameters that affect the robot such as battery life, variety
of friction on the surface, friction of wheel surface, etc..
Therefore, the robot should check its position after each
movement, especially for long distance moves.
2. For distant landmarks, optical focus (mechanical lens)
property is required. Otherwise, distant objects are represented so small to identify. In our tests, our landmark detection algorithm cannot identify landmarks after 4.5 meter.
They can be acquired as noise.
3. Two landmarks can be identified as a single landmark as
depicted in Figure 1, causing closer distance estimations.
Therefore the view angle of the robot and the position of
the signs should be considered.
4. Light is a very important parameter for vision applications. Poor light conditions result in not completely
recognizing complex shapes. Therefore, we used square
shapes and utilized an algorithm to complete the incompletely sensed squares. As depicted in Figure 1, normally
a landmark is formed by two squares. In some light conditions, signs can be obtained as depicted in Figure 5. Our
algorithm can complete the landmark in this picture as represented in Figure 4.
5. As defined in section three, after an image was obtained,
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we applied a filter on the image. In the beginning of the
project, we applied a single colored square landmark. Then
we figured out that because of the noise on the image, the
resulting wrong contours were inevitable. Since there are
areas with the same color outside of the landmark, we prefer
to use landmarks as depicted in Figure 1.
6. Distance errors cause estimation errors. Our approach
has an error range of +-5cm in 4m. This range is a bigger when compared to laser scanners (+-5mm). Error range
drops to +-1.5 cm in 2 m and smaller values in 1m. We
observed that camera and the light conditions are important
for errors.
7. Camera should not be fixed. In our approach, more than
one landmark cannot be located in the same view. Therefore, we have to find one landmark based on the identified
one. Since location of markers are known in the map, we
can calculate the rotation angle to identify a new one. The
Robots body can be rotated but as discussed before it causes
unexpected rotation results because of friction, and battery
life. Even a mobile camera can rotate with error. Our experiments show that this approach is more stable than the
case with rotation of the robots body.
8. As a drawback of our approach, we are changing the
environment with prepared landmarks and we have to locate
landmarks for the identification of the minimum number of
landmarks in the environment.
As future work, we are planning to include:
• Kalman Filters enhance the Troy’s position estimation
mechanism,
• behavior-based robotic approaches to decide the next action,
• as a part of the scene interpretation background extraction,
• OCR capability to increase landmarks numbers, and
• an embedded environment for image processing.
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should have. In view of these ten properties, it is found
that most design decision methods are not satisfactory,
and it is advised to apply the knowledge of decision
sciences to rigorously validate any design decision
methods before using them. Extending the same side of
arguments, Franssen (2005) argued that the AIT also
applied to the multi-criteria decision problems, which are
fundamental to design selection problems in engineering.
In fact, the correspondence between AIT and multicriteria decision problems has been discussed in Arrow
and Raynaud (1986).
While the above arguments are strong and aim at the
foundation of design decision methods, Scott and
Antonsson (1999) argued that the application of AIT did
not apply to engineering design in general. One of their
arguments is that the degree of preferences is comparable
in the engineering context, while AIT was originally
developed for social decisions (e.g., voting for presidents
or public policies) that have different limitations.
Furthermore, Dym et al. (2002) doubted if one condition
of AIT, i.e., the Independence of Irrelevant Alternatives
(IIA), is relevant to engineering design. By relaxing the
condition of IIA, they suggested the pairwise comparison
charts (PCC) for ranking design alternatives.
Frey et al. (2009) further defended that current
decision methods in engineering design are not entirely
faulty through the model-based evaluation. One key
argument is that the benefits of effective design decision
methods are more important than the potentials of logical
inconsistency in the methods. Afterwards, an open debate
occurs with two letters to the editor of the journal,
Research in Engineering Design (Hazelrigg 2010, Frey et
al. 2010). Based on the editorial of the same journal issue
(Reich 2010), it seems that the debate has not been settled,
and further efforts are required to advance related
knowledge and experience.
In light of the above debate, this paper is intended to
discuss the fundamental logic of AIT via an informal
proof and explain why the result of AIT is robust.
Accordingly, we further comment the possible escaping
routes of AIT, and their implications to engineering
design. To keep the discussion concise, the engineering
design problems in this paper are referred to the multiattribute decision problems, in which attributes are

ABSTRACT
Since the introduction of Arrow’s Impossibility
Theorem (AIT) to the community of engineering design,
two camps of opinions have been formed regarding the
role and interpretation of AIT. On the one hand, some
researchers argued that AIT exposes the fundamental
flaws of existing design methods concerning multi-person
or multi-attribute decisions. Particularly, they argued that
the aggregation procedures of individual design
preferences in any design methods should be seriously
questioned under AIT. On the other hand, another camp
of researchers argued that the specific conditions of AIT
do not necessarily apply to engineering design decisions,
and their arguments are based on the empirical experience
of successful engineering products. In this context, this
paper revisits the original proof of AIT in order to explore
the fundamental nature of AIT. Accordingly, the escaping
routes of AIT by considering two AIT conditions are
discussed for the application of engineering design. The
first relaxed condition is unrestricted domain (UD), which
concerns the special preference structures for rational
collective decisions. The second relaxed condition is
independence of irrelevance alternatives (IIA), which
concerns the restrictions of information contents for
decision analysis. By studying AIT and social choice
theory, this paper is intended to show that information
broadening and interpersonal comparison is one key to
properly position AIT in the context of engineering
design.
1. INTRODUCTION
The topic of Arrow’s Impossibility Theorem (AIT)
(Arrow 1963) in the context of engineering design has
been initiated by Hazelrigg (1996).
This paper
specifically questioned the approaches that aggregate
customer preferences (e.g., Quality Function Deployment
(QFD)) into a single utility function in the optimal design
process. Under the AIT framework, the aggregation of
individual preferences can lead to inconsistent preference
orderings as a whole. Afterwards, Hazelrigg (2003) listed
ten favorable properties that a design selection method
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scientific inquiry is to investigate the fundamental issue
that leads to this kind of contradiction in decision making.
To do so, we visit the proof of AIT and explain it in the
context of an engineering decision problem in the next
section.

analogous to individual preferences in the original context
of AIT (or social choice theory).
In the rest of this paper, we first discuss the problem
context by providing an example of a multi-attribute
design problem in Section 2. In Section 3, we discuss the
AIT framework, demonstrate its informal proof and
interpret the results in the engineering design context.
Afterwards, we review some relaxation approaches to
address the negative result of AIT in Section 4. In the
literature of engineering design, the concepts of
interpersonal comparison and information broadening by
Sen (1970) are not often discussed, but these concepts
have some insights for engineering decision problems.
Thus, these concepts are introduced in Section 5. Closing
remarks are provided in Section 6.

Table 1. A profile of a multi-attribute decision problem

x
y
z

Expected Life
60 months
50 months
40 months

Maximum Load
1000 kg
800 kg
1200 kg

Fuel Efficiency
8 km/L
12 km/L
10 km/L

3. ARROW’S IMPOSSIBILITY THEOREM
The original context of Arrow’s Impossibility
Theorem (AIT) is social choice problems, which focus on
how to reflect the preferences of individuals on a social
decision (e.g., public policy and environmental issues). In
a democratic society, general individuals are free to
express their preferences, and their preferences should be
fairly reflected on the choice of a social decision. In the
context of engineering decision problems, the relevance is
developed by replacing the notion of “individuals” with
“attributes”, which are used to evaluate design
alternatives. In other words, the original AIT has general
individuals to evaluate social choices, and the engineering
decision problem uses attributes to evaluate different
design options. This relevance has been discussed in
Arrow and Raynaud (1986) and Scott and Antonsson
(1999). In this section, we first define some basic
notations and the conditions for the proof of AIT. Then,
the interpretation of AIT will be discussed in the context
of engineering design.

2. AN EXAMPLE OF A MULTI-ATTRIBUTE
DESIGN DECISION PROBLEM
Suppose that three design alternatives of cars
(denoted as x, y, z) have been obtained, and they are
evaluated subject to three attributes: expected life,
maximum load and fuel efficiency. For each attribute, a
higher value implies a better design. In this context, the
profile of a multi-attribute design decision problem is
referred to as a set of attribute values specified for all
design alternatives. For simplicity, a decision problem is
referred to a multi-attribute design decision problem in
this paper. Table 1 has shown a sample profile of a
decision problem.
Notably, some researchers have argued that AIT does
not really apply to engineering design for two reasons.
Firstly, voting is the major context of AIT, and it is not the
key procedure in engineering design (Frey et al. 2010).
Secondly, engineering design depends on factual
information rather than preferential information of only
ordinal comparisons (Scott and Antonssion 1999). In this
paper, we argue that the profile setup in Table 1 is typical
in engineering design, and it involves comparable physical
quantities (not just ordinal comparison).
Given the profile in Table 1, the fundamental issue of
the decision problem is how to select a single design
alternative. In fact, the above profile is organized with
reference to “paradox of voting” (Arrow 1963) in order to
illustrate the challenge of this selection problem. Suppose
that the weights of three attributes are the same. The
selection rule is based on how many attributes of one
design are better than the other (i.e., the majority rule).
For instance, it is said that design x is better than design y
because x has better expected life and maximum load.
Also, design y is better than design z because y has better
expected life and fuel efficiency. If it is asserted that x is
better than y, and y is better than z, we should be able to
state is x is better than z due to the transitivity condition.
Yet, we can find that z should be better than x since z has
better maximum load and fuel efficiency. The basic

3.1. Notations
Let D = {x, y, z…} be the set of design alternatives,
and A = {a1, a2, …} be the set of attributes to evaluate
different aspects of each design. For the evaluation
purpose, it is possible to state whether design x is better
than design y in view of one attribute. Let Pi be the binary
relation on D, and it is an evaluation relation for any two
design alternatives in view of attribute ai. For instance, x
Pi y means that x is better than y in view of attribute ai.
Furthermore, let P be the binary relation on D to denote
the selection between two designs. For instance, x P y
means that design x is selected rather than design y. In
sum, Pi is used to indicate the comparison result of two
design alternatives in view of attribute ai, and P is used to
indicate the final selection given two design alternatives.
Formally, Pi and P are subsets of ordered pairs in the
Cartesian product D × D. Pi represents an attribute
ordering of design alternatives in view of attribute ai, and
P represents a selection ordering of design alternatives.
To characterize the notion of rationality, Pi and P is
required to follow a transitivity condition, i.e.,
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 x Pi y and y Pi z  x Pi z
 x P y and y P z  x P z

However, via the summation of utility values, y (utility
sum = 2.1) is the winner over x (utility sum = 1.8). As
Condition I states that the irrelevant information other
than orderings should not be considered in the aggregation
mechanism, the use of “preference intensities” violates
Condition I defined above. Technically, this violation is
caused by the use of preference intensities, not the
summation procedure.

Given the above notations, the fundamental question
is how to determine a selection ordering (i.e., P) based on
the attribute orderings (i.e., Pi). Let f be the aggregation
function that determines the selection ordering, i.e., P =
f(P1, P2, … Pi, …).
3.2. Four Conditions of AIT

Condition P: Pareto
If all attributes indicate that x is better than y (i.e., x Pi
y for all i), then x is selected rather than y (i.e., x P y).
Condition P is relatively well recognized in engineering
design. It means that if all attribute values of x is better
than those of y, x is considered a better choice than y.
Condition P needs to be fulfilled to express the rationality
of design decisions.

In literature, different sets of axioms (or conditions)
have been used to discuss AIT (Arrow 1963, Scott and
Antonsson 1999). This paper follows the axiomatic setup
of more recent works in social choice theory (Gaertner
2006, Roberts 2010). Particularly, four conditions are
defined as follows.
Condition U: Unrestricted domain
The aggregation function, f, is defined for all possible
orderings over design alternatives in view of each
attribute. That is, all logically possible orderings of Pi
over D are allowed for being used in f. This condition
ensures the ability of the aggregation function to handle
all kinds of decision situations that are characterized using
the above formalism.

Condition NP: Non-dictatorship
There is no attribute ai such that for all profiles in the
domain of f and for all pairs of x and y in D, if x Pi y, then
x P y. Condition NP requires that the selected design
alternative should not be based on only one attribute
regardless of the other attributes. This condition is
intended to respect that the alternative should be selected
based on all attribute evaluations.
While the above four conditions sound reasonable,
AIT shows that there is no aggregation mechanism that
can fulfill these four conditions simultaneously. It seems
to imply that any construction of aggregation mechanisms
for multi-attribute decision problems will be problematic
in view of AIT. This argument essentially is one
fundamental topic of the recent debate in the journal,
Research of Engineering Design (Hazelrigg 2010, Frey et
al. 2010). Given the fact that AIT is a proven theorem
rather than a piece of argument, the next section will first
discuss an informal proof of AIT to examine the
implications of AIT.

Condition I: Independence of irrelevant alternatives
Let Pi and Pi’ be two different profiles of orderings
over design alternatives. If Pi and Pi’ coincide over some
pair of design alternatives x and y for all i being the index
of design attributes, then P = f(P1, P2, … Pi, …) is the
same as P’ = f(P1’, P2’, … Pi’, …) over the design
alternatives x and y.
According to Condition I, the resulting ordering of
two design alternatives x and y must only depend on the
attribute ordering of these two alternatives and no others
(thus the meaning of “independence of irrelevant
alternatives”). Furthermore, as Sen commented (1970, pp.
89-90), Condition I can be violated if the “intensities of
preferences” are considered. To illustrate, the example
from Sen (1970) is used. Suppose that a utility scale is set
up with 1 for best option and 0 for worst option. There
are three options: x, y and z. Three individuals have
expressed their preferences in terms of utility values as
follows:
 Individual 1: 1 for x, 0.1 for y and 0 for z
 Individual 2: 1 for y, 0.6 for x and 0 for z
 Individual 3: 1 for y, 0.6 for x and 0 for z

3.3. Informal Proof of AIT
The basic statement of AIT is that there is no
aggregation mechanism that satisfies Conditions U, I, P
and NP. The proof of AIT in this paper is based on the
presentation from Gaertner (2006, pp. 19-23). While the
formal proofs of AIT are well available in the literature of
social choice theory (e.g., Arrow 1964, Sen 1970,
Gaertner 2006), this paper is not intended to repeat these
works. Instead, we argue that the proof of AIT has not
been well discussed in the literature of engineering design.
Thus, this section presents an informal proof of AIT to
explain and discuss the fundamental implications of AIT
in engineering design.
Suppose that we have three design alternatives,
denoted as x, y and z. To answer the design selection
question, we must at least be able to decide which one to
select given two design alternatives. In this context,

Note that Individuals 2 and 3 have the same utility
values over the options. In this case, via the summation of
utility values, x (utility sum = 2.2) is the winner over y
(utility sum = 2.1).
Consider the next situation. Suppose Individuals 2
and 3 revise their utility values of x from 0.6 to 0.4. Note
that the orderings over x, y and z do not change at all.
3

622

suppose that x is selected between two choices x and y,
and we denote this selection ordering by x P y. By
Condition P, there must be at least one attribute indicating
that x is better than y. Otherwise, if all attributes indicate
that y is better than x, x P y cannot be true by Condition P.
In the proof, we define attribute J as “decisive attribute”
to reflect the existence of an attribute ordering x PJ y
leading to x P y.
To make the proof easier to follow, Table 2 shows a
profile of a decision problem that will be used to illustrate
the proof. Based on this profile, let us assume x P y. By
definition, the attribute “Expected Life” is considered a
decisive attribute. Then, the key strategy of the proof is
described as follows. If attribute J is decisive for some
pairs of design alternatives (i.e., x and y), an aggregation
mechanism (i.e., f) that satisfies Conditions U, I, and P
implies that attribute J is a dictator. In other words, we
want to show how a decisive attribute over two
alternatives turns out to be a dictator over another pair of
alternatives. This phenomenon has been called the
contagion property (Gaertner 2006, pages 21-23) in the
proof of AIT.
Furthermore, we would also like to clarify the
difference between decisive attribute and dictator
attribute. It is considered that a set of decisive attributes
already exists as long as any selection ordering (e.g., x P
y) is determined. As selection orderings are the result we
want to obtain, it is fair to assume the existence of
decisive attributes. In contrast, dictator attributes are to be
revealed in the proof, and they can manipulate selection
orderings in some special situations via the so-called
contagion property.
Let the proof begin. Assume that attribute J is
decisive over x and y. According to Condition U, we are
able to pick any profiles of attributes over design
alternatives. Suppose that we have the following profile
of attributes over three alternatives x, y and z.
x PJ y, y PJ z and
y Pi x, y Pi z

The similar reasoning can be applied to another
situation. Assume that attribute J is decisive over x and y.
By Condition U, suppose that we have the following
profile.
z PJ x, x PJ y and
z Pi x, y Pi x
In the above profile, since attribute J is decisive, we
have x P y. Also, since z PJ x and z Pi x, we obtain z P x
by Condition P. Since we have x P y and z P x, we have z
P y by the transitivity condition. By Condition I, we are
able to show that z PJ y leading to z P y. Thus, attribute J
is the dictator over the design alternatives y and z.
By following the above reasoning systematically, we
are able to show that attribute J can be a dictator over all
six possible orderings among three design alternatives x, y
and z. Based on the notations in Gaertner (2006), we use
x  y to denote x Pi y for better visualization of patterns.
Table 3 shows the dictatorship of attribute J over six
possible orderings among x, y and z. The above two
profiles in the proof have also been shown in Table 3.
To sum, as long as attribute J is decisive over two
design alternatives, there exists a profile that leads to the
conclusion that attribute J is a dictator. To complete the
proof, two more issues need to be addressed. The first
issue is whether the above contagion property is
applicable for the case with more than three design
alternatives. The second issue is whether the decisive
attribute (i.e. attribute J) always exists. These two issues
have been addressed and discussed by Sen (1970) and
Gaertner (2006) and will not be further discussed in this
paper for simplicity.
Table 2. A profile of a decision problem for the AIT proof

x
y
z

In the above profile, Pi is referred to the comparison
between any two design alternatives in view of all
attributes except attribute J. Since attribute J is decisive,
we have x P y. Also, since y PJ z and y Pi z (i.e., all
attributes indicate that y is better than z), we obtain y P z
by Condition P. Since we have x P y and y P z, we have x
P z by the transitivity condition of an ordering.
At the same time, by the transitivity condition, x PJ y
and y PJ z lead to x PJ z. Notably, the conclusion x P z is
obtained without consulting other attributes. The attribute
orderings of Pi do not specify any ordering between x and
z. By Condition I, y Pi x and y Pi z cannot be used to
determine the selection between x and z. Consequently,
we have x PJ z leading to x P z, and attribute J is a dictator
over design alternatives x and z.

Expected Life
(J)
60 months
50 months
40 months

Maximum Load
800 kg
1200 kg
1000 kg

Fuel
Efficiency
8 km/L
12 km/L
10 km/L

Table 3. Dictatorship of attribute J

Profile of decisive
attribute J
xyz
zxy
yxz
yzx
zyx
xzy

Profile of other
attributes
xyz
zxy
yxz
yzx
zyx
xzy

Profile dictated
by attribute J
xz
zy
yz
yx
zx
xy

3.4. Interpretation in Engineering Design
As the previous section has presented the basic logic
of the proof of AIT, this section is intended to interpret the
insights of the proof in the context of multi-attribute
design problems. Let us re-consider the profile presented
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the conditions of AIT to suit the engineering decision
problems. In the next section, we will discuss two
relaxing conditions as the escaping routes of AIT.

in Table 2. According to the logic of the proof of AIT,
suppose that we start with x P y. That is, x is selected
between x and y. The decision of x P y implies x P z since
y P z is held due to the Pareto condition. One important
insight of AIT is that some decision on the selection
ordering (e.g., x P y) is contagious to other decision
comparisons (e.g., x P z) via some conditions. In this
specific case, the transitivity condition and the Pareto
condition pave the path of the contagion property.
Someone may argue that y is already better than z in
Table 2 due to the Pareto condition. Thus, z should be
eliminated in the first place. This argument can be true
just for this case. Yet, the influence of AIT is robust since
such contagion property can exist in different forms. By
referencing another proof of AIT in Gaertner (2006, pp.
30-31), consider another profile in Table 4.
Suppose that we need to make a decision in this
situation. To do so, let us assume that x P y. Since design
x is better in view of maximum load, the decision x P y
implies a tradeoff that the difference of maximum load
(i.e., 200 kg) is more important than the difference of
expected life (i.e., 10 months). To maintain the decision
consistency, the same tradeoff principle should also be
applied to y and z, leading to the result of y P z. By the
transitivity condition, the acquirement of x P y and y P z
will lead to x P z. In this case, the decision of x P y can be
contagious to other comparisons in decision making via
the tradeoff principle and the transitivity condition. It
turns out that the original decision of x P y can rule over
(or dictate) other situations.
This kind of reasoning can also be applied to the
“paradox of voting” problem. Table 5 shows the profile
of “paradox of voting” in the version of multi-attribute
design problems. Suppose that the simple majority rule is
assumed as the decision-making principle. Then we are
able to obtain x P y since x is better than y in view of two
attributes: expected life and fuel efficiency. Also, we are
able to obtain y P z since y is better than z in view of two
attributes: expected life and maximum load. By the
transitivity condition, x P y and y P z should imply x P z,
which contradicts with the simple majority rule over the
pair x and z. In this case, the simple majority rule and the
transitive ordering carry the contagion property leading to
the situation of inconsistency or intransitivity.
The pre-defined conditions (e.g., the Pareto condition
and the transitivity condition) provide the path for the
contagion property. Any initial choice of a decisionmaking method (e.g., weighted sum or majority rule) can
trigger the contagion path, which leads to dictatorship or
inconsistency. Based on the work of social choice theory,
the proof of AIT and its implications are very robust and
influential in different decision making situations (Arrow
1963, Sen 1970, Saari 2001, Gaertner 2006). We argue
that the relevant development for multi-attribute decision
making should not aim to “disprove” or “undermine” the
influence of AIT. Instead, we should study how to relax

Table 4. A decision profile for illustrating the contagion
property

x
y
z

Expected Life
40 months
50 months
60 months

Maximum Load
1200 kg
1000 kg
800 kg

Table 5. A profile of paradox of voting

x
y
z

Expected Life
(J)
60 months
50 months
40 months

Maximum Load
(i1)
800 kg
1200 kg
1000 kg

Fuel Efficiency
(i2)
10 km/L
8 km/L
12 km/L

4. RELAXATION OF AIT CONDITIONS
The literature of social choice theory has
demonstrated that the result of AIT is extremely robust
and has been re-interpreted in different situations
(Gaertner 2006, Roberts 2010). Thus, instead of rejecting
the applicability of AIT, one method of approach to
escape the negative result of AIT is to relax one condition
of AIT. Out of the four conditions, Condition P is hard to
relax since it is quite irrational to select a dominated
alternative in a Pareto sense. Also, Condition ND is hard
to relax since it is normal to avoid only one single
attribute to completely control the decision process. Then,
the relaxation approach has focused on other two
conditions: Condition U and Condition I.
4.1. Relaxation of the Condition of Unrestricted
Domain
Since the simple majority rule is very popular in
public voting, the early research of social choice theory
investigated in what situations the simple majority rule
could be rationally applied. In this context, Black (1948)
has used the concept of single-peaked preferences. That
is, if a set of individual preferences exhibits the property
of single-peakedness, the simple majority rule can fulfill
all AIT conditions. In turn, since the property of singlepeakedness restricts some profile of individual
preferences, it violates Condition U.
Figure 1 has illustrated the concept of singlepeakedness in the context of multi-attribute decision
making. Suppose that three designs are evaluated against
three attributes. Each line in Figure 1 represents a single
attribute.
Also, the x-axis indicates the design
alternatives, and the y-axis indicates the goodness of
design alternatives in view of each attribute (a higher
value imply a better design). The peak is referred to the
local high point in Figure 1. For example, Attribute a has
a peak at Design Z, Attribute b at Design Y and Attribute
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c at Design X. Since there is only one peak for every
attribute, the profile in Figure 1 satisfies the property of
single-peakedness. With this restricted domain, the
simple majority rule can be applied without the
inconsistency issue.
In contrast, Figure 2 shows a profile that is set
according to “paradox of voting”. It shows that Attribute
b has the lowest point in the middle (i.e., Design Y),
leading to two peaks at both ends. This profile illustrates
the violation of single-peakedness. To avoid the “double
peaks” of Attribute b, we may re-arrange the positions of
three designs on the x-axis, such as exchanging the
positions of Designs Y and Z. In doing so, Attribute a
will have double peaks as its lowest point is put in the
middle. Notably, no matter how we re-arrange the order
of design alternatives on the x-axis, there is always an
attribute leading to double peaks. According to Black
(1948), this double-peaked condition essentially implies
the intransitivity result of the simple majority rule.
In literature, Arrow and Raynaud (1986) have
discussed how the relaxation of Condition U helps to
resolve multi-attribute decision problems. Notably, Scott
and Antonsson (1999, p.224) have argued that engineering
attributes are always single-peaked since they should
exhibit one of three tendencies: smaller-the-better, largerthe-better and nominal-the-best according to the
framework of the Taguchi method. Yet, the property of
single-peakedness is actually referred to a collection of
attributes rather than a single attribute. That is, it is
possible that all attributes has their own single peaks but
they fail to indicate their single peaks by being aligned on
the x-axis of the plot (e.g., Figure 2). In other words, the
three tendencies of engineering attributes cannot be used
to justify that the existence of the single-peakedness
property. Thus, the relaxation of Condition U may not be
a good approach to escape the negative result of AIT.
Yet, the property of single-peakedness may be used to
examine the existing profiles for the possibility of
aggregation mechanisms.

and Borda counts (Dym et al. 2002), belong to this
category. By relaxing Condition I, one major concern is
the issue of rank reversal, which has been discussed in the
context of AHP (Forman and Gass 2001) and Borda
counts (Dym et al. 2002).
To explain the notion of rank reversal, consider that x
P y is held based on the current profile. Then, when a
new alternative z is introduced, the ranking between x and
y can be reversed even though all attribute orderings
between x and y (i.e., x Pi y) remain the same. In view of
the issue of rank reversal, the debate has occurred to argue
whether the possibility of rank reversal should be avoided
in a decision making process entirely (Tversky 1969,
Forman and Gass 2001). Without discussing the debate
details, it should be noted that Condition I is essentially
used to prevent the issue of rank reversal. The relaxation
of this condition technically implies the potential of the
rank reversal issue.
8
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Figure 1. Profile with the single-peakedness property
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4.2. Relaxation of the Condition of Independence of
Irrelevant Alternatives
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Figure 2. Profile without the single-peakedness property

Based on Condition I, the selection ordering between
x and y (e.g., x P y) should only be based on the attribute
orderings between x and y (e.g., x Pi y). At the same time,
we should not consider how x is evaluated with other
alternatives. As it sounds fair and rational at first glance,
this condition essentially rules out any approaches using
the intensities of attribute values for comparison. This
point has been discussed in Section 3.2. On this regard,
some researchers argue that Condition I is too restrictive
for multi-attribute decision making. Consequently, they
proposed the methods that involve the information of
attribute intensities for decision making. In general, some
common decision methods, such as analytic hierarchy
process (AHP) (Saaty 1980), Pugh method (Pugh 1991)

5. INFORMATION BROADENING AND
INTERPERSONAL COMPARISON
In welfare economics, the AIT by Kenneth Arrow has
essentially initiated the field of social choice theory.
Following the seminal work of Kenneth Arrow, Amartya
Sen is considered another important researcher in social
choice theory. Instead of simply relaxing AIT conditions,
Sen questioned the restriction of the information that is
allowed in the framework of AIT (Sen 1970). In this
context, the notions of information broadening and
interpersonal comparison are defined to characterize the
use of information in decision making.
6
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Technically, the AIT framework only allows ordinal
information and comparison. That is, we can say that
design x is better design y, but we cannot say how much
design x is better. However, in both economic and design
problems, we can obtain data that can be compared on
some cardinal scale (e.g., cost). Consequently, the use of
some standardized scale (e.g., utility function) has been
proposed in engineering design to capture design
goodness (or preferences) for decision making (Thurston
1991).
The information analysis beyond ordinal
comparison in this context is referred to as information
broadening.
It has been thought that the use of cardinal scale in
the comparison analysis will make the result of AIT
irrelevant. For instance, Scott and Antonsson (1999)
argued that the engineering design problems involve
“inter-attribute comparison,” which allowed the
aggregation of different attribute measures (in terms of
utility and risk). Yet, the notions of interpersonal
comparison and information broadening are technically
independent. That is, the use of cardinal information (i.e.,
information broadening) does not imply interpersonal
(inter-attribute) comparison.
Consider the profile in Table 6 to clarify the concept
of interpersonal comparison in the context of multiattribute decision making. In the profile of Table 6,
design x and design y are evaluated by two attributes of
countable units (i.e., months and kilograms). That is, the
information is available for cardinal comparison. For
instance, we can say that the expected life of design y is
two times higher than the expected life of design x.

Logically, if inter-attribute comparisons are not allowed,
we cannot even solve a decision problem shown in Table
6. For instance, if design x is selected in Table 6, this
decision essentially implies that 200 kg maximum load is
more important than 40 months expected life. Generally,
the decision methods need to somehow aggregate
different attribute values (cardinal or not) on a single
comparable scale. This aggregation procedure essentially
implies the practice of inter-attribute comparison so that
tradeoff analysis and compensation can be conducted.
In welfare economics, interpersonal comparison
(equivalent to inter-attribute comparison) has been refused
since comparing welfares among different people usually
requires moral judgment (e.g., why the welfare of person x
is more important than the welfare of person y). To make
economics a scientific subject by avoiding moral
judgment, it has been argued that interpersonal
comparison should not be involved in the analysis
(Robbins 1938, Sen 1999). In contrast to moral judgment,
engineering judgment based on the application context is
often necessary in engineering design. Without the
application context, we basically cannot justify why 200
kg maximum load is more important than 40 months
expected life (or vice versa). In this case, the engineering
judgment is expressed via inter-attribute comparison,
which can only be justified by the decision context rather
than the decision procedure.
In AIT, Condition I eliminates the use of
interpersonal comparison, which essentially captures the
necessary information of contextual judgment in
engineering design for decision making.
More
interestingly, even in the case that cardinal comparison
can be made within each attribute, the impossibility result
is still held if interpersonal (or inter-attribute) comparison
is not allowed (Sen 1970, Roberts 1980). The lack of
interpersonal comparison can sufficiently explain the
negative result of AIT (Sen 1970). Due to the lack of
interpersonal comparison, it has been generally accepted
in social choice theory that AIT is requesting too much
result from insufficient information (Roberts 2010, p.
119).
In this section, we argue that the multi-attribute
decision methods, no matter how rational they seem, may
not be able to explicitly indicate the implied inter-attribute
comparison. Just focusing on the procedural details (e.g.,
how to set up the utility function and determine the
weights) may not be sufficient. Each decision method,
according to the implication of AIT, implies its favor
toward some engineering judgment. The key is not to
eliminate such favor in each decision method. Instead, the
decision method should be able to highlight the implied
inter-attribute comparison to verify the engineering
judgment without overwhelmed by the procedural details.
The researchers of social choice theory have studied
extensively how different initial conditions define the
properties of decision methods. This field is so vast that

Table 6. A profile for a decision problem

x
y

Expected Life
40 months
80 months

Maximum Load
1200 kg
1000 kg

Given the profile in Table 6, the decision problem is
to select either design x that has higher load capacity but
lower expected life or design y that has higher expected
life but lower load capacity. By checking the differences
of two attributes, the decision problem can be logically restated as whether 40 months expected life (favorable to
design y) is more important than 200 kg maximum load
(favorable to design x) for evaluating design goodness. In
this context, inter-attribute comparison is referred to the
comparison between the difference of expected life with
the difference of maximum load, and it requires the
comparison of two alternatives in view of at least two
attributes (thus, the prefix “inter” is used). In other words,
merely having cardinal information within each attribute
does not necessarily lead to and justify inter-attribute
comparisons.
In this paper, we argue that most multi-attribute
decision methods explicitly or implicitly perform interattribute comparisons in order to attain a decision.
7
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we cannot immediately classify their results for
engineering decision making. Yet, according to Gaertner
(2006, p.107), certain regularities between initial
conditions and decision properties have been identified.
We argue that the lesson from social choice theory should
provide important insights for the development of
mathematically rigorous methods for practical engineering
problems.
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6. CLOSING REMARKS
In this paper, we have demonstrated the informal
proof of AIT and its relevance to multi-attribute decision
problems. The informal proof helps us to understand the
general contagion property in the AIT framework, and it is
the original contribution of this paper. This paper argues
that the final selected design of a multi-attribute decision
problem depends on the decision method being used in the
first place. To escape the negative result of AIT, we
suggest an explicit consideration of inter-attribute
comparison in a decision method, aligned with
professional engineering judgment in the actual decision
context.
In general, both economics and engineering use
mathematics as a characterization tool for solving
contextual and practical problems. Yet, the field of
economics has managed to integrate the philosophical and
highly mathematical works with practical problems. For
example, Amartya Sen, the 1998 Nobel laureate in
Economics, has applied the knowledge of social choice
theory to analyze economic inequality and social
development, which are practical and important topics in
economics (Morris 2010). In light of the development of
social choice theory, the implication of AIT for multiattribute decision problems should not be overlooked in
the context of engineering design. The development focus
can be the mathematical characterization of decision
conditions and the logical properties of decision results.
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which are not allowed to alter or halt its activities just to
collect data for analysis and a later improvement of its
business processes. The same happens in the case of
expensive or risky plant operations, such as a nuclear or
hydraulic power plant, whose “production line” cannot be
stopped at any time for the sake of testing the
implementation of new procedures. These have always
been seen as the main arguments in favor of the use of the
simulation technique for conducting studies of systems of
a complex, risky and/or expensive nature.
Business Process Management (BPM) acts as a
management philosophy in process theory. Its main
objective is to provide the correct information elements
for the adequate allocation of the organization’s resources
by its directors and managers. This increases its efficiency
and revenues, by means of a systematic management of
the of its business processes. The technological solution in
support of this management philosophy is known as
BPMS.
The BPMS work throughout the whole development
process of the model life cycle of business process
studies: modeling, implementation, execution, automation,
monitoring, analysis and continuous improvement of the
system. They provide an environment for the complete
development and deployment of an application that will
act as part of the mechanisms used in the operation of the
real system, playing a major role in aspects regarding its
execution, its monitoring and control, and contributing for
its continuous improvement.
Process Science and Technology and Design and
Process Science are used in this work as synonyms to
designate an innovative and transdisciplinary study and
research branch, consisting of the integration and
application of methods, techniques and tools originated in
diverse autonomous process study and research branches,
such as Project Management, Process (Re) Engineering,
Business Process Management and System Simulation.
Process Science and Technology covers the whole process
model development life cycle, aiming at the modeling,
execution, analysis and improvement of process models
for the study and solution of complex process problems in
general. The original denomination is due to the Society

ABSTRACT
Process Science and Technology and Design and
Process Science are used as synonyms in this work to
designate an innovative and transdisciplinary study and
research branch that consists of the integration of
concepts, methods, and tools used for modeling,
simulation, automation and management of processes, and
of their application to solve business process problems in
general. This work proposes a unified approach for
conducting a Process Science and Technology study based
on the integrated use of three techniques: Unified
Conceptual Modeling, Process Simulation, and Business
Process Management. The approach covers the
development of the whole process model life cycle and its
potentialities are demonstrated by its application on a real
case study, the Laboratory of Integration and Testing of
the National Space Research Institute, Brazil.
INTRODUCTION
Modern organizations are constantly required to
discover solutions for complex problems and to adapt
their business processes accordingly, as they strive to
satisfy a highly demanding and competitive market.
The organizations must also be very efficient in the
use of their resources of all types, energy or capital,
human or material, in order to keep themselves
economically viable while seeking to fulfill their clients’
changing demands and facing the new challenges posed to
them.
In the never-ending search to attend these objectives,
the organizations are increasingly relying on advanced
technological resources to improve the management of
their processes, such as Process Simulation and Business
Process Management Systems (BPMS).
Process Simulation is a valuable technique towards
this goal, since it provides a way to emulate the systems
behavior and to assess its performance without the need to
interfere with the real system’s operation. This
characteristic brings great advantages in many real case
studies, such as in the services provided by hospitals,
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for Design and Process Science and her founders (SDPS,
2011), whereas the new one is a free alternative
interpretation of the original term scope and meaning
made by the authors of this article, who wanted to stress
the development of software products, especially those
related with business process models for producing and
managing the development of complex products and
services in general.
This work presents a unified approach for conducting
a Process Science and Technology study applied to a
system of the spatial area. Initially one tries to identify
and organize the basic concepts related with the Process
Science and Technology itself, which is a knowledge area
still under development, in order to contribute with its
consolidation. In the following a study case is presented,
involving the commercial services provided by the
Laboratory of Integration and Testing (LIT) of the
National Space Research Institute (INPE), Brazil, for a
demonstration of the potential of the techniques and tools
proposed. The models and applications developed aim at
supporting the decision taking about the real system,
regarding its execution, its automation, its performance
assessment and monitoring capacities, as well as its
continuous process improvement.
This article is structured in the following way: section
1 consists of this introduction; section 2 presents the
authors’ motivation; section 3 presents its objectives;
section 4 defines Unified Conceptual Modeling; section 5
describes the meaning of the Unified Approach for
Modeling, Simulation and Business Process Management
used in this work; section 6 describes the problem used as
the case study, the Laboratory of Integration and Testing
of the National Space Research Institute, Brazil; section 7
presents the software tools used in the research; section 8
reports on the development of the study and its actual
status; section 9 performs the analysis of the results and
draws some conclusions.

which leads to even greater problem forecasts for the
future of the organization.
In the search for mechanisms to support addressing
these problems and finding a solution for them, the
authors identified in the concepts and techniques
described in this work, such as Unified Conceptual
Modeling and the Unified Approach for Modeling,
Simulation and Business Process Management, a solid
basis for developing a a complete and unified approach,
covering the development of the whole process model life
cycle, for conducting Process Science and Technology
studies applied to support decision taking about systems
of the spatial area.

MOTIVATION

Conceptual modeling is the first step of the
abstraction exercise performed by the analyst for building
a model of a real system. This abstraction process results
– in the majority of cases – in a simplified logical version
of the real system, otherwise it would be impossible to
work with the model efficiently. It constitutes the most
important (and difficult) phase in the development life
cycle of models of all areas of interest of process studies,
not only those made for simulation purposes.
There are many important aspects that are affected by
this initial phase of the model development life cycle of
process studies. Among the influences of the modeling on
the subsequent phases of a process study, one can list: (1)
input requirements; (2) the total effort and time span
required for model development; (3) the validity of the
model, that is, its capacity to represent faithfully the real
system; (4) the project of experiment; (5) the degree of
confidence on model’s results.

OBJECTIVES
This work aims at the creation and consolidation of
concepts, methods and techniques to be used in Process
Science and Technology and, based on them, at the
development of a complete study of the process model life
cycle of LIT/INPE, focusing on the commercial services
provided by it for the Brazilian industrial sector, but
taking also into account their interface with the activities
originated from INPE’s spatial program.
The general objective is to contribute with the
extension and solidification of Process Science and
Technology body of knowledge itself, involving both
methodological and technological aspects related with the
development of its supporting environments; the specific
objective is to create an operational process model of the
commercial services processes provided by LIT, in order
to help decision taking about the system, involving the
aspects of modeling, execution, performance assessment
and capacities for control and monitoring, as well as of
analysis and of continuous improvement of its component
processes.
UNIFIED CONCEPTUAL MODELING

LIT’s staff finds it hard to assure an efficient
management of the services processes performed by the
laboratory, especially when the activities related with the
space missions occur simultaneously with those related
with the accomplishment of external clients commercial
service orders. This happens because there is a great
diversity and quantity of resources allocated to LIT’s
services processes, such as: human resources, constituted
by its engineers and technicians; material resources,
constituted by its climatic chambers, thermo-vacuum
chambers, vibrators, anechoic chambers, warehousing
sites, offices, meeting rooms, among others.
Additionally there is the fact that the quantity of the
services provided, as a sum of the activities originated
from the space missions and those from the commercial
services orders, has been growing steadily (LIT, 2009),
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One observes, nevertheless, that this is one of the
most unknown and informally treated aspects in the model
life cycle of process studies in general. This is a good
reason to direct efforts to research and develop concepts
and methods to assure a thorough understanding of the
conceptual modeling process by everybody involved in
these studies, be it users, technicians or managers. Some
recent works in this area proposes the use of a
multifaceted representation for creating an Unified
Conceptual Modeling procedure and advocates that this is
one of the most important and beneficial issues in a
system simulation study (Onggo, 2009), what might be
extended to other kind of process studies in general.
In this work it is adopted, for greater simplicity and
clarity, the graphical notation BPMN (Business Process
Modeling Notation) for the description of the logical
structure of the business processes and the ACDs
(Activity Cycle Diagrams) for a synthesis of the dynamic
behavior of the model, to allow its rapid implementation
both in the BPMS and process simulation tools.

belongs to the next phase described below, the building of
the communicative model.
The next step is the building of the communicative
process model, for representation of the unified
conceptual model making use of different formats, such as
workflow charts and all other sorts of diagramming
techniques, as exemplified by BPMN, UML, ACDs or
Petri-Net diagrams. The entities and resources involved
and their interaction to perform the chain of activities
(model’s dynamic) are described explicitly in this phase.
The communicative model undergoes a third phase of
transformation,
the
implementation
or
model
programming, yielding the programmed model or model’s
applications, which might be seen as different software
systems or the same system that can be executed
according to two different threads, one for process
enactment in production mode, with management
facilities, and the other one for the simulation of the
process with built in project of experiments, the building
of scenarios and visualizations facilities embedded. Both
threads are fed by the unified process model, produced
from the a set of communicative models and, in case of
different implementations, verified to assess its
consistence and validity in regard to system’s
specifications.
Data collected during real system’s operation are used
as input data for simulation model execution as well. This
way the process simulation is more faithful to reality and
future scenarios projections are more reliable.
The results from these two threads of execution,
corresponding to the process execution and monitoring
and to the process simulation and visualization, provide
information for the next phase of process analysis and
assessment.
The process analysis and assessment phase uses
appropriate metrics and results for process model
improvement, restarting the cycle.

AUNIFIED APPROACH FOR MODELING,
SIMULATION AND BUSINESS PROCESS
MANAGEMENT
Figure 1 shows the complete process model life cycle
according to the Unified Approach for Modeling,
Simulation and BPM proposed in this work. The rounded
rectangles represent the macro activities and the cylinders
represent databases with the model’s different types of
representations. In this approach, simulation is at the core
of a unified model development life cycle, differently
from traditional PDCAs, in which the simulation model is
created near the end of the business process model life
cycle, as an additional and independent construction, in
support to the its phase of model analysis and
improvement. In the Unified Approach for Modeling,
Simulation and Business Process Management, the
process model and the simulation model are the same,
Simulation and BPM are two variants of a unified
procedure, aimed at conducting a thorough analysis and
understanding of the system from different viewpoints.
The cycle starts with the definition of the system and of
the study’s objectives, equivalent to the requirements’
specification phase of systems engineering, which
determines the scope of the model to be built. The
specification of the logical structure of the organization’s
model and of the study’s objectives is the main product of
this phase: the unified conceptual model, together with the
system’s boundaries, the model control parameters and
eventual additional premises and restraints. One important
remark that needs to be made is that the unified
conceptual model is understood as the logical content of
the system and of the study’s objective, any kind of
graphics and diagramming technique used thereafter

THE LIT COMPLEX AND ITS LAB UNITS
The LIT complex is composed by several small
laboratory units located in the same building, conceived
for mounting, integrating and testing spatial devices for
the Brazilian Space Program (LIT, 2011). The main
Brazilian satellites and some satellites developed in
cooperation with foreign partners, such as China,
Argentine and USA, have been built and tested in this
plant.
LIT’s lab units are equipped with advanced
technological devices and is staffed with highly
specialized personnel (technicians and engineers) and they
perform, to a certain extent, autonomous and
complementary activities, to attend INPE’s spatial mission
and commercial service orders from the external industrial
sector. Some of these labs are:
• Antennae Laboratory
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•
•
•
•
•
•

EMI/EMC Measurements Laboratory
Mass Properties Measurements Laboratory
Metrological Laboratory
Components Qualification Laboratory
Thermal Vacuum Laboratory
Vibration and Shock/Vibroacoustic Laboratory

following up purposes of the progress of the service order
through the system.
Each service order needs to be assessed by the
technical staff and a record is generated, containing the
start date, the number of working hours necessary for
service execution, and its conclusion date.
The system helps the data input and the elaboration of
the answers from the individual labs, by maintaining a
database with all scheduled activities (a chronogram) of
each lab, by suggesting the number of hours needed for
execution of the service and by making a forecast of its
conclusion’s date. The answers from the individual labs
are further reviewed and aggregated by the system and
they are made available to the Commercial Sector for
preparation of the commercial proposal to be sent to the
customer.
The Technical Area is notified about the requests
generated by the Commercial Sector in order to be able to
answer them and the Commercial Sector is notified about
the answers given by the Technical Sector to these
requests. The system warns both the Commercial Sector
and the Technical Area if a certain request is not answered
within predefined time duration.
The Commercial Sector elaborates the commercial
proposal and sends it for approval by the management.
Once approved by the management, the Commercial
Sector sends the proposal to the client via mail, fax or email, and registers this information in the system.
If the finish date of the proposal’s validity is
approaching, the Commercial Sector is notified by the
system in order to contact the customer and to request an
answer whether the proposal was accepted or rejected.
The acceptation or rejection of the proposal is registered
in the system.
If there is a confirmation of acceptation from the
client, the Technical Area is notified by the system. If no
confirmation is received from the client until the proposal
expires, both the Commercial Sector and the Technical
Area are notified by the system.

THE SERVICE PROCESSES OF LIT
The main activities developed by LIT are related with
the fulfillment of the Brazilian Spatial Program,
conducted by INPE. LIT’s interface with the spatial
program is carried out by a senior member of the staff,
usually an engineer with participation in former spatial
missions. Usually there is a different member of the team
responsible for each mission. The way LIT communicates
with the spatial mission is by means of Gantt charts,
showing resources allocation and the timetable for all
activities of the individual labs.
Besides the activities related with the spatial program,
LIT provides services to the industrial sector, offering the
know-how acquired by its participation in the Brazilian
Space Program to support the development of the national
industry. These activities occur simultaneously with those
of the spatial program, the last of them receiving a higher
priority, whenever there is a conflict or competition for
resources.
There is a special sector of LIT called PAC –
Planning, Analysis and Costs – which is in charge of the
communication with the commercial client, dealing with
the proposal’s assessment (for generation of a service
order), as well as the messaging regarding acceptance and
invoicing. Another sector, called Warehousing, is
responsible for the reception, the storage and the return of
all equipment sent for testing by the commercial clients. A
third important sector deals with the filing and control of
all documentation generated by the processes or received
from the external world.
The commercial services processes are the focus of
this article and they are described in (LIT, 2005) which
has been summarized grouped below in three phases, each
one addressing a part of the model life cycle of the
system, from the proposal reception, passing by the
execution of the service order, to the final phase of
payment and the issuing of invoice and receipt for the
services provided.

The Execution Phase
When the services involve the testing of equipments,
the Warehousing Sector receives the external client’s
device in the Storage Room and, in case of service orders
from internal clients, the device is sent directly to the lab,
where it is filed and registered in the system. The
commercial proposal associated with the equipment
received is located in the system using its reference
number.
If the equipment was received without any formal
service request or previously to the issuing and/or
acceptation of a commercial proposal by the client, the
Storage Sector notifies the Commercial Sector for it to
take the necessary measures to deal with that exception.
When the arrival of equipment is registered, the
system notifies the Technical and the Commercial Areas.

The Proposal Elaboration Phase
The client sends some sort of service request – by
telephone, e-mail or fax – to LIT’s Commercial Sector. A
member of the staff decomposes and register the service
request in an online form, in which every kind of service
provided by LIT is listed.
After the form is completed it generates a number,
called process number, to be used as reference for

4

632

Once in possession of the equipment, the area opens a
service order and this service order is constantly updated
during service execution. Even services that do not
involve equipment need to have a service order issued for
them.
After service is completed, the area registers in the
system its conclusion, by closing the service order. When
applicable, the equipment is sent to the Storage Room, to
be picked up by the external customer. The internal
customers withdraw the equipment directly from the lab.
The documents generated (certificates, reports and
others) are sent to the Commercial Sector, where they are
registered and a copy is sent to the customers. Another
copy is sent to the Documentation Sector, which is
responsible to complete the registering data, such as
storage location, for example.
The digitalized data are input to the system by each
area and the Commercial Sector is notified by the system
in order to register them and to send them to the clients.
After registering by the Commercial Sector, the
Documentation Sector is notified about them as well.
When a service is not finished by its due date
according to its service order, the system warns the
Technical Area.
When the equipment arrives at the Storage Sector the
delivery term (partial or complete) is issued via the
system. The Storage Sector waits until the client
withdraws the equipment, holding it in the Storage Room
(external clients) or in the lab (internal clients). Once the
equipment is withdrawn, the information is registered in
the system.

A Business Process model can be superficially seen
as the evolution of the workflow model of a process, that
is, a structured set of activities to be executed,
consecutively or in parallel, by individuals, machines or
applications, in order to reach a given objective. A
Business Process Model, nevertheless, extends far beyond
this simple definition of the dynamic behavior and the
interaction of the process resources. It encompasses the
organizations business rules, the strategic guidelines and
politics of the enterprise, the exceptions handling
mechanisms, information databases and other kinds of
elements, which might undergo continuous modification.
BizAgi ® is a BPMS, an environment used to support
the building of applications to automate complex business
processes in a rapid and flexible way. It helps the users
throughout all the development phases of the model life
cycle, shortening system’s development and deployment
times and leading up to the continuous improvement of
the organization’s critical processes.
Bizagi applications are built progressively, starting
with a process model of a workflow type, built in BPMN
notation using a process modeler, and finishing with a
Web application that executes as an embedded software
component of the real system, automating, integrating and
orchestrating all activities and resources involved in its
operation.
BizAgi assures the efficient and adequate execution
of all sequence of activities involved in the Business
Process, by the correct person or resource, according to
the enterprises’ objectives and rules, allowing for the
monitoring and the control of the process to be performed
in real time.
BizAgi extracts the information related with process
performance automatically and presents it to the right
organization’s personnel, helping improving the processes
and increasing their efficiency. It offers an incomparable
level of flexibility for modifying the Business Process in a
simple, intuitive and consistent manner.

The Invoice Issuing Phase
The Commercial Sector, using the system, generates
the necessary data for the elaboration of the tax invoice
and receipt and sends them to the Foundation responsible
for issuing these documents and for receiving the payment
from the client. The Foundation sends the tax invoice and
receipt back to the Commercial Sector, who registers the
data and send them forward to the client.
The Commercial Sector awaits the client’s payment
and, once it is done, updates the system with this
information.

SIMPROCESS® Simulation System
SIMPROCESS is a tool for hierarchical modeling
which combines the power of Process Mapping, Discrete
Event Simulation and Activity Based Costing (ABC) in
one friendly Graphical User Interface.
SIMPROCESS can be used equivalently to a
Decision Support System for analysis and decision taking
about complex process systems, centered on the use of
Modeling and Simulation techniques for process model
building, execution and control, analysis, monitoring, and
continuous model improvement.
SIMPROCESS comes with a library of predefined
components for the rapid creation of dynamic business
process models, while an incorporated script language
allows experienced programmers to add logic to the more
complicated business process. SIMPROCESS is indicated
for organizations which want to reduce the risks

THE APPLICATION TOOLS
The Simulation and Business Process models of the
system were implemented using the BPMS Bizagi®
(BizAgi 2011) and the SIMPROCESS® (SIMPROCESS
2011) simulation systems, chosen among other COTS
systems due to their diversity of functionalities,
friendliness of use and the existence of academic licenses,
gently made available to INPE by their suppliers in
support for the development of this study in an academic
environment with teaching and researching objectives.
BPMS BizAgi ®
5
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associated with dramatic changes in their processes. The
tool allows the users, in a fast and easy way, to analyze
different what-if scenarios and to make use of Java and
XML technologies to attend the needs of their
organizations for developing powerful and flexible
process models.
The main characteristics of SIMPROCESS are:
hierarchical Process Mapping; Object Oriented
Methodology; Activity-Based Costing; animation; reports
and graphical analysis through interfacing with MSAccess®; development by drag-and-drop procedures;
reusable process models; realistic activities estimates;
resources and consumable goods costs evaluation;
dynamic visualization of the process and its bottlenecks;
customizable reports, future scenarios and what-if
analysis.

assure consistency and equivalence through their different
representation formats.
To keep the model simple and gain the necessary skill
with the modeling and the application of the different
software tools, the LIT process model was created initially
containing only a limited set of processes, namely the
commercial services processes, which have been
simplified and represented using only macro components
and a reduced number of laboratory units and resources.
In future versions of the model, as the research
progresses, the interface with the spatial mission processes
and the complete set of laboratory units will be added, as
well as a more detailed representation of the process
model components involved, what can be done
hierarchically, both in SIMPROCESS and Bizagi.
The modeling process started by making use of
Bizagi Process Modeler to build the BPMN description of
the system. In this model two macro processes have been
defined (pools), namely the client and the LIT processes,
the last one divided into lanes, represented by the
Commercial Sector, the Documentation Sector, the Head
Office, the Laboratory (an aggregate of unit labs) and the
Storage Room.
In parallel, the process model built in BPMN was also
used to guide the elaboration of the simulation model to
be implemented in SIMPROCESS, together with the
model representation made using Activity Cycle
Diagrams, containing a better description of the network
of queues and activities involved in the process. The
ACDs diagrams define also the interaction of the
resources for the accomplishment of the set of processes
representative of the commercial services provided by
LIT.
The model building using SIMPROCESS Graphical
User Interface has benefited from the fact that the same
icons used in the description of the commercial services
could be imported into the simulation system and could be
used to describe the hierarchical structure of the system,
making the model more familiar and easy to understand to
all participants of the project.
The next step was to determine the statistical
distributions to be used to represent the duration of each
activity, what was again facilitated by the use of the
application ExpertFit. This tool comes together with
SIMPROCESS simulation system and it allowed that data
from the operation of the real system, extracted from
LIT’s information system (eLIT), could be used to find
the best distribution which fits each activity duration.
BPMS Suite BizAgi was used to create a preliminary
executable version of the system from the BPMN
description of the model created using the Process
Modeler, but the original BPMN model has to be altered
and complemented for this to be accomplished.
The products yielded by the research so far were: a
simplified process model of the commercial services
provided by LIT (industrial sector supporting activities),

RESEARCH PROGRESS AND CURRENT STATUS
The development of a Process Science and
Technology study is an exercise of directly building and
applying integrated and unified knowledge and techniques
(transdisciplinarity) to the solution of a complex process
problem.
The alternative is to treat the same problem making
use of n different and usually independent knowledge
areas and techniques (multidisciplinarity) for achieving a
variety of insights and results and, since they are treated
as independent coordinates, putting them together to build
the full n-dimensional picture of the solution.
In the Process Science and Technology case study
presented in this work, the three different knowledge areas
and techniques identified and the way they are used in the
solution of the problem are:
• Project Management: the requests for testing and
the scheduling of activities built based on them, which
represent the demand for LIT’s services linked to the
spatial missions, as well as the resulting scheduling from
the accepted proposals from clients of the commercial
services, are described by Gantt graphics, created by
software tools such as MSProject.
• Business Process Management: BMPS are used
in support of the modeling, execution and management of
the processes. The data generated by real system operated
by the embedded BPMS application will further be used
as the main source of data for input in the simulation
modeling process, as well as the definition of the process
simulation model control parameters, project of
experiment, analysis and the validation of the simulation.
• Process Simulation: The process models are
built, implemented and executed making use of Unified
Conceptual Modeling and of a Unified approach for
Modeling, Simulation and Business Process Management
concepts, that is, trying to keep a unified view of the
process model throughout its complete life cycle, from
modeling to their different implementations, trying to

6

634

• The creation of scripts, which allowed the
customization of the tool and the introduction of specific
logical aspects of the model;
• The plotting of graphical results during model
execution, which enhances model understanding and
analysis;
• The ExpertFit tool, which allowed the use of
formal statistical distributions to represent essential
characteristics of the model, exploiting to the best the use
of the data collected from the operation of the real system.
The simulation study of the model produced a series
of preliminary results, which were consistent with those of
the real system, helping to understand better the
commercial services processes provided by LIT and to
identify some of their deficiencies. A list of suggestions is
made below for the improvements of the model and of the
services provided, even though some of them might
impact considerably on model structure and complexity:
• Discrimination of resources used in the
Laboratory, classifying them into Engineers and
Technicians;
• Discrimination of resources used in the
Commercial Sector, classifying them into Administrative
Assistant, Commercial Manager and Responsible for
Invoicing;
• Discrimination of the types of Services provided
(there are approximately 50 different types);
• Identification of exceptions and devising
mechanisms for handling them;
• Inclusion of the space missions processes:
mounting, integration and testing of spatial systems.
The non-existence of a completely integrated and
unified environment for simulation and BPM was
overcome by the independent modeling using BPMN and
ACDs and the independent application of SIMPROCESS
and BIZAGI as well. This naturally sends one back to the
multidisciplinarity reality of the achieved solution, as
opposed to the transdisciplinarity promise of the proposed
approach.
Each of the techniques used handled one dimension
of the model analysis, being the point of view of the
production engineer (the operational approach) dealt with
by the simulation modeling and the point of view of the
business manager (the BPM approach) dealt with by the
BPMS application.
This drawback resulting from the independent use of
the different techniques, namely simulation modeling and
BPM, to cover different phases of the process model life
cycle - modeling (BPMN/ACD) and implementation
(BizAgi/SIMPROCESS) – turned out to be a very
expensive procedure in regard to maintaining model
consistency and compatibility.
This handicap will be treated in more detail in the
continuation of this work, which will target the
improvement of the models and the creation of
verification formal procedures and software mechanisms

modeled in BPMN and ACDs notations; the
corresponding simplified model implementations, both in
the BPMS Suite Bizagi and in the SIMPROCESS
simulation system; some facilities for experimenting with
the simulation model, such as the curves distribution fits
for the duration of each activity; and a technical report
written summarizing all analysis and conclusions about
the problem drawn until now.
ANALYSIS AND CONCLUSIONS
The unified approach devised to conduct a study of
Process Science and Technology applied to LIT’s services
processes shown in this work was based on two
methodological fundamentals: the use of Unified
Conceptual Modeling principles for building the process
model representations of the system and the use of a
Unified Approach for Modeling, Simulation and
Management to implement these models. Each of these
fundamentals covers a part of the process model
development and together they cover all aspects of its
whole process model life cycle.
The choice of the two representation formats, BPMN
and ACD Diagrams, was made due to their ease of
understanding and the fact that they are patterns
traditionally used in its respective knowledge area and, in
the case of BPMN, widely supported and maintained.
The case study conducted on a real problem, the
commercial services provided by LIT in support to the
Brazilian industrial sector, demonstrated the potentialities
of the approach. These potentialities include:
• Different views of the model are created: the
BPMN model shows its logical structural aspects and the
ACD representation and simulation model show its
dynamic behavior and the interaction between the
system’s resources for the accomplishment of the
processes;
• The use of a multifaceted modeling aids to a
better visualization and communication of the model
among the participants, as well as in the documentation of
the model;
• The essentials aspects of the model are identified
in the beginning of the modeling process, but these
aspects need (and ought to) be enhanced during the next
steps performed by the analyst, while he implements the
models in the BPM and simulation systems.
• As a consequence and a synthesis of the above
mentioned, a better understanding of the problem is
achieved and there is a considerable speed up in the
complete model’s development life cycle;
SIMPROCESS turned out to be a very versatile tool,
offering a diversity of functionalities and resources.
Among them, one shall remark:
• Customizable icons, which allowed the creation
of a more communicative and familiar model to the team
of developers;
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to improve the LIT’s services process model consistency
and compatibility.
The authors advocate, however, that a more
encompassing and definitive solution for this problem can
only be achieved through the development of a unified
methodology and its supporting environment for the
development of Process Science and Technology studies
in general.
Each step taken on the way to improve the achieved
solution and to apply the same methodology on other
study cases will also represent a step forward in the
evolution path of an adequate framework to conduct the
development of Process Science and Technology studies
in general.
This framework can be defined as the combination of
three elements: a structure with the representation of the
knowledge on processes, the implementation method and
its supporting tools. This framework, which would
implement what could be called a Unified Methodology
for Process Science and Technology, shall be based on the
integrated use of consecrated pattern(s), verification
mechanisms, communication interfaces, and applications
to perform model transcriptions, in order to assure
consistency and compatibility across different model
formats and the complete interoperability of its
component tools.
The main applications might be chosen among
existing tools, with additional interfaces built for their
integration or, alternatively, one can endeavor the
development of an original integrated and unified
environment, composed by a set of tools designed from
scratch to support the conduction of studies of Process
Science and Technology in general.
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Original game development for Ubiquitous Network
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Kumamoto, Japan
the above mentioned background, following targets are
aimed in this paper:

1. INTRODUCTION
IT (Information Technology) and Communications
technology came together and resulted into ICT
(Information & Communications) technology. For
example, mechanical telephone exchange systems such as
crossbar exchange were replaced by computer around 30
years ago. In these days, they are replaced even by routers
by Cisco Systems Inc.
In 1984, first Internet system called JUNET was
established by Tokyo University, Tokyo Institute of
Technology, and Keiou-gijuku University in Japan. Then
so many universities joined to JUNET and many other
Internet systems were spread throughout Japan.
According to Ministry of Internal Affairs &
Communications, Japan, the number of Japanese Internet
user was 11.55 million in 1998, and grows to 94.08
million in 2010. Saturation rate of Japanese Internet user
was only 9.2% in 1998, but grows to 78.0% in 2010.
(Fig.1)
A distribution map of Information Technology
companies in Japan is shown in Fig.2. According to Fig.2,
about 30% of them are located around Tokyo. Forties and
thirties of them are located in Osaka, Nagoya and other
major cities of Japan
Distributed computing networks are in common use
in business and
even at home in modern times.
Distributed computing networks means a network which
processes one job distributed to more than one computer
which are connected to one network. The ubiquitous
computing network will spread from now on. In 1993,
Mark Weiser of the Xerox Palo Alto Research Center
(PARC) advocated the ubiquitous computing network
which is a network environment that can enable anyone to
use this computing power at any place and at any time. A
network infrastructure called Jini, which is constructed on
Java environment, is developed to realize that network
environment. From now on, the distributed computing
network is going to be realized on Jini network in the Java
environment. The devices and services on networks can
be accessed as the objects in Jini networks. This makes
very easy to use and/or expansion of networks. Based on

z Construction of running environment of mobile
network
z Application to Home Control( Link with
Household appliance, Dynamic On/Off of
Household appliance etc.,)
z Application to Internet interactive games
z Others etc.,

2. BACKGROUND
Japanese game industry is one of the best content
industries in the world. It is well received throughout the
world. It acquires Japan huge amount of foreign currency
and it is one of the most important industries of Japan.
Furthermore, game programming itself becomes very
important in IT industry in the world. There are many
prestigious universities which provides degrees for game
programming in U.S.A and other part of the world .such
as Georgia Institute for Technology and Southern
California University etc., Furthermore many important
academic papers are published at the present time such as
“Contextual virtual interaction as part of ubiquitous game
design & development” by Dr. Tonny Manninen,
University of Oule, Finland etc.,
Therefore, it is considered significant to develop an
original interactive game based on the ubiquitous network
using artificial intelligence technology.

3. WORKBENCH
Following workbench is utilized in this paper for
developing an original interactive game based on the
ubiquitous network.
3.1 Java
Java is an object oriented programming language
with run time environment and development environment,
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which is called Java platform. Java has following Strong
points of Java are as follows:
z Independence from platforms
- Developed program codes does not depend
on any particular architecture.
- It supports plural platforms.
- Data types are standardized.
z Interpreter
- It is an interpreter type language.
z Object oriented
z No garbage collection

Eclipse can support not only Java but also so many
programming languages such as C/C++, and COBOL if
such plug-in is added to Eclipse, although Java
Development Tool ( JDT ) is included in Eclipse as a
standard.
3.2.2 Structure of Eclipse
Eclipse is provided as an Eclipse SDK which
includes platform runtime, JDT, PDE etc.,
Major components of Eclipse SDK are as
follows:
z Work space
z Team
z Debug
z Workbench
z Help
z JDT
z PDE
z Platform runtime

3.2. Eclipse
Eclipse is used as a workbench in this development.
Eclipse is a multi-language software development
environment comprising an integrated development
environment (IDE), which is provided by an open source
project called Eclipse and distributed free of charge.
Eclipse is equipped with all kind of functions and high
expandability. Eclipse is originally developed by IBM Inc.,
which established an open source project called Eclipse in
2001. Eclipse was donated to the above mentioned project.
Borland, Redhat, HP, Oracle and other leading vendors
are participated in the project.

3.3. Android SDK
3.3.1 What is Android
Android is an open platform for cellular phone,
which is provided by Open Handset Alliance ( OHA ).
Open Handset Alliance ( OHA ) is a consortium which is
established on the 5th of November 2007 and constituted
by Google and other members such as NTT Docomo,
KDDI, Texas Instruments, Broadcom Corporation, HTC,
Intel, LG, Marvell Technology Group, Motorola, Nvidia,
Qualcomm, Samsung Electronics, Sprint Nextel and TMobile. Google and other members of the Open Handset
Alliance collaborated to develop and release Android to
the world. Android has a large community of developers
writing application programs ("apps") that extend the
functionality of the devices. There are currently over
100,000 apps available for Android. Android Market is
the online app store run by Google, though apps can be
downloaded from third party sites. Developers write in the
Java language, controlling the device via Googledeveloped Java libraries.

3.2.1 Merits of Eclipse
Merits of Eclipse are as follows:
z A great variety of Plug-in
z Original GUI Tool-kit
z Multi-platform
3.2.1.1 A great variety of Plug-in
Each functions of Eclipse is realized as plug-in. And
Plug-in Development Environment ( PDE ) is equipped in
Eclipse as an environment for developing plug-in.
Functions of Eclipse is expandable using various plug-in
and original plug-in can be developed by using above
mentioned Plug-in Development Environment ( PDE ).
3.2.1.2 Original GUI Tool-kit
GUI of Eclipse is developed by an original GUI kit
called Standard Widget Toolkit (SWT) and JFace, while
GUI of other IDE for Java are developed by AWT or
Swing. Standard Widget Toolkit (SWT) is a GUI toolkit
which utilizes GUI library prepared for each operating
systems. JFace is a library which provides advanced
GUI with SWT. Therefore, Eclipse can have look & feel
which is native to each OS and run lightly.

4. ORIGINAL GAME DEVELOPMENT IN THIS
PROJECT
4.1 What is War simulation game
In Europe, diorama with human figures and weapons
such as model guns and model battle ships were very
popular as an aristocratic hobby among aristocrats and
riches since 1880s. Some of them tried to make those
models mobile with power. Others tried to arrange these
models in diorama and move them as pieces of game such
as chess or shogi(Japanese chess). This is the beginning of

3.2.1.3 Multi-platform
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miniature war game. In real armed forces like army and
navy, also, they are used in military maneuvers or
exercises as educational training or operations research.
After Second World War, a private company began to sell
paper maps and pieces for board games in paper boxes as
packages. This is the beginning of modern war simulation
games. After then, so many companies in United States
and other countries entered to the war simulation game
market. Therefore, a lot of war simulation games are
available in this market. (Fig.3 War simulation game)

Phase”. In that phase, it processes damage circulation and
victory condition’s confirmation.

5. PROGRAM SPECIFICATIONS OF THE GAME
DEVELOPED IN THIS PROJECT

-

5.2.1 Air-to-Air Combat
Air-to-Air Combat involves only plane units. Only
interceptors can initiate Air-to-Air Combat and the other
side may not avoid it. Mainly bomber and escorts of
attack side and interceptors of defense side participate in
Air-to-Air Combat. Air-to-Air Combat is resolved in two
parts:

5.1 Sequence of game play

Because Air-to-Air Combat is composed of two parts,
defense side should divide their interceptors into two
parts:

“Sequence of game play” section controls game
process or progress. Basically, this part is the main body
of this game software. This part controls progress of each
phases and decides which player wins or loses. The details
of this “Sequence of game play” is shown in Fig. 4.

-

A group to attack escorts
A group to attack bombers

After battle between Interceptor to Escort,
survived Interceptors may join Interceptor to
Bomber combat. (Fig 7 Air-to-Air Combat)

5.2 Combat
“Combat” section controls judgment of its
occurrence and resolution of combat if it occurs.
When units 1 occupy the same hex, combat may
occur. This section controls all phase of combats.
At maximum, four kind of combats may occur.
Some sample of unit counters are shown in Fig. 5.
Players perform combat in the following order
for each battle:
(1)
(2)
(3)
(4)

Interceptor to Escort Combat
Interceptor to Bomber Combat

5.3 Coding examples
Followings are some examples of coded programs
and flow charts:
Fig.8 shows a sample of program flow chart. This
flow chart displays the main flow of combat controls.

Air-to-Air Combat step:

Anti-Aircraft Combat step
Air Attack Combat step
Surface Attack Combat step

Fig. 9 (Display of hex) shows a sample of Android
SDK Programming. A sample of codes for Displaying of
hex is shown in Fig. 10 Hex coding(Sample).

Sequence of Combat is shown in Fig.6. (Fig.6
Sequence of combat)

Fig. 11 (Random number generator) shows another
sample coding. It is a sample coding for random number
generator used for judgment of many aspects of game
implementation.

If battle breaks out by judgment in the “Movement
Phase”, “Combat Section” is called. The program checks
if the conditions for beginning of Air-to-Air Combat step
at “Judgment 1” If the conditions do not meet, program
does not proceed to “Air-to-Air Combat step”. It proceeds
to “Judgment 2”.in order to proceed to next steps. If the
conditions do meet, it proceeds to “Air-to-Air Combat
step”. It processes the programmed sequence of “Air-toAir Combat step” and proceeds to “Combat Resolution
1

6. SEARCH BY ARTIFICIAL INTELLIGENCE
Observation of enemy units is assisted by Search
program constructed with Artificial intelligence. Fig. 12
shows a sample of strategic map. Enemy units hide
themselves at somewhere in this map. Friendly units must
search opposing units in order to attack them. The
program utilizes following artificial intelligence technique.

A unit is composed of a battle ship or
6.1 Search algorithm

an air formation (3 air fighters) etc.,
3
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Search algorithm means an algorithm for finding a
solution after evaluating several candidates with specific
analytical settlement methods. There are 2 kinds of search
algorithms as follows:
(1) Naïve or uniformed search
(2) Informed search

Sachio Watanabe, “Current status of Internet in Asia
and construction of Asian Environment Information
Network” IFIP SEARCC’95(South East Asian Regional
Computer Confederation) pp.467-490
Sachio Watanabe, 1994,“Current status situation and
recent trends of Japanese computer industry” IEEE Tokyo
Section “IEEE Denshi Tokyo” No.33 pp. 128-131

Naïve search is simple and it utilizes brutal force.
Therefore it is not so elegant and it has no intelligence at
all.

Tonny Manninen, University of Oule, Finland, 2002,
“Contextual virtual interaction as part of ubiquitous game
design & development”

There are some typical search techniques such as
depth first method, width first method, branch limit
method, best first search, hill climbing method, and A
algorithm. Depth first method and width first method
belong to the first category.

S. Craig Taylor,1981,“Flat Top Rule Book”, The
Avalon Hill Game Company Ltd.,

6.2 A* algorithm
Best first search may not get target node. In order to
avoid this, the cost from initial node should be considered
in addition to heuristic value. By considering the cost
from initial node, an infinite path is cut off , because it
costs too much. A* algorithm implements above
mentioned algorithm besides best first search. In this case,
cost is a fuel. Because of fuel and range factor limit of air
reconnaissance units, reconnaissance of infinite space is
cut of. (Fig.13 shows a part of A* algorithm.) Because of
above mentioned reason, A* algorithm is adopted for the
observation of enemy units.

FIGURES AND TABLES

7. CONCLUSION
This paper describes how to develop an original and
interactive game on the ubiquitous network environment.
In order to utilize full functions of a ubiquitous network,
Eclipse and Android SDK are adopted as the workbench.
Because of this adoption, full functions of the ubiquitous
network are verified thoroughly. This proves that the
ubiquitous network with Eclipse and Android SDK is the
best environment for developing an original and
interactive game.
In addition to above mentioned item, artificial
intelligence is applied to observation of enemy units. This
makes the above mentioned game more original. Brutal
force search is neither intelligent nor elegant. But,
utilizing A algorithm of artificial intelligence makes the
original game more original and more intelligent.

Fig. 1 Internet Usage in Japan
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Fig. 2 Distribution map of IT companies in Japan
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Fig. 5 Sample of Unit counters

Fig. 3 War simulation game

Fig. 6 Sequence of combat

Fig. 4 Sequence of game play

Fig. 7 Air-to-Air combat

Fig. 8 Program flow chart(Sample)
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Fig. 9 Display of hex

コード

Fig. 12 Sample of Map

path.moveTo(center.x+r, center.y);
path.lineTo(center.x+dx, center.y+dy);
path.lineTo(center.x-dx, center.y+dy);
path.lineTo(center.x-r, center.y);
path.lineTo(center.x-dx, center.y-dy);
path.lineTo(center.x+dx, center.y-dy);
path.lineTo(center.x+r, center.y);
canvas.drawPath(path, paint);
ｒ

Fig. 10 Hex coding(Sample)

Fig. 13 A* algorithm

Fig. 11 Random number generator
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resources to supply activities needed to satisfy a public or
private need. Insurance, banking, catering, lodging, travel
and entertainment activities are traditionally considered
service industries. Fairly recently, TV repair service,
product maintenance services, and even massage services
are listed as service functions. However, the goals and the
meaning of the service functions have broadened. In
modern parlance, service is the work performed directly
or indirectly to satisfy the needs required by customers.
The industrial revolution in Europe brought forth
manually intensive functions that have given way to
mentally or intellectually intensive activities. As a part of
this transformation, we have seen an increasing
dependency on advanced technology, specifically
information technology that is mostly on PCs and
networks. As automation increased, manual chores have
taken a secondary role. For instance, robotics and software
agents and tools support the mental activities. Service
providers generally work in small teams that are colocated or even distributed in remote locations (virtual
teams) with little impact on the quality of the
collaboration working as a single team. Service functions
are major components of every industry. including but not
limited to finance, travel, telephone and communications,
power and other utilities, health care, and entertainment.
These intellectual activities are shown to be error prone if
the operator or user is stressed emotionally or physically.
Studies by Andersen Consulting and others have shown
that about 40-80% of the failures may be due to improper
human reaction due to unnatural circumstances, including
lack of knowledge, stress and confusion generated by
information overload. As a result, an excess amount of
useless information is accumulated, commonly referred to
as data smog. Service functions aim to satisfy and
facilitate the goals of their customers, thereby designing
their service functions ergonomically. The service
providers attempt to precondition, specialize or
personalize their offerings to satisfy customer needs,

ABSTRACT
We study the evolution and the dominance of the
service-based functions and their distinguished features.
As the service industry matures, many new processes have
emerged to fulfill new functions, such as intense manmachine interaction, knowledge intensive activities,
flexibility in the organization, and control and execution
of tasks. In this paper, we discuss a wide range of
interconnected topics, emphasizing the multi-faceted
nature of service functions. These topics include the
evolution of the service industry and their products, the
computerization of products based on their large-scale
adoption and the consequent creation of implicit
requirements; the technology transfer processes. We argue
the organization, framework, and related problems of the
decentralized team on fully decentralized team. We
propose the approach to solve these problems. Moreover
we verify the effectiveness of our approach through the
trials by a large string orchestra which is considered to be
a typical and successful example on fully decentralized
team. We suggest to apply our approach to the societies
which are seeking for deriving a spontaneity of each
participant. Finally we propose the individual centric
environment which is expected to work in cooperation
with the network-centric environment.
INTRODUCTION
The service industry, whether it is travel, leisure,
entertainment or finance, involves personalized activities
requiring various forms of interaction between humans
and machines. In fact, the U.S. Bureau of Labor Statistics
estimates that more than two thirds of all workers in U.S.
are involved in service functions at present and their
numbers are increasing rapidly (Figure 1(a)).
The dictionary defines 'service' as an organized
system of appliances, products, personnel and other
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we develop some models for team-oriented systems and
comment on their usefulness. We shall show that
decentralization is the growing trend of team-based
service-systems of the future. The study of the service
function and related topics can be referred to (C.V.
Ramamoorthy, 2000);(H. Yamaguchi, et al, 2003, and
2004).

desires, preferences and fancies. Primarily through
interactions, this personalization or preconditioning is
based on or derived from user requests, perceived needs
and goals. The interactions are manifested as social
networking using various communication technologies.
Hence, customers and users communicate their
service needs through their interactions. The social
interactions can be categorized into three main types: 1)
interactions between service functions and individuals. 2)
interactions between service functions and teams and 3)
interactions between service functions and customer
applications. By personalizing and humanizing our service
products we enhance user convenience and reduce the
incidence of errors, thereby improving their productivity
and quality of their work.
In the case of interactions between and amongst
teams, we can show that decentralized form of
organization and control facilitates the effectiveness of
teams. The strategy of team decentralization creates a flat
organizational structure.
As communications costs
become negligible, establishing a rigorous hierarchical or
centralized control structure becomes less important. As a
result, individual initiatives are encouraged and free
exchange of ideas become pervasive during decision
making, all of which facilitates sharing, learning and
creation of knowledge.
The third type of interaction is between the service
function and the application objectives. Here the service
products are preconditioned to provide high performance,
reliability and safety to that specific spectrum of
applications. We shall discuss these in the subsequent
sections. Over the ages, the evolutionary process of
technical innovation has resulted in the replacement of
manually intensive tasks by a combination of mentally
and manually intensive tasks. Thus these intellectual
tasks are now also being replaced by a combination of
both intellectual and interactive tasks through social
networking technologies facilitating communication, as
indicated in Figure 1(b).Figure 1(c) also depicts the
evolution of team organization. As the service system
moved from an isolated cluster of non-interacting entities,
it migrated towards a centralized structure. Following
these social hierarchies, a partially decentralized emerged
that resulted in a fully decentralized, yet highly
interconnected
entity
facilitated
by
advanced
communications technologies. The later stages of
evolution produced a system organized in one layer as a
flat organization, where each entity may act as a selfdirected component agent. In this paper, we study, very
briefly the evolution of the service industry and the role
played by automation. We shall also touch on the product
improvement process as defined by customization,
humanization and personalization that support service
functions. We shall also comment on the process of
technology transfer, and the evolution of information
technology products that support service functions. Lastly,

DISTINGUISHING FEATURES OF SERVICE
FUNCTIONS
The distinguishing characteristics of service functions
include the human-centric needs of customer-driven
knowledge–intensive approaches that are intellectually
challenging, and automation-intensive, in order to reduce
manual efforts. This is accomplished by introducing
human-interaction intensive and Information technology
intensive
learning
organizations
for
advanced,
decentralized communications in the 21st century. Since
human needs are being addressed, the service functions
are human-machine interaction intensive, knowledge
intensive or manual utilizing information technology for
facilitating cooperation. Teams that execute most of the
functions could include clusters of human professionals
and computer resources.
The service industry is highly knowledge-oriented
and heavily dependent on collaborative efforts between
humans and their networked computers. Collaboration is
needed because the size, complexity and intellectual
intensity of the service tasks. Just like software
development, the service operations tend to be flexible
and easily modifiable, requiring variable length times for
completion. Also, the modern day service functions are
focused on directly facilitating the client goals, which can
evolve even as the services are being rendered.
Human Needs Driven
The human needs can be categorized into three
types, namely Personal, Professional and Societal. One
major personal need is to develop machines that react
more like humans so that the operator or user is always
comfortable, and not stressed, surprised or confused at any
time, particularly in an emergency. We call this the
'humanization' process. Individualized personal needs may
depend on our disabilities, such as eye and hearing
impairments, left handedness, and short attention spans.
The process of individualization may also depend on our
personal preferences and styles.
Professional needs of service functions call for excelling
in the job and improving one's productivity and
performance at work. This generally requires customizing
work equipment and environment to fit the application
and the employee so that the performance of the system
and the productivity of the professional are improved.
Societal needs of the service functions emanate from
community and environmental consciousness and
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knowledge technology curves get closer and closer to the
tool development and implementation curves. Secondly,
as knowledge saturation in a particular technology takes
place due to physical limits, we only encounter
incremental advances but no big break-through, maybe
due to improper human reactions.

responsibilities, thereby eschewing altruism—befitting the
theme of "The Three Musketeers,' namely, 'all for one and
one for all.'
Knowledge-Technology Intensive
Service activities generally involve choosing among
options and solving problems with the help of technology
and knowledge, particularly scientific knowledge that
produces technical innovation. Davis and Boskin (D.S.
Davi, J. Boskin, 1991) have conjectured that scientific
knowledge grows exponentially, doubling every seven
years, which continuously elevates technological and
educational levels with such rapid growth. By Ross
Ashby's law (K. Weick, 1979) this has the rising tide
effect; that is, the rising tide (of knowledge) lifts all the
boats (improvements in functionality and quality of
service).

Growth
Knowledge
Technology
Tools
Implementation
Compression and
Convergence

Latencies
X1<X2<X3

X1X2 X3

Time

(a)
Growth

Turbulence

Inflection Point

Human Interaction Intensive

Convergence

There exist many types of human interactions, e.g.
amongst humans, between humans and machines, and
within and across teams of humans and machines. We
examine two primary types of interactions, one of which
is knowledge intensive and the other, heavily oriented
towards .simple keyboard interactions and bookkeeping
knowledge. Knowledge intensive interactions are those in
which humans have to think and interact with the
computer, as one composes a report or a letter on the
computer.

X1 X2 X3

Knowledge

Latencies: X1<X2<X3

Technology

Tools
Implementation

Time

Growth

(b)

Turbulence
Inflection Point

Information Technology Intensive
The service functions heavily depend on information
technology (IT). Every aspect of the service function from
customer requests to service delivery, and service
evaluation by customer satisfaction-metrics is IT driven.
In fact, there are striking similarities between software
development processes and service functions that utilize
IT. These include their knowledge dependency, their
collaborative development and the ease and flexibility in
modification and execution.

(c)

Time

Figure 1.
(The compression of the
technology transfer phases (the Kozmetsky
effect) (b) The convergence of technology
transfer phases (c) Technology growth inflection
point
To help reduce accident and error incidence resulting
from man-machine interactions, designers have
considered two general methods applicable to a service
applications.
One is the process of humanization, personalization
and application specialization, and the other is the use of
teams -groups of professionals (usually a small number)
working together to accomplish the tasks. We shall
discuss these in the subsequent sections.

THE KOZMETSKY EFFECT
George Kozmetsky, recipient of the National Medal
of Technology, has identified and studied the strong
correlation between knowledge and technology growths.
According to him, the rapidity of the knowledge growth
exerts a strong synergistic effect which stimulates
technology growth, pulling the technology growth curve
towards it (Figure 1).In other words, the technology
transfer latencies get reduced or compressed with a
maturing technology. Or, the technology transfer limit
becomes shortened with a mature technology. As
discussed earlier, there are two reasons for this. First,
knowledge and technology interact vigorously, thus
accelerating the corresponding tool development. The

TEAMS AND TEAM EVOLUTION
Since service functions are enabled and executed by
teams, we shall briefly comment on some pertinent
characteristics, specifically their types and functions. The
word "team" is defined in the Webster's dictionary as a
number of persons associated in some joint action with a
common goal, e.g. a team of collaborating experts, or
3
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are tightly coupled. Examples include military command
and control systems, gangster teams, drug cartels and the
common master-slave systems.

'draft animals' harnessed together to draw a vehicle. When
a team becomes more aligned, a commonality of direction
emerges; the individual energies harmonize into a
synergistic cooperation. Teams in our discussion are made
up of people supported by machines to achieve certain
goals during some specified period of time in a
cooperative or collaborative fashion. Teaming includes
the processes of planning, organizing, controlling and
executing the required tasks by teams.
One of the assumptions we make is that a computer
cannot be smarter than its designers—who are human
beings. A person with computer resources can be
'superior' to a person without such support. In essence, we
can hypothesize empirically from these observations the
following:

EVOLUTION A OF SERVICE ORGANIZATION
In this subsection, we shall model the evolution of
service organization. The four models use simple directed
graph structures.
Hierarchical
Fully isolated

Partially
Decentralized

Fully
Decentralized

Machine < Human < (Human + Machine) < Teams of
(Human + Machine)
Figure2. Evolution of Service Organization
where the symbol "<" implies "inferior to" or 'not as
good as' relation.

(1) In the first model, each node represents a team that is
independent and isolated. There are no links or
emanations from the nodes. Nodes have little or no
communication capability, i.e. each node is isolated
from others. Each node makes its own decisions. We
shall label this as a totally isolated team model shown
in Figure 2. a).
(2) The second model is centralized and portrays a top
down hierarchy, in which one node, the root node of
the tree acts, as a controller or director receiving
informal reports from its subordinates, while giving
directives to its subordinates. This models a
centralized enterprise, where the head office receives
status information from the branch offices and sends
out directives or commands to the subordinate nodes
to carry out. Military organizations, which use the
command and control regimen, as well as street gangs,
are examples of the centralized, tightly coupled
hierarchical organization. This model is illustrated in
Figure 2. b).
(3) The next model (partially decentralized model) is
illustrated in Figure 2. c). The sub-trees are organized
like the centralized model.
(4) The fourth model is the fully decentralized model and
is shown in Figure 2. d). This model assumes full
connectivity between the teams or nodes and the
inter-node communication is assumed to be
instantaneously with negligible cost. Ideally, the
teams can have total access to each other's
information databases at all times. Each node makes
functional and administrative decisions rapidly and
collaboratively with others based upon a set of
agreed-upon rules, protocols and principles. The
designers of the system must carefully check and
validate those rules and roles to avoid conflicts,
inconsistencies, and ambiguities to thwart any

TEAM TYPES
Team type depends on the main purpose for which
the team is formed. It defines the organization and the
nature of dependency amongst the team members. The
criteria one can use in classification are the team's purpose,
the nature of its collaboration, and its organizational and
control philosophies. These govern the nature of
interaction and dependency amongst its members. We
shall only discuss some specific but important, types of
teams employed to implement service functions, namely,
the collaborative, co-operative, consensus seeking,
hierarchical and virtual teams.
Collaborative team members work together in small
groups, very closely, i.e. cohesively, to achieve the best
outcome for their intended goal. Generally the goal of the
task is well defined, and the team members are chosen
because of their motivation with the objective, perceived
potential and their competence in that area. Collaboration
creates a synergy such that their total contribution is
greater than the sum of their individual contributions. The
team members are tightly coupled and work together very
intensively, striving to achieve the very best outcome. A
parallel concept from software engineering is
cohesiveness, which implies that the components
(members) of the team are very dependent on each other,
and work together very closely and effectively.
Hierarchically organized teams have a command and
control type of relationship amongst its members. A
member in a lower hierarchy reports to or obeys the orders
of those in the next, higher level. A common form of the
model is an inverted tree, the root node is the commander
and the leaf nodes are soldiers. The nodes in the
intermediate level represent officers. Hierarchical teams
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usable output. Each knowledge worker thinks and
behaves as a chief executive officer. It also requires great
change in the knowledge worker’s thoughts and actions
from what most of us are used to. Knowledge workers
have to manage themselves profoundly to adapt to
challenges in social structure. Every knowledge workers
in a modern organization is an “executive.” He must take
responsibility for his contribution. The first decision
process is clear specifications as to what the decision has
to accomplish. What are the objectives the decision has to
reach and what are the goals it ha to attain, what are the
conditions it has to satisfy? The more clearly boundary
conditions are stated the greater the likelihood that the
decision will indeed be an effective one and will
accomplish what it sets out to do. Increasing effectiveness
may be the only area where to raise the level of the
knowledge worker’s performance, and achievement, and
satisfaction.
The knowledge worker, i.e. individual professionals who
are expected their knowledge to make decisions in the
normal course of their work that have impact on the
performance and results of the whole. For the authority of
knowledge is surely as legitimate as the authority of
position. In this sense, moreover, these decisions are of
the same kind as the decisions of top management. Every
knowledge worker in a modern team is a “manager” if he
is responsible for performance contributions. In the
information-based team, every individual is required to
take information responsibility. The key to such a system
is that every one asks who in this organization depends on
me for what information and on whom, in turn, do I
depend? It requires each individual to address two sorts of
information responsibility. What are its management
problems likely to be? Information-based organizations, in
other words, which require clear, simple, common
objectives that translate into particular actions, also need
concentration on one objective or, at most, on a few. Each
person must take the fullest information management
responsibility (The information-based team require selfdiscipline and emphasis on individual responsibility for
relationships and for communications.

security breaches and catastrophes that could occur
during faults, malfunctions or virus invasions on the
system.
We envision that a realistic system may portray any one of
the above organization models or combinations thereof. A
flexible or a reconfigurable system can switch between
these configurations to adapt to the changes in the
application, communication environment and other
conditions.
FULLY DECENTRALIZED TEAMS
In modern organizations, such as large business or
government agencies, public domains will have little
choice but to become information-based team or
organizations. Consequently the center of gravity in
employment is moving fast to knowledge workers and the
operating organization becomes an organization of
knowledge workers of all kinds. Although they do not
usually produce a physical artifact, they produce
knowledge, idea, information, and concepts. This
knowledge-based organization is comprised largely of
specialists who convert data into information. They
produce a product by themselves or by others
collaboratively or cooperatively with other specialists.
The new jobs require a good deal of formal education and
the ability to acquire and to apply theoretical and
analytical knowledge to use knowledge, theory, and
concept in organization. They require a different approach
to work and a different mind-set compared to the
traditional work style.
The motivation of the knowledge worker depends on his
actual effectiveness for achievement. Each distinct
specialist receives the order and reports directly to upper
management in the decentralized organization.
Knowledge workers cannot be supervised closely or in
detail, but they must direct themselves, and they must do
so toward performance and contribution. Consequently,
the organization structure will shift toward totally flat
without any middle management. Because of its flatterstructure,
the
decentralized
information-based
organization takes the first tentative process of converting
raw data to actionable information. These decisions are
processed through the management structure which gets
work done as information travels fast throughout the
world.

THE ORGANIZATION STRUCTURE OF THE
DECENTRALIZED TEAM
The knowledge-based, decentralized team must be
structured around goals that clearly state management’s
performance expectations for each knowledge workers. It
demands that each knowledge worker (specialist) think
and behave as a chief executive officer that implies a
revolution in human affairs (Figure 3). This big change in
the knowledge worker’s thoughts and actions departs from
traditional approaches in the hierarchical team (P.F.
Drucker, 2003). In the knowledge-based service age, new
technologies have enabled the flattening of organizations.
The hierarchical organization is a centralized status-power

The truly important features of the decision are neither
their novelty nor their controversial nature. They are: the
definition of the required specifications that the answer to
the problem had to satisfy. The knowledge workers work
as members of an organization. The organization can
convert the specialized knowledge of the knowledge
workers into performance. Specialized knowledge
emerges as a separate specialty. Others in the value chain
must take them as initial input and convert them into

5

647

topology with its small but powerful center, a significant
middle that serves to operationalize command and
exercise control and an edge that has very limited means
and opportunity.

To cognize uncanny capabilities of the individuals
for creating a unified direction as a whole.
MANAGEMENT RESPONSIBILITY TO ONESELF
Management responsibility to oneself is still largely
neglected. Everyone in the information-based team needs
constantly to be thinking through what information is
needed to be extracted from the data. In order to know
what they are doing and finally appraise how well they are
doing it, he or she requires to do the job and make a
contribution. Information responsibility may seem
obvious.

Top Executive
Officer

Knowledge
worker

Knowledge
worker

Knowledge
worker

Executive

Executive

Executive

Specialist

Specialist

Specialist

Figure 3. Fully Decentralized Team

MANAGEMENT RESPONSIBILITY TO OTHERS

PROBLEMS

Information responsibility to others is increasingly
understood. Each knowledge worker decides what
information he or she needs to able to decide what they
should be doing. Now we need to connect all the
knowledge centers on the globe together into a single
global network which could usher in an amazing era of
prosperity, innovation, and collaboration, by companies,
communities, and individuals.

In a decentralized team, the knowledge workers face
a tremendous challenge they need to exploit as an
opportunity as mentioned below:
- They must direct themselves toward performance
and contribution, that is, toward effectiveness
- They must take responsibility for their contribution
- They expected by virtue of their position or their
knowledge should be able to make decisions daily
that impact the performance and results of the
whole.
The realities of the knowledge workers’ situation both
demand effectiveness from them and make effectiveness
exceedingly difficult to achieve. The specific characters of
the knowledge workers are considered as follows:
- Knowledge workers cannot be supervised closely or
in detail.
- The motivation of the knowledge worker depends
on his being effective, on being able to achieve. If
effectiveness is lacking in his work, his
commitment to work and to contribution will soon
wither away, and he will become a time-server
going through the motions from nine to five.
- Therefore, unless they build one’s information
feedback mechanism for confirming the level of
contribution they performed, they may condemn
themselves to ineffectiveness.

FEASIBLE EXAMPLE OF DECENTRALIZED
ORGANIZATION: PROPOSED METHODOLOGIES
“MORI METHOD”
We propose the new methodology that satisfy and
evaluate the required properties in the knowledge-based
service organization. This methodology is developed by
the experience and trials through the musical ensemble in
which new idea such as the ensemble without conductor,
hybrid organization, roles of musical director, each player,
process flow and semantically structured imagination
model are devices. The musical ensemble without
conductor is described as a ‘leaderless’ organization. It is
true that one of the first things on notices about this
organization is that there is no conductor signaling with
baton and eyes and body how the music should be played.
It has, in fact, more leadership than virtually any other
organization we have seen in over a decade of research on
group behavior and performance. Because there is no
conductor, each player must help decide about musical
interpretations. Each one must take part of the
responsibility for ensuring that musical entrances are
together, that themes are passed smoothly from section to
section, and that the composer’s vision for a piece is
realized musically. We propose a new methodology for
the musical ensemble without conductor. In this scheme,
the sound is only communication measure between each
player that will be in quite same environment in the cyber
society where the information through the network is
communication measure between each participant. Mori,
Y. (2010) presented the new methodology for satisfying
the required properties of the knowledge-based service.

THE APPROACH TO SOLVE THE PROBLEMS
We elaborate on the realistic approach to solve the
problems described above for the knowledge workers in
the decentralized teams.
(1) Every knowledge worker must take
management responsibility to oneself
To derive full potential spontaneity such as talents,
inspiration, and energies of the individuals for the better
team performance
(2) Every knowledge worker must take management
responsibility to others
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PROCESSING FLOW OF THE ORCHESTRA
WITHOUT CONDUCTOR

Hierarchical Organization
Advisor

Figure 4 illustrates how the proposed approach
proceeds.
-The musical director takes a hierarchical
organization and practices the orientation and discussion.
In the orientation phase, the musical director transfers the
initial conditions that will result in the desired behavior. In
the discussion phase, the musical director gives a
suggestion and advice but do not dictate details to the
players.
-Each player tries for achieving the desired properties.
The SSI model is modified along to each trial.
-Once the music director confirms that the desired
level of performance is achieved, the concert is performed
where the normal allocation without conductor is taken.

Team member
A

Team member
A

Team member
A

Team member
A

Iteration

Flat Organization
Flat Organization
Team member
A

Team member
A

“Rehearsal”
Team member
A

Team member
A

Figure 5. Fully Decentralized Team

Start
Orientation

2nd. Vn

Va.

Discussion
Defining SSI model

Trials
Modifying SSI model

1st. Vn.

N
Verifying SSI model
Y
N

Cb.

Vc.

Figure 6. Backward (i.e., without a conductor,
and Random Allocation of String Orchestra

Verifying achievement

Y
: Director

BACKWARD/ RANDOM ALLOCATION

Concert
: Each player

This allocation is taken for the sake of realizing an
environment where no visual information except for aural
information is given to the players. They can devote to
listen the performance of musical ensemble and perceive a
response of audience. Backward random allocation is
necessary, as a means of producing for the ear what
cannot be achieved by the eye. This allocation helps each
player to depend on only the sound they produced without
depending on the eyesight to the conductor or other
players shown in Figure 6.

End

Figure 4. Process Flow of Mori Method
HYBRID ORGANIZATION
Proposed musical ensemble without conductor takes
tow types organization, i.e., (1) hierarchical organization
and (2) flat organization shown in Figure 5. Each
organization is chosen iteratively depending on the
processing phase mentioned later.

ROLE OF MUSICAL DIRECTOR
Musical director is desired to guide but not dictate
detail to each player. In the control-free approach, the
primary role of the musical director is to support the
music-creating initial conditions that minimize the
likelihood of mission accomplishment and providing the
information and resources necessary for the playing
elements to succeed including the information they
require as the situation changes. That is the only direction
issued and each musical player is left free to decide how
he would accomplish the mission.
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In the ‘Drive’ phase,
The most promising approach involves establishing,
to the extent possible, a set of initial conditions and clear
and consistent conduct intention and timely advice and
finally acceptant the simulation that will result in the
desired behavior.
In the ‘Carry’ phase
Creates the conditions that are likely to give rise to
the behaviors that are desired.
Allows for innovation and flexibility by
subordinate commanders within a set of constraints
imposed by senior commanders.
Individual commanders with considerable
confidence in their subordinates.
4.3 Role of music players
Each player owns the dedicated responsibility
Each player has control over himself
No player has control over other participants, while
he can output his intension of overall
control through
the output.
Each player can access other participant’s intention
of overall control
Each participant can access the external
information, while each player has minimum essential
capability in operation
The ability to make sense of situation
Possession of the appropriate means to respond
The ability to orchestrate the means to respond in a
timely manner
(3) Questionnaire on impression
We executed the questionnaires to the musical players
who participated in the experimentation. These
questionnaires are a standard procedure to quantitatively
evaluate subjective impressions on the query items. First,
a selection of concept-pairs of adjectives related to the
query items ware chosen. Then the query items are scored
using a 7 points scale for each concept-pair of the
adjectives. The 6 query items are chosen based on the
required properties in performing the musical orchestra
without conductor as shown in Figure 7.

Quality of Information

Degree of
Information sharing

1.5

1.5

1.0

1.0

Maintenance ability
Degree of
Self-synchronization

1.5

1.0
1.0

1.5

1.0

1.0
1.5

1.5

Degree of understanding

Degree of awareness

Figure 8. Response to the Questionnaire
RESULTS
(1) Responses of questionnaire
The responses of questionnaire compared with the
case of musical ensemble without conductor and musical
ensemble with conductor are shown in Figure 8 in which
the distribution values on the answer of musical ensemble
with conductor is normalized. In this figure, in particular,
Degree of creativeness and degree of effectiveness in the
case of musical ensemble without conductor are
significantly increased compared to the case of musical
ensemble with conductor.

Deviation

σ

μ

: with conductor
: without conductor
-σ
0.9

Sheet 1:

1.0
Interval (Normalized)

1.1

Figure 9. Deviation of self-synchronization (Time-based)

Not deep

Deep

In performance

in performance

Sheet 2:
Not responsive

Well responsive

Sheet 3:
Not innovative

Well innovative

Sheet 4:
Not interactive

Well Interactive

with audience

with audience

Sheet 5:
Not alive

Alive

Sheet 6:
Not Spontaneous

Very spontaneous

Figure 7. Questionnaire form
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Table 1. Factor analysis

Factor 1

Factor 2

Factor 3

Shared
information

0.180

0.479

0.379

Shared
awareness

0.307

0.419

0.471

Shared
understanding

0.179

0.379

0.479

Self-synchronization
(Time-based)

0.469

0.123

0.375

Self-synchronization
(Direction-based)

0.599

0.329

0.528

Creativeness

0.595

0.709

0.819

Effectiveness

0.489

0.850

0.630

Z
Normalized interval time
・Ensemble
without Conductor
・Ensemble
with Conductor

1.0

: Normalized interval time
Z axis: Stringendo
X axis: Ritardand
& Felmata
Y axis: Pause

1.0

(2) Factor analysis on the questionnaire
We investigate how influence the answer on a
number of measured variables (Questionnaires). Table 1
shows the factor loading matrix in which columns derived
factors and rows represent input variables (observed
variable). The observed variables are modeled as liner
combination of the potential factors, Loading represent
degree to which each of the variables correlates with each
factors ranging from -1 to 1. Inspection of factor reveals
extent to which each of the variables contributes to the
meaning of each of the factors. High loadings provide
meaning and interpretation of factors. We select the 3
factors, such as:
Factor 1: Form of organization
Factor 2: Role of musical director / Role of each
player
Factor 3: Effectiveness of structured information
model
In particular, the observed variables such as
‘Creativeness’ and ‘Effectiveness’ are have the strong
correlations with Factor 2 and Factor 3. Our proposed
methodologies have close relation with these factors, and
consequently these methodologies are feasible for
satisfying the required properties。

X

1.0

Y

Figure 9. Self-synchronization (time-based)

CONCLUDING REMARKS AND FUTURE WORK
We have shown a very effective methodology based
on the hybrid organization, rolls of musical director and
each player, process flow. We would like to emphasize
that our proposed methodology will satisfy the required
properties in the knowledge-based services including the
Government, business, education and other areas. Finally,
it is evident that uncertainty on the result of the
experimentation should be expressed in a more elaborate
manner than with the straightforward local analysis of the
importance of the individual arcs. These issues will be
addressed when developing future versions of the data
analysis.
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(3) Self-synchronization (time-based)
We evaluate the degree of self-synchronization in the
case of musical ensemble without conductor compared to
musical ensemble with conductor in time (i.e., interval)
base. As a most remarkable interval variable example, we
select the piece of ‘Serenade for string ensemble, P. I.
Tschaikovsky’ in which ‘stringend part (4 bars),
ritardando part (4 bars), and ‘fermata part’ are played in
succession. Square mark in Figure 9 show the results of
musical ensemble with conductor in normalized values,
while triangle mark the case without conductor. Both
cases, time-based deviation are with in the standard
deviation, while normalized interval of the case without
conductor is distributed wider than the case with
conductor, due to the voluntariness.
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prediction, fault correction, and other auxiliary services
that are also important but have already been extensively
used in other domains also, such as logging and
messaging. There are also code units inside the functional
system that communicate with the FM system. These units
are referred to as Monitoring Points. They could have
varying capability levels, as a design issue for the
reference architecture. We selected them not to carry
intelligence, but to have configuration capabilities.
Figure 1 depicts the layered structure of the reference
architecture for FM systems, connected with the
functional system. The top part of the diagram is
dedicated for the layers of the FM whereas some of this
concern is also represented in the bottom-most layer that
is the application where the application holds monitoring
points and checkpoints that can be considered as part of
the fault management system (Dogru et al., 2011).
Checkpoints are also being part of Checkpoint and
Recovery System (CRS).
Checkpointing is a technique has been used to
improve the tolerance against systems faults. In case of a
fault, the unit to employ checkpointing is desired to return
to an acceptable former state without losing any critical
information.
Basically the checkpointing operation
includes saving of the state during normal operation and
retrieving of the saved state information and bringing the
unit back to operation.
During operation, the
instantaneous state information is saved either periodically
or just before entering a critical section. The state of the
complete system that is target of checkpointing is saved at
a storage that is not volatile. Although the mechanism is
considerably complex, there are approaches for acceptable
applications to even embedded systems. There are
approaches for reducing the critical sections and the
memory area to save, such as memory exclusion.
Additionally, the options to statically (at load time) or
dynamically (during run time) (Oliner et. al, 2006)
determine the saving frequency can be considered
(Ranganathan and Upadhyaya, 1994). The cost of
checkpointing depends on the amount of information to be
saved and the bandwidth of the medium.
The reference architecture is based on a recent
approach to Software Product Lines (SPL), combining
Domain Specific Engines (DSE) to be configured for

ABSTRACT
This research presents the partial design of a
Checkpoint and Recovery System (CRS) that is developed
as a component of Fault Management systems meant for
supporting different real time applications. The CRS is
compatible with the Software Factory Automation
approach suggesting an architecture that comprises a set
of connected Domain Specific Engines that are capable of
interpreting the DSLs. Various components of this
research has been implemented in industrial settings and
published before, including the architecture. The CRS
partially introduced here covers the operations of
recovering system from fault to be conducted over various
embedded mission critical systems.
INTRODUCTION
Software carries defects. Except for trivially small
and simple applications, it is not possible to prove that an
application is error free and it is generally accepted that
bugs cannot be completely eliminated. These errors also
referred to as defects once the application is delivered to
the user, cause faults during execution. For some
applications, such faults are tolerable – starting the
program all over is acceptable. However, for other
applications, faults are not acceptable; they can lead to the
termination of the mission, causing material losses and
even human life. As a result, techniques are necessary for
fault tolerant designs: since it is not possible to eliminate
errors, effort should be dedicated to prevent their causing
faults or to prevent the faults inflicting serious
consequences to the system. It is possible to design
software for tolerating faults (Tekkalmaz et al, 2008).
A Fault Management (FM) infrastructure is desired to
be modified and adapted to various application
environments. Thus it is important to manage the variance
among the different adaptations that will result with
different products of the same family. Domain Specific
Kits (DSKs) were proposed as the important constituents
of this reference architecture to support a Software
Product Line. DSKs contain domain specific inherence
engines. The solution framework suggests a layered
organization for the functional areas of fault domain such
as fault monitoring, fault detection, fault diagnosis, fault
1
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producing an output message for the outside world is
called Output Commit. The message deadline that is sent
to the device is a very important issue for such embedded
real time systems. The sample system model is shown in
Figure 2.
There are some problematic issues in this type of
systems during the checkpoint and recovery operations.
The most important of these is likely to arise during the
recovery and is called checkpoint inconsistency. Figure 3
depicts consistent and inconsistent states in a system
taking periodically checkpoints.
Message passing systems requiring inter-process
backward recovery operations (rollback recovery) are
quite complex. The failure of one or more of the processes
in the system raises the need for other processes to
rollback. This process is generally called Rollback
Propagation. Orphan message is an example for Rollback
Recovery. A typical example of an orphan message is
indicated in Figure 3.
There are three different checkpoint based recovery
methods: Uncoordinated, coordinated and hybrid. The
first one gives the full autonomy to the process so that
each process takes its checkpoints independently. In the
second method there is a coordinator process that manages
other processes in cases of both the checkpoint and
recovery operations.
The process coordinates their
checkpoints in order to save a system-wide consistent
state. This consistent set of checkpoints can be used to
bind the rollback. The last one that is the hybrid method
enjoys the advantages of both previous methods. In this
research we are reporting the partial design of a
checkpoint and recovery system supporting the hybrid
method.
The checkpoint level is an important issue for the
designing phase. Generally there are two checkpointing
mechanisms available in the literature based on their level
for implementation: kernel-level and user-level. Kernellevel checkpointing is provided by operating system and
user-level utilizes checkpoint libraries. They have
different levels of transparency, complexity, portability
and performance characteristics. Transparency means
whether user applications need to be modified, recompiled
or relinked (Byoungjip, 2005). Our CRS system supports
both levels. However, a bigger weight of our design will
be allocated to the kernel-level. With the help of this
approach, the CRS will both have the ability to access any
information from the kernel and the benefit from available
checkpointing capabilities. Although this new approach
reduces modularity, it will increase autonomy and
manageability of the FM.
Since all RTPs are known in advance, we are using
the “offline checkpoint” method. This method is
especially suitable for real-time systems. Since we know
all the behavior of the processes beforehand, unexpected
circumstances will be eliminated. All checkpoint periods

implementing variants and accepts rules as input
(Tekkalmaz et al, 2008), to do so. The rules are stated
complying with the syntax of a Domain Specific
Language (DSL). The DSEs are responsible for every
aspect of execution of the final system that includes the
interpretation of the rules requiring some inference power.
REFERENCE ARCHITECTURE
Actually, DSEs are part of DSKs as proposed in the
Software Factory Automation approach (Altintas et al.,
2007) and they also are supported with domain specific
tools (DST). The environment supports the development
of artifacts on DSEs that can be combined to form the
software assets that are reusable across products, and even
across domains. The idea is to ease the forming of many
Software Product Lines.
The flow arrows in Figure 1 correspond to messages
that are responsible for carrying information and control.
In general, after the start-up configuration, information
continuously flows from the application towards the
higher-level functions, through monitoring and detection.
When a corrective action is required, the flow is reversed,
from the higher-level functions towards the application:
Diagnosis or Prediction functions decide about the
corrective action to be taken and dispatch this command
to the Correction unit. In the correction unit there are
several corrective actions with Checkpoint and Recovery
being two of them. Actually most of the functional units
can be repeated in a distributed manner, based on the
nature of the application.
The CSR will be implemented as a separate part at
the correction (repair) layer of the FM architecture. In
case of failure occurring in any part of the system, the last
saved state of internal state of the system will be restored
for resuming the operation. This process usually is
performed either by restarting just the faulty task or
rebooting the entire system sometimes based on some
parameters. This process may take a few seconds
depending on the complexity of the task to be restarted
and bandwidth of the storage unit in typical applications.
However, this simple method can provide a good
protection for only temporary failures. If a design error
that causes a malfunction of the system will continue to
provide this failure, the recovery process will be repeated
continuously.
THE CHECKPOINTING AND RECOVERY
SYSTEM
In this study, checkpointing is implemented through
the help of control points over a process-based event
management. The system consists of fixed real-time
processes (RTP) that communicate with each other only
through messages. Interaction with the outside world will
be carried out by input and output messages. In this
system outside world may be a device and the process of
2

654

functional system. Some of the FM units will be in the
close proximity to the application units that require heavy
message traffic to monitor. The FM functions represented
in Figure 1 are implemented in the components that are
distributed along the application architecture, in Figure 4.
Actually, the most distributed component of the FM
system are the Monitoring Points. Some higher-level
units can also be distributed, rather than only being
provided as a single and central unit. For example, there
can be DSEs for managing the monitoring function for
only one node of the application: this is for managing the
heavy message traffic, and hierarchically organize the
collection of the monitoring messages.
Similar to the monitoring needs, checkpointing and
recovery operations are one of the closest operations to
the application. Frequent gathering of state information
and saving it requires being close to the application units.
Therefore, CRS units may need to be distributed along the
application.

will be determined in the design phase so that process
deadlines cannot be missed.
The CRS at this stage does not need a process
migration mechanism. However, in critical situations,
such as constrained memory and space management,
process migration will need to be considered. Since the
multiplicity of checkpoints to be taken will increase the
size of stored data, we are going to use some techniques
such as size reduction and memory exclusion. In case of
space availability, there may not be any need to use these
techniques to increase the performance and speed.
The CRS will be optimized by using some latencyhiding techniques in terms of performance and speed
issues. Copy-on-Write and Main-Memory techniques will
be used as latency-hiding methods. Forked-Diskless
(Copy-on-Write) checkpoint mechanism can be the most
applicable method for our system model. Actually diskless
checkpointing is a coordinated checkpoint method (Plank
et al., 1998). With diskless checkpointing, the processes
save their states in memory, rather than on disk. Although
memory usage is the disadvantage of this method, it is a
rapid method. The CRS will use forked-diskless method
in order to meet process deadlines. In the forked-diskless
checkpoint method the application clones itself so the
clone becomes the diskless checkpoint. To roll back, the
application overwrites its state with that of the clones, or
if possible, the clone merely assumes the role of the
application. With the help of this method, implementation
will be easier, including the saving of all process states.
A typical design phase of a CRS will include the
development of a dependency graph for all of the RTPs in
the system. This graph is called Real-time Process
Dependency Graph (RPDG). This graph is used to
determine when the RTPs will be copied and also it will
be used in rollback recovery operations.

CONCLUSIONS AND FUTURE WORK
Checkpointing capabilities are in the process of being
added to the existing Fault Management (FM) Product
Line infrastructure. The design partially presented here is
first being verified by implementations. Since the
infrastructure is operational with other aspects of FM, the
authors are feeling optimistic for the success of the new
research and development as well, despite the bigger
complexity of this new capability when compared to the
existing FM capabilities that were implemented before.
An important issue to investigate is the location for saving
the states, including the hardware media options such as
non-volatile semiconductor memory that is not part of the
current
system
configuration.
The
current
implementations are targeting a proof of concept and for
the time being they are limited to saving the checkpoint
information at a central location that is close to the
Operating System. This current status needs improvement
with the options to explore that is the distribution of such
state repositories at different physical locations.

CURRENT STATUS
The reference architecture is mostly implemented in
ASELSAN, the leading defense company in Turkey,
developing software intensive systems including their
hardware. Most of the language issues have been
developed except for the new capabilities involving
patterns that correspond to timely ordered events for
consideration in the condition part of the rules. By
employing patterns in the language, it will be versatile to
express time dependent series of events to cause an action.
Fault management sub-systems are currently operational
in
different
embedded
real-time
applications.
Checkpointing is in its design stage. Some part of the
CSR system will be applied to applications running on the
VxWorks Operating System. Distribution of nodes and
Fault Management functions are shown in Figure 4. Here,
the architectural units that provide the FM functionality
are shown as distributed in the nodes of a network. The
FM units will have to adapt to the architecture of the
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Fig.4 Distribution of nodes and Fault Management functions including Checkpointing and Recovery

7

659

SDPS-2011
Printed in the United States of America, June 2011
©2011 Society for Design and Process Science

ENGINEERING 6000 B.C.E. TO TODAY
Thomas E. Kollman
Department of Computer Science
College of Arts and Science
Texas A&M University – Commerce
Commerce, Texas 75428

engineering examples in this paper. “The history of
engineering depicts a section of that central theme of
history which reveals the development of
civilization.”

ABSTRACT:
Engineering has been around in some form
since prehistoric times. There are many examples of
engineering in this paper. The history of engineering
began to evolve in the food producing eras after 6000
B.C.E.
The hunting of animals, fishing, the
protection of man and family led to even more tools
and weapons. Soon camels, oxen, horses, donkeys
and other animals were used to assist in the growing
of crops for food. Irrigation, trees, and cultivation of
plantings all led to the design of different tools and
the start of fabricating machines to assist man in the
process.

[ 2]
(McClellan and Dorn, 2006) Prehistoric
times are considered to be from biological beginnings
over 2 million years ago in the Paleolithic age to the
origins of civilization in the Neolithic age
approximately ca. 10,000 - 6000 years ago with the
translation to civilization and the advent of written
records traditionally mark the commencement of
history proper.
[ 3]
(Kirby, R.S. et al., 1990) In ca. 6000 B.C.E.
- 3000 B.C.E.: the prehistoric times were also known
as the food-producing revolution, men and women
had to be ingenious to survive from hunger, enemies,
wild animals and the weather. We believe there have
always been “engineers” around. They were not
involved in activities that we would associate today‟s
engineers with but with hunting, farming, fishing,
fighting, tool-making, transportation, and all other
tasks needed for survival.

Soon villages, towns and cities were
established and this led to building the roads,
waterways, bridges, fortifications and weapons to
protect from invasion and thievery. All of these
items led to engineering being established even
though it was not called that in these times.
The road continues on through into the
twenty first century and examines the increase in
different engineering programs. With all of the
programs it becomes more difficult because of the
many different fields of engineering there are and
how to communicate of them with the workforce,
governments, management and public. The emphasis
has become first disciplinary, then intradisciplinary
and interdiscipline, multidiscipline and moving now
into transdisciplinary forms of engineering and
projects.

[ 4]
(McClellan and Dorn, 2006) This was
occurring in several areas of the world; Including the
Near East, India, Africa, North Asia, Southeast Asia
and Central and South America. The classic example
of the growth in the Neolithic period was best noted
in the Near East town of Jericho, which by 7350
B.C.E. already had become a well-watered , brick
walled city of 2,000 plus tending flocks and plots in
the surrounding fields. Jericho had a tower nine
meters high and ten meters in diameter.
Its
celebrated walls were three meters thick, four meters
high and 700 meters in circumference. The walls
were necessary because of the surplus stored behind
them attracted raiders.
Clashes between the
Paleolithic and the Neolithic peoples were occurring
repeatedly in disputes over territory and the capturing
of people and supplies.

Determining the skills involved that must be
used to accomplish the projects being pursued. That
is the goal that brings the solid results allowing
progress and success to happen.

INTRODUCTION:
[1]
(Kirby, R.S. et al., 1990) Engineering has
been around in some form(s) since prehistoric times
and we will attempt to give mention to many of the
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[5]
(Kirby, R.S. et al., 1990) The simple
implements and survival tools led to the development
of the dredges, wedges, wheels, and levers along with
the use of animals to carry and draw the loads and to
work the fields with the farmer. The world started to
open up to be able to work the mines, fire up the
ovens to create new things, dig the irrigation canals
to allow for more farming and to increase the access
to other areas with roads, bridges and canals.

ranged from Northern Europe down into Northern
Africa, the Middle East, and into Asia Minor as far as
the Caspian Sea. There period of power and influence
continued from ca. 1000 B.C.E. thru 4th century C.E.
[11]
(McClellan and Dorn, 2006) The Chinese
during the period ca. 6000 B.C.E. – 400 C.E. have
been credited with the development of the
wheelbarrow, the rotary fan, the sternpost rudder that
guided their bamboo rafts and later on their junks.
They also began making paper from vegetable fibers
and invented gun powder. They perfected bronze
casting techniques during the Shang (Yin) Dynasty
which was from ca. 1520 - 1030 B.C.E.

[6]
(Kirby, R.S. et al., 1990) Ca. 3000 - 2000
B.C.E., the appearance of the urban society with
permanent homes and crops being grown. Man
began to domesticate and we start having some
records of what the world was like and can see that
there were some “engineers” around. The pace of
development also began to increase rapidly about that
time.

[12],
(McClellan and Dorn, 2006), The Great
Wall of China was built during the late third century
B.C.E. under the Han Dynasty. During this dynasty
there was a large trade business in iron and salt
between China and the rest of the world. This means
they were active in the heavy mining operations. In
farming the 2nd Han Dynasty developed irrigation
schemes which substantially raised the agriculture
capabilities and the population of the country. [13],
(Pacey, A., 1991), Third century C.E. saw anarchy
and lawlessness as the empire disintegrated. The
country was split into the three dynasty areas that
were ruling at that time and they started fighting
against one another for the next fifty years as they
followed the western pattern of moving into the dark
ages.

[7]
(Kirby, R.S. et al., 1990) Geographically,
these developments took place in and around the
Mediterranean, in the
Middle East and in Asia
Minor. Pyramids were built in the Nile Valley of
Egypt. In fact the “Seven Ancient Wonders of the
World” were in an area of less than five percent of
the land area of the world and located in four
countries on or near the Mediterranean.
[8]
(Kirby, R.S. et al., 1990) The Greeks were
the inventors of the period and made significant
contributions in during the three thousand years that
they were a world power. They produced the screw,
the ratchet, the water wheel and Hero's steam
aeolipile. This was a primitive steam reduction
turbine which consists of a hollow globe pivoted so
that it could turn on a pair of hollow tubes through
which steam was supplied.

[14]
(Kirby, R.S. et al., 1990). The so called
“Dark Ages” from roughly 500 C.E. to 1500 C.E. that
followed still produced some things that were
ingenious. For example, there was the development
of the mechanical clock and the art of printing. There
was the technique of heavy iron casting that could be
applied to products for war, religion and industry –
for guns, church bells, and machinery.

[9]
(McClellan and Dorn, 2006) The Bronze
Age appeared on the Salisbury Plain in Southwest
England with the building of the most famous
monument “Stonehenge” which has been determined
to have been built in three major phases by different
groups over a 1600 year period from 3100 B.C.E. to
1500 B.C.E. The word “Stonehenge means hanging
stone,” and transporting, working and erecting the
huge stones represent a tremendous technological
challenge. The labor entailed an estimated 30 million
man-hours that is equivalent to a year‟s labor for
10,000 workers.

[15]
(Misa, T.J, 2004), These “Dark Ages” were
followed by the Renaissance of the 16th century,
which the engineer, inventor, and artist Leonardo
DaVinci dominated. But this whole period came
under the influence of the architects and engineers,
who built cathedrals and large buildings, and the
military engineers who built castles and other
fortifications.
[16]
(Pacey, A., 1991), Three Industrial
movements took place between 1700-1815 in parts of
Europe and Asia. Populations doubled during this
time in these areas. The increase came after the
epidemics and wars of the fourteenth century and
took populations to unprecedented levels especially

10

[ ]
(McClellan and Dorn, 2006) The Romans
were the improvers and adapters, building
fortifications, roads, aqueducts, water distribution
systems and public buildings across the territories
and cities they controlled. The Roman influence

2

661

SDPS-2011
Printed in the United States of America, June 2011
©2011 Society for Design and Process Science

in requirements for food, fuel and timber. Many new
crops were introduced and the size of farms
decreased in Asia. New crops were introduced from
the Americas and contributed to the increased food
production. Some of the new introductions were
white potatoes, sweet potatoes and maize. It has been
argued that these products were what allowed the
world population to increase so rapidly. Farmers
were also achieving increased production in the West
and in China. There were also increases in steam
engines, iron and coal because of the rising
populations in Britain and China.
Thomas
Newcomen invented the steam engine in 1712 and
John Smeaton improved on this invention in the
1770s.
China had developed coke-fired blast
furnaces several centuries earlier and this allowed for
rapid expansion of iron production. In 1760 this
industry became a real success after quality control
was improved.

This did not leave many available to tend the farms
and the crops; slavery was one way to solve the
shortage of help. As we know today that was not the
right answer but hindsight is always much clearer.
[20]
(The Lewis & Clark Expedition, 1998),
United States of America (USA) President Thomas
Jefferson commissioned the Corps of Discovery as a
scientific expedition to explore the newly acquired
Louisiana Purchase. The expedition‟s stated goal
was “to explore the Missouri River and such
principal stream of it as by its course and
communication with the waters of the Pacific Ocean,
whether the Columbia, Oregon, Colorado or any
other river that may offer the most direct and
practicable water communication across this
continent for the purpose of commerce.”
President Jefferson selected U.S. Army
Captain Meriwether Lewis, his aide and personal
friend to lead the Corps of Discovery. Lewis selected
2nd Lieutenant William Clark as his partner. The two
led the way when they spent three years (1804-1806)
surveying the newly purchased property. This was
also only the third time that an expedition crossed the
North American Continent from the Atlantic Ocean
to the Pacific Ocean.

[17]
(Kirby, R.S. et al., 1990). During the period
1750 to 1850, the Industrial Revolution in Western
Europe dominated the evolution of engineering. It
was significantly influenced by Savery, Newcomen,
Watt, and Trevithick and their steam engines; by
Whitworth and the development of screw-cutting and
other machine tools, machinery for the mass
production of industrial goods; and in the new system
of transportation, the railways by Stephenson, Brunel
and others. It also saw the beginnings of formal
engineering education, notably in France and the
development of a new profession titled, civil
engineering, in which „civil‟ essentially means „nonmilitary.‟ The following 50-60 years saw the
beginning of travel by air, and experiments that led,
much later, to nuclear power.

[21]
(Derry, T.K. and Williams, T.I., 1960). This
was followed shortly with the War of 1812 against
England. This war was followed by an influx of
immigrants many who settled in remote areas of
western America. The building of railroads and
opening of trails to the lands of the Louisiana
Purchase helped to promote this migration. The Civil
War, 1861-1865 between the northern and southern
states ended the issue of slavery. The decisions that
had been made earlier on brought us to a Civil War.
We had a lot of engineering things happen during the
first 100 years of the USA but it was not until the
second hundred years that we really saw things take
off. It was only after this time and as we began to
rebuild and relocate that allowed the problems to
settle and the country to progress so rapidly over the
next one hundred years.

[18]
(Kirby, R.S. et al., 1990), The development
in the United States of America (USA) and Canada
followed similar steps. The USA was expanding
across the country with minimal roads and long
wagon journeys for those moving west.
The
American expansion occurred shortly after the
Revolutionary War ended in latter part of the 18 th
century. Shortly after the war ended the Louisiana
Purchase (1803) was negotiated with France and we
picked up a very large part of the USA. All this land
was to be appraised.

[22]
(Kirby, R.S. et al., 1990). Since 1875 it has
been a runaway train of progress except for a few of
steep hills. They occurred in 1914-1918 with WWI,
1929-39 with the Great Depression, and 1939-1945
with WWII.
There have two or three other
slowdowns but they have just been short cutback
periods.
From an engineering, science and
mathematics perspective it has been “Full Speed
Ahead.”

[19]
(Derry, T.K. and Williams, T.I., 1960), In a
country where there was not a large population, only
approximately 4 million total in the United States at
the time. The 1790 census showed 3.8 million. The
United States was developing crops such as Cotton
and Sugar, plus the start of industry such as rubber
and sewing machines and steam power equipment.
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[23]
(Derry, T.K. and Williams, T.I., 1960), In
Canada, the aboriginal peoples dealt with the
problems of survival and food production in a mostly
hostile climate and with an early form of water-borne
transportation the canoe. When the Europeans came
early in the 17th century, they adopted much of the
indigenous technology, as well as techniques
borrowed from military engineering in Europe. For
the Canadians during the latter part of that century,
the influence of British military engineers increased
significantly, and this continued into the early 19th
century. The advent of the civil engineer – and of the
mechanical engineering tradesman – was a mid-tolate 19th century phenomenon.

neoprene and nylon. “Better Things for Better Living
through Chemistry” was the DuPont slogan. A
national study determined that only ten out of twenty
five major product and process innovations resulted
from in-house research while fifteen came from
acquisition of outside inventions or companies.
[26]
(Kirby, R.S. et al., 1990). In 1901 General
Electric saw its laboratory as a way to internalize
innovation. They had suffered the expiration of their
Edison-era patents on carbon-filament light bulbs,
and faced determined competitors with new and
promising designs. GE founded its laboratory to
head off future technological surprises. They initially
hired sixteen chemists and physicists: their task,
directed by Willis Whitney, was to build a better light
bulb. In 1904 the laboratory produced a major
improvement in the carbon filament, dubbed
“General Electric Metalized.” Yet even with the
GEM Bulbs, the company had to purchase patent
rights from outside inventors; in 1907 it paid two
German companies $350,000 for patent rights and in
1909 an additional $490,000 for the use of tungsten
filaments. This expensive situation persisted until
1912 when, after years of concerted work, one of the
laboratory‟s chemists patented an improved method
for making long lived tungsten filaments.

2nd Industrial Revolution
[24]
(Kirby, R.S. et al., 1990). In the United
States, besides financiers, the most important agents
of the industrial stability were scientists and
engineers. Industrial scientists and science-based
engineers stabilized the large systems by striving to
fit into them and solving the technical problems
deemed critical to their orderly expansion. Neither of
these professions existed in anything like their
modern form as recently as 1870. During the second
industrial revolution, engineering emerged as a
profession. National societies were founded in the
U.S. by mining engineers (1871), mechanical
engineers (1880), electrical engineers (1884), and
chemical engineers (1908). Industrial scientists were
also created in these decades. In German chemical
industry the “scientific mass-labor” needed to
synthesize and patent new dyes in the 1880s led to
the first large-scale deployment of scientists in
industry. Similar models of industrial research
appeared a decade later in the United States, with
full-scale industrial research laboratories being
organized by General Electric in 1901, by DuPont in
1902, and AT&T in 1911.

The success of fitting science into industry
at GE must be largely credited to Willis Whitney.
Whitney came to GE with a German doctorate in
physical chemistry, a lucrative patented process of
his own for recovering solvents, and an
unsatisfactory experience teaching at MIT. He
arranged for his laboratory‟s Ph.D. Scientists to have
plentiful equipment, ample intellectual leeway and a
stimulating environment that gave them access to
journals, colloquia, and brisk discussion. Whitney‟s
strong encouragement toward research work relevant
toward company‟s commercial concerns was
legendary. The results were not the scientist‟s own.
“Whatever invention results from their work becomes
property of the company,” Whitney stated in 1909.
“I believe no other way is practicable.”

[25]
(Kirby, R.S. et al., 1990). In 1900 there
were hundreds of laboratories in U.S. industry but no
“research and development” laboratories as we know
them. Edison laboratories in Menlo Park and West
Orange had been extensions of Edison‟s personal
drive for innovation more than they had been
established on-going efforts. If Edison was absent
the laboratories would set dormant awaiting his
return.
The desire for new products and new
processes were frequently touted as the chief
inspirations for industrial research, but that is only
part of the story. DuPont invested heavily in
industrial research beginning in the 1920s and loudly
publicized its successes with such products as

Whitney also took considerable pride in
hiring Irving Langmuir, easily GE‟s most renowned
scientist.
Langmuir, after teaching at Stevens
Institute of Technology, began research at GE in
1910 to perfect and patent a gas-filled light bulb. The
so-called Mazda bulb brought GE stunning profits of
$30 million a year. In 1928, thanks to its Mazda bulb
sales, GE held 96 percent of the U.S. market for
incandescent bulbs. Langmuir‟s follow up research
on the surface chemistry of such bulbs brought him a
Nobel Prize in 1932.
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[27]
(Kirby, R.S. et al., 1990).
The MIT
Technology Plan of 1920 had the effect of implanting
Chairman of Electrical Engineering, Dugald
Jackson‟s model of industrial consulting on the entire
institute. On balance the plan was not a well thought
out initiative. The institute had vacated its previous
facilities I Boston‟s Back Bay and built a new
campus in Cambridge on the Charles River. The
move to Cambridge had been expedited by an
agreement made in 1914 to share a large bequest
given to Harvard University by the shoe
manufacturer Gordon McKay. In 1919 the state
courts struck down the terms of the Harvard-MIT
agreement and the McKay funds ceased. MIT was
plunged into a financial crisis. Making matters worse
the state legislature also cut off its appropriation to
MIT of $100,000 a year.

MIT‟s focus in electrical engineering had
also shifted into pharmaceuticals, automobiles, steel,
radio, and photographic industries.
The most
important pattern was the underlying Sociotechnical
innovations of research laboratories, patent litigation,
and the capital intensive corporations of sciencebased industry.
[28]
(Kirby, R.S. et al., 1990). No other force
had a greater influence in defining and shaping
technology than the military over the last eighty five
years of the twentieth century. In earlier eras of
modernism and systems, independent inventors,
corporations, designers, and architects played the
leading roles in developing the culture shaping
technologies as electricity, synthetic dyes,
skyscrapers, motor vehicles, and the household
technologies, while European governments and
trading companies had dominated the era of
imperialism. But not since the era of industry began
had a single force stamped a more indelible imprint
on technology.

In response, George Eastman offered $4
million in Eastman Kodak stock, if MIT could raise
an equal sum by January 1920. Raising this large of a
sum was not realistic through individual donors and
this led President Maclaurin to turn to industry. In
effect his Technology Plan cashed in on MIT‟s
faculty members, laboratories and libraries, and
offered them up for solving industrial problems.
Each company receiving access made a financial
contribution to MIT. Had MIT been allowed to coast
on the McKay endowment they would not have been
forced to turn full face to American industry and
become deeply engaged with its real problems. The
one group that gained immensely from this incident
was the electrical engineering department because of
Harold Hazen‟s work on the network analyzer. By
1929 Hazen was still closely working with GE and
GE and MIT built a new analyzer in MIT‟s Building
10 covering the entire third floor and capable of
studying large scale electrical power grids. During
the next ten years thirteen major power companies
used these facilities because the analyzer had such
great capabilities. MIT moved up from 1939 to 1940,
a coalition made up of nine utilities were busy
studying a bold proposal for a nationwide electrical
grid and they paid for a massive upgrading and
expansion of the facility. With WWII occurring and
many new advancements in electrical engineering,
the analyzer was no longer being used by MIT for
educational purposes and was used almost 100% by
the power companies. A decision was made to sell
the analyzer facility and Jackson & Moreland
purchased it and shipped it to Puerto Rico. Hazen‟s
tenure as the department head came to an end in
1952.

We can imagine a world in 1890 without the
technologies of empire, but it is difficult to envision
the world in 1990 absent of such military-spawned
technologies as nuclear power, computer chips,
artificial intelligence, and the internet. Likewise it
was military-derived rockets that boosted the Apollo
missions to the moon and military-deployed satellites
that paid for the space shuttle missions. From the
1950s through the 1980s such stalwarts of the “high
technology” (military-funded) economy as IBM,
Boeing, Lockheed, Raytheon, General Dynamics, and
MIT numbered among the leading U.S. military
contractors. Lamenting the decline of classic profit
maximizing capitalism, industrial engineer Seymour
Melman termed the new economic arrangement as
contract-maximizing “Pentagon capitalism.” During
these years of two world wars and the Cold War, the
technology priorities of the United States, the Soviet
Union, and France and to a lesser extent England,
China, and Germany, were in varied ways oriented to
the “means of destruction.”
What was new in the twentieth century was
the pervasiveness of technological innovation and its
centrality to military planning. This was true during
the period of active world war between 1939 and
1945, as military officers, scientists, engineers, and
technology-minded business-men forged new
relationships that led to the “military-industrial
complex” (named by President Dwight Eisenhower,
an ex-general himself), and also during the prolonged
Cold War (1947-1990) that followed. The great
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powers‟
universities,
technology
companies,
government institutes, and military services
committed themselves to finding and funding new
technologies in the hope of gaining advantage on the
battlefield or in the Cold War‟s convoluted
diplomacy. Above all, for military officers no less
than researchers, military technology funding was a
way of advancing one‟s vision of the future and often
enough one‟s own career.

research at the stages of conceptualization, design,
analysis, and interpretation by integrated team
approaches.
[32]
(Bruce et al., 2004), defined multidisciplinary research as each discipline working in a
self-contained manner whereas with interdisciplinary
research, an issue is approached from a range of
disciplinary perspectives integrated to provide a
systemic outcome. Bruce et al. then defines the
notion of transdisciplinary research as the
organization of knowledge around complex
heterogeneous domains rather than the disciplines
and subjects into which knowledge is commonly
organized.

[29]
(Klein, J.T., 2004), defined the terminology
of multidisciplinary, interdisciplinary and transdisciplinary approaches as:






“Multidisciplinary approaches -juxtapose
disciplinary / professional perspectives,
adding breadth and available knowledge,
information, and methods. They speak as
separate
voice,
in
encyclopedic
alignment…”

[33]
(Lima de Freitas, E. Morin and B.
Nicolescu, 1994). “Transdisciplinary refers to
knowledge that exists in every individual thus
eliminating the need for discipline boundaries”.
[34]
(D. Stokols, et al., 2005), defined
transdisciplinary science as collaboration among
scholars representing two or more disciplines in
which the collaborative products reflect an
integration of conceptual and/or methodological
perspectives drawn from two or more fields.

“Interdisciplinary approaches - integrate
separate disciplinary data, methods, tools,
concepts, and theories in order to create a
holistic view or common understanding of
complex issues, questions, or problem…”
Theories of interdisciplinary premised on
unity of knowledge differ from a complex,
dynamic web or system of relations.”

Transdisciplinary Research
Taking a step further, we can understand
how the practice of transdisciplinary research (TDR)
transcends the narrow scope of disciplinary views.
[35] (Petts, et al., 2008). It challenges the existing
boundaries and updates the map. TDR leads to the
evolution of disciplines and gives us outcomes that
are greater than the sum of the parts. [36] (Klein, J.T.,
(2007). This TDR process not only integrates across
disciplines but includes a group of approaches that
can generate new, comprehensive knowledge and an
overarching synthesis. TDR‟s objective is directed at
understanding complex issues. Some key examples
of the research processes dealing with complexity
include: general systems theory, structuralism, policy
sciences, socio biology, feminist theory, and
transdisciplinary design and process systems.

“Transdisciplinary approaches - are
comprehensive frameworks that transcend
the narrow scope of disciplinary world
views through an overarching synthesis,
such as general systems, policy sciences,
feminism, ecology, and sociobiology…”

“All three terms evolved from the first OECD
international conference on the problems of teaching
and research in universities held in France in 1970.”
[30]
(Burger, P. and Kamber, R.
2003),
characterized transdisciplinary science as cognitive
and social cooperation across disciplinary
boundaries; an intention towards the direct
application of scientific knowledge in both political
decision-making and societal problem-solving. The
participation of non-scientific stakeholders within
research processes.

Transdisciplinary Knowledge, can be
generated by crossing diverse knowledge cultures
(engineering, natural science, social science and
humanities). See Figure 1. This process may provide
a shared common collection of knowledge to enable
us the discovery of new approaches in education and
research that lead to alternative solutions for the
difficult problems that face civilization. It is true to
say transdiscipline is not a new discipline. What is
clear is that the world problems are getting more

[31]
(Peterson, L.C. and Martin, C. 2005), stated
that interdisciplinary research has not produced a
combination or synthesis which would go beyond
disciplinary boundaries to produce innovative
solutions to policy questions.
However, transdisciplinary approaches call for a synthesis of
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complex to solve, and there is a need for new tools
and methods to deal with difficult problems. The
disciplinary approach is not adequate to deal with
them. The transdisciplinary research process can be
developed in direct analogy with a system of systems
(SoS) approach. The description of a SoS is shown
in Figure 1 on the last page in this paper.

See Figure 2 chart System of Systems
Interoperability Execution in the figures section in
back of the paper.
Transdisciplinary
Interoperability
enables
relationships among disciplines: (Adapted from
reference [38] (Kollman, T., 2010).

“System of Systems (SoS)”
[37]
(Broadman., et al., 2006),“System of
systems is a collection of task-oriented or dedicated
systems that pool their resources and capabilities
together to obtain a new, more complex, „metasystem‟ which offers more functionality and
performance than simply the sum of the constituent
systems.”



Integration enables relationships and ensures
synergy of the participant disciplinessyntactic and semantic interoperability



Unifies the participant disciplines to achieve
desired holistic behavior



Syntactic-ability to exchange data among
the diverse disciplines

A similar analogy can be used for
transdiscipline (Discipline of Disciplines (DoD)).
This process pools resources and capabilities of
diverse disciplines together to obtain a new shared
common collection of knowledge to enable us the
discovery of new approaches that lead to alternative
solutions for the growing complexity of today‟s
grand challenges. As defined in the SoS approach,
performance of DoD depends on how diverse
disciplines work together not how each of the
disciplines perform when considered separately. We
can also state that selectively and collectively
organizing of DoD (integrated disciplines) connect to
provide a research capability that is greater than the
sum of the contributing disciplines.



Semantic-ability to use and understand the
data among the diverse disciplines (shared
concepts, methods and tools)

See Figure 3 - Transdisciplinary Interoperability
Execution chart in the back page section of figures.
Generic Activity based Transdisciplinary Research
Process: Figure1 can be expanded to develop a
Generic Activity based Trans-disciplinary Research
Process Frame-work as shown on the last page as
Figure 4. [39] (Ertas, A.,2010).
In the transdisciplinary research, activity interface is
the heart of the process. The key research arm of the
TD-RP must be carefully developed. In other words,
identify:

In the SoS approach, to deal with complex
problems other fields will need to be drawn upon for
methods, insights, and models. Similarly, in the
transdisciplinary approach, to deal with complex
problems, common shared concepts, methods and
tools from diverse disciplines are used. Observing
that the SoS approach has many parallels with
transdiscipline (DoD), we can now adapt the
framework developed for many years for SoS to
DoD.
SoS-Interoperability enables relationships among
systems:


Integration enables relationships and ensures
synergy of the participant systems-syntactic
and semantic interoperability



Unifies the participant systems to achieve
desired holistic behavior



Syntactic-ability to exchange data



Semantic-ability to use and understand the
data



Research fellows: identifies the research
experts



Field researchers:
problem



Facility based researchers: brings knowledge
and resources



Key team to resolve issues

identifies

research

For successful TD-RP, there is a need for:


Strong leadership and commitment



Expertise and effective process and control



A culture to survive and be effective
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Bi-directional collaboration



Trust and
researchers
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TRANSDISCIPLINARY SYNTHESIS AND COGNITION FRAMEWORKS
John N. Carbone, James A. Crowder
Raytheon
1200 S. Jupiter
Garland, Texas 75042, USA
Hence, we will introduce transdisciplinary concepts
and apply them to the problem set, herein, to achieve a
specific set of qualitative solutions. Today large volumes
of complex interconnected data and applications need to
be processed and understood through the use of
Transdisciplinary engineering approaches. Additionally,
engineering disciplines which are either more mature, or
have generated solutions to similar problem sets within
their domain, can provide added efficiencies and benefits
because of similarities to problems in other domains. In
order to understand how one might perform transdisciplinary synthesis, we must first understand the basics
of what a discipline comprises and the discipline’s roots
and eventual evolution into existence. Additionally, we
must realize that there are many components, as well as,
internal and external actors, which interact with, and
within a discipline, each directly or indirectly influencing
or making important decisions about facts and principles a
discipline espouses, as well as, to the direction a discipline
might follow.

ABSTRACT
Many disciplines are wrought with high levels of
uncertainty and many unknowns including transdisciplinary design. Hence, to achieve some advancement
within a discipline, we must provide aids in achieving
mitigation of complexity and increasing understanding.
We achieve this by investigating beyond the boundaries of
the existing discipline’s design concepts. This means
stretching the boundaries of knowledge by traditional
observation and analysis known as hard work using
“elbow-grease” or reviewing those methods and processes
of other disciplines, which might have applicability to our
discipline’s domain. Therefore, we addresses the
challenge of minimizing ambiguity and fuzziness of
understanding
in
large
volumes
of
complex
transdisciplinary information content and explore
transdisciplinary
synthesis
via
cognition
based
frameworks, for improving actionable decisions.
Specifically, Recombinant Knowledge Assimilation
(RNA) & Artificial Cognitive Neural Framework (ACNF)
which recombine and assimilate knowledge based in
human cognitive processes, formulated and embedded in a
neural network of genetic algorithms and stochastic
decision making, towards minimizing ambiguity and
maximizing clarity.
Thus, we introduce trans-disciplinary concepts, for
application to specific problem sets, in order to achieve
qualitative solutions for the large volumes of complex
interconnected data and applications, which exist today.
KEYWORDS

When investigating the roots of the word, “discipline”,
you find many definitions discussing the literal,
conventional and metaphorical meanings of the word.
Predominantly, the meanings describe the training and/or
instruction of disciples in the appropriate teachings for
that domain or discipline. Definitions had either, the
mundane meaning of instruction or education, or the more
severe meaning of instruction involving punishment. The
graphical representation in Figure 1, Discipline Evolution,
serves to describe the influences and essential
characteristics which make-up a discipline, and how
disciplines evolve their knowledge base.

transdisciplinary, synthesis, cognition, knowledge

Transdisciplinary Synthesis Knowledge Validation

Background

How and why did Sir Isaac Newton decide to use the
“falling apple” as a pattern to address Physics and
Mathematics questions? How does any one single
decision get made, in any domain? Simply stated, the
answer is by the experiences and information we retain as
we pass through life. Just as more experimental data can
result in better or increased maturity in decision making,
as in the additional number of decision points, a discipline
gets more defined and mature based upon the volume of
information and understanding as it evolves.

There exists much discussion about the need for
transdisciplinary application for today’s engineering
solution, as well as, the lack of use of transdisciplinary
engineering in enhancing and augmenting other fields of
study. Hence, the goal of this paper is to discuss specific
options regarding the synthesis of multiple disciplines into
usable trans-disciplinary knowledge, and use those
options to provide an analysis and suggested solution set.
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Figure 3, graphically depicts the relationships between a
discipline, its components, and the process involved in bidirectional trans-disciplinary knowledge assimilation. Bidirectional refers to the directionality of knowledge
assimilation of the compared objects. When two objects of
information get compared and contrasted resulting in a
recombinant set of knowledge, both objects will retain a
recombinant bit of information resulting from the
comparison.

also related directly to the amount of data and the
complex, C, nature of the topics or T = U*C.
Following closely is step 2, the “Decomposition”,
which decomposes the domain knowledge into “bite size”
digestible bits of information, which can then
subsequently be reduced in step 3, into the core capability
this domain knowledge represents. For example, a bit of
information might be a mathematical formula used to
perform a specific task within a discipline,
The core capabilities are now assessed through the
process of step 4, “Compare & Contrast”. Compare and
Contrast provides the largest Quantity of Information
Content, with respect to, each discipline’s core capability
being assessed. Each comparison begins a cognitive
process of assimilating the facts and information as
described in Figure 1, and comparing each to the other,
looking to see if an association evolves which might add
pertinent knowledge that can be applied to each domain.
The next step, step 5, is the process of assigning
relationship associations between two disciplines when a
match is found. Finding a match means that, at least one
discipline has a feature, function, process etc. that another
discipline could potentially reuse to provide benefits or
enhancements. Relationships and associations also can
become part of a pertinent repository, possibly a global
superset of knowledge, about the bi-directional
comparisons of the disciplines. Step 6, is the process
whereby, commonalities among different disciplines are
functionally combined into a normalized form and
validated, such that, a common set of new domain
knowledge is formed and deposited metaphorically in
each domains knowledge repository. This recursive and
recombinant activity is depicted in Figure 3, by the red
text describing the activation of the synthesis tasks and
their implementation upon the discipline domain
knowledge, to ultimately provide the recursive feedback
loop of newly validated discipline domain knowledge.

Strength and Weakness
It also follows, that any additional number of ways
objects or information are compared, the more
information can be gained as to the strength or weakness
of the relationship between those objects, as depicted in
Figure 2 below. It is important to understand that the
strength or weakness of a relationship is not dependent on
how many comparisons are made, but rather the improved
decision making, which can be accomplished from having
the additional comparisons or Information Content
Quantity (ICQ). Hence, the maturity of a decision (DM)
can be derived from a direct relationship to its Information
Content Quantity or ICQ, without yet taking into account
the aspect of data quality, hence, DM = ICQ. This
simplistic mathematical concept is used solely to expound
upon the fact that, although obvious and most often
forgotten, the quantity of data is most relevant in any
decision making process. Hence, disciplines evolve based
upon the accepted maturity of their Information Content,
which will obviously increase in quantity over time.
Figure 1 above, graphically depicts the data flow process
of how data becomes an addition to a discipline’s
repository. The process involves taking into account the
many experiences, facts and information gathered (as
shown in Figure 1), and thus, through the implementation
of the process, physically deriving new Information
Content Quantity (ICQ). It should not be forgotten, that to
derive the IC, significant cognitive energy is applied to all
the data/new ICQ, in order to validate a datum’s existence
to ultimately reside in that discipline’s repository.

Knowledge and Cognition
Research shows that generating new knowledge is
accomplished via natural human means: mental insights,
scientific inquiry process, sensing, actions, and
experiences, while context is information, which
characterizes the knowledge and gives it meaning. This
knowledge is acquired via scientific research requiring the
focused development of an established set of criteria,
approaches, designs, and analysis, as inputs into potential
solutions.
Transdisciplinary research literature clearly argues for
development of strategies that transcend knowledge of
any one given discipline and that enhance research
collaboration. Increasingly, this cross-domain research is
more commonplace, made possible by vast arrays of
available web based search engines, devices, information
content, and tools. Consequently, greater amounts of
inadvertent cross-domain information content are exposed

Assimilation
Transdisciplinary Synthesis tasks operate on the
components of each discipline in order to synthesize new
data. Step 1 of the process begins with the “Discovery” of
the domain knowledge of each discipline. This step
encompasses the review and understanding of the
discipline’s fundamentals, First Principles, Processes,
Mathematics, Interfaces, Tools, Methods, Standards, etc.
The amount of understanding, U, is determined by the
amount of knowledge persons(s), K, performing the
comparison and the resources, R, which are available in
order to discern the discipline specifics. Thus, U = KR1 +
KR2 + … + KRN. Hence, the amount of time, T, it takes
to understand the pieces of a discipline being compared, is
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to wider research audiences. Researchers expecting
specific results to queries end up acquiring somewhat
ambiguous results and responses broader in scope.
Therefore, resulting in a lengthy iterative learning process
and query refinement, until the sought after knowledge is
discovered. This recursive refinement of knowledge and
context occurs as user cognitive system interaction, over a
period in time, where the granularity of information
content results are analyzed, followed by the formation of
relationships and dependencies.
Ultimately the
knowledge attained from assimilating the information
content reaches a threshold of decreased ambiguity and
level of understanding, which acts as a catalyst for
decision-making, followed by actionable activity or the
realization that a research objective has been attained.
Underlying clinical decision-making is also a great
concern for handling ambiguity and the ramifications of
erroneous inference. Often there can be serious
consequences when actions are taken based upon incorrect
recommendations and influence clinical decision-making
before the inaccuracies can be detected and/or corrected.
Underlying data fusion is the challenge of creating
actionable knowledge from harnessing information
content from the environment of vast, exponentially
growing structured and unstructured sources of rich
complex interrelated cross-domain data.
Therefore, we address the challenge of minimizing
ambiguity and fuzziness of understanding in large
volumes of complex interrelated information content via
integration of two cognition based frameworks, for
improving actionable decisions. Recombinant Knowledge
Assimilation (RNA) & Artificial Cognitive Neural
Framework (ACNF) recombine and assimilate knowledge
based in human cognitive processes formulated and
embedded in a neural network of genetic algorithms and
stochastic decision making towards minimizing ambiguity
and maximizing clarity.

knowledge was a part of knowledge then “we do know
what to look for and we also have an idea of what else we
want to know,” therefore personal and context-specific
knowledge must be included in the formalization of all
knowledge.
Renowned fuzzy logic theorist Zadeh [4], described
tacit knowledge as world knowledge that humans retain
from experiences and education, and concluded that
current search engines with their remarkable capabilities
do not have the capability of deduction, that is the
capability to synthesize answers from bodies of
information which reside in various parts of a knowledge
base. More specifically Zadeh, describes fuzzy logic as a
formalization of human capabili-ties: the capability to
converse, reason and make rational decisions in an
environment
of
imprecision,
uncertainty,
and
incompleteness of information.
Tanik and Ertas [5] described, knowledge as
generated through mental insights and the scientific
inquiry process, usually stored in written form,
assimilated through mental efforts, and disseminated
through teachings and exposure in the context of a
disciplinary framework. Kim et al. [6] used a case study to
develop an organizational knowledge structure for
industrial manufacturing. Specifically, a methodology was
developed for capturing and representing organizational
knowledge as a six-step procedure, which ranged from
defining organizational knowledge to creation of a
knowledge map for validation. The defined knowledge
was extracted from the process as three types: prerequisite
knowledge be-fore process execution, used knowledge
during execution, and produced knowledge after
execution. Spender [7] stated that universal knowledge
true at all times is the highest grade that knowledge can
attain. Alternatively, Gruber [8] when describing social
knowledge systems on the web and their relationship to
semantic science and services, defined knowledge as
“collective knowledge” that is collaborated upon.
Lastly, when describing how science integrates with
information theory, Brillouin [9] defined knowledge
succinctly as resulting from a certain amount of thinking
and distinct from information which had no value, was the
“result of choice,” and was the raw material consisting of
a mere collection of data. Additionally, Brillouin
concluded that a hundred random sentences from a
newspaper, or a line of Shakespeare, or even a theorem of
Einstein have exactly the same information value.
Therefore, information content has “no value” until it has
been thought about and thus turned into knowledge.

Information Content to Knowledge
Nonaka and Takeuchi [1], when describing how
Japanese companies innovate as knowledge creating
organizations, described two types of knowledge: tacit and
explicit. Tacit knowledge is personal and context-specific.
Explicit knowledge is knowledge codified in books,
journals and other documents for transmittal.
Additionally, Nonaka [2] prescribed how dynamic
organizational creation of knowledge needs to be
strategically collected, understood, and managed across
the entire company’s organizational structure as
intellectual capital. Knowledge theorist Polanyi and Sen
[3], in de-scribing what he called the “Tacit Dimension,”
used the idea of tacit knowledge to solve Plato’s “Meno’s
paradox,” that deals with the view that the search for
knowledge is absurd, since you either al-ready know it or
you don’t know what you are looking for, whereby you
can not expect to find it. The author argued that if tacit

Context
Dourish [10] expressed that the scientific community
has de-bated definitions of context and it’s uses for many
years. He discussed two notions of context, technical, for
conceptualizing human action relationship between the
action and the system, and social science, and reported
3
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that “ideas need to be understood in the intellectual frames
that give them meaning.” Hence, he described features of
the environment where activity takes place [11].
Alternatively, Torralba [12] derived context based
object recognition from real-world from scenes, described
that one form of performing the task was to define the
'context' of an object in a scene was in terms of other
previously recognized objects and concluded, that there
exists a strong relationship between the environment and
the objects found within, and that increased evidence
exists of early human perception of contextual
information. Dey [13] presented a Context Toolkit
architecture that supported the building of more optimal
context-aware applications, because, he argued, that
context was a poorly used resource of information in
computing environments and that context was information
which must be used to characterize the collection of states
or as he called it the “situation abstraction” of a person,
place or object relevant to the interaction between a user
and the application. Similarly, when describing a
conceptual framework for context–aware systems, Coutaz
et al. [14] concluded that context informs recognition and
mapping by providing a structured, unified view of the
world in which a system operates. The authors provided a
framework with an ontological foundation, an
architectural foundation, and an approach to adaptation,
which they professed, all scale alongside the richness of
the environment. Graham and Kjeldskov [15] concluded
that context was critical in the understanding and
development of information systems. Winograd [16]
noted that intention could only be determined through
inferences based on context. Hong and Landay [17] described context as knowing the answers to the “W”
questions (e.g. Where are the movie theaters?). Similarly,
Howard and Qusibaty [18] described context for decision
making using the interrogatory 5WH model ( who, what,
when, where, why and how). Lastly, Ejigu et al. [19]
presented a collaborative context aware service plat-form,
based upon a developed hybrid context management
model. The goal was to sense context during execution
along with internal state and user interactions using
context as a function of collecting, organizing, storing,
presenting and representing hierarchies, relations, axioms
and metadata.

observations of participants were taken during
experiments to determine how quickly the participants
could compare and respond with answers based upon the
size and level of understanding of their knowledge
organized into numerical memory sets. Sternberg
Paradigm is known for (1) organizing knowledge and
modifying context while using a common process for
describing the nature of human information processing
and (2) human adaptation based upon changes in context.
Similarly, Rowley and Hartley [23] described the
development of knowledge as the organization and
processing required to convey understanding, accumulated
learning, and experience. Object Oriented Design (OOD),
as defined by Booch [24] and Rumbaugh et al. [25],
organized knowledge and attributes describing details of
ob-jects in the form of general objects of information,
using a bottom-up approach, iteratively building its
components and attributes through a series of decisions.
Booch’s more generalized design decisions occurred via
five basic phases which he described as part of the macro
processes of OOD: Conceptualization which established
the core requirements, analysis which developed the
desired behavior via a model, design which included
various architectural arti-facts, and evolution which was
the core component responsible for iterative bottom-up
development, and lastly maintenance which managed the
spiral delivery of functional capability. The details Booch
described in the micro processes of his definition of OOD
were the critical design mechanisms which fleshed out
design details to take the conceptualization phase
requirements to an implementable solution. The micro
process components were, namely, identify and classify
the abstraction of objects, identify the semantic
representations of the objects and classes which define
them, identify via specialized OOD notation the
relationships between the objects, and finally the
specification
of
the
interfaces,
the
physical
implementation of the defined classes and run-time
objects.
More recently, Gruber [8] described the collection of
knowledge and context on the web as “collective
intelligence.” Gruber based his opinion on Elgelbart’s [26]
principle which stated the need for creating combined
human-machine interactive systems which can boost the
collective intelligence of organizations and society via
automated harvesting of collected knowledge for
collective learning. Specifically, Gruber added that true
collective intelligence can emerge if aggregated
information from the people is recombined to create new
knowledge. Van Ittersum et al. [27] organized knowledge
and context as individual stand-alone knowledge
components in agricultural systems which can be linked
using a software infrastructure. Finally, Ejigu et al. [19]
defined the organization of knowledge and context as a
process of collection and storage. Their work pro-posed
what they described as a neighborhood based context-

Organization of Knowledge & Context
Rooted in cognition, in 1957 Newell et al. [20] and
Simon [21] together developed models of human mental
processes and produced General Problem Solver (GPS) to
perform “means-end analysis” to solve problems by
successively reducing the difference between a present
condition and the end goal. GPS organized knowledge
into symbolic objects and related contextual information,
which were systematically stored and compared. Almost a
decade later Sternberg [22] described a now well-known
paradigm called the Sternberg Paradigm where,
4
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aware service platform which was user collaborative in
nature, that man-aged the reusability of context resources
and reasoning axioms, and shared computational
resources among multiple devices in the neighborhood
space. They used a semantic ontology based hybrid model
known as EHRAM as the core data source from which
they systematically collected and stored information
content, reasoned upon with their reasoning engine and
then disseminated via their interface manager to the user.
The main components of EHRAM con-text model were
used to model the information content sources as a set of
hierarchies (H), set of entities (E), set of entity relations
(Re), set of attribute relations (Ra), set of axioms (A) and
set of metadata (M). Hence, the information data source
content was collected and stored as the EHRAM layered
context representation structure.

and systems [32]. More recently, Universal Modeling
Language (UML) [33] and semantic and ontology based
software development tools, as well as, descriptive
Resource Description Framework (RDF) language [34],
and Web Ontology Language (OWL) [35] were used
extensively to create, store, and present knowledge and
context, using shapes, lines, and text as relationships
between objects of information. However, Ejigu et al. [19]
argued that ontology tools were only good at statically
presenting knowledge of a domain and that they were not
designed for scalable capturing and processing dynamic
information in constantly changing environments.
Representation of Knowledge & Context
Dourish [11] concluded that representation of
knowledge and context is an ethno methodological
problem of encoding and representing social motivation
behind action and that translating ideas between different
intellectual domains can be exceptionally valuable and
unexpectedly difficult. One reason is that ideas need to be
understood within the intellectual frames that give them
their meaning, and therefore need to be sensitive to the
problems of translation between the frames of reference.
Additionally, he describes four assumptions which
represent context in systems, first, context as a form of
information which can be encoded and represented in software systems just as other information content, second,
context is delineable and therefore for a set of
requirements, context can be de-fined as activities that an
application supports and it can be done in advance, third,
context is stable and hence can vary representation from
one software application to another but does not vary from
in-stance to instance of an event, it was specific to an
activity or an event. Lastly, Dourish concluded, that most
importantly context is separable from the action or
activity, since context described the features of the
environment where the activity takes place, separate from
the activity itself. Dourish proposed an interactional
model of context, where the central concern with
representing context was with the questions, ‘‘how and
why” during interactions, do people achieve and maintain
a mutual understanding of the context for actions.
Clinical psychologists, Polyn and Kahana [36]
described that cognitive theories suggest that recall of a
known item representation is driven by an internally
maintained context representation. They described how
neural investigations had shown that the recall of an item
represented in the mind is driven by an internally
maintained context representation that integrated
information with a time scale. Howard and Kahana [37]
stated that by linking knowledge items and context
representations in memory, one could accomplish two
useful functions. First, one could determine whether a
specific item occurred in a specific list (episodic
recognition). Second, one could use a state of context to
cue item representations for recall (episodic re-call).

Presentation of Knowledge & Context
Trochim [28] described Concept Maps to present
knowledge and context as structured conceptualization
used by groups to collaborate thoughts and ideas.
Described was the typical case in which concept maps are
developed via six detailed steps: the “Preparation,” which
included the selection of participants and development of
the focus for conceptualizing the end goal, such as
brainstorming sessions and developing metrics, (e.g.
rating the focus), the “Generation” of specific statements
which reflected the overarching conceptualization, the
“Structuring” of statements which described how the
statements are related to one another,
the
“Representation” of statements in the form of a presented
visual concept map, which used multidimensional scaling
[29] to place the statements in similar proximity to one
another and cluster analysis [30] which determined how to
organize the presentation into logical groups which made
sense, the “Interpretation” of maps which was an exercise
in consensus building once the representation had been
created; and finally the “Utilization” of maps which was
described as a process by which the groups within the
process collectively determine how the maps might be
used in planning or evaluation of related efforts. Stated
was that concept mapping encouraged groups to stay on
task which then resulted relatively quickly into an
interpretable conceptual frame-work. It also expressed the
framework entirely in the language of the participants and
finally yielded a graphic or pictorial product. The product
simultaneously presented all major ideas and their
interrelationships and often improved group or
organizational cohesiveness and morale. Graph theory,
was shown to be used within many disciplines as an
approach to visually and mathematically present
knowledge and context relationships, [31].
In Software Engineering, many traditional tools exist:
Entity Relationship Diagrams (ERD), Sequence Diagrams
(SD), and State Transition Diagrams (STD) which each
present different knowledge and context about database,
5
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Alternatively, Konstantinou et al. [38] concluded that
a common knowledge representation formalism ought to
allow
inference
extraction,
and
proposed
“Relational.OWL,”
tool
to
automate
structural
representation of knowledge ontology to data-base
mapping. Additionally, Ejigu et al. [19] made the
argument that context and the organization of it was
missing from systems and is instead in the “head” of the
user, and proposes an ontology based structure using RDF
representation of knowledge and context with metadata
attributes. Similarly, Zouaq et al. [39], proposed a Natural
Language Processing (NLP) solution, which enables
structured representations of documents. They proposed a
knowledge puzzle approach using ontology based learning
objects, semantic maps, and grammatical maps, which
represented structure of context on the ba-sis of using text
relations. Finally, similar to Trochim [28], Novak and
Canas [40] described the structure of concept maps as a
mechanism for structural representation of knowledge and
context.

requires knowledge and pedigree/historical information,
which was context. Rowley and Hartley[23] describe
knowledge as learning accumulation, hence, to
accumulate knowledge and context “collective
intelligence” was used as described by Gruber [8].
Therefore, not only is effort required to observe, select,
and physically take hold of information, but also
necessary is the understanding that collected knowledge
and context has a historical relationship to existing
information. Gruber [8] states that collective intelligence
emerge if data collected from all people is aggregated and
“recombined” to create new knowledge. To form an
understanding of the relationship between different
knowledge and contexts when assimilating knowledge,
the associated relationships can be written symbolically as
knowledge Ki and the associated context relationship Rj
where, Ki( Rj ) represents a re-combination of knowledge
and context and finally represents the assimilation storage
into the core domain repository. This is depicted in
knowledge assimilation Figure 4. Figure 4 depicts a
conceptual search space where a user would search for
discipline specific knowledge and context within the
Information Domain. The combined knowledge and
context is then assimilated in the Temporary Knowledge
Domain into a storage space shown on the right of the
equation, the Knowledge Domain, to store knowledge and
context which has reached a threshold level in the mind of
the assimilator.

Frameworks for Knowledge and/or Context
Outlining the need for frameworks which can analyze
and process knowledge and context, Liao et al. [41]
represented context in a knowledge management
framework
comprising
processes,
collection,
preprocessing, integration, modeling and representation,
enabling the transition from data, information and
knowledge to new knowledge. The authors also indicated
that newly generated knowledge was stored in a context
knowledge base and used by a rule-based context
knowledge-matching engine to support decision-making
activities. Gupta and Govindarajan [42] defined a
theoretical knowledge framework and measured the
collected increase of knowledge flow out of multinational
corporations based upon “knowledge stock” (e.g., the
value placed upon the source of knowledge). Pinto [43]
developed a conceptual and methodological framework to
represent the quality of knowledge found in abstracts. Suh
[44] concluded that collaborative frameworks do not
provide the contents which go in them, therefore, content
was discipline specific, required subject matter experts,
and clear decision making criteria.
Additionally, Suh noted that processes promoting
positive collaboration and negotiation were required to
achieve the best knowl-edge available, and were
characterized by process variables and part of what is
defined as the Process Domain. Finally, Ejigu et al. [19]
created a framework for knowledge and context which
collected and stored knowledge as well as decisions in a
knowledge repository that corresponded to a specific
context instance.

Storage of Knowledge & Context
Today, existing databases housing vast bits of
information do not store the information content of the
reasoning context used to determine their storage [19].
The knowledge collection and storage formula was
therefore developed to include and store relationship
context along with knowledge, recursively. This means
that, each act of knowledge and context pairing shown as
in equation shown in Figure 4 ∑i,j Ki( Rj ), recursively
examined all of the previous relationships as they were
recombined into storage since they were all related and
dependent on each other. Recursive refinement then
occurred, per iteration of relationship pairing. Recursive
refinement occurred when the user found what was looked
for shown as Ki( Rj ), using interrogatives, (e.g. who,
what when, where, why and how) [17-18]. The
information content contributing to finding the answer
then has significant value and therefore, a higher degree of
permanence in the mind of the stakeholder [46].
Therefore, the information content has reached a threshold
where retaining the knowledge and context has become
important.
The assimilation to storage can take physical and
virtual form. Virtual storage can be described as the
caching of a collection of temporary knowledge in the
mind of the user per Ausubel et al. [47] along with a set of
historical pedigree of preconceived/tacit or explicit

Collection of Knowledge & Context
Llinas et al. [45], observed that the synthesis of
combining two bits of information into knowledge fusion
6
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knowledge and context per Nonaka [2] used to solve an issue at hand. Physical representations of assimilated stores
are well known (e.g. libraries, databases, coin or philatelic
collections.) However, whether virtual or physical, each
unit of storage has a series of reasons or pedigree as to
why it was collected and stored, or in the case of
knowledge and context assimilation, why a knowledge
and context relationship was created. For this result it is
assumed that while knowledge and context are
contemplated in the mind of the user [47], that knowledge
and context are stored virtually until the point in time the
user reaches the threshold where it is believed the virtual
knowledge is of enough quality to become stored in a
physical repository for someone else to see or use, or that
a virtual memory constraint has been reached and thus the
memory needs to saved physically so that it might not be
lost if not captured.

shown in Equation (3-1). Newton’s Law of Gravitation
formula is,
(Equation 3 1)
where:
F is the magnitude of the gravitational force between
the two objects with mass,
G is the universal gravitational constant,
M1 is the mass of the first mass,
M2 is the mass of the second mass, and
r is the distance between the two masses.
This equation was used as an analogy for the
derivation of mathematical relationship between a basis
made up of two objects of knowledge.
Abstracting Newton’s Law of Gravitation as an
analogy of Equation (3-1), representing relationships
between two objects of knowledge using context, is
written as Equation (3-2) shown below, which describes
the components of the formula for representing
relationships between two objects of knowledge using
context:

Presentation of Knowledge & Context
Figure 5 represents a KRT. This approach for
presentation of knowledge and context and was
constructed to present five discrete attributes, namely,
time, state, relationship distance, relationship value, and
event sequence. The goal of a KRT is to map the
dependencies of knowledge and related attributes as
knowledge is developed from information content. In this
figure, the timeline represented by the blue arrow from
left to right, shows the events or state transitions in
sequence and captures the decision points. During each
iteration of presentation of knowledge and context,
intrinsic values were captured and placed close to each
colored knowledge component. In Figure 5, these are
represented as words under the cycles. The Basic
Sentence Decomposition depicts how a KRT looks when
it represents a sentence decomposed into pieces; in this
case words. The red triangles, added next, depict a
particular state for each iteration in the KRT development
cycle. For emphasis, each colored sphere was built into
the depiction and added in sequence to represent the fact
that each word follows the other. Each icon represents
each word of the sentence. The relative values in this
Basic Sentence Decomposition between each sphere are
perceived to be of the same value to each other. Therefore,
the lines are the same distance as well. Since, this base
representation depicted in Figure 5 can present time, state,
and sequence, as well as, relationships, the challenge was
addressed as described by Dourish [11] to create
presentation of context which can visually capture and
manage a continually renegotiation and redefinition of
context as development of knowledge occurs over time.

(Equation 3-2)
A is the magnitude of the attractive force between the
two objects of knowledge,
B is a balance variable,
I1 is the importance measure of the first object of
knowledge,
I2 is the importance measure of the second object of
knowledge, and
c is the closeness between the two objects of
knowledge
Comparing the parameters of Equation (3-1) and
Equation (3-2) F and A have similar connotations except
F represents a force between two physical objects of mass
M1 and M2 and A represents a stakeholder magnitude of
attractive force based upon stakeholder determined
importance measure factors called I1, and I2. As an
analogy to F in Equation 3-1, A’s strength or weakness of
attraction force was also determined by the magnitude of
the value. Hence, the greater the magnitude value, the
greater the force of attraction and vice versa. The
weighted factors represented the importance of the objects
to the relationships being formed. The Universal
Gravitational Constant G is used to balance gravitational
equations based upon the physical units of measurement (
e.g. SI units, Planck units ). B represents an analogy to
G’s concept of a balance variable and is referred to as a
constant of proportionality. For simplicity, no units of
measure were used within equation (3-2) and the values
for all variables only showed magnitude and don’t
represent physical properties (e.g. mass, weight) as does

Representation of Knowledge & Context
The representation of knowledge and context formula
is introduced here and is presented by Equation (3-2). The
independent results which follow are mathematical
evaluations extended from Newton’s law of gravitation
7

677

G. Therefore, an assumption made here is to set B to the
value of 1.
For simplicity, all of these examples assume the same
units and B was assumed to be one. The parameter c in
Equation (3-2) is taken to be analogous to r in Equation
(3-1). Stakeholder perceived context known as closeness c
represented how closely two knowledge objects (KO) are
related. Lines with arrows are used to present the
closeness of the relationships between two pieces of
knowledge presented as spheroids.
The representation of knowledge and context
approach depicted in Figure 6 is a representative structure
of knowledge and context as a snapshot in time for
Bioscience 1 abstract. The first word of Bioscience 1
abstract is the word “A.” “A” by itself has little meaning.
However, it was still considered part of this abstract and
was therefore marked as object of knowledge 1 (KO1)
within the abstract. As the abstract was read and more
information content was gained and understood, “A”’s
knowledge value changed. Currently, all that is known at
this juncture is that “A” described a singular entity and
has foreshadowed that something will follow. Hence, that
has some small value and creates cognitive structure in the
mind of the “learner” per Ausubel et al. [47]. It is depicted
in Figure 6 as knowledge object 1 (KO1) (e.g. red
spheroid with the number 1) and mentally place only a
small value on it for now be-cause of our lack of
knowledge. Next, as reading the abstract continued, the
second word is found and marked as knowledge object 2
(KO2), “phenotypic.” Figure 6, representing the
knowledge and con-text of the mind of the learner now
depicts KO1 and KO2, as related to each other. The word
“A,” or KO1 has a smaller spheroid than KO2, and
therefore, structurally represents a smaller context of
importance measure shown as a diameter, I1 < I2. The line
distance between KO1 and KO2 structurally represents
“closeness” or how closely related the objects are
perceived to be to each other. The word “A,” KO 1 has
small relationship to KO 2. Hence, KO1’s relationship to
KO2 was characterized simply as residing within the same
abstract and one of order sequence. Therefore, the
knowledge objects remain further apart, shown as
closeness or “c.” Therefore, the snapshot in time shows a
structural representation of knowledge relationship
between two knowledge objects along with the context of
magnitude importance value shown as the arrows
representing the diameter magnitude of each knowledge
object.
Using Equation (3-2), the value of the attraction force
A1→2 = 5 x 2 divided by the relative closeness/perceived
distance2 = 1. Hence, the attraction force A in either
direction was 10. The value of 10 is context, which can be
interpreted in relation to the scale. The largest possible
value for attraction force A with the assumed important
measure 1-10 scale is 100, therefore a force of attraction
value of 10 was relatively small compared to the

maximum. This means that the next stakeholder/
researcher understood that a previous stakeholder’s
conveyance was of small relative overall importance.
However, the closeness value of 1 showed that the two
objects were very closely related. Figure 6 therefore
shows that when using Equation (3-2), if relationship
closeness and/or perceived importance measure of the
knowledge objects change value, as new knowledge or
context is added and evaluated, then it follows that
relationship force of attraction will change.
Framework to Enhance Knowledge & Context
The framework developed in this research to enhance
knowledge and context is shown in Figure 8 and was
referred to as the Recombinant kNowledge Assimilation
(RNA). RNA and is made up of a combination of the
organization of knowledge and context, the presentation
of knowledge and context, and the representation of
knowledge and context [19]. The three components make
up the core pieces essential for building a knowledge and
context frame-work [19, 41]. Cross discipline domain
research [21-22, 24, 27, 51] shows clearly that although
all researchers use their own flavor of unique rules,
methodologies, processes and frameworks, they use a core
set of components for gathering, analyzing, organizing
and disseminating their work. Recently Liao et al. [41]
and Ejigu et al. [19] defined these processes as: collection,
storage, presentation and representation.
RNA Flow Diagram
The RNA Flow Diagram shown in Figure 7 is shown
to de-scribe the flow of the processes within the
framework [19]. It is similar to the Liao et al. [41]
framework that collects, stores, presents and represents
knowledge and context. The RNA flow diagram
comprised three major, discrete parts. First, “Content,”
which represents all information content input into the
flow diagram. Second, “Sub-Processes” for synthesizing
knowledge and context. Third, storage repositories known
as pedigree bins, where knowledge and context was stored
during compilation. Compilation is a path beginning from
basic information content in the Information Domain, to
the Knowledge Domain, as described by Brillouin [9],
where a set of initially “useless” information is “thought
about” and turned into knowledge. This knowledge
becomes the collected pedigree knowl-edge and context,
just as Gupta and Govindarajan [42] collected knowledge
flow for measurement, for the next researcher, as shown
by the blue arrow leaving the Knowledge domain and
feeding back into the Information Domain in Figure 9.
In the RNA flow Diagram shown in Figure 8, each
diamond shaped box represents a decision point. This is a
critical point where a stakeholder of the process
contemplates the decision to be made using any previous
knowledge components acquired prior to making the
decision as defined by Kim et al. [6]. Each red spheroid
8
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represents a sub-step within each of the larger components
of the RNA process. These red spheroids are used to
identify an important portion of the process. Red arrows
signify action and green arrows rep-resent “Yes” answers
to a decision, hence the red lines represent a stakeholder
of the process performing an action such as, collecting
more information content known as used knowledge
during process execution [6] for the eventual goal of
establishing a more complete understanding of knowledge
and context during processing at a decision point. All
other blue arrows, represent either “No” answers or
neutral transitions to a subsequent step in the process to
track the flow of the process and thus continually collect
information content used to make the “No” decision.
The RNA process flow begins when a reason or
“need” was established to ask a question and the “want” to
search for an answer. This causes the establishment of a
set of criteria or rules which govern what was to be
discovered [48]. These criteria govern the activity
performing the bottom-up processing and recursively
evolving the building of knowledge and context. Once the
criteria has been established and understood passing from
the Information Domain thru the Temporary Knowledge
Domain and finally captured in the Knowledge Domain,
the RNA sub-processes begin processing based upon the
defined rules. RNA processes criteria just as other
information content. Each is collected from the
Information Domain, “thought about” [9] in the temporary
Knowledge Domain and subsequently placed into the
Knowledge Domain for use as shown in Figure 8.
The upper rounded box labeled “Content” represents
all in-formation content which can potentially be used
when performing the steps of the RNA process to build
knowledge components. This is the set of initially
“useless” information built into knowledge, as described
by Brillouin [9], and is represented by the information
content under the Information Domain search space in
Figure 9. Hence, when a stakeholder begins the process of
examining information, it is the information content which
was initially observed, using the senses, and then
subsequently “thought about” and under-stood, via
collecting, representing, presenting, and storing, until the
stakeholder satisfies the desired threshold of
understanding defined by the initiating criteria. During
each step in the process, the gathering and comparisons,
shown by the red arrows in Figure 5, occur up to the point
where a stakeholder believes an understanding has been
reached, just as Brillouin [9] defines knowledge as
resulting from a certain amount of thinking. Therefore,
sub-Processes: Discovery, Decomposition and Reduction,
Compare & Contrast, Association, and Normalization
process information content based upon initial criteria.

Reduction, Com-pare & Contrast, Association, and
Normalization.
These
sub-processes
synthesize
knowledge and context within the framework down the
left side of Figure 7. These sub-processes operate in the
process domain [52] as shown in Figure 9. Discovery
encompasses the review and understanding of existing
knowledge and /or in the case of disciplines, the review of
a discipline’s fundamentals and/or First Principles.
Decomposition & Reduction decomposes the do-main
knowledge into “bite size” digestible bits of information
and reduces the representative domain knowledge to a
core capability. Compare & Contrast, a cognitive
examination process assimilating facts and information,
comparing each to the other, looking for evolving
associations, Association for establishing and assigning
relationships between any two objects of information, and
Normalization for functionally combining commonalities
into a normalized form and validating the result. Finally,
recursion is depicted as the blue domain knowledge
feedback loops, which represents the iterative recursive
refinement taking the knowledge gathered during each
iteration and using it as input into the next iteration of the
RNA process.
Since RNA’s synthesis tasks, depicted in Figure 7,
extend concepts from mature disciplines including
Software Engineering. Specifically, recursion is shown by
the feedback loops from each of the processes [24] [25].
Recursion is well suited for the goal of creating objects of
information using a bottom-up approach, iteratively
building its components and attributes through a series of
decisions. Hence, RNA implements the mature bottom-up
approach for developing knowledge and context as
discipline components, derived from discipline domain
abstract readings and the recursive nature of the process
shown by the feedback loop in Figure 7, which
recombines knowledge and context.
Application of RNA to Journal Abstracts
The RNA common process was applied to research
journal abstracts in Bioscience [54] and Video Processing
[55]. The elements of the constructed RNA framework
and sub-processes were applied to each journal abstract,
yielding criteria knowledge component and context,
knowledge component and context, and transdisciplinary
knowledge component and context depicted in Figure 8.
Additionally, the snapshot in time shown in Figure 8
depicts how the framework combined the use of RNA as a
common process, the presentation approach for
knowledge and context, and the representation approach
for knowledge and context. Together the frame-work
constructed and refined a sustainable blueprint of
knowledge and context from abstract excerpts in
Bioscience and Video Processing. Thus, via the log files
and pedigree bin storage mechanisms, it was shown how a
cohesive user collaborative [44] dependency trail of
knowledge and context was created. The collaborative

RNA Synthesis Sub-Processes
The RNA common process contains five functional
sub-processes, labeled Discovery, Decomposition and
9
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nature of the process showed how
“collective
intelligence” was created as de-fined by Gruber [8].
Therefore, the outcome satisfied the objective of locating
reliable and relevant information out of an environment of
rich domain specific Bioscience and Video processing
abstracts. Finally, upon comparison of the two abstracts
using the framework the outcome showed creation of
transdisciplinary knowledge component and context.

Framework expounded upon in the following sections
describe the mechanisms by which we apply additional
refinement concepts and another formalization for the
modular Decomposition and Reduction and Association
sub-processes described in the RNA flow above.
A formalization for increasing or decreasing levels of
granularity and a formalization for increasing or
decreasing the closeness of relationships occurs here as a
hybrid, fuzzy-neural processing system using genetic
learning algorithms. This processing system uses a
modular artificial neural architecture. This architecture is
based on a mixture of neural structures that add flexibility
and diversity to overall system capabilities. In order to
provide an artificially intelligent processing environment
that is continually adaptable, we believe the system must
possess the notion of artificial emotions that allow the
processing environment to “react” in real-time as the
systems outside the environment change and evolve
recursively as recombinant knowledge assimilation. This
hybrid fuzzy-neural processing system forms what we
describe as an Artificial Cognitive Neural Framework
(ACNF) [57], which allows for artificially “conscious”
software agents to carry “emotional memories,” based on
(REF}Dr. Levine’s Autonomic Nervous System States
[58]. These conscious software agents are autonomous
agents that sense the environment and act on it, based on a
combination of information memories (explicit spatiotemporal memories), emotional memories (implicit
inference memories), and outside stimulus from the
environment. These memories constitute into the pedigree
of logged repositories of information content comprised of
all related knowledge and context including the
relationships which provide the input into the recursive
processing. We will describe the constructs for basic
emotions and short & long-term memories [59]. The
short-term
memories
(non-recurrent
associative
memories) provide preconscious buffers as a workspace
for internal activities while a transient episodic memory
provides a content-addressable associative memory with a
property consisting of a moderately fast decay rate [60].
In the ACNF, first the unconscious artificial neural
perceptrons, each working toward a common goal, form a
coalition. These coalitions will vie for access to the
problem to be solved. The resources available to these
coalitions depend on their combined nervous system state,
which provides information on the criticality of their
problem to be resolved. This nervous system state is
defined by Autonomic Nervous System States chart [57].
Based on this nervous system state, information are
broadcast to all unconscious processes in order to recruit
other artificial neural perceptrons that can contribute to
the coalition’s goals. The coalitions that understand the
broadcast can then take action on the problem. What
follows is a description of the overall ACNF architecture
in the context of artificial neural emotions and artificial
nervous system states.

Knowledge & Context Foundation Conclusion
A framework was constructed from the organization,
presentation, and the representation of knowledge and
context. The organization was derived from the concept of
collection and storage, general problem solver, derived
from Newell et al.[20] and Simon [21] who together
developed models of human mental processes. Stern-berg
paradigm [22], and tenets of transdisciplinary engineering
as defined by Tanik and Ertas [5]. The presentation was
constructed from five discrete attributes, namely, time,
state, relationship distance, relationship value, and event
sequence from computer engineering and mathematics.
The representation was derived by using Newton’s law of
gravitation as an analogy. Finally, the framework was
applied to abstracts from research manuscripts and
extracted disciplinary and transdisciplinary knowledge
and components and therefore was able to as described by
Ertas et al. [49], discover important knowledge within one
discipline can be systematically discovered, and
recombined into another, and via combined engineering
visualization mechanisms and collaborative KRT
blueprints satisfied Stokols [56], need to achieve a more
complete understanding of prior research collaborations
and sustain future ones. Finally, the framework satisfied
the need as described by Liao et al. [41], enabling
transition from data, information and knowledge to new
knowledge.
Therefore,
using
RNA,
disciplinary
and
transdisciplinary knowledge components and context were
systematically discovered from tacit and explicit
knowledge and context; a mechanism to dynamically
interact with ever changing research knowledge,
assimilating it to form explicit new knowledge while also
retaining the causal pedigree. Thus, RNA was able to
enhance transdisciplinary research knowledge and context
and describe a foundation for using the mature physical
science of n-dimensional relationships in a space and
apply the domain to the development and management of
complex interrelated knowledge and context.
RESULTS AND DISCUSSIONS
Frameworks for Knowledge and/or Context
Refinement
As the knowledge and context foundation described
above depicts the process and tools for enhancing
knowledge and context the Artificial Cognitive Neural
10
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knowledge and context based upon the criteria established
by the cognitive human interaction input into the system.
These loosely or fuzzy categories are only as fuzzy as the
threshold of human understanding. Therefore, in order to
artificially create this effect we use Intelligent Information
Agents (I2A) to develop fuzzy organization over time,
ultimately reaching a threshold of perceived
understanding relative to the initially specified set of
criteria.

Figure 9 illustrates a high-level view of the ACNF.
This is similar to an artificial intelligence blackboard
system, except that it is greatly extended to allow for
system-wide action selection. The three main subsystems
within the architecture are the Mediator, the Memory
System, and the Cognitive System [61]. The Mediator
gathers information and facilitates communication
between agents. Hence, each decision handshake of a
combined RNA-ACNF system is handled by the Mediator
which takes information from perceptrons and from
coalitions of perceptrons and updates the short-term, longterm and episodic memories or pedigree. The information
available in memory (what the system has learned) is
continually broadcast to the conscious perceptrons that
form the cognitive center of the system (i.e., they are
responsible for the cognitive functionality of perception,
consciousness, emotions, processing, etc.).

Fuzzy, Semantic, Self-Organizing, Topical Maps
(FSSOM)
At the heart of artificial organization are Fuzzy,
Semantic, Self-Organizing, Topical Maps (FSSOM). The
FSSOM is a general method for organizing, analyzing,
and artificially expressing complex, multidimensional
relationships. The FSSOM is actually built from different
FSSOMs. A semantic SOM that organizes the words
grammatically and semantically into categories used to
encode the inputted information as a histogram. This
greatly reduces the dimensionality, and therefore
simplifies the second FSSOM, the Information Map. The
Information Map is labeled to form a Topic Map that has
several important attributes:

The purpose of the ACNF is to:
1. Provide an architectural framework for “conscious”
software agents.
2. To provide a “plug-in” domain for the domainindependent portions of the “consciousness” mechanism.
3. To provide an easily customizable framework for
the domain-specific portions of the “consciousness”
mechanism.
4. To provide the cognitive mechanisms for behaviors
and emotions for “conscious” software agents.

1. The abstract contextual algorithms explore the map
visually for information located by meaning.
2. Searches use contextual information to find links to
relevant information within other source documents.
3. The Information Map is self-maintaining and
automatically locates input on the grid, ‘unsupervised’.
4. A semantic SOM and an information SOM are
normalized representations of any physical information
content ( e.g. picture, text, object) used in the
development of recombinant knowledge and context

Artificial Neural Memories
The ACNF contains several different artificial
memory systems (including emotional memories), each
with specific purposes. Each of these memory systems are
stored pedigree used in the recursive RNA process and are
integrated during the processes of relationship formation
between objects of knowledge and context [62].

Illustrated below is a FSSOM with information search
hits superimposed. The larger hexagons denote
information sources that best fit the search criterion. The
isograms denote “closeness”; how close the hits are to
particular information topics or criterion.
There are also other attributes to be explored that
would provide significant benefit: as a natural language
front end to relational data, like research abstracts; and, as
a means to find information with common meaning
located in a foreign language FSSOM through the use of
common encoding [63].
This approach to mapping information by ‘meaning’
avoids problems common to classical natural language IR
(information retrieval) methods. Classical IR requires
extensive modeling of the innumerable forms of
information representation. Such a modeling activity
would always be on-going and expensive to maintain. In
contrast, the FSOM promises a reliable method for
automatically organizing information for retrieval across
different languages.

1. Perceptual Memory – this memory enables
identification, recognition, and characterization, including
emotions.
2. Working Memory – contains preconscious buffers
as a temporary workspace for internal activities.
3. Episodic Memory – this is a content-addressable
associative memory with a rapid decay (very short-term
memory).
4. Autobiographical Memory – long-term associative
memory for facts and data.
5. Procedural Memory – long-term memory for
learned skills.
6. Emotional Memory – both long-term (spatiotemporal) and implicit (inference) emotional memories.
When processing pedigree memory, RNA loosely
categorizes the granularity of information content into
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Once the FSSOM has been developed, it can be
enhanced to include a higher-level Topic Map. This highlevel Topic Map describes knowledge structures that span
multiple documents. The key features of the Topic Map,
illustrated in Figure 10, are the topics, their associations
and occurrences in the FSSOM. The topics are the areas
on the FSSOM that fall under a topic name. The
associations describe the relationships between topics,
such as ‘biometric data’ in ‘bone fractures’. The
occurrences are the links from the FSSOM into the
documents used to form the FSSOM .
The value of superimposing a Topic Map onto the
FSSOM, shown in Figure 11, is that it can define the
information domain’s ontology. The Topic Map enables
end users to rapidly search information conceptually.
Therefore, enabling candidate sophisticated dialectic
searches to be performed upon them.
There is one other valuable attribute to using the
FSSOM method. Because the vector that represents the
information is a randomly constructed vector, it cannot be
decoded to reformulate the source; the source must be
reread. This is critical to protecting compartmentalized
information. Using the FSSOM, the protected source can
be included in the FSSOM and used to support/rebut an
argument without revealing the detailed information.
The approach to analyzing text information utilizing
the FSSOM is threefold [65]. First the FSSOM is
investigated to semantically organize the diverse
information collected. Second, the map produced by the
FSSOM is used to enhance the user’s comprehension
about the situations under analysis. Third, as the user
traverses the map to find related and relevant events, the
results are used to train a Fuzzy, Active Resonance
Theory Neural Network (FuNN) to replicate the approach.
This approach mimics human intelligence, learning
from documents using an ontology to define particular
domains, labelling the FSSOM to capture the meaning of
the integrated information thus capturing the knowledge
of each Intelligent Information Agent in the FuNN. The
DAS: three different agents, the Coordinator, the DAS and
the Search, work together, each having its own learning
objectives.
The Coordinator is taught to watch the FSSOM,
responding to new hits (input) that conform to patterns of
known interest. When an interesting hit occurs, the
Coordinator selects one or more candidate DAS agents,
and then spawns Search agents to find information
relevant to each DAS. As time proceeds, the Coordinator
learns which hit patterns are most likely to yield a
promising lead, adapting to any changes in the FSSOM
structure and sharing what it learns with other active
Coordinators [66]. The Search agent takes the DAS
prototype search vectors and, through the FSSOM, finds
information that is relevant and related. The Search agent
learns to adapt to different and changing source formats

and could include parsing procedures required to extract
detailed information.
CONCLUSION
This paper addressed the challenge of minimizing
ambiguity and fuzziness of understanding in large
volumes of complex interrelated information content. The
objective was to explore and create a framework, which
improved the quality and speed in discovering actionable
information
within
vast
stores
of
particular
topics/diseases/conditions and other clinical research
information. The goal was to minimize existing lengthy
iterative learning processes and query refinement in the
Biomedical and Healthcare fields, which plague
researchers today. This chapter described how to
interweave a Recombinant Knowledge Assimilation
(RNA) framework with an Artificial Cognitive Neural
Framework (ACNF), which recombined and assimilated
knowledge based upon human cognitive processes, to
speed and make relevant the critical context that medical
professionals seek. Finally, this chapter described how the
frameworks were formulated and embedded into a neural
network of genetic algorithms combined with stochastic
decision making to create a polymorphous framework
which systematically minimized ambiguity and
maximized clarity.
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Abstract
Enterprises are embracing social media
inspired organization models that foster
cross-functional collaboration environments
for managing their business processes
including Engineering Sales and Marketing,
Customer Support, and Operations. We
view these collaborative frameworks as
System of Systems. The business and IT
must work together to design, implement
and manage these enterprise collaboration
frameworks such that they are secure,
integrated with enterprise information
systems, and deliver business results to their
customers.
The paper presents the characteristics of
transdisciplinary systems and social media
inspired
enterprise
collaboration
environments. Examples of transdisciplinary
collaborative environments are discussed.
This is followed by a discussion of security
touch points and security issues in
collaboration environments. The paper then
presents a brief discussion on security model
for these environments to lay the foundation
for further research into comprehensive
security frameworks in these environments.
Keywords:
transdisciplinary
systems,
system
of
systems,
social
media
collaboration, enterprise security, enterprise
business processes, security touch points,
security framework, and security metrics.

1. Transdisciplinary Systems
It is important to understand the
characteristics of transdisciplinary systems
because today’s social media driven
enterprise systems can essentially be
characterized as transdisciplinary systems at
an abstract level. Any particular area of
study can be viewed as a “discipline”
assuming it provides a set of cohesive tools,
processes, and methods in addition to the
associated terminology. With advances in
hardware technology, operating systems,
distributed systems, application software,
networking and finally internet, we are
witnessing a paradigm shift that is
characterized by ubiquitous collaboration
across many cross-functional and crossdiscipline teams in enterprises.
As discussed in [1], Transdisciplinary
activities are distinct from Multidisciplinary
and
Interdisciplinary
activities.
In
Multidisciplinary systems, cross functional
teams from multiple disciplines work
essentially independently, each from their
own specific perspective, to solve a common
business objective. In Interdisciplinary
systems, the cross functional teams work
jointly toward a business objective by
sharing and exchanging the processes,
methods, and tools among them to find
integrated
solutions.
Both
the
multidisciplinary as well as interdisciplinary
activities overflow discipline boundaries but
their goal still remains within the framework
of the discipline.
Transdisciplinary approach to collaborative
problem solving takes it a step further than
do multidisciplinary and inter-disciplinary
approaches. As deciphered from [1], in the
transdisciplinary approach to collaboration
requires development of a conceptual
framework of common terminology,
measures, and methods that in essence
defines new theories and models. Many
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researchers have defined transdisciplinary
concepts from the perspective of research,
science, systems development etc. [2, 3, and
4]. The common characteristics of
transdisciplinary systems as defined in this
literature are the following:
Table
1:
Common
Transdisciplinary Systems

Use of Shared
concepts and
terminology
Adherence to a
common framework
to solve
multidisciplinary
problems
Consistent use of
the shared process
definition,
methodologies, and
tools

Characteristics

of

Cross-functional and
Cross-discipline team
structure
Promotes strong
collaboration

Continuous evolution
of new shared
common conceptual
framework

Our definition of a transdisciplinary system
is from the perspective of enterprise
collaboration. We call it Enterprise
Transdisciplinary System.
Definition: Enterprise Transdisciplinary
System
Any system or process that is designed,
developed, and managed by cross-functional
geographically dispersed virtual teams is an
enterprise transdisciplinary system.
An enterprise transdisciplinary system
exhibits the characteristics as specified in
Table 1. From a business perspective, the
key business characteristics of these
enterprise transdisciplinary systems are as
follows:
1. Teams come from disciplines such as
Engineering,
Marketing,
Sales,
Customer Support, and Legal.

2. Each discipline may have their own
intra team terminology and process
while also contributing to common
terminology and processes across the
virtual teams.
3. Cross-pollination of terminology
across virtual teams.
Example: Partner Onboarding
This is an illustrative example of an
enterprise transdisciplinary system from the
high tech industry. Company ABC Inc. is in
the high tech business. They make gadgets
in areas such as networking, security and
multimedia presentation systems. Their
business strategy for growth includes an
activity called Acquisitions which essentially
means they buy other companies. Along
with the acquisition of the company, they
inherit the acquired company’s global
ecosystem of channel partners. The
challenge for company ABC is to assimilate
this new set of channel partners into their
own ecosystem.
This is a classic example of enterprise
transdisciplinary system where a global
virtual team is formed dynamically. This
virtual team encompassed ABC company’s
employees from various disciplines such
Mergers & Acquisitions (M&A), Legal,
Engineering, Channels, etc. An office is
formed called the
Transdisciplinary
Acquisition Team Office (TATO) (note: for
the purpose of this paper, we chose this
name to replace the actual internal name
used). This global virtual team is then
assembled for a series of sessions whose
objectives are: 1) to understand the end-toend process of acquisition and the process of
partner onboarding, 2) to get reasonably
familiar with the internal terminology and
processes of the various teams, and 3) to
establish a common framework including
the definition of processes, methods, and
tools that this virtual team is going to use for
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the duration of the partner onboarding in the
context of the current acquisition.
2. Social Media Inspired Enterprise
Collaborative Environments
There is a pervading sense of social media in
the daily lives of the people across the
globe. Socialization aspects were first and
foremost driven by the concepts such as
email, photo sharing and chat. As it
progressed,
online
socialization
encompassed sophisticated forms of the
aforementioned concepts and also the
evolution of services such as blogging,
collaboration, etc. Enterprises began to take
note of this rapidly evolving phenomenon
especially since their own employees are
active participants in these social media
platforms. This has in turn inspired them to
understand and evolve an enterprise strategy
to emulate the social media techniques to
foster better collaboration across the
geographically dispersed teams. The main
business objective of these enterprises is to
align all activities that result in increased
revenues, optimized employee productivity,
accelerated time to market, higher customer
satisfaction, increased collaboration with
partners etc.

Enterprise Collaboration Framework
Enterprise Collaboration Framework is a
System of Systems. There are over 40
definitions for System of System [6]. From
our experience, we have identified the
following representative elements of an
enterprise collaboration framework as
shown in Figure 1. We have categorized it
into layers: 1) Interface, 2) Collaboration,
and 3) Data and Security. The focus of
interface layer is to show how the various
teams from multiple disciplines interact
within the framework. Additionally it
provides a reporting interface that spans all
disciplines. The Collaboration layer depicts
all the tools and processes available to the
transdisciplinary team. The third layer
focuses on the data and security issues for
transdisciplinary collaboration environment.
Interface
Reporting
System

SOS
Interface

Collaboration
Instant
Messaging

Discussion
Forum

Email /
Notification

Virtual
Meeting

Definition: Collaboration
English dictionary [5] defines this term as:
1. the act of working with another
or others on a joint project
2. something created by working
jointly with another or others

Groups

Partners

Data and Security

Definition: Enterprise Collaboration
Enterprise Collaboration is the act of cross
functional virtual teams working together to
meet a business objective.

Enterprise
Document
Management

Enterprise
Security

Figure 1: Representative Elements of Enterprise
Collaboration Framework
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These layers must be treated as elements of
the system as opposed to viewing them as
one layer built on top of the other. The key
characteristics exhibited by such System of
Systems are:

such as architecture and design
documents,
product
marketing
documents, meeting recordings, chat
session recordings, and threaded
discussions.

1. Self Contained

5. Collaboration Security

The systems that are part of the overall
system are self contained in the sense
that they are autonomous and can be
operated and managed independently. In
other words they can have their own
existence outside of the system of
systems. In Figure 1, the systems
depicted in the Collaboration layer are
independent products that can exist
autonomously and can be deployed as
point solutions.

Security takes on a new perspective
in an Enterprise Collaboration
framework. It opens up a myriad of
data security and privacy issues that
need to be addressed at several
levels.
3. Example: e-Learning Platform.
We have developed a platform as shown in
Figure 2 that could be classified as a System
of Systems for Collaborative learning.

2. Evolution Independence
Each of the systems in Collaboration
layer
can
evolve
independently
dependent on technology innovation and
other business driven factors without
impacting the overall architecture of the
enterprise system of systems.
3. Enhanced Capability
The overall capabilities of the System of
Systems are greater than the simple sum
total of the constituent systems. For
example, the in the Enterprise
Collaboration Framework, a participant
can save time by instantly starting a
meeting with a virtual team without
having to go outside of the system and
start Virtual Meeting to schedule a
meeting.
4. Enterprise Document Management
The need for an Enterprise Document
Management solution in collaboration
framework is a logical need. This
collaboration results in the production
and sharing of a variety of documents

Figure 2:
Platform

LENSOO

Collaborative

Learning

At the highest level the Platform will consist
of a group of layered Services with the
higher layers built on top of the lower
layers. This implies that the higher layers of
software consume the services provided by
the lower layers of software. The degree of
abstraction increases from bottom to top.
These layers can be extended in both
vertically and horizontally. Horizontal
extension implies the addition of new
service building blocks at any layer and
vertical extension implies addition of new
abstraction layers. Each one of these service
blocks is composed of further granular
services which in turn can be extended
vertically and horizontally as described
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above. In Figure 2 the Service Block n
provides services to the Service Block n – 1
above and so on to the highest level of
abstraction at the Platform Level. Figure 3
shows an illustration of the service blocks
that we have built into our Lensoo platform.

Figure 3: Service Blocks in Lensoo Platform

The principles used in building this platform
follow the characteristics of System of
Systems as discussed in Section 2.
Furthermore, the approach allows us to
provide a transdisciplinary framework where

cross-function
enterprise
teams
can
collaborate in various contexts including
learning, knowledge sharing and virtual
team meetings.

4. Security Issues
Environments

abstract level the fundamental security
issues such as data security and privacy
remain the same. The difference is that these
issues now take on the added dimension of
the transdisciplinary collaborative context.
In this section, we will discuss the relevant
security issues in an enterprise collaborative
environment.

in

Collaborative

Enterprise security is a well researched
domain and it encompasses a wide variety of
security topics such as Confidentiality,
Integrity, Availability, Identity Access and
Management, Security Testing, Building
Security into the Product Development
Lifecycle, Security Governance, and
Security Metrics [7]. The authors also
present a comprehensive survey on the
evolution of the security dimensions, access
control and information flow models, and
new and innovative directions in security
strategies such as those based on
biomemetics, trust, survivability, and human
immunology. While many of the ideas and
theories were developed before the advent of
Web 2.0 collaboration technologies, at an

Security Touch Points
In any large software system there are
several sub-systems which interact with
each other in well-defined ways as well as
with the environmental context of the
software
system.
These
interaction
mechanisms are typically implemented as
interfaces for data and message exchange
and described collectively using an
Application Programming Interface (API).
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These interfaces can be classified further
into families which are grouped together
based on their functionality. Security touch
points are those features of the interface
which are susceptible to security breaches
and which therefore need to be secured in
order to protect the interface and the overall
software system. This is a broad definition
which can apply to all interfaces, since by
definition an interface implies a handshake
and possible exchange of information with
its surrounding eco-system. However those
interfaces which are purely internal are less
susceptible to security breaches than those
which allow interaction with the unbounded
external context in which the software
system exists. Thus a more precise
definition of a security touch point is as
follows:
Definition: Security Touch Point
Feature of an external interface that allows
interaction with the unbounded external ecosystem and which is susceptible to security
breaches.
Classification of Security Touch Points
Security Touch Points can be classified as:
1. Data Exchange: Interface features that
allow user input to be captured and also data
to be displayed are security touch points.
These are typically either command line
oriented or Graphical User Interface (GUI)
oriented. They allow a variety of data to be
exchanged, which are both structured and
unstructured. A variety of functionality is
also enabled through these interfaces which
range from administrative to business
enablers.
2. Configuration Enablers: These are a
special class of Data Exchange Interfaces
which are used to configure the Software
System. Typically an end user - referring to
a role that is not technology oriented - can

use this interface to created specific
configurations
by
personalization,
customization, rule specification etc. Since
the end user is not a technologist, these
interfaces are driven by a rich, intuitive, and
highly interactive GUI.
3. Administration Enablers: This class of
Data Exchange Interfaces allows an
Administrator role to interact with the
Software System and perform administrative
tasks. These interfaces are either Command
line oriented or GUI oriented. The users of
this
interface
are
technologically
sophisticated "super-users". Thus a terse
command line is often preferred over the
more intuitive GUI.
4. Structured Input Capture: These are a
class of interfaces that consume structured
information. A classic example is a
Database interface which consumes
structured query language rules. They allow
interaction in strictly constrained ways and
the constraints are declared and enforced
using standard schema.
5. Remote Method Invocation: In addition to
consuming and presenting data, certain
interfaces are required to accept incoming
command requests and perform mapped
operations that affect the Software System
state. These are exercised as an API by
client software based on a well-defined
protocol. Their style of operation can be
synchronous or asynchronous. These are
especially powerful as they can cause
execution of processes within the software
system based on external commands.
6. Query Interfaces: These are interfaces
meant to expose software system state to
external applications based on well defined
structured queries. The system state can be
related to a business transaction or to
administrative states. These interfaces are
characterized by a higher volume of
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transactions than other interfaces which
causes significant load to build up.
7. Data Load Interfaces: Interfaces that are
designed to accept bulk data which can be
images, video, audio, or structured text fall
in this category. These interfaces allow
media to be loaded into the System and then
may subject it to further processing such as
transformations etc. Standard protocols such
as File Transfer Protocols (FTP), HTTP etc
are used for such load interfaces.
8. Content Streaming Interfaces: For a
collaborative system providing streaming
content is an important feature. These
interfaces allow content to be sent as a
stream to a client application which then
processes it appropriately. Typically these
are in response to a Query sent in via the
Query Interface.
Security Issues across Touch Points
Breaches of security can occur in any of the
above interfaces making them a critical
touch point from a security perspective. In
all of the above interfaces a key component
is the exchange of data. Security breaches or
possible attacks occur through this exchange
using data as a conduit for a security attack
payload. Depending on the interface
functionality this attack can be targeted
towards different areas of the Collaborative
Software System.
A Structured Data Capture Interface that
allows Database interaction accepts SQL
commands. This can be the target of a class
of attacks known as SQL Injection. The
attack can cause a compromise of the
Database at the application and sometimes at
the system software level. The most
common result of a successful attack is the
revelation of sensitive data in the Database
tables.
In
enterprise
collaborative
environment where centralized data
repositories are prevalent, this touch points

assumes
significance.
The
possible
prevention of this attack is to strengthen the
interface to perform a comprehensive series
of validation checks on the SQL Commands
that are input via the interface. SQL
Injection attacks use valid SQL commands
to send scripts which are in turn interpreted
by the Database engine. These scripts
contain certain patterns which are used to
identify them as spurious commands. For
example presence of wild card characters,
unquoted or incompletely quoted command
strings etc. are common patterns.
Providing an authentication context and
using it to establish authorization contexts
will also strengthen security across all these
touch points. By validating a user’s
authentication it is possible to ensure that
only valid users are using the system.
Further it is also possible to establish an
audit trail using the authentication context
which will ensure accountability.
Remote Method Invocation interfaces can
allow programmatic security attacks which
try to exploit weaknesses in the
programming language underlying the
interface. Thus a common exploit for C
Based interfaces is Buffer Overflow which
results from exploiting a specific weakness
in a C language API for copying strings. The
attack is prevented by switching to a more
secure version of such APIs as well as by
validating the input to the API sent by the
external source. Malicious payloads are
inserted into the input and by validating that
correct delimiters are present such attacks
can be thwarted.
Bulk Data Loading interfaces can be
affected by malicious media content which
will cause security breaches when they are
subject to transformation processes as in
transcoding from one video or audio format
to another. Using proper authentication
contexts and checksums can reduce the
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possibility of such attacks. These attacks
exploit vulnerabilities in the software used
to process the media and thus upgrading to
secure versions of the processing software
will also help alleviate the risks associated
with such processing.
All these interfaces can also be susceptible
to Escalation of Privilege Attacks which
allows an attacker to acquire super user
privileges by exploiting a process that runs
at these escalated levels. By carefully
limiting the window of privilege of a
process it is possible to reduce the impact of
such attacks.
Example: Lensoo Platform
Lensoo platform (discussed in section 3)
provides a collaboration environment
consisting of a System of Systems. The
platform enables collaborative learning. In
Lensoo, we have a role based approach for
the Platform services. This allows
implementation of audit trails and provides
accountability. The platform provides
interfaces for uploading content such as
video, audio, documents etc. Such interfaces
can only be accessed by registered and
authenticated users. The user's context is
associated with the uploaded content and
provides the required audit trail. Another
way in which constraints are established is
by limiting the different formats of content
to well known and standard formats.
Security attacks such as Cross Site Scripting
and others are controlled by using
appropriate filters which establish cross
domain restrictions and prevent sessions
being hijacked.
5. Security Model for transdisciplinary
Collaborative Environments
Security Model is defined as a schematic
description of a set of entities and
relationships by which a specified set of

security services are provided by or within a
system [8]. From a network centric and
protocols viewpoint, security model has
been defined as an authentication strategy
that is set up for a user and the group in
which the user resides. Further, security
level is the permitted level of security within
a security model. A combination of a
security model and a security level
determines which security mechanism is
employed when handling an SNMP packet
[9]. Computer security model is defined a
scheme for specifying and enforcing
security policies [7]. A comprehensive
evolution of the security models along with
their context and perspectives is also
presented in [7].
In an enterprise collaboration environment,
which is transdisciplinary in nature, a
security model has to address some
fundamental issues such as 1) governing
policies for collaboration, and 2) expanded
user and object security contexts beyond the
normal role based security. Consider the
following example to illustrate these points.
In an enterprise each group may have its
own department level collaboration system
where security policies have been defined as
to how documents are shared. For example,
Marketing group would have its own
policies; Engineering group would have its
own policies etc. In the new way of doing
business, these cross functional teams are
brought together through a collaboration
platform so that they all collaborate with a
single unified theme of producing products
that meets the needs of its customers,
markets and so on. However, the existing
security policies and user security contexts
that have been defined earlier at the
individual group may not be sufficient in the
new collaboration context and if not defined
properly may lead to security breaches. For
example a malicious engineer may now have
access to sensitive marketing documents
such as competitive analysis. We have
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observed these types of security breaches in
the industry where there is rush to promote
enterprise collaboration.
Our research is exploring these issues in
depth. The notion of security touch points as
described in this paper will provide the
foundation for a comprehensive security
model for transdisciplinary collaboration
environments. The key security objectives
that such a model should address are: 1)
Authentication, 2) Authorization, 3)
Confidentiality, 4) Integrity, 5) Availability,
6) Non-repudiation, and 7) Reliability.
In addition to the model, our research is also
focused on defining a comprehensive
Security Framework for Transdisciplinary
Collaboration
Environments.
The
components of the framework are shown in
Figure 4.

Model

Process
and
Methods

Secure
Transdisciplinary
Collaboration
Framework

Metrics

Control

Figure
4:
Components
of
Secure
Transdisciplinary Collaboration Framework

This framework allows one to focus on three
primary goals of enterprise security: 1)
secure and protect the collaboration
infrastructure, 2) secure and protect the
information assets through controls, and 3)
prevent, mitigate, and respond to security
incidents where metrics becomes an enables

of sound security strategy. The purpose of
the model is to define the security objectives
and the associated security actions. The
security actions will result in designing the
right control mechanisms while ensuring the
underlying architectural principles. The
purpose of Process and Methods is to give
well-defined steps for complete lifecycle
management of collaboration framework
from requirements to security architecture
analysis, rules for collaboration, document
sharing, etc. The purpose of Control is to
define individual controls as well as
collective controls for secure operations
management. The purpose of Metrics is to
ensure that the right set of security metrics
are gathered continuously and to guide the
evolution of the collaboration framework
over a period of time.
6. Conclusions
Enterprise Transdisciplinary systems are
viewed as System of Systems where people,
processes, methods and tools are brought
together in a collaborative environment. In
this context, the paper has presented the
characteristics of such transdisciplinary
collaboration systems and discussed the
fundamental security issues. The notion of
security touch points and how they influence
security solutions is discussed. The paper
concludes with a brief discussion on security
models and the need for an integrated
strategy
for
implementing
secure
transdisciplinary collaboration framework.
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INTRODUCTION

ABSTRACT

A Humorous tale?

A central problem in current analysis is a failure to
include indeterminateness adequately. Traditional twostate logics allow “yes” and “no” but not “unsure” or
“maybe”. A second problem involves interdependencies
and how “being together” changes possibilities. New
approaches are needed to accommodate the complexities
of choice and impact. Development of the “and/or” or aor
relational provides one interesting way forward. Working
from illustrative explorations of a tale demonstrates both
developmental possibilities and the contexts within which
more adequate analyses and models will need to be
positioned.

The exploration begins with a tale. Humor may be
found in many tales, including perhaps in this one:
What is the definition of Heaven? A French cook,
Italian lover, English policeman and German
engineer.
And of Hell? An English cook, German lover, Italian
policeman and French engineer.
Consider your response to this collection of words:
affront, mirth, confusion, indifference, curiosity, boredom
and/or something else. How intense is your response, and
which words particularly impacted? More generally, what
are the important influences on tale outcomes for you?
Exploring such influences and particular responses
that might be engendered is a theme in this paper. Such
things as identifying structure, elements and which
ordered selection(s) seem important in the development of
both tale and response provide a starting point. Beyond
this, however, we face considerable uncertainties, both as
to how the tale “works” with its shifting combinations and
attributions and how “the same tale” engenders mirth in
one person or occasion but not another.
Accommodating such uncertainties runs contrary to
much disciplined thought wherein the emphasis is on
removing uncertainties. Axiomatic logics, for example,
seek “the answer” in part by refining the problem to one
made manageable by the favored analytics. The position
adopted in this paper is that complex logical choices
representable via open “and/or” relations, termed “aor”,
can help in articulating the choices made in tale and
response development.
There are many potential articulations that can lead to
mirth, or elsewhere, so it seems counterproductive to seek
only a single solution (even if this is somehow deemed
“optimal”). Considering responses to a tale as impacts in
a “humor” event allows interesting explorations. Such an
approach stands in marked contrast to determinate
analyses built around separated Boolean AND and OR
relations between objectified elements and singular
influences within indifferent contexts.

NOMENCLATURE
Operators: DETERMINING
= AND
∧
= OR
∨
= XOR
⊻
Operators: open (or not (fully) determining)
= and/or
aor
⩕
⩓

= Nested aor

⇒

= implies

because
∵	
  
≈
= approximates
~
= associates with
if and only if
iff	
  
Entity: as nominated
= Actor
a	
  , Α
q of Q
= some property q of item Q
as classified or itemised
b, B
= Belonging to a brand: eg country, citizenry
t,T
= trait attributed to element, collective
as non-nominalised (or implicitly present)
p, ρ, P
= presence in element, collective, referent

1
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Issues associated with the transformative synthesis
that accompanies humor are discussed along with ways to
potentially specify the framing and forming of choices,
and their impacts. While the work remains exploratory
and illustrative, the materials presented outline a novel
approach and flexible ways to advance understanding of
collective outcomes and determinations under uncertainty.
The tale used is just one expression of the more
general issue of how differentiated parties can effectively
combine to achieve collective outcomes, be the collective
a sporting team, business enterprise, trading nation, local
community or other grouping. Successfully achieving
joint outcomes is a problem as old as society. New
technologies can support new explorations and help open
up fresh paths to enhanced understanding, or they can lead
via well-worn paths to nowhere new. The risk, of course,
is that the potential of a path is little understood before it
is travelled. It is useful, then, to travel lightly at first and
see to where we might journey and what we might learn.

the regions of a differentiated nation (Landa of
Germany)
• contrasting images of the lot of a prisoner
(England, as in a satirical cartoon (anon 1745)).
Each provide a distinctive perspective, and only the last is
in keeping with the tale. French prison conditions are
represented as miserable compared with those in England.
Our tale appears to have roots in the past, though even
English cooking was was supposed heavenly in 1745.
Image of the active parties are included in Figure 3
with the corners now allocated according to the type of
actor.
This provides an alternative framework but
imputations are needed as as to why cooks from France
lead to Heaven while the cooks of England conjure Hell.
We could posit cultural or other environmental factors as
“explanation”, but this still evidences no real
understanding. Also, any exceptions disprove the rule.
A more complete representation of outcomes is
shown in Figure 4. Engineers can be found in all four
corners. The path from one corner leads to “Heaven”,
another to “Hell” and two lead to a “Huh?”, an
indeterminate result.
There are three distinctive
outcomes, or three output states arising from the
combinations of the two variables. Interestingly, there are
only four possible combinations available. The first
choice made of one only from two possibles in any
“Huh?” corner determines the remaining allocations.
Answering an initial “or” forces three remaining “and”s.
The decision frame itself can be seen as complex.
Three incompatible alternatives co-exist with two used in
the tale. No clear-cut rules appear and objects such as
“nation” and “actor” exhibit markedly different attributes
in combination, both with each other and across the group.
Yet humans are able to evaluate the tale and form
judgments as to its “accuracy”, “humor” or whatever.
All this may seem trivial. Yet such irregular
attributions are common in everyday experiences. We,
each and all, adjudge in ways that are unclear and
potentially somewhat incompatible logically. A traveller
returning from a European tour may relate it as delightful:
as “heavenly” in terms of the food in France, friendships
in Italy, railways in Germany and helpfulness experienced
from police in London. Their “hellish experiences” (such
as thieves in Italy, late trains in France, food poisoning in
England and friendship spurned in Germany) may be
repeated regularly to friends.
Interestingly, tourism research finds a preference for
retelling the negative with “bad” experiences being related
five to ten times as often as “good”. Interesting also is
that internet searches of “English cook”, “German
engineer” and the like returned irrelevant information for
our purposes, with “French lover” being the only real
exception. Finally, the whole of marketing with its multibillion dollar budgets builds on reinforcing stereotypes
with little logic being evident to the target. Our simple
tale may highlight much it seems.
•

EXPLORATIONS OF THE TALE
We begin by outlining the combinations that deliver
such disparate outcomes. Each nation can be associated
with a highly desirable state of “heaven”, the highly
undesirable “hell” and the indeterminate “huh?”
Allowing “the same” nation to deliver such disparate
outcomes poses several serious definitional and logical
difficulties.
The combinations that lead to the states of “Heaven”
and “Hell” are represented in Figure 1. Each corner is
assigned to a nation, but paths from the same nation can
lead to very different results. Paths from France (in the
North West corner), for example, lead to both Heaven and
Hell with the choice dependent on whether the active
party is a cook or engineer. In another context, such as
Germany (South East corner), an engineer is a node on the
path to Heaven. Yet in France, the engineer is on the path
to Hell. The other two corners do not recognize engineers
explicitly. Figure 1 is then a limited representation in
terms of coverage but comprehensive in terms of
constituent couplings.
For “a single” nation to have alternative
representations, we must allow a multiplicity of attributes.
Such a nation is then irreducibly complex. It is not able to
be defined in a single or singular manner. Different
attribute values are revealed when the nation is in
combination with different activities via actors. A nation
includes a multiplicity from which specific combinations
generate markedly different outcomes.
Use of collective images as in Figures 2 and 3 allows
discussion of perceptual possibilities. In Figure 2 there
are four different types of images:
• a coherent nation (France, in an outline map)
• an historic icon (the Colosseum for Italy)

2
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English
German

(1)

Italian
French
a d a1, a2, a3, a4
cook

PROBLEM FORMULATION

An issue is which combinations are optimal, for a
cook collective
“Heaven” and “Hell” respectively. We require
engineer

We can now return to the humorous tale and examine
four pairs together (AND
of 4 ANDs) but each b is(2)
engineer
policeman
its detailed configurations and the impacts of various
attributable to successively selected (OR-ed) actors. This(2)
elements in combination. The tale structure used is a
lover
policeman
is an aor complex represented by ⩕.
simple one: pick and assign four actors firstly according to
Now aor combine brand b and actors a into an ensemble E with
a stereotype and secondly via some outrage on the lover
an intent of producing a particular outcome Hi.
stereotype. Elements in the construction are:
bsa E 0 Q 2 Hi
aor combineoutcome
brand bHi,
and
actors
a intoasan ensemble E with
an intent of cook
producing a particular
• Now
an encompassing
here
instanced
English
(reflecting
outcome
Hi.images of) “Heaven” and “Hell”, or
German
engineer
unspecified
as “Huh?”
or, perhaps, “Hmm...”.
s
E 0 Q 2 Hi
(3)
bsa
E0
Q 2 Hi
Italian
policeman
• an active actor, a, specifiable by successive
French
lover
selective drawings (withoutEnglish
replacement) from a
cook
chosen set of actors A.
German
• a branding B via nationality
with a distinctive engineer Linkage to an outcome Hi is essentially via a "suitable" presence
0and
Q a2
Hi presence ! for the ensemble E (3)
p in eachEpair
collective
brand bi attributed to each actor
ai in turn.s
Italian
policemanwhich sufficiently resembles the definitive presence for a
• a melding of the four combinations biai, each
particular i of H.
having been drawn deliberatively
to accord itemFrench
lover b sa 0 ! z P of Hi
wise and collectively with a pleasing and then a
confronting stereotype.
One set
of ba combinations
connotes
H1essentially
and an othervia
H2,a "suitable" presence
Linkage
to an outcome
Hi is
English p in each pair
cook and a collective

presence ! for the ensemble E which sufficiently resemblesGerman
the definitive presence
for a particular i of
engineer
ModelH.

Italian

b sa
! z P of
of brands
Hi and a of actors. We
Let
b be 0
a sequence
now explore some possibilities using a simple script. It
English
has been set as a dialogue in Maple
(Maplesoft 2011) with cook
development steps presented German
as worksheet excerpts.engineer
Statements, comments and immediate commands
s are in
black H3
with
the
numbered
responses
in
a
lighter
blue.
Italian
policeman
d Huh :
Together
t dthese
t1, t2,constitute
t3, t4 : an interpreted dialogue.

French

s

policeman

0 ! z P of Hi

(4)

lover

It is a sufficient coincidence of plausible presences that links the
whole tale. Pair-wise traits are to resonate with collective outputs
and the attributes of Heaven.
p 5 ! z P of Hi
0
! z P of Hicook
(4)
English
discerning aor creative ..

French
lover
H1 d Heaven :
Set variable values for brand b and actor a across the group.
Itb d
is ab1,
sufficient
b2, b3, b4 coincidence of plausible presences that

German
engineer
reliable
saor exact ..
! zP ofPHi
of Hi
iff Italian
,0
!z
policeman
fair aor honest ..
lover
linksFrench
the
wholeaortale.
Pair-wise
traits are to
passionate
caring
..

(4)
(5)

ItToisbuild
a sufficient
coincidence
ofneed
plausible
presences
thatwith
linksnothe
English outputs and the attributes of Heaven.
resonate with collective
the Heaven
story we
whole-group
traits
whole
tale. traits
Pair-wise
traitsofare
tonested
resonate
with
collective outputs
dissenting
(the
role
the
and
⩓).
Setting
German
Presences
p are implicit
in each of the four traits via “( )”.
p 5 ! z P of Hi
and the attributes
of Heaven.
(1)
Italian

French
a d a1, a2, a3, a4

iff
cook
engineer
policeman

discerning aor creative ..
reliable aor exact ..
fair aor honest ..
(2)
passionate aor caring
..

lover
To build the Heaven
story we need whole-group traits
Now aor combine brand b and actors a into an ensemble E with
and
⩓).
Setting
T
d
traits across E : (or TE)
an intent of producing a particular outcome Hi.
bsa qE t0 q
Q2
bsa
THiw ! z Hi
English

English

German

German

Italian

Italian

French

French

T d traits across E : (or TE)
Ap consonance
of presences allows the whole tale to cohere.
5 !qz
bsa
t PqofTHi
w ! z Hi
The presences pi assigned implicitly to each “branded
discerning
aor creative cook
..
actor” biaEnglish
i in the group resolve to a collective presence ρ
reliable
aor
exact
..
which resembles
sufficientlyengineer
a presence P of Heaven, or
iff
, ! z qP of Hi
(5)
, ! zGerman
P of
Hi
(5)
s .. brand and
Hell. Note that
the
specific
actor attributions do(6)
fair
aor
honest
Italian
policeman
not appear in the logic of (5) nor are presences p defined.
passionate
French aor caring ..lover
To build the Heaven story we need whole-group traits with no
dissenting traits (the role of the nested and ⩓). Setting
with
no dissenting traits (the role of the nested
T d traits across E : (or TE)
discerning aor creative ..
,
bsa q t q T w ! z Hi

English

cook

cook

German
discerning aor creative .. reliable
aor exact ..
, engineer
s
q
engineer
Italian
policeman
engineer E 0 Q 2 Hireliable
s
(3) aor exact ..
s policeman
q
q traits across E
w ! and ! z Hi
French
lover
policeman
fair aor honest ..

cook

lover

lover

(6)

(6)

passionate aor caring ..

Linkage
an outcome
Hito
is rework
essentially
viaH2
a "suitable"
Note
thatto we
will need
t for
"Hell". presence
Also, there are other H3 "Huh" combinations which could accommodate further
discerning aor creative ..
,
p in combinations
each pair and a collective
presence
! for
the ensemble
E
ba
to which
we
might
attribute
further t.
which sufficiently resembles the definitive presence for a
particular i of H.
b sa
0 ! z P of
Hi
In
a reduced
form,
we might state for generalised

c sa q " q TE w ! z Hi

3

reliable
aor exact actors
..
, a as a starting point,
brands c and
retaining
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! z Hi

Note that we will need to rework t for H2 "Hell". Also, there are
other H3 "Huh" (ie, intermediate or indeterminate) combinations
which could accommodate further ba combinations to which we
might attribute further t.

background with selective connectability or a pervasive
neutral host medium affording locales but not
localisations. It is pervasive but non-uniform allowing
patterning but not centring. The three presences of the
tale are plena in this sense. They might be imagined as
planes that suffuse the spaces between branded actors
and the heavens, and between listeners and tale teller.
There are seven distinct levels revealed in the
mathematical exploration, Each represents a distinct level
of association:
v the nominated elements b and a of B and A

In a reduced form, we might state for generalised complements c
and retained actors a,
c sa q " q TE w ! z Hi
c1

cook

c2

engineer

c3

s

policeman

c4

q " q TE w !

(7)

lover

Ø

and ! z Hi

The point of such a development, rudimentary as it
The point is such a development, rudimentary as it is, is to
is, ishighlight
to highlight
both features of a potential design
both features of a potential design heuristic and the
heuristic
and
the
multiple
levels at
associations
multiple levels at which associations
takewhich
place. Fortunately,
take place.
Fortunately,
areseem
humorous.
They
do
humans are
humorous. humans
They do not
to need such
deeply
nested and formulate
multiply-associative
formulations
be
not explicitly
such deeply
nestedwhich
and can
multiplyworked formulations
in several directions.
suchin
detailed
associative
whichHowever,
can be some
worked
several
specification
will
be
needed
for
any
"Guidebook
to
Humor
for
directions. They just laugh, or not.
Computers". Organising a machine to flexibly play with such a
Problems
will
arise
when
chosen
features
may
not
be
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appreciating “presence” and its generation (particularized
perceptions). Finally, not everyone will be amused
(differentiated respondents).

Ø

pair-wise associations of these as b∧a
§

presences pi attributed to these pairs bai

§

presence ρ attributed to the collective E

§

presence P reflective of an H

Hi itself.

v the un-nominated but implicit elements of H.
Presences must align if the ba pairs are to resonate H
sufficiently, giving an inner coherence and diffuse
linkage between the ba and Hi.
We can assume H1 and H2 are not only transcendent
but also unvisited. H3 is much more mundane, yet it is
the ideals of H1 and H2 and their supposed opposing
presences that capture our attention and imagination.
The associations themselves are complex both as
constituted and in assigned effect. “English” and “cook”
together generate something “hellish”, for example,
while either in another association has a different effect
or presence. So, where does “hell reside”? Elementally
in the “English”, “cook” aor “and”; idiosyncratically in a
peculiar individual or historic influence; in suggestions in
the broader tale, aor its telling; in the minds of
participants; aor an ether? Attributions matter in all
manner of ways but there appears no singularly
compelling reason to choose any of these. We face a
deep uncertainty. Our tale has an unfunny side when we
consider how demagogues of all styles have selectively
bridged and exploited the deep to proffer their own
certainties and directions. Living is not simple. We risk
much when we assume it is, or is so explicable.
There is a related problem when we use a fictitious
set of generalisations to not just amuse but potentially to
signal some deeper “truth”. There is no associated
singular truth value either in the context of the tale or in
actuality, Indeed the tale pivots on an ambiguity as to
what attributes attend branded actors. Such a world is
deeply uncertain. It appears to work from a different
premise to fuzzy logic, eg, both in the narrow sense of a
symbolic logic and the broad sense of an apparatus for
control (Hajek 2010). Reflecting on Simon (1997), is
there boundedness not just from limitations in parties and
variables but from “uncertainties” in nature and logic?

A Reflection, in passing
At breakfast the morning after first drafting the
previous section my wife was discussing the four key
points of a model being promoted to improve the school
where she teaches. A resonance with the humorous tale
struck me as did the particular relevance of equations (5)
and (6).
Heaven is the ideal school where all students
perform “to the highest standard” and show “unrelenting
improvement”. A common presence and clear objectives
are central for the proponents, as in equation (5). Few of
the elements of (6) are recognised.
Essentially, an organizational plenum is proposed
with ideal environments and goals posited. Within this
setting students are to creatively make their own ways, to
build their own tales using (5) and few exemplars. Little
appreciation of attachment or embeddedness is apparent,
yet these are the realities with which teachers deal.
Teachers construct using (6) while others say iff…
Attributing presence, levels and influences
A supposed all-pervasive influence needs to be
sufficiently connectable if it is to affect and effect as pure
transcendence allows for no direct connections.
However, if too explicity connected it becomes centred
and an aspect of a situation, specifiable as an interaction.
The plenum thus adopts an ambiguous role as common
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more favourable to the marketed product, firm or other
“to-be-promoted” item. Seeking to selectively advance
some things and not others seems a widespread trait in
humans. It is a minimal consideration in conventional
analysis which overlooks differentiable impacts.
Such selective advancement is not just a goal of
marketing. It appears as part of human perception. In
“the everyday life of the common man” weightings given
to various entities aor attributes are varied with
circumstance and purpose. In “the formal states of the
rational shell of homunculii” weightings are sacrosanct
and often definitive, of entity, function or force, Modern
custom has imposed “powers onto” things and overruled
“the powers in” things and the uncertainties these create.
Consider bounded rationality (Simon 1957). What is
it that is “bounded”? Many authors emphasise our lack
of knowledge of the state of the world, and so highlight
the limitations of our powers as instigators, actors and
observers. Few consider the potential of even these
reduced or “unknown” powers. When rationalities
(literally, constancies of proportion) and attendant
certainties are maintained, the question becomes one of
“finding” better information or analysis so as to approach
the heaven of rationality more closely.
“Powers” of bodies are typically assumed adequate
to the tasks at hand and non-complicating in the analysis,
or simply overlooked. It is not just in an assumption of
“a definitive 1” that this may become a problem, it is
particularly so in the further assumption that this
definitive unity maintains its attributes even under
considerable stress. Strains are assumed manageable
internally so consistency is exhibited externally. Stability
results externally. Failures in such assumptions provide
foundations for the Peter principle (Peter and Hull 1969)
and like generalisations, whereby persons are
organizationally promoted until they reach a level of
incompetence or inability to cope. Gare (2006) sums up
the collective result while Omerod (2005) looks at
foundational and perceptual roots of failures.
The possibilities of “powers” can be accommodated
even if not understood. In normal times the impacts of
such powers are likely to be consistent. In abnormal
times or around idiosyncratic items or parties such an
assumption may well become untenable.

The analysis presented underlines the special nature
of much current analysis. Even the world of our tale is
not simple nor easily decomposable. Influences are
exerted over several distinct levels. Analysis that
appreciates and adequately accommodates such
“realities” is a rarity.
Those using object-oriented and similar methods
involving distinct things together may implicitly
appreciate these matters, but such appreciation is an
exception when we look across the corpus of received
wisdoms, especially that arraigned by discipline or
Academy. The insights that guide the everyday practices
of our modern world fall well short of what is possible
and needed. Explicit articulation and appreciation of
foundational issues and the constraints we so impose
upon ourselves would be a step forward.
On ways we approach the world
Separable AND and OR relations are a convenient
simplification, but aor may sometimes be needed,
specifically when things are not be simply attritutable or
unambiguously separable. Attributions are essentially
arbitrary in situations of “togetherness”, including those
of cause. As Hume (1974 [1739]) noted:
“The powers by which bodies operate are entirely
unknown. We perceive only their sensible qualities;
and what reason have we to think, that the same
powers will always be conjoined with the same
sensible qualities? Tis not, therefore, reason which
is the guide of life but custom.”
This possibility of change through “internal power”
has been written out of much modern thought via
assumptions of constancy of preferences, stability of
population parameters even if individuals change, and the
like. It is particularly proscribed in formal models where
properties of “a body” or other “object” are assumed to
persist across all manner of circumstances and
combinations, despite various impossibility theorems
such as those of Arrow (1974) and Godel (1962).
Rigorous eradication of uncertainties has been a hallmark
of “disciplines”.
Hume’s conclusion is reiterated
whenever custom, including of analytic method,
dominates dialogue.
Accepting that we do not understand “the powers” is
one thing but neglecting the various impacts of and on
such powers is another, and a needless omission from
analysis. This is especially problematic when we move
from the physicalities of inert objects and constancies of
mathematical formulations to the caprice of humans and
the contests of sport and the markets. The whole of
marketing is about changing preferences through
influencing inner powers towards channels and customs

Distributional and disruptive issues
In any group or collective there will be many parties
who may be assigned across a range of values for some
common attribute. Such is the nature of a distribution.
Many values are attributed within the group with an
individual assignment considered meaningful in some
way(s). We may also talk of group properties, such as
the mean of the population or sample thereof, but such
“properties” are always analytical artefacts. Assignment
is essentially to a common presence, a plenum perhaps.
5
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In logic it is common to assign two opposites such as
“true” and “false” values of “1” and “0” respectively. In
a two-state logic these are the only possible values but in
a three-state logic we may additionally allow:
• specific assignment of some set intermediate
numerical value (such as ½ in a Łukasiewicz
form) or some variable value (as in fuzzy logic)
• selective assignment reflecting context, purpose,
circumstance aor judgments made as to the
importance of such things (as in the tale).
• not-yet-specified assignments where learning is
allowed and there is an expectation of an
improved ability to specify;
• no direct assignment, the aspect being regarded
as truly unknown within the task horizons.
Sensitivity as to the effects of such assignments will be
part of any positioning and evaluation.

one other pair. Placements are interwoven with balances
struck both in each pairing and across the group.
This ability of an exceptional “outlier” to not just
confuse the stereotype but to potentially remake it is
something that needs consideration in attribution of
collective properties.
One party has considerable
influence, or a high weighting within the distribution.
His or her introduction can have five very different types
of impacts. It may:
• revalue the stereotype pairing;
• reweight the pairing;
• introduce dissonance within the group, and an
implausibility as to the supposed presence;
• force re-pairings within the group if “the group
seeks to retain its previous presence”;
• aid the abandonment of some pairings, of set
elements or of the tale itself.
Such is the mix with which a tale constructor may deal in
putting together a tale with humorous potential. In terms
of equation (6) a specific instance of ba1 in H2 may
disrupt p1, ρ and other ba combinations as well as the
membership of B and A. Changes in this last area would
then disrupt formulations for Hi and the like.

If a distribution exists between two bounding points
such as 0 and 1, there may be symmetry about a line or a
skew in the distribution towards either end. Whether
such things are known or knowable is a further
consideration. This yields five qualifications on a
distribution D:
<D skew towards 0 (or left bound)
D no evident skew
D> skew towards 1 (or right bound)
D? an unknown pattern and skew
D an unknowable pattern with skew unknowable

General considerations
Clearly there are many ways of being together. The
schema outlined shows some of the ways that grouped
elements may deliver an influence and how further
parties may interpret such influences.
Describing
possibilities opens many doors and options but we need
to find sufficient paths and viable options if we are to
reach desired outcomes effectively.

If Heaven were assigned “1” and Hell “0” then “<D”
is tending towards the Hellish and “D>” towards the
Heavenly, but neither end point is reachable by the group
if there is any variation in property values. Heaven and
Hell are unreachable extremes towards which a group
may be variously distributed. Our group of four branded
actors are firstly skewed right individually and as a
group; secondly, they are skewed left.
Other
configurations are “D? “ as we simply do not know, but
might if we were to investigate further.

Three of the fundamental problems that face us are:
That as outside observers we cannot know fully if at
all the extent to which particular elements contribute
to some group or collective outcome.
• That we are accustomed to attribute cause (Hume op
cit) but our attributions need not always be
appropriate. Attributions made in “normal” times or
places are particularly doubtful at times of high
stress or crisis.
• That there are necessarily uncertainties in any
actuality. A tradition of assuming uncertainties and
their impacts away exists, whether by exclusion or
by classification as operational or management
issues. Such a tradition introduces risks that need to
be sensibly appreciated and selectively countered.
We cannot expect to work together successfully if we
methodologically turn away from key facets of situations.
•

Specific demonstrations
The humorous tale highlighted that the specified
elements are essentially markers for wider presences. It
is sufficient consonances between such presences across
several levels that allows the tale to cohere.
What might happen if the English cook of H2 turned
out to be a famous and very good cook? This individual
repositions “English cook” in value towards 1 (p3 to 0.8
from 0,2 say) and Heaven while also upsetting the
hellish presence of the group overall (ρ is both increased
and compositionally less harmoniously hellish). Indeed,
if “English cooks” came to be personified via this person
our tale would need to search for a more hellish partner
for each of “English” and “cook”, breaking up at least
6
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In the everyday world, people assume constancies
about their world so that they can focus on what “they
are trying to do”. The world is put aside so that I can
exert influence with a reasonable prospect of success.
While there is ongoing monitoring with cross checking
for consonances and dissonances in the everyday, this
does not appear to be so in highly formalized or heavily
disciplined areas. In part this is because of the distance
between action and effects across cycles. It also appears
to be due in part to our preferred mental constructs and
patterns of thought.
Those using object-oriented
approaches have, probably unintentionally, given great
impetus to considerations within the third great type of
dynamical theory (Russell 1927).
This is a direct challenge to the happy duopoly of the
first and second types that has held sway in Western
thought for over half a millennium. Many practices,
conventions and traditions reflect accommodations
between these two singular approaches and their
adherents.
More broadly, the issues canvassed are as old as
human society. Preferred configurations, relationals and
resolutions are the hallmarks of civilizations, past and
present. We should not be surprised that there is much
to explore, but we should be surprised if in adopting new
technologies we do not reflect on the conceptual frames
within which we operate. Even the best tools need some
skill if they are to be effectively used in ways that are
contextually and otherwise apt.
More imaginative
approaches appear needed if we are to tap the
possibilities that now reside just beyond our finger tips.

CONCLUSION
Many issues are raised for discussion in this
exploration of how we preferentially combine elements
as we seek to understand and act in the world we together
share. Much of our thought, however, rests upon
assumptions of singularly important influences. Many
processes favor exclusions as part of the pursuit of a
universal form or general solution.
While such
approaches can do much, they are neither complete nor
adequate for tasks where “togetherness is close”.
Particular care is needed when it is difficult to
unambiguously distinguish elements, links, associated
patterns aor the significance of various groupings.
Relations between elements are couched in terms
of relationals, of which the binary forms of AND and OR
are the most common. An “and/or” relational (termed
aor) links three or more elements and offers alternative
outcomes.
While simplexes such as the Boolean
relationals can be automatically solved (including
without reference to context), a complex relational such
as aor requires interpretation and/or further specification.
This introduces an uncertainty not present in two-state
logics.
A humorous tale has been used to demonstrate the
range of connections and presences to be found in even a
simple story. A mathematical representation explored
the:
• roles of specified “branded actors” ba
individually and as part of a group;
• deep embedding (nesting) of such parties;
• function of “the ba” in signaling presence;
• three-fold occurrence of “presence” (as pi, ρ
and P) and the need for suitable
consonances between these;
• use of repetition, inference and expectations
in making the tale “work”;
• research difficulties that would accompany
any attempts to use literal interpretations
alone;
• profiling of uncertainties of various types;
• general issues of presence and influence
and how these might be specified, along
with the impacts of such specifications.

“Change in one tool or custom can have unintended
consequences in other tools, customs or, indeed, the
entire structure. In order to create powerful tools to
augment human thinking, we have to change many
aspects of the infrastructure and examine how tools are
used… While we continue to spend millions of dollars
researching newer, faster tools, little research is being
done on the most strategic investments that will provide
the highest payoffs for augmenting human thinking.”
(Engelbart, Landau et al. 2009)
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ABSTRACT
INTRODUCTION

The vision of the NASA project for Clinical Decision
Support System (CDSS) is to engage both undergraduate
and graduate students in the design/R&D of a medical
guidance system for the International Space Station (ISS)
for enhanced life support capability. This multi-university
initiative, involving the Purdue System, UAB, Auburn,
and other universities, can produce NASA and NSF grants
leveraging the medical resources available at UAB, ties to
NASA Digital Astronaut Project and ISS, and the new
Information Analytics and Visualization Center (IAV) at
IPFW in operation since summer 2011. Significant
spillover benefits is expected to Science, Technology,
Engineering, and Math (STEM) initiatives via distance
education and online/offline mentoring through the new
IPFW and UAB student chapter of the Society for Design
and Process Science (SDPS) that can assist in the training
of the students through e-learning. This approach is
expected to generate a base of focused student activity
that can supply enough qualified seniors and graduate
students that can contribute to the modular development
of the CDSS architecture. This paper reports on some
collaborative work with IPFW and UAB on the
information architecture of a CDSS utilizing concept map
technology for knowledge engineering of some of the
modules using the Semantic Web. NASA outreach via
STEM advanced by SDPS is expected to generate more
qualified student researchers and freshman enrollment in
computer science by stimulating interest and providing
assistance both online and offline.

Space travel carries with it inherent medical risks
impacting life support systems at NASA that can be
prevented or mitigated using appropriate technology. In
addition to standard medical advice provided from NASA
monitoring stations on earth, astronauts can benefit from a
Clinical Decision Support System (CDSS) (Perreault et
al., 1999) that will provide instant access to life-critical
medical information and guidance that can handle an
immediate emergency or other unanticipated hazards.
In this paper we discuss the possibility of developing
the information architecture for a CDSS that can assist an
astronaut spending long periods of time in a space station.
The system should be able to address associated health
implications of space travel to and from the ISS, known or
unknown. Some advantages of using a concept map-based
approach in building a CDSS are provided.
BIOLOGICAL PROBLEMS FACED BY THE
ASTRONAUTS IN SPACE
Astronauts experience many known and unknown
challenges and biological stressors during space travel and
in zero gravity that dramatically impact health. Even after
the human body adapts to zero gravity, some obvious
problems that have been observed to occur include
disorientation, bone loss, cardiovascular deterioration,
radiation exposure, and food poisoning/infections. In the
case (1) Disorientation: Zero gravity causes the body
fluids to get disoriented and they tend to accumulate in the
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chest and the head, (2) Cardiovascular deterioration:
bulging of the veins in the neck leading to the excretion of
essential body fluids. This in turn brings about a reduction
in red blood cells. (3) Bone loss: The significant density
reduction of the weight bearing bones causes osteoporosis.
The severity of osteoporosis may increase due to
prolonged stays in space (NASA related education, 2011).
(4) Radiation: Given the fact that the astronauts in space
are no longer protected by the earth’s magnetic field the
atoms bombard cells thereby penetrating and causing
breaks in the DNA sequence. This creates a greater risk
towards
developing
cancer.
(5)
Food
Poisoning/Infections: Change in diet for the astronauts can
lead to food poisoning and slight infections can create
unknown deleterious consequences for the astronauts.

conducted in the Healthcare Visual Analytics lab which
can utilize the new Cave Automatic Virtual Environment
(CAVE) technology to develop medical guidance systems
using 3-D visual analytics. The CAVE can be used by
trained STEM students to collect, analyze, and display
data for clinicians, surgeons, and other domain experts
when designing a functional CDSS. This type of medical
guidance system can provide medical practitioners a
technical roadmap with recommendations and rationale on
best route of healthcare over a period of time, as well
as emergency care. The various factors of input from both
the patient and the world are synthesized to produce an
output
of
recommendations
displayed
in
a
rich environment connected to remote knowledge sources
and inference engines. The driver of this information
processing is provided by the patient, detailing
information on their health, and by the world, reporting
on advances
in
medical knowledge faster
than
before, building on the Unified Medical Language
System (UMLS) (UMLS, 2011) and recent advances in
web technology.
The customized visual report and analysis of the
data is provided by Artificial
Intelligence
(AI)
modules with specific algorithms that can utilize available
computation methods such as Matlab's Neural Networks
and Fuzzy Logic toolbox. Semantic Web technology
using concept maps and intelligent agents can be utilized
to access global knowledge repositories to be translated
from languages like Japanese and German to keep the
system updated on most recent medical advances for
automated processing and inferencing of new medical
recommendations for users of the CDSS. Knowledge
engineering techniques can be used to develop concept
maps that store domain expertise for future use and
machine learning utilizing Semantic Web and XML.
Applications of this research range from automated drug
discovery to onboard spaceflight medical diagnosis with
collaboration opportunities existing with various
companies, hospitals, and universities at the forefront of
medical research.
The IAV Center will be able to utilize the advances
made in the Digital Astronaut project, which is currently
in the planning stages at NASA (Digital Astronaut, 2011).
The comprehensive mathematically based, digital
representation of the astronaut will enable simulations to
be conducted on space health under adverse conditions
anticipated in space travel and under zero gravity. These
detailed simulations of the astronaut’s biological systems
under various artificial stressors can pose new problems
before they happen that can be addressed by a CDSS.

ROLE OF THE FLIGHT SURGEONS
Flight surgeons (NASA Flight Surgeon, 2011) have a
pivotal role in ensuring the health of the astronauts. Flight
surgeons are involved in selection of astronauts for the
space mission based on their health history. They also
train the astronauts in handling adverse health situations
during their flight period. While most of the flight
surgeons assist the astronauts coordinated by mission
control on earth, sometimes a flight surgeon may also be a
part of the space crew.
In the event of an astronaut facing a critical health
condition, the astronaut along with a couple of
companions can be ejected back to earth on a space
capsule. In this case, a mission abort and a quick journey
back to earth may be considered to be the most expedient
solution to a given health problem, which could be
prevented with automated medical guidance providing
comprehensive and effect solutions for some conditions.
Need for a Clinical Decision Support System
Given the fact that a flight surgeon may not have
information on every aspect of medical science it may be
very useful to have the flight surgeon assisted by a CDSS,
possibly improving his efficiency and response time to a
particular emergency. The CDSS should be able to
provide the flight surgeon with the required decision
making points based on the previous flight experiences via
case based reasoning techniques and also current medical
research findings. This will allow the flight surgeon to
make quick and judicious decisions using the CDSS. In
this article we present an approach to build a CDSS using
concept maps to store the knowledge required to provide
the required decision support.

CDSS Grant Proposal: NASA SMART goals
CDSS Grant Proposal: Visual Analytics
Every semester, reporting of results can be done by
concept maps to NASA on the Specific, Measureable,
Attainable, Relevant, and Time-sensitive (SMART) goals

The primary medical research focus of the
Information Analytics and Visualization (IAV) Center is
2
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aligned with NASA Objective 2.3 (Curricular Support
Resources to Educate and Engage), focusing on NASA
Education Outcome 1.1 and 1.2 (1st choice): (1) Specific
goal of a teamwork initiative is achieved by attracting a
group of talented university students who would like to
learn and apply their skills to the design/R&D of a CDSS
system as a team project (2) Measurable goal of mind
mapping is achieved by applying the detailed rubric
provided by the design courses (both undergraduate and
graduate), tracked by concept mapping technology and
standard project management techniques using the
Rational Unified Process (RUP); (3) Attainable goal of
intellectual empowerment is achieved since the course
structures are well-defined; (4) Relevant goal of
increasing diverse computing enrollment achieved since
they are in line with the U.S. agenda emphasizing the
importance of teaching computing in STEM development,
as well as spinoff CDSS research benefiting from ISS
application keeping with NASA tradition, and; (5) Timesensitive goal of semester completion is achieved by
meeting specific benchmarks as provided by the RUP
approach for small agile teams at the university level that
can also excite STEM students in local high schools via
distance learning initiatives, generating more freshman
enrollment for involved institutions. The SMART
objectives of teamwork initiative, mind mapping,
intellectual empowerment, increasing diverse enrollment,
and semester completion are achieved, respectively, with
the objectives of (1) building cross-disciplinary awareness
among students, (2) engaging STEM students in
highschools with experiential projects accessible online,
(3) involving SDPS for long-term support, (4) involving
under-represented students in NASA activities, and (5)
teaching students system specification according to
prevailing industry standards.

generate underlying specifications (e.g. in XML format)
that can then be transformed to an executable format.
Because the concept map provides an efficacious tool for
determining user semantics, the loss of semantics involved
in depicting domain information can potentially be
minimized. Second, the concept map model can then be
transformed to an executable format in an automated
fashion; this capability can further reduce the loss of
semantics in process modeling. If the executable process
modeling technology is chosen carefully, the loss of
semantics because of this transformation can also be kept
to a minimum. However, one of the drawbacks of concept
maps is that they have a limited ability to represent causal
relationships and therefore may have limited use in
modeling complex processes. Table 2 illustrates the levels
of representations described by the concept maps which
make ontology representation using concept map
technology a viable alternative for building knowledge
bases for the CDSS.
OVERVIEW OF KNOWLEDGE ENGINEERING
APPROACH USING CONCEPT MAPS
The proposed CDSS using concept maps for assisting
clinicians such as flight surgeons should contain the
following parts:
i) Knowledge Base: This contains the required
information on space medicine stored in the form
of concept maps which is later converted into a
suitable XML-based document.
ii) Knowledge Extraction Module: This module is
used to facilitate the extraction of data from a
database and the required knowledge from the
knowledge base.
iii) Analysis Module: The analysis module analyzes
the inputs provided by the Data and Knowledge
Extraction Module.

IMPORTANCE OF CONCEPT MAPS IN STORING
INFORMATION
Novak and Cañas (Novak et al., 2006) defined
concept maps as “graphical tools for organizing and
representing knowledge.” These maps include concepts,
usually enclosed in circles or boxes of some type, and
relationships between concepts; such relationships are
indicated by a line connecting two concepts (Novak et al.,
2006). A concept map allows a computer literate to
illustrate an idea, concept, or domain knowledge to be
described in a graphical form (Cañas et al., 2004)
(Gurupur et al., 2010). Concept maps satisfy the
conditions of meaningful learning because they provide
conceptually clear presentation of comprehensive
knowledge assimilated by a domain expert over time,
which can be readily turned into XML and OWL
instructions for machine processing (Gurupur, 2010).
The models generated with the use of concept maps
can then be processed by the human mind as well as

iv) User Interface: Handles the inputs on a particular
health condition and provides the required
information to the flight surgeons.
Steps Involved in the Functioning of the Clinical
Decision Support System
The following steps are involved in the function of
the CDSS:
i) The flight surgeons build the knowledge base of
diseases, abnormalities and their remedies based
on previous experiences using concept maps.
These concept maps are then converted into
ontology documents.

3

707

ii) The necessary information contained in the
ontology document is extracted by the
Knowledge Extraction module.

Functioning of the Knowledge Extraction Module
The Knowledge Extraction module is mainly
responsible for extracting the relevant information from
the ontology document derived from the concept map.
Usually the information extracted from this module is
stored in a database which is used by the Analysis
Module. This module uses an ontology parser to parse the
ontology document under consideration.

iii) The flight surgeons coordinated by mission
control provide the necessary inputs on a
prevailing health abnormality of the astronauts in
space using the user interface.
iv) The Analysis module accepts the information
extracted by the Knowledge Extraction module
and clinical data provided by the flight surgeons
using the user interface.

Functioning of the Analysis Module
The Analysis module first gathers the required
information extracted by the knowledge extraction
module. It also gathers the clinical data of the astronauts
in consideration. The module then performs an analysis of
the clinical data with the existing knowledge to arrive at a
list of conclusions. The flight surgeon then picks the
suitable solution strategy for the abnormal health
condition of the astronaut.

v) The flight surgeons either receive a particular
remedy or a list of remedies for the health
abnormality provided to the CDSS.
Building the Knowledge Base
The knowledge base for the proposed CDSS is
assembled based on past experiences of the flight
surgeons and current medical research findings. The flight
surgeons who have acquired years of experience working
with the astronauts can readily impart their knowledge
into a concept map using the Institute for Human-Machine
Cognition (IHMC) CMap Tools software. This tool allows
an ordinary computer literate to store human perceivable
information that can be machined processed via embedded
concepts. The concept maps thus created will possess the
required information on diseases, their symptoms, and
their required remedies.
The concept maps built by the CMap Tools can also
link the concepts to the relevant documents that can
provide the flight surgeon with some additional
information to derive a conclusion in proposing a remedy.
The concept maps can be updated periodically to reflect
the current knowledge on biological problems in space, in
addition to remedies that have already been successfully
tested. Since the concept maps are human perceivable a
particular concept map can be reviewed and validated by a
group of flight surgeons or a senior flight surgeon.
Concept maps built by individual flight surgeons can be
shared and linked together to form a single internetworked
series of embedded concept maps to form the entire
knowledge base.
The knowledge base will have two parts to it: a) the
concept map and b) the XML-based ontology file. While
the concept map is human perceivable form of
information, the ontology file provides the machineprocessible form of information to the system. This
information is extracted by the data and knowledge
extraction module for identifying the necessary parts of
information that can be used in deriving the final outcome
of the CDSS.

Advantages of Using the CDSS for Space Medicine
Using CDSS for space medicine provides a list of
advantages for the flight surgeons and the astronauts. A
few of them are as listed:
i) The flight surgeons receive help from the
observations and results of the previous
experiences.
ii) Since the decision of the flight surgeons is
supported by the CDSS they would be able to
make a better decision in a much shorter frame of
time.
iii) The system allows an opportunity for the
knowledge base to grow which in turn helps the
flight surgeons receive more information on a
particular health condition.
iv) It increases the possibility of the astronauts
receiving better health support.
CONCLUSION AND FUTURE WORK
The envisioned NASA project for clinical decision
support systems utilizing the new IAV center at IPFW
combined with UAB medical research groups that work
with the NASA is to engage both undergraduate and
graduate students in the design/R&D of a medical
guidance system for the International Space Station. The
grant submitted in early 2011 in this area was encouraged
by contacts working directly with the ISS. This multiuniversity initiative can produce NASA and NSF grants
leveraging the medical resources of UAB, ties to NASA
Digital Astronaut Project and ISS, and the new
Information Analytics and Visualization Center (IAV) at
IPFW in operation since summer 2011. Significant
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spillover benefits is expected to STEM initiatives via
distance education and online/offline mentoring through
the new IPFW and UAB student chapter of the Society for
Design and Process Science that can assist in the training
of the students through e-learning. This approach is
expected to generate a base of focused student activity
that can supply enough qualified seniors and graduate
students that can contribute to the modular development
of the CDSS architecture. Knowledge engineering
techniques can be used to develop the modules, including
concept maps technology capturing domain expertise.
This paper reported on the grants initiative began
early this year in 2011 and some collaborative work with
IPFW and UAB on the information architecture of a
Clinical Decision Support System (CDSS) utilizing
concept map technology for knowledge engineering of
some of the modules. A concept map-based approach can
be readily taught to STEM students at the graduate level.
As a result, the Semantic Web can be utilized, thereby
bridging the gap between the medical domain expert and
the CDSS systems in development to meet industry
standards and STEM needs for next generation training
and education in this field. It is expected that research
collaboration between UAB and the Purdue system will
continue for many years into the future, expanding to
other universities that also establish SDPS student
chapters that can engage STEM students for work on the
CDSS for NASA.
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Table 1. Medical Guidance System for the International Space Station (ISS)
advancing STEM
NASA Goal
Inputs
Activities Outputs
Outcomes
Outcome
Measures
2.3 Curricular
Support
Resources

Graduate

R&D

Trained

Outcome 1.1 /1.2 Number of

students

Medical

students

Up to 200 students students

(Educate &

K-12
students

Engage)

IAV lab

Outcome 1.1
/1.2

INSGC
Funding

SMART goals:
Teamwork
initiative, mind
mapping,
intellectual
empowerment,
increasing
diverse
enrollment, and
semester
completion

SDPS
student
chapter

Guidance

in

Each student
mentors
online 1-10
STEM
STEM
outreach students in
via SDPS K-12
student
chapter,
Multiple
mentoring, CDSS
Project
designs and
Q&A
specifications
for ISS
ISS
application
proposals

impacted/semester

System

STEM impacted

Quality of
students
More enrollment
measured by
in computing and
test score
IAV R&D
improvement
manpower
to qualify for
IAV Center
STEM e-learning ISS work
support developed
with online
Surveys
modules using
indicating
tools like Joomla
increased
and ACENET
interest in
STEM
careers
Number of
follow-up
spinoff
grants and
papers to
advance
NASA
mission

Table 2. Levels of representation described by the concept maps
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technology tools supported by UAB’s central Information
Technology department, along with the multiple tools and
systems used by individual faculty in their courses. The
institution, already lagging in technology implementation
both in its home state and nationally, risks falling farther
behind.
Additional complications result from standard
thinking within the instructional technology department
and across the institution as a whole with respect to the
student body. Prevailing wisdom suggests that training
efforts be focused on developing faculty capabilities with
new technology, and that the tech-savvy student body will
easily and intuitively adapt to future change. However,
inherent assumptions of technical proficiency on the part
of the student body may be unfounded. While UAB has
instituted a coordinated effort to attract a more
“traditional” undergraduate student body, including
increasing the ACT scores of incoming freshmen and
requiring all first-year students to live on campus, it has
operated primarily as a commuter school for most of its
history and still serves a substantially urban community of
diverse students. As a result, its student base exhibits a
distinctly uneven level of information technology literacy
as exposure to computer-technology is much more
restricted in Birmingham city’s school system compared
with outlying, suburban systems. The institution must
therefore simultaneously attend to the demands of
technologically advanced students and the needs of those
in the technological slow lane.
Further, the small scale of the centralized Information
Technology department limits its ability to test, validate,
and support new technology options, in part because of
business contracts with Microsoft providing for the
institutional adoption of the Microsoft platform of
products. As a result, UAB has a limited knowledge base
on other products that work on competing or open-source
platforms. The explosion in open-source tools and systems
has therefore left the administrators at the departmental
level (and consequently large segments of the faculty who
do not have access to school- or department-specific
technology support and resources) with a limited set of

ABSTRACT
The pace of technological change exerts powerful
influences on dynamic systems in higher education,
including the development of administrative policy,
allocation and deployment of scarce financial resources,
faculty-driven course content and delivery, and student
demand and use of computer networks, among others.
Nowhere else is such acute pressure felt than the core
roles of higher education, in teaching and learning. In this
case study, we examine forces that drive the evolution of
some education technology at a large, urban university,
and resulting manifest challenges and opportunities. We
find that limited resources are only one of a number of
factors that constrain responses to technological change,
and that the speed of change itself may be a more
important barrier to faster progress.
INTRODUCTION
Seismic shifts in the demographics of the university
student and rapid advances in modes of delivery present
two huge challenges to the University of Alabama at
Birmingham (UAB) as it attempts to position itself as a
regional institution, further develop its culture of
interdisciplinary research, and cultivate a national
reputation. Market-driven developments in the broad
education technology environment have impinged upon
the institution’s ability to control change in any measured
way and further retarded its ability to keep pace with
technology-mediated education efforts. Blackboard1’s
acquisition of major rival WebCT signaled the beginning
of the end for the latter’s platform. Blackboard’s decision
to discontinue support for the WebCT product line in
2012 has forced a migration path from Vista CE4 to Vista
CE8 and finally to Blackboard Learn. This has had a
cascading effect on required changes to additional
1

A company whose flagship product is used by thousands
of educational institutions for the management of elearning
1
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options in implementing innovative technology-driven
teaching and learning methods.
Although the UAB professional schools (e.g.,
Nursing, Health Related Professions, etc.) have advanced
the use of technology in their courses and programs, the
college of arts and sciences - the core of the undergraduate
college - faces numerous challenges in the adoption,
implementation and innovation in technology. Learning
management systems (LMS) are the hub around which
other technologies must be deployed. Typically these
systems are designed from a behavioral rather than
constructivist perspective, and this is particularly
applicable to goal-oriented, professional programs where
objective mastery can be demonstrated. However, this
type of structure does not lend itself as well to knowledge
construction, and, as a result, the use of technology has
not permeated as much the social sciences, humanities,
and other disciplines that take a constructivist approach to
teaching and learning. Critical issues identified below
should be addressed to assist administrators who
formulate policy that drives the development of campus
technology systems.
 Where should Instructional Technology be housed in an administrative unit (Information Technology) or
an academic unit?
 What channels can be developed to complete a
feedback loop that connects faculty with Information
Technology experts? At present, the flow is primarily
unidirectional and is focused on the support of faculty
and students.
 What classes of data (faculty and student surveys of
desired functions, applications, use-in-practice, etc.)
would best inform policy makers responsible for
directing institutional investments in technology?
Does UAB have the resources and technology to
collect such data? How can faculty be engaged in
these processes?
As a consequence of these unsettled issues, UAB, like
many other institutions of higher education, face critical
challenges at a time when student enrollment in distance
education courses at 2-year and 4-year institutions tops 12
million (Parsad & Lewis, 2008).

local hosting was moved to a Blackboard managed
hosting site and plans were immediately established to
move to Blackboard Learn 9.1 for summer 2011. The
school of education, which originally employed the
Blackboard platform and hosted it locally, moved away
transitioned at the end of spring 2010 from this system, to
the Vista 8 platform along with the rest of the institution.
The accelerated transition between systems was due in
part (though not entirely) to the impending decommission
of the WebCT platform and also the accelerated adoption
of communication technology used by large segments of
the student population. Although the mobile Learn feature
of Blackboard Learn 9.1 has the potential to extend
student time-on-task, increase student collaboration and
expand access to learning opportunities, the speed of
implementation appears to be exceeding the ability of
instructors, designers, and administrators to keep pace
with these changes. In 2009, UAB offered 2200 webenhanced, blended, online and distance courses2.
Approximately 56% were taught by faculty who had
attended one or more of the training classes offered,
resulting in a wide range of proficiency in use of the LMS.
Although training for faculty has been designed and
deployed, many faculty feel overburdened with other
teaching and administrative duties and are therefore less
receptive to engage with a new learning management
system that necessitates redevelopment and redeployment
of already-built courses that includes:
 learning how to use the new system, and design and
build course content,
 learning how to teach using the new system, and
 learning how to teach students to learn using the new
system.
These challenges have resulted in a slow adoption of
the new technology by faculty, especially in the absence
of incentives and clearly communicated benefits.
Bransford, Brown, and Cocking (2000) note that
traditional modes of instruction provide limited success in
transfer of learning in professional development to the
work environment. Long-term sustained learning and
learning in context appear particularly important in
facilitating transfer of learning. Further, they note that
development of a community of learners is critical to
ensure effective acquisition of a body of knowledge.
Moore, Fowler, and Watson (2007) found faculty
development is most successful in environments applying
these best practices: (1) manage institutional issues; (2)
implement adult learning practices; (3) offer incentives to

EVOLUTION AND TRANSFORMATION OF
INSTITUTIONAL LEARNING MANAGEMENT
SYSTEMS – A CASE STUDY AT UAB
The pace of technology change on the UAB campus
during the past decade has been striking. Transitions in the
various versions of the learning management systems
from WebCT and Blackboard/Vista include the following.
The WebCT Vista 3 platform (originally implemented in
2003) was upgraded to version 4 in May 2008, and from
Vista 4 to Vista 8 in summer 2010. All of these systems
were hosted on the UAB campus. In August 2010 the

2

The institution defines these course types in terms of
percent of the course time spent in a physical class
environment: web-enhanced: 91-100% class time with
online support materials; blended: 89 -50% class time;
online: 11-49% class time; distance: less than 10% class
time
2
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participate; (4) deliver workshops; (5) utilize colleagues
and peers; and (6) provide ongoing support. Such
comprehensive methods are difficult to implement
because of time and cost considerations (Georgina and
Hosford, 2009). However, these methods are critical
because faculty training appears to be more effective
when faculty are afforded opportunities to explicitly
reconceptualize teaching practices (approach teaching
with technology as a new model), and also time to
overcome
misgivings
about
technology-mediated
education practices (Schrum, 1999).

reasonable incentives to learn and adapt to these systems
are ill-equipped to use and promote their use.
Further, student reaction to an invasion of what was
previously a peer-to-peer social virtual space remains
relatively unexamined. Social network technologies have
been largely untouched by the outside pressures of school,
work, parental influence, and the “adult world” of task
responsibility. Thus, the question of student response to
this invasion should be examined more thoroughly. An
even larger concern for administrators should be the
potential impact of such tools on the time instructors must
devote to instruction, administrative, and other courserelated tasks when trying to service a generation of
students more accustomed to both instant response and
gratification than any previous one. What is evident is that
the rate of technological change is far outstripping our
ability to track and evaluate the impact of those changes
on our behavior, our interaction with others, and indeed
our psychological well-being. Sir Edmund Hillary’s
response to a journalist when asked why he wanted to
ascend Chomolungma (as Tenzing Norgay may have
called it) was “because it’s there”. This is also far too
often the rationale for employing new information
technology tools and systems in institutions of higher
education. It would appear that a return to the basics of
identifying goals, creating strategies to achieve those
goals, and then identifying the tools and technologies that
can assist in attaining them may go a long way toward
ensuring the voluntary and enthusiastic participation of
the campus community.
The institution would be wise to evaluate the impact
of technology-mediated teaching and learning methods on
both faculty and students, and to design a training
program that incorporates a process to identify inevitable
technology changes in the near and medium term. Such a
program could advance learning in the application of
technology to both teaching and learning environments,
and in the process free up IT resources that can be applied
to a more strategic approach to instructional technology
initiatives.

TECHNOLOGY ADVANCES, INSTITUTIONAL
RESPONSES
The educational technology industry, like many hightech sectors, has been in continuous flux over the latter
half of the past decade. Although consolidation in the elearning sector has reduced the number of major players,
the more critical underlying trend is vertical integration.
Larger companies such as Blackboard acquire more
targeted technology tools (e.g., Wimba web-conferencing
and Live Classroom suite, support companies such as
Presidium) in an effort to manage the entire end-user life
cycle from product acquisition and implementation to
technical support for end-users. Arguments can be made
for and against such trends from economic and
organizational theory perspectives, but some effects on
customer service at the shop-window level have been
negative and have exacerbated the anxiety caused among
faculty members by the treadmill of technology change. In
essence, impetus from different departments within the
information technology structure (e.g., the switch in LMS
under discussion, outsourcing faculty and student support
for the LMS, etc.), acting in isolation, converged to create
a transformational maelstrom that has the capacity to
overwhelm users.
This circumstance is worrisome because it is
diametrically opposed to the desired consequences of
adopting the new system. Major changes in the new
system focus on Web 2.0 tools that promote collaboration
and connectivity and emphasize information sharing and
community building. Along with such tools as wikis,
blogs, instant messaging, RSS feeds and mashups, the (as
yet not implemented) Blackboard mobile Learn service is
based on accessing Blackboard content through an
interface that is native to smart phones, tablets, and other
mobile devices. The thrust of this effort is to tap into the
power of social networks to drive student-to-student
contact, engagement, and knowledge building in an
environment that is comfortable and attractive to the
“typical” student. In essence, the system seeks to co-opt
technologies with which users have a high degree of
familiarity and comfort for educational use. However,
instructors who are not properly trained nor provided

CONCLUSION
In the world of business, keeping pace with
competitors is a necessary (but not necessarily sufficient)
condition for continued operation. In higher education, the
availability of technology resources is a necessary (but not
necessarily sufficient) condition for administering
increasingly complex learning management systems
required for the creation and delivery of digital course
content. At UAB, shorter software replacement cycles
have perturbed a previously slower pace of technology
change, and created conflicts of need and availability
within the constituencies of administrators, faculty,
technology support staff, and students. Clear pathways for
resolving critical issues of resources and support are not

3

713

visible in the absence of larger datasets that can inform the
analysis and evaluation process. The lack of local data
will not slow or reduce the transformation of digital
resources in higher education, for classes have to be
taught each term, and students are always in progress
towards their degree goals. Optimization does not seem
applicable in this shifting landscape of the external
corporate world of software companies and the internal
sphere of higher education. Perhaps the only path possible
is to more closely track and respond to the challenges
brought about by technology changes and the resulting
opportunities for enhancing student learning. To direct
one’s effort in other directions is to lose sight of the
purpose of the university – the preparation of the student
for future work in an increasingly technology-rich world.
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ABSTRACT

documents from a tourism and travel-related document
archive.
What knowledge seekers need is a better and
correct information from their huge archives. For a normal
user it is difficult to know what exact keywords a
document has. Hence, we need a system or tool to
understand the user intension from their limited
knowledge represented in their query. This needs a map
of semantic relations between words and phrases.
Knowledge seekers who cannot identify the effective
terms for their query could benefit from a semantic search
that covers the terminology of both documents and
potential queries, and describes relations that relates
between them. Those who cannot formulate a specific
query at all could use this knowledge based search.
In practice, however, knowledge based search is
not widely used to assist with information retrieval
because it is difficult to build a generic system and is
expensive. Hence, domain-specific knowledge base search
becomes popular. And they are only available for a small
proportion of document sets, and appeal only to expert
users.
Aim of this research is:
a) To automatically build a knowledge base by processing
document archive.
b) To allow users to specify queries for searching required
information.

There are generally different types of search
techniques to get the results of a user query. Knowing
users intension and getting the results is a difficult task.
The intention of this research is to build a search-engine
which uses concept hierarchies based on domain concepts
and converts the data into knowledge. Hence this conceptbased search which is exercised by our search engine tried
to identify user intension for search and come up with the
best matching pages with the user intention. For this
purpose, we built an archival database which contains an
approximately 1.5M web pages. All the documents in the
archive are parsed by the frequency of concept-conveying
words to be used for document classification.
Simultaneously, concept-attribute relations tables are
constructed to be used for mapping between documents
and user search intension.
In this research, we have used HAC
(Hierarchy Attribute Concept) as a base to perform the
search. This hierarchy is initially generated by a domain
expert and is to be dynamically updated as needed.
Further, WordNet [8] software is used for semantic
interpretation of the words used by users to represent
search purposes. Hence each document in the archive can
be identified a few representative keywords which in turn
will be used by the search engine to search for the best
match for search purpose. Main significance of the
research is to build a search engine which understand user
intension for search and retrieve the best matching
documents for search purposes.

2. RELATED WORK
The central idea of this research is to extract
summary from documents and use them to facilitate the
automatic retrieval of relevant documents satisfying a user
query. Automatic query processing is one step process of
adding terms that are synonymous or closely related to
those in the query, thus improving recall while hopefully
maintaining precision [11]. There is also a method
explained in interactive query expansion aiming to present
users with useful terms for exploring new queries and
broadening their underlying information needs [12].
Thesaurus-based query expansion is highly dependent on
the quality and relevance of the thesaurus. It has been
attempted using the manually defined thesaurus structure

KEYWORDS
Tourism, Attribute, Concept, Stemming, HAC,
Data mining, Stop word, indexing, HTML, Hyperlink,
document Base, Knowledge Base, Information Retrieval.
1. INTRODUCTION
Using keywords in query specification in
knowledge base documents may help you find the content
that you are looking for more quickly. This paper lists a
search technique which uses HAC method to mine
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WorldNet [13]. More success has been achieved with
automatically generated similarity thesauri [14], which are
less accurate but more closely tied to the document
collection in question. However, the best results for query
expansion have not been obtained with thesauri at all.
A general theme in the literature is the use of
external sources to make richer connections between user
queries and document collections. [5] Provides a recent
review of ontology based approaches.

attribute keyword summary contains attributes and
corresponding frequency (shown in Table 1).
b) The frequency attribute keyword summary (FAK
summary) will be generated from the document attribute
summary using the Filtering method. The filtering method
filters the DAK summary which will produce Frequency
attribute summary (FAK summary). The FAK summary
contains the top three frequency attributes. So these top
three attributes represent a webpage.
c) After FAK summary is generated the concepts are
matched with the corresponding combination of attributes
of each document. Thus, each webpage is classified into
the concepts to form a Concepts and Relationship table
shown in Table 2.

3. OUR APPROACH
The approach followed in this paper is to use
HAC method. In this approach, there are two phases:
1. Process the document archive.
2. Accept the user query and retrieve the relevant
documents matching the query.

Archive

a) Build Knowledge Treasure using Concepts
In this phase, the attributes are defined related to
travel domain and the concepts are defined by grouping
the attributes. Documents are represented in terms of most
matching concepts. The document archive is processed
using concept classifier shown in Figure 1. We consider
the archive of travel domain which is having WebPages
from different websites. The archive is processed using
concept classifier (shown in Figure 1) which classifies the
documents. Each webpage from the archive is taken as
input for concept classifier and the classified document is
represented in the form of attributes of the corresponding
domain to form a concept shown in Table 1. The
document classification process has been shown in Figure
2.

Concept
Classifier

Manual Input

Wordnet

A1

A2

A3

A4

A8

A5

A6

A7

A9

A10

A11

Figure 2 . Documents Classification to form concepts

Archive

Keyword and
Frequency
Generation

DAK
Summary

Filtering

A1, A2, A3….A11 àAttributes collected from domain knowledge.

FAK
Summary

A1
100
20
1
-22

D1
D2
D3
-Dn

Figure 1 .CONCEPT CLASSIFIER
DAK Summaryà Document Attribute Keyword Summary.
FAK Summaryà Frequency Attribute Summary.

A2
8
77
2
-1

--------

An
6
3
8
-8

Table 1. Document Attribute Summary

Basic operation of concept classifier as follows:
a) The document attribute keyword summary (DAK
summary) will be generated for each webpage using the
keyword and frequency generation process. In this process
it will find keywords and their corresponding frequency of
occurrence. As a result of this process the document

Concepts
C1
C2
-Cn

List of WebPages
D1,D3,D6
D2,D8,D10
D22,D44,D6789,D90

Table 2. Concepts and Document Relationships
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concepts are identified by grouping these attributes to
build a “Concept” relation table. Then, the whole
document archive is parsed and the whole document
archive repository is represented in a “concepts and
document relation table” shown in Table 2.

b) Perform Concept-Based search using Concepts
Accept the user query and parse it to most
matching concepts. Then retrieve the documents which
have the same index by query matching concepts. The
query parsing works as below:
Each of the input user query represented in the form of
attributes. These attributes represents to form a concept.
This concept will be compared with the concepts available
in the If a matched concept is found then the
corresponding web pages are displayed otherwise it makes
a lower level search of concepts to find the corresponding
related WebPages.

Concepts
C1
C2
-C17

D1
D2
D3
-Dn

For a given knowledge domain, identify the set
of attributes which can be used to describe the domain.
For example, in a travel-related domain, place, cost, price,
and mode of travel are examples of the attributes. Using
the knowledge extraction on travel domain we came up
with following attributes. The attributes of the travel
knowledge domain are:

C16

C1

A1

A2

In most cases, morphological variants of words
have similar semantic interpretations and can be
considered as equivalent stemming will attempt to reduce
a word to its stem or root form. Thus, the key terms of a
query or document are represented by stems rather than by
the original words. Different variants of term can be
conflated to a single representative form, but it also
reduces the number of attributes. The number of distinct
terms needed for representing the document. We have
processed the document based on porters stemming
algorithm as follows:
I. Using this algorithm we eliminate the suffix of
the words. Eliminate the ing/-ed/plural forms of
any given word in this step.

C11
C4
C5
C13

C17

A3

A4

A5

A6

A7

A8

A9

An
12
0
7
-4

2. Stemming (For Keyword Mapping)

C6

C12

--------

1. Remove Stop Words
These are the words that most frequently occur;
more precisely these are the words that are not used for
meaningful sentences such as a, the, was, is, or so. In this
part every data file is first read and then the data file
which is in the html format is checked for these stop
words which are then removed. If there are no stop words,
then it is just forwarded to the next step.

C3

C10

A2
10
9
7
-22

The concept classifier classifies the documents
from the archive as shown in Table 4. The following
sequence of steps is followed for each document in the
archive.

C9

C7

A1
18
33
8
-1

Table 4. Documents represented in the form of Attributes

Costà(A1), Timeà(A2), Placeà(A3), Transportation à
(A4),Things To Carryà(A5), Method Of Travelà(A6),
Environment à (A7),Cuisine à(A8), Security à(A9),
Languages à(A10), Attraction à(A11).

C8

A1,A10

Table 3.Concept Relation Table for Travel Knowledge Domain

4. IMPLEMENTATION

C2

Attributes
A1,A3
C1,A4

C14

C15

A10 A11

Figure 3. Hierarchy of HAC For Travel Domain

The concepts from C1 through C17denote the
cluster which is formed by the travel attributes which are
from domain knowledge. And the concepts will be
summarized as shown in the above Figure 3. The HAC of
travel domain is converted to Concept relation table for
Travel domain shown in Table 3. In the next level, a set of
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II. If at any given case a word ends with Y instead
of the ing/ed/plural forms then the Y is replaced
by an I.
III. When the length of the word is greater than zero
then look for words that end with form of –
ization and then change those words to –ize form.
IV. Repeat the step 3 for the words that end with –
ic/-full/-ness etc... forms.
V. For the words ending with –ant/-ence remove
these words from the ending.
VI. For the words whose length is greater than one
remove the finale.

5.

for each word in frequency table
I. set := empty
II. set = getSynonyms ( < word> )
6. end for
7. For Each Synonym of Keyword
8. if (Synonym is found in “VALUE” column of
WORDDATA table)
I. Insert into WORDDATA1 values (Keyword,
“NAME” column value for which synonym is
mated, frequency of Keyword).
9. end if
10. End for
11. Select name , SUM(FREQ) from WORDDATA1
group by NAME;
12. Find the top three SUM(FREQ) along with its
attribute NAME from above the query
13. Find matched concepts for top three attributes and
store the document in “Concept Document
Relationship Table”.
The sample result of Document Relationship
Table is shown in Table 2.

3. Word Frequency Calculation
While one document is processing, store the
word frequencies in the document in an in-memory
structure. By the end of this whole document processing
the word frequencies in the document will be computed.
4. Find Synonyms using WORDNET
Till now we have completed steps (frequency of
keywords and stemming) required for key based search.
Next, find the synonyms required for concept based
search. For each word in frequency find the synonyms
using word net.

5. EXPERIMENTAL RESULTS
The initial trials with Trip adviser domain (~
10,000 documents are contained) is encouraging, in
particular illustrating how even the semi-formal semantic
relationships in the knowledge base could help with
search. We have tested project with some sample queries
of user intension such as the following.

5. Process Synonyms
Summarize the Document by processing
keywords along with it’s synonyms to a set of concepts.
6. Query Process
Do the same process above to the user given Query
and get matching concepts for the query. Search these
concepts in concept-document relation to list the
Document which will match with the query concepts.

Sample Query 1: Which is the low cost tourist place in
Europe?

6. Pseudo Code
1. for each document
a. Frequency table = empty
b. For each word in document
I. if ( word is not stop word )
1. word = stem(word)
2. if( word is not in frequency table)
a. frequency table. add(word,1)
3. else
a. count = get frequency(word)
b. count = count +1;
c.frequencytable.update (word, count)
4. endif
II. endif
III. end for
2. end for
3. sort the frequency table on their frequency.
4. Store this frequency table to another file in “Freq”
directory.
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Sample Query 2: Where are the cuisines in Dallas?

b) How many concepts do we need to define?
c) Inter-dependency between the concepts has common
attributes between them.
8. ACKNOWLEDGMENTS
This research has been partially supported by L-3
Communication Corporation, ComCept Division under
Project Corvus.
9. REFERENCES
1. M.F. Porter, 1980, “An algorithm for suffix stripping”,
Program, 14(3) pp 130−137.
2. Rusty Harold, 2004.”Java Network Programming”.
3. Brooks, T. 1998. The semantic distance model of
relevance assessment. In Information Access in the Global
Information Economy (Vol 35): Proceedings of the 61st
Annual Meeting of ASIS, 33–44.
4. Allan, J. (2005) HARD Track overview in TREC 2005
high accuracy retrieval from
documents. Proc TREC2005.
5. Bhogal, J., Macfarlane, A., and Smith, P. (2007) A
review of ontology based query expansion. Information
Processing & Management 43(4) 866-886.
6. http://www.cs.utexas.edu/users/mfkb/related.html
7. Chen, H.; Lynch, K. J.; Basu, K.; and Ng, T. D. 1993.
Generating, integrating, and activating thesauri for
concept-based document retrieval. IEEE Expert 25–34.
8. Miller, G. A.; Beckwith, R.; Fellbaum, C.; Gross, D.;
and Miller, K. 1993. Five Papers on WordNet. NJ:
Prinston Univ. (http://www.cogsci.princeton.edu/_wn)
9. Maudlin, M., Carbonell, J., and Thomason, R. Beyond
the keyword barrier: Knowledge-based information
retrieval, proceedings of the 29t13. Annual Conference of
the National Federation of Abstraction and Information
Services, 1987, pp. 103-118.
10. Smith, P.J., Krawczak, D., Shute, S.J. and Chignell,
M.H. Cognitive engineering issues in the design of a
knowledge-based
information
retrieval
system.
Proceedings of the Human Factors Soc- 29th Annual
Meeting, 1985, pp. 362-366.
11. Greenberg, J. (2001) Automatic query expansion via
lexical semantic relationships, J American Society for
Information Science and Technology 52(5), 402-415.
12. Ruthven, I. (2003) Human interaction: Re-examining
the potential effectiveness of interactive query expansion.
Proc. SIGIR Conf on Information Retrieval, pp. 213-220.
13. Miller, G. A. (1995) WordNet: a lexical database for
English. Communications of the ACM 38(11), 39-41.
14. Curran, J. R. and Moens, M. (2002) Improvements in
automatic thesaurus extraction. Proc. ACL Workshop on
Unsupervised Lexical Acquisition, pp. 59-66.

6. SCOPE OF THE PROJECT
Since the search is based on concept relations, it
should search with all the possible synonyms of the
keyword given by the user. Some words have synonyms
that might change the intention of the keyword given by
the user, thus resulting in an anomaly behavior of
displaying results by searching based on key words. This
can be overcome by “searching by phrases” which is
again complicates the process by making it difficult to
find the distance between the words. Modifiers like best
and worst have not been used effectively in developing
this search engine.
7. CONCLUSION AND FUTURE WORK
This paper has introduced a new knowledge base
search engine in travel & tourism domain for efficient
document retrieval. Our intuition that HAC technique
could provide a knowledge base that matches both
documents and queries has been demonstrated. We have
tested it with a varied collection of travel domain related
documents and retrieval tasks, and it was able to recognize
and lend assistance to almost all queries issued. The
project was successfully implemented as per the criterion.
Future advancements to this might help in
overcoming the faults incurred in the present model. At
the same time, these trials highlighted several issues
which we have taken as input and implemented more
robust tool. Some issues still need to be addressed.
a) How should we group the attributes to forms concepts?
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DESIGN OF ELECTROMAGNETIC FIELD FOR ON-LINE ELECTRIC
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Daejeon, 305-701, Republic of Korea
compared to that of the conventional battery-powered
electric vehicles, while it can consequently minimize the
weight and the price of the vehicle and power station.
One of the key design requirements of the OLEV
system is the suppression of the leakage magnetic flux
from power lines and pickup module while it maintains
the power delivery efficiency and meets the total power
needs of the OLEV. In this paper, we propose the
techniques for reduction of magnetic flux from OLEV
system. Some passive and active shielding methods are
applied to real vehicle based on the simulation and
measurement, and the application to real vehicle is shown.

ABSTRACT
The On-line Electric Vehicle (OLEV) developed by
KAIST is an electric transport system in which the
vehicles absorb their power from power lines underneath
the surface of the road. OLEV has the reduced battery
capacity to about 20 percent compared to that of the
conventional battery-powered electric vehicles, while it
can consequently minimize the weight and the price of the
vehicle and power station.
In the mechanism of wireless power transfer in
OLEV, the design of magnetic field is the key technology
to determine its electrical performance of power transfer
capacity, transfer efficiency, and electromagnetic field
(EMF) level. To satisfy all the requirements, systematic
approach for optimization of design parameters is required.
Even though shielding for reduction of EMF can be
applied independently, the shielding effectiveness of the
applicable shielding method should be considered in
optimization of design parameters.
In this paper, we introduce the wireless power
transfer mechanism and the EMF reduction techniques,
and perform design parameter optimization to maximize
transfer power efficiency while satisfying power transfer
efficiency and EMF regulation.

Power Transfer Mechanism
The power transfer system for OLEV consists of an
inverter, power lines, pickup module, capacitors, battery,
and motor, as shown in Figure 3. 60 Hz for power transfer
is converted to 20 kHz at the inverter stage and a current
of around 200A flows through the power lines. The
magnetic flux generated from the power lines is gathered
at the pickup module to generate DC power for the motor
of the vehicle. The non-contact power transfer occurs
between power lines and the pickup module generating
huge magnetic flux. So, the design of power lines and the
pickup module are the key technologies for effective
power transfer and solution of the electromagnetic field
(EMF) problem.
Figure 3 shows the vertical magnetic flux type of
power lines and pickup module. There are two power lines
with opposite current directions underneath the road
surface forming a current loop. Due to the current in the
power lines, magnetic flux is induced around each power
line. Between the power lines, the magnetic fluxes from
the two power lines are added. The pickup module catches
the vertical magnetic flux through copper coils around the
ferrite core. This type has the advantage of efficient power
transfer because the direction of the magnetic flux from
the power lines is the same as the direction of the flux to
the pickup module.

INTRODUCTION
Concept of On-line Electric Vehicle
Even though intensive researches have been
performed on fully electric system, still we are facing
serious problems to be solved in the battery-powered
electric delivery system. These issues are enlarged size,
weight, and cost of battery, recharging time, and limited
availability of charging service points. Moreover,
diminished stocks of lithium could cost increasingly high
prices and lead to electric vehicles pricing themselves out
of the automotive marketplace.
KAIST has introduced the novel on-line electric
vehicle (OLEV), in which the automotive vehicle
constantly receive and recharge their power from the
power lines embedded underneath the surface of the road.
OLEV has the minimized battery capacity to about 20%
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Table 1 shows the result of simulated sensitivity analysis
of transferred power for the change of main design
parameters which is the reference of the optimization of
the design. At each design stage, the sensitivity analysis
on the effect of each design parameters has been
performed using simulation of 3-dimensional field solver.

DESIGN METHODOLOGIES
Definition and Formulation of Design Criteria
In the design of power lines and the pickup module
structure for OLEV system, we consider three criteria for
the electrical performance of wireless power transfer
system: power transfer capability, power transfer
efficiency, and leakage electromagnetic field.
The power transfer capability implies the maximum
of power transferred from the power lines under the road
to the load in the vehicle, which consequently determines
the maximum speed and recharging time of the vehicle.
From the simplified equivalent circuit model of the
wireless power transfer system with two series resonant
coils as shown in Figure 4, the power at the load RL is
calculated to be proportional to the frequency, mutual
inductance, and magnitude of source current assuming
that the system is operating at the resonance frequency as
shown in (1).
The power transfer efficiency is also an important
factor for commercialization and it should be reasonably
high compared with the efficiency of other types of
vehicles. To increase the efficiency, we need to minimize
the loss at each stage of the power system of OLEV. With
the development of power components operating at 20
kHz, which was not available tens of years ago, the
efficiency of the inverter in Figure 2 is significantly
increased. Also, the mutual inductance should be
increased, and the parasitic resistance R1 and R2 which are
the loss from these resistances should be decreased as
derived in (2) to increase the efficiency even more.
The third criterion of leakage EMF is simply
proportional to the magnitude of the current and inversely
proportional to the distance between current position and
measurement position without shield. However, as the
application of passive and active shield significantly
changes the magnitude of EMF, the design of EMF should
be performed separately which will be discussed in the
next section.
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Formulation of Design Parameters for Optimization
In this section, we formulate a parameter optimization
problem such that the transferred power to pickup, PTransfer
which is the consumed at the load RL of Figure 2, is
maximized while EMF level and power transfer efficiency,
K satisfy the requirements. We assume that the power
transfer efficiency should be greater than or equal to 0.8,
and leakage EMF should be less than or equal to 62.5 mG.
Table 2 shows system parameters, which are divided
into two categories: constant system parameters and
variable system design parameters. We assume that airgap between power lines and pickup coils, resonance
frequency, parasitic resistance of power lines, parasitic
resistance of pickup coil, load resistance are given as in
Table 2. We can change three system design parameters:
width of pickup coil WC, current of power lines IS, and
number of turns in pickup coil n.
Accordingly, we formulate our optimization problem
as follows:
variables: WC , n, I S
maximize PC
such that
EMF  62.5(mG),
K  0.8,
0  WC  WC ,max , 0  n  n max , 0  I S  I S ,max .

(3)

where WC,max, nmax, IS,max are the allowable maximum
values of WC, n, IS, respectively. To solve our problem, we
need to express PC, K, EMF in terms of WC, n, IS. Since
VC=j(2πf)MnIS, the induced voltage VC is proportional to f,
n, and IS. Moreover, EMF is proportional to n and IS.
Figure 7 shows the effect of WC on VC and EMF. The
difference between simulation result and mathematical
model should be minimized to improve the accuracy of
the design parameter optimization procedure.
From Figure 7, we obtain the approximate expressions for
VC and EMF as follows:
VC  c1 fnIS WC
(4)

1

(2)

 2M 2

EMF  c2nISWC 2

(5)
where C1 and C2 are constants. Then, transfer power
PTransfer and total power PTotal at resonant frequency can be
represented as

The previous design procedure of wireless power transfer
system for OLEV is shown in Figure 5. At the early stage
of design, we have to determine the topology and outline
of the dimensions for the physical structures such as
number of coils, coil size, and dimension and position of
ferrite core because the mutual inductance is roughly
determined when physical dimension is fixed and it is
hard to change the value significantly in the latter stage.

PTransfer 

VC2
c2
 1 f 2 n 2 I S2WC
RC RC

PTotal  R1I S2 

2

c12 2 2 2
f n I SWC
RC

(6)
(7)
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Therefore, the power transfer efficiency is
PTransfer
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validity of the approximation for LP formulation. Figure 8
shows the optimal transfer power PC and the variation of
constraints such as EMF and K for different values of the
frequency f. The optimal power increases as the frequency
increase because frequency simply increases the transfer
power and no effect on EMF. The efficiency and EMF
should be maintained at the specific level. We can find
that the simulation results are similar to the LP solution,
which means that the approximation for LP formulation is
reasonable. More accurate can be obtained by applying
more complex numerical model in (4) and (5) which
describes the voltage and EMF more accurately.
Figure 9 plots the optimal power for different values of
the frequency f and the load RL. When load resistance
increases, the optimal power decreases and the power
transfer efficiency slightly decreases. At the center of the
surface in Figure 9, there is an edge across the surface,
which is generated due to the power efficiency boundary
condition. The power transfer efficiency boundary is
critical when the frequency and load resistance is in this
range.

1

(8)

From (5), (6), (7), we can express the optimization
problem in (3) as follows:
maximize 1 f 2 n 2 I S2WC
n,IS ,WC

such that
nI S WC2   2

(9)

2 2

f n WC   3
0  WC  WC ,max ,0  n  nmax ,0  I S  I S ,max

where
1 

c1
62.5
, 2 
, 3 
RC
c2

R1RL
 1

c12 f 2 
 1
 0.8 

(10)

Let x  log(n), y  log(I S ), z  log(WC ) .
Then, the optimization problem in (9) can be restated as:
maximize 2 x  2 y  z  1
x, y , z

such that
x  y  2x   2

SHIELDING FOR REDUCTION OF EMF
(11)

Passive Shielding

2x  z  3

Figure 10 shows the magnetic flux density
distribution of OLEV. In the case of the vertical magnetic
flux type, there is one magnetic flux path between the
power lines and pickup module where the power is
transferred. The return flux comes back to the power lines
via the sides of the main flux path. The horizontal
magnetic flux type has two magnetic flux paths. The side
power lines of this type have return flux paths on the side
of the main flux path. The return flux path creates the
fringing magnetic flux, and this flux is measured as the
EMF level of OLEV. In this work, the target EMF level of
OLEV is 62.5 mG according to the regulation of Korea
Communications Commission which follows the ICNIRP
design guideline [4], [5].
As the power supply system of OLEV generates large
amount of magnetic field to transfer power of 60kW
which is necessary for the vehicle, there are tens of
thousands mG of magnetic flux between the power lines
and pickup module beneath the vehicle while power is
transferred. So, if even 0.1% of leakage magnetic field
comes out from OLEV system, the EMF level could
exceed the regulation of 62.5 mG.
Basically passive shielding using metal plate is
applied to OLEV for reduction of electromagnetic field.
For protection of passengers from magnetic field, metal
plate is applied to the bottom of the vehicle. As the power
lines are source of magnetic field, more plate shields are
applied as shown in Figure 11.
To improve the shielding effectiveness of the passive
shield, we additionally applied the soft contacts between
bottom plate and vertical ground plate by metal brushes as

x  x max , y  y max , z  z max

where
 i  log( i ), i  1,2,3, xmax  log(nmax ),
y max  log(I S ,max ), z max  log(WC ,max ).

(12)

Note that the problem (10) is a form of typical linear
programming (LP) problem.
Numerical Results of Design Parameters
In the process of finding optimal design parameter, the
parameters which maximize the transfer power are
determined. The width of pickup coil should be
minimized because it increases EMF more significantly
than current and number of turns. Similarly, the current
and the number of turns should be increased unless it
violates the boundary conditions. The boundary
conditions on the power transfer efficiency affects the
design parameters when the frequency is low or mutual
inductance is small. Once the product of frequency and
mutual inductance is large enough, the EMF is the only
boundary condition, and then the combination of the
design parameters is determined to make the EMF 62.5
mG which is the maximum value allowed in the
optimization. In this EMF boundary, the current and
number of turns are maximized until they reach the
maximum value we set as WC,max, nmax, IS,max in (9). Finally,
two maximum values of nmax, IS,max determine the
transferred power because the number of turns and current
should reach to maximum value for maximum power.
Now, we obtain the optimal solution of problem (10) and
compare it with simulation results to investigate the
3
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shown in Figure 12. The metal brush is a bundle of thin
metal wires attached beneath the bottom plate and
connects the current path between vehicle body and
ground plate underneath of the road surface.
The number of connections using metal brushes is a
significant factor to improve the shielding effectiveness of
the passive shielding. The EMF level has been decreased
from 144 mG to 35 mG when the number of connections
using metal brush is increased from 2 to 8 as shown in
Figure 14.

modules, with 80% power transfer efficiency, and EMF
level lower than 62.5 mG have been achieved.
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Active Shielding
The EMF can be minimized by active shielding
method with or without passive shields independently, and
the basic concept of active shield is shown in Figure 15.
Similar to power lines, the active shield is also a metal
wire which carries the same frequency with current but
the phase is the opposite of the current in the pickup.
In the design of active shield, the directions of
magnetic fields by the source and active shield should be
carefully considered. In Figure 16, the direction of
magnetic field is shown. To make EMF level less than the
regulation at all positions, the magnetic field from active
shield should be almost the same as that from pickup
module at all positions. At the position above 20cm from
road surface, the magnetic field vector is parallel to the
metal plate because of the metallic shield at the bottom of
the vehicle. So, to place the active shield close to the
pickup coil is more effective. However if the active shield
goes closer to the pickup coil, the current of active shield
should be larger. In this reason, the placement of the
active shield is compromised considering the shielding
effectiveness and current magnitude.
In Figure 17 (a) and (b), the magnetic flux density
with and without active shield is depicted. When active
shield is applied, the leakage magnetic flux is cancelled by
the magnetic flux from the active shield and significantly
reduced to less than the regulation of 62.5 mG. Figure 16
shows the optimization procedure of active shield design
where the position and current magnitude should be
determined. At the optimal value of current, the magnetic
flux density is reduced to 1/10 of the density without
active shield as depicted in Figure 18.

FIGURES AND TABLES

Fig. 1 Photograph of on-line electric vehicle system

CONCLUSION
We have introduced OLEV and its wireless power
transfer mechanism. To maximize power transfer capacity,
with high transfer efficiency and without violating EMF
regulation, the systematic design is necessary. The two
procedures of reducing EMF and optimizing the wireless
power transfer system design parameter are performed.
For further accurate design, more complex modelling of
design parameters is required. For implementation of real
vehicle, the power capacity of 60 kW using 5 pickup

Fig. 2 Schematic of power transfer system for OLEV
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(a)

Fig. 6 Proposed design procedure for optimization

(b)
Fig. 3 Vertical magnetic flux type power lines and pickup
module (a) Cross-sectional view (b) Perspective view.

Fig. 4 Simplified equivalent circuit model of power transfer
system

(a)

(b)
Fig. 7 Simulation data and approximation with equation for
the effect of WC on (a) induced voltage VC (b) and EMF level

Fig. 5 The procedure of wireless power transfer system
design for OLEV
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Fig. 10 : Distribution of Magnetic Field for OLEV

(a) Optimal power

(b) Efficiency, K

Fig. 11 Vertical metal plate shields buried underground for
EMF reduction

(c) EMF

Fig. 12 Concept of soft contact by metal brushes which
connects the vehicle body and vertical metal plate shield

Fig. 8 Optimal transferred power, EMF, and efficiency
for different values of frequency

Fig. 13 Photograph of implemented metal brush at the
bottom of the vehicle

Fig. 9 Optimized transferred power for different values of
frequency and load resistance
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(a)
(b)
Fig. 17 Simulated reduction of EMF by active shield (a)
Without active shield (b) With active shield
Fig. 14 Effect of the number of connections between the
metallic vehicle body and the horizontal ground shield on
the EMF level

Fig. 18 Change of EMF level according to the current of
active shield when the current of active shield is varied
from 0A to 500A

Fig. 15 Implementation of active shield for OLEV

Fig. 16 Direction of magnetic field from pickup module and
active shield
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.n a relational database environment, SQDL and SCDL are
used as a middle layer between the data source (which is a
relational database) and the user. In our approach, a user
asks a question by composing a query using SNL-based
SQDL which may include object-oriented user-defined
functions as qualifications. While user intentions are
exposed to the database supplier via query parameters or
keywords in a traditional approach, such user-defined
functions allow the user to encode his real intentions.
Taking the stock quote query as an example, instead of
specifying a stock name as a parameter, the user may
encode a function such as “my favorite stock” to avoid
disclosing his real-intention to the database supplier.

ABSTRACT
In this paper, we introduce a notion of Private Information
Retrieval (PIR) in cooperation with the Semantic
Capability Description Language (SCDL) and Service
Query Description Language (SQDL). The scheme takes
mix-net anonymous channel as its technical means to
realize privacy protection for the customers and is efficient
in both computational cost and communication cost.

INTRODUCTION
Publicly accessible databases are an indispensable resource
for retrieving up-to-date information. But they also pose a
significant risk to the privacy of the user, since a malicious
database supplier can follow the user’s query and infer
what the customer is alter.
For example, an consultant that queries the financialmarket data for the value of a certain stock may wish to
keep private the identity of the stock he is interested in.
Private information retrieval (PIR) scheme allows a
customer to retrieve information from a database while
maintaining the query private from the database suppliers.
However in the previous schemes, such that the distributed
database PIR, single database PIR, and oblivious keyword
search scheme, the key functions for the retrieval are
restricted to an address or a keyword of the data.
In the existing database systems, the data retrievals are
based on the semantic functions such as SQL languages.

As an SQDL query is eventually translated into multiple
SQL queries. Since the database only knows the result of
each single SQL, there is no way for the database supplier
to know what the user really asked for. On the other hand,
a database supplier may only provide a “vocabulary” (that
consists of nouns, verbs and adjectives) for the user to
query the database, thus limiting the user to only those
questions that are allowed by the supplier. Therefore the
user cannot gain additional knowledge against the backend
database.
Combining the above, our scheme employs a serviceoriented architecture that a query may be answered by
multiple services that compete with each other. With such
an additional layer of privacy protection may be achieved
by the Service Search Engine (SSE).
Our scheme comprises the following novel features.

OUR CONTRIBUTION
The main result of this paper is a practical information
retrieval scheme in which the conventional database
retrieval scheme can be adaptive. Unlike previous schemes
such as distributed database PIR, single database PIR and
the oblivious keyword search, our proposed scheme allows
customers to retrieve information from a database using
structured natural language, SQDL and SCDL on top of a
relational database (Ying, W. Q. Li, Y. X. and Sheu, P.
C.-Y, 2008), (Wang, S, Hu, R.-M. Sheu, P. C.-Y. et al,
2008).

(1) Our proposed scheme allows customers to retrieve a
information from the database with any type of
database query languages (SQL(Structured Query
Language), XML, etc.).
(2) Moreover, it affords a possibility for the customer to
pose queries in structured natural language in a form
of relational, semi-structured, or meta-data models in
semantic Web.
(3) It reduces the work for the customer compared to the
previous schemes, because a conventional DBMS
1
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(Data Base Management System) takes a role for the
complex data search processing in our scheme, while
the customer has its role in the precious schemes.
(4) The communication complexity between the database
supplier and the customer is only O( 1 ) because the
information exchanges between them are only the
query based on language and its results.

(ushilevitz, E., and Ostrovsky, R., 1997) presented a
method for constructing single-database PIR. Singledatabase PIR has a close connection to the notion of
Oblivious Transfer (OT), introduced by Rabin (Rabin, M.
O., 1981) and also turned out to be intimately connected to
collision-resistant hash functions with additional properties.
A different variant of Oblivious Transfer, called 1-out-of-n
OT, was introduced by Even, Goldreich and Lempel and
more generally, 1-out-of-n OT was considered in Brassard,
Crepeau and Robert. A sender who initially has n secrets
x1 ,K , x n and a receiver who initially holds an index
1 ≤ i ≤ n. At the end of the protocol the receiver knows x i
but has no information about the other secrets, while the
sender has no information about the index i. The nontrivial PIR implying Oblivious Transfer protocol was
introduce by Kushilivitz and Ostroysky Kushilivitz and
Ostrovsky (Kushilevitz, E, and Ostrovdky, R, 1997),
Crescenzo et al. (Crescenzo, G. D., Malkin, T., and
Ostrovsky, R., 2000). Oblivious Transfer protocol was
introduced by Rabin (Rabin, M. O., 1981).

PREVIOUS WORKS ON PIR

A private information retrieval (PIR) scheme allows a
customer to retrieve information from a database while
maintaining the query private from the database supplier.
The schemes have been presented first on the distribute
database PIR and then the single database scheme and
followed by the oblivious keyword search.
Distributed Database PIR
In this scheme, the same database is replicated at several
sites. It may be possible to make queries to several servers
such that from the answers the desired information can be
obtained, while each server gets no information on the
identity of the item the customers is interested in.
We view the database as a n-bit string x = x 1 , K , x n out of

Oblivious Keyword Search
Ogata and Kurosawa introduced the notion of f Oblivious
Keyword Search. In this protocol, it allows a user to search
and retrieve a data containing some keyword chosen by the
user in such a way that chosen keywords are unknown to
the database supplier. They present a k-out-of-n OKS
protocol in which the RSA blind signature scheme is used
(Ogata, W and Kurosawa, K, 1993).

which the customer retrieves the i -th bit x i , while giving
the database server no information about the index i. Noncommunicating copies of this string are stored by
k ≤ 2 servers.
Pudlack and Rodl (Pudlak,P., Rodl, V., and Sgall, J., 1993)
showed a two-server PIR scheme in which the customer
has some index i , and he is interested in obtaining the
value of the bit x i . There are three players: player S1 that
holds a string x and an index j , player S 2 that holds the
same string x and an index l ,and customer C that knows
both j and l . The goal is for S1 and S 2 to send a single
message each to C so that he will be able to compute the
bit x j + l mod n . U chooses uniformly at random a pair of

PROPOSED SCHEME: MIX-NET ANNONYMOUS
CHANNEL BASED PIR
In this section, we propose the private information
retrieval scheme based on a mix-type anonymous channel.
Chaum presented the concept of mix-nets which has
found many applications in untraceable electronic mail,
electronic election, and payment systems (Chaum, D. L.,
1981). It allows an electronic mail system to hide whom a
participant communicates with as well as the contents of
the communication in spite of an unsecured underlying
telecommunication system. Let Ei be a public key and Di
be a secret key of Center i . We assume that, for any
message M

indices j , l such that j + l = i mod n. He sends j to the
first serve and l to the second, and then, each server
practices the logical operation with n-bit string x and
sends its entire bits (n-bits ) to C . The value of desired bit

xi can be computed by the logical operation j + l = i . The
query to each server is distributed independently of i and
therefore each server gains no information about i. Chor

Di( Ei( M )) = Ei( Di )) = M

A participant prepares a message M to a participant at
address A by encrypting it with the addressee’s public key
E A appended to address A appending the address A , and
encrypting the result with the Center 1’s public key E1, and
outputs to Center 1.

et al. also considered a more realistic model of PIR in
which the data is partitioned into blocks (or records) rather
than single bits.

Single-Database PIR
The protocol is a two-party A protocol between a database
supplier T and a user A. Kushileviz and Ostrovsky

E1 ( R1 , E A ( R 0 , M ), A ) where R0 and R1 is random
strings.
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primes such that q p − 1. Other practical families can be
Center 1 decrypts its input with private key, throws away
random string R1 .and outputs E A ( R0 .M ), A . A cascade
of n centers in the same way as for a single center.
Successively seating for each succeeding center:

obtained for elliptic curves over finite fields. We will now
briefly describe the ElGamal cryptosystem, where the
primes p , q and at least one generator g of G q are treated
as system parameters. The key pair of a receiver in the
ElGamal cryptosystem consists of a private key x
(randomly chosen by the receiver) and eh corresponding
public key y = g x , which is announced to the participants
in the system.
Given a message m ∈ G q , encryption proceeds as follows.

En ( Rn , En −1( Rn −1 ,K , E2 ( R2 , E1( R1 , E A ( R0 , M ), A ))K ))

The purpose of a mix is to hide the correspondences
between the items in its input and those in its output. The
order of arrivals is hidden by outputting the uniformly
sized items in lexicographically ordered batches.
The first mix-server yields a lexicographically ordered
batch of items, each of the form
Park et al. (Park, et al., 1993) improved the efficiency of
Chaum’s scheme that has no problem of ciphertext length
expansion. The length is irrelevant to the number of
centers. The proposed scheme makes use or the ElGamal
cryptosystem (ElGamal, 1985). (Sako and Killian, 1995)
proposed a universally verifiable scheme which allows
any verifier to check the correctness of processing by
each center. (Jakobsson, 1998) proposed a novel and very
efficient model of robust mix-net. (Abe, 2000) proposed
the construction of a universally verifiable mix-net that
holds the computational complexity needed for
verification so that the verifiers are not impacted by the
number of mix servers.

The sender chooses a random r ∈*q , and sends the pair
( ( u , v ) = ( g r , h r m ) as ciphertext to the receiving party.
To decrypt the ciphertext ( x , y ) the receiver recovers the
plain text as m = v / u x , using the private key x.
(3) Protocol of anonymous query language retrieval
Park et al. (Park, et a., 1993) improved the efficiency of
Chum’s election scheme based on the mix-net channel
which has no problem of ciphertext length expansion. The
length is irrelevant to the number of the mix-control
centers. Later Sako and Kilian (Sako, K. and Kilian, J.
1995) outlined (with slightly modifications) the
anonymous channel protocol proposed in (Sako and
Killian, 1995). We give this protocol make the scheme for
private information retrieval in which the conventional
query languages such as SQL are available for
information query request.

The building blocks
(1) System architecture
Figure 1.depicts the system model of the proposed scheme.
The customer generating his messages encrypted his query
by the ElGamal cryptosystem and posts to Center 1 with
his ID. The mix-net anonymous channel is constructed by
n mix-centers (Center i : i = 1,L , n ) . Center 1 has a roll
for checking the eligibility of the customer by the
customer’s ID as well as the role for the mix-net server.
Center m obtains the query and posts it to the database
supplier and gets the queried results and posts to Center
m + 1 . Center n obtains the return address of customer and
sends the queried result to him. Figure2. shows the
processing by the database supplier.

Public information:

: p = kq + 1,( p , q : prime ),
: g = ( g ′ ) k mod p

Public key of center i

: y i = g x mod p

Secret key of center i

: x i ∈ Ζ*q

i

Query from the customer : u
Result of query
:v
Return address
:a
Public key of customer
:e
Defined;
: ωi = yi +1 yi +2 L yn and ω n = 1
where i = 0 ,L , n
: ξi = yi +1 yi + 2 L ym and ξ m = 1
where i = 0,L , m
; ς i = y i +1 y i + 2 L y n and ς n = 1.
where i = m ,L , n

(2) ElGamal cryptosystem
Our scheme relies on the ElGamal cryptosystem (Diffie
and Hellman, 1976), (ElGamal, 1985). It is well-known
that the ElGamal cryptosystem works for any family of
groups for which the discrete logarithm is considered
intractable. Part of the security of the scheme actually
relies on the Diffie-Hellman assumption, which implies
the hardness of computing discrete logarithms. Although
all our constructions can easily be shown to work in this
general discrete log setting, we will present our results for
subgroups G q of order q of Ζ*p , where p and q are large

3
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Generation of a message by client
The client generates a message ( G1 , A1 ,U 1 ) with a random

Gi +1 = Gi ⋅ g r mod p = g r +L+r mod p

number r0 and posts it to Center 1.

Gi' +1

i

= Gi'

i

0

⋅ g mod p = g
ri

rm +L+ri

mod p

Ai +1 = Ai ⋅ ωir / Gix mod p = ωir +L+r ⋅ a mod p
i

G1 = g r mod p
0

i

i

0

Vi+1 = Vi ⋅ ςir / Gix mod p = ς r +L+r ⋅ Ee ( q o v ) mod p

A1 = ω 0 ⋅ a ⋅ mod p
r0

i

U 1 = ξ 0 ⋅ ( u o e ).

i

m

i

r0

'
He permutes Zi = ( Gi ,Gi , Ai ,Ui ) with the other processed
messages and posts it for use by center i + 1 . Finally, the
center n obtains the return address a and encrypted
message E e ( q o v ) mod p and send it to the address a.
Addressee who’s address is a decrypt the encrypted
message E e ( q o v ) mod p with his secret key and obtains
the message (the information retrieved based on the query
q attached with the encrypted message.

where, o denotes concatenation.

Processing of a message by each center
On
input
( Gi , Ai , Qi ), Center
i Generates
( G i +1 , Ai +1 , Qi +1 ) with his secret key x i and random
number ri .
Gi +1 = Gi ⋅ g r mod p = g r +L+ r mod p
i

Ai +1 =

Ai ⋅ ωiri

0

/ Gixi

mod

i

p = ωir0 +L+ ri

the resu

Verification of processing by each center
Each center is required to prove that they correctly
processed their messages i.e. for any interested party. ｒ
The decryption and permutation should be accomplished
by the proofs of validity that that prove universally hat the
decryption and permutation by each center are correctly
performed. Furthermore, the proof should not reveal any
information about which one. The paper of (Park, et al.
1993) achieved individual verifiability on the correctness
of decryption and permutation, and Sako and Kilian (Sako,
K, 1995) achieved universal verifiability.version. In
proving correctness for the decryption, given a pair
( Gi , Ai ) , the center i computes ( Gi +1 , Ai +1 ) ,and posts

⋅ a mod p

Qi +1 = Qi ⋅ ξir / Gix mod p = ξr +L+ r ⋅ ( q o e ) mod p
i

i

0

i

He permuteｓ with the other processed messages
and posts it for use by the center i + 1. Center m obtains
( q o k ) by computing
( q o e ) = Q m / G mxm mod p
with his secret key x m and requires the information
retrieval to the database supplier with the query q .
The database supplier retrieves the information based on
the query q and send the result v with the query q to
Center m. Center m encrypts the pair of the query and
result v with the public key of the customer e

x
Gi i . In proving correctness for the permutation, center i
posts the pair ( Gi +1 , Ai +1 ) in permuted order. We
introduce the Sako’s protocol in parallel for in proving
correctness for decryption here in parallel version. They
may then be made non-interactive using the Fiat-Shamir
technique (Fiat, A. and Shamir, A, 1986).

Ee ( q o v )
and generates ( G m +1 , G m′ +1 , Am +1 ,V m +1 ) with his secret
key x m and random number rm .
G m +1 = g

r0 +L + rm

Proof of correctness for the decryption
Center i generates H = G x mod p Proof . The input to
the protocol is language
i

mod p ,

Gm′ +1 = g r mod p
m

Am +1 = ωrm0 +L+ rm ⋅ a ⋅ mod
Vm +1 = ς rmm ⋅ Ee ( v ) mod p

and send to the center m + 1.
On input ( Gi , G i' , Ai ,Vi ) ,
generates

⎧⎪
L ⎨( y , H , g ,G , ∃x : y = g x mod p , H = G x mod p
⎪⎩

p

( Gi +1 , G i' +1 , Ai +1 ,Vi +1

Center i ,( i = m + 1,K , n )

p , q : primes }
The A (Prover) proves knowledge of x to the B (Verifier),
The protocol, which is an adaptation of (Chaum, et al,1991),
works as follows:
1. A picks a random number r ∈R Ζ q . Let

) with his secret key xi

y ′ = g r mod p
H ′ = G r mod p

and random number ri .
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A sends ( y ′, H ′ ) to B .
2. B sends a random number c ∈R { 0 ,K ,2t − 1 }
3.
4.

The schemes of distributed or single base database PIR
allow a customer to retrieve the data in such a way that the
chosen bit index or keywords. The schemes of oblivious
keyword search (OKS) allows a customer to search and
retrieve the data containing some keywords chosen by the
customer. However, in real-world database retrieval, the
complex retrieval are inevitable in which the multiple
tables are retrieved and complex search conditions and
data sorting operations are required. For these
requirements, relational database management systems
(RDBMS) are developed to get information from the
databases using the same method. For a couple of decades,
data and database management system has been evolving
steadily and extensively to make data available for almost
all of the commercial applications that handle on-going
operations including business status update, record
accumulation and reporting. These are in two-dimensional
tabular format called “ Relational ” and are typically
involved in transaction processing.
This sentence will be converted into SQL, XML, or
Xquery to access integrated data.
For this purpose SQL and Xquery and other languages are
developed. It is a kind of language which enables the
customer to ask the queries to a database without bothering
about the exact type of database. In the previous schemes,
the multiple table handling and complex search condition
processing are hard in the required work for the customers
who are generally not familiar with these complicated data
handling techniques.
For example:

to the prover.
A sends to B r ′ = r − cx .
B checks that
y ′ = g r ′ ⋅ y c mod p
H ′ = G r ′ ⋅ H c mod p

We present proofs of knowledge for the relation
log g y = log G H , whereby a prover shows possession of an

x ∈ Ζ*q and satisfying y = g x and H = G x . An efficient
protocol for this problem is due to Chaum and Pendersen,
(Chaum, D., and Pendersen, T. P., 1993), see Figure 3. This
protocol is not known to be zero-knowledge or witness
hiding. The following result however suffices for our
application (see also (Cramer, R., et al., 1994) for
definitions of the notions involved).

Lemmma 1.
The Chaum-Pendersen protocol is a three-move, public coin
proof of knowledge for the relation log g y = log G H . The
proof satisfies special soundness, and is special honestverifier zero-knowledge.
Proof. The protocol inherits its properties from the
underlying Schnoor protocol (Schnoor, 1991). Special
soundness holds because from two accepting conversations
with the same first move ( y ′, H ′, c , r ′ ) and ( y ′, H ′, c ′, r ′′ ),

c ≠ c ′, a witness ω =
satisfying y = g

ω

r ′ − r ′′
c − c′

“Please show me a list of patients those who visited
after Jan 1st, 2009 more than twice and whose
average blood pressure is over 120,”

can be extracted

and H = G ω . Honest-verifier zero-

In this example, the table of patient, the table of visiting
dates, and the table of patient’s average blood pressure are
retrieved and the logical operations regarding the visited
dates, times, and the compares are required. Therefore the
customers have to engage in these complex computation
for the sake of practical query.
Consequently, query language based requirements are
essential for the practical systems. Our scheme satisfies
these requirements, while preserving the customer’s
anonymity.

knowledge holds because, for random c and r ′ we have
that ( g r ′ y c , G r ′ H c , c , r ′ ) is an accepting conversation with
the right distribution. Since the challenge c can be chosen
freely, we also have special honest-verifier zero-knowledge.
Notice that the above protocol is zero-knowledge only
against the honest verifier, but this suffices for our purpose
(see, e.g., (Chaum, 1991) for an efficient zero-knowledge
protocol). Indeed, jumping ahead a little, in order to make
our protocols non-interactive, the verifier will be
implemented using either a trusted source of random bits ( a
beacon as in (Rabin, 1983), (Benaloh, 1987) or using the
Fiat-Shamir heuristic (Fiat and Shamir, 1987) which
requires a hash function. In the latter case security is
obtained for the random oracle model.

Communication complexity
In a distributed or single database PIR scheme, database is
modeled as an n -bit string x out of which the customer
retrieves the i -th bit x i . The communication complexity
of such a scheme between a customer and a database
server is denoted by c( n ). A trivial PIR scheme consists
of sending the entire data string to the customer (i.e.
c( n ) = n ), thus satisfying the PIR protocol with c( n ) < n
non-trivial. In a distributed database PIR scheme, Pudlack

DISCUSSIONS
Query items

5
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proposed a universally verifiable scheme in (Sako, K. and
Kilian, J. 1995,) to check the correctness of processing
results by each mix-servers in which the customer have to
verify each mix-server’s processing by one for verifying
whole correctness of processing by all mix-servers. Abe
(Abe, M., 2000) presented a universally verifiable mix-net
where the amount of work done by a verifier is
independent of the number of mix-servers.
The number of mix-server is decided to the required
security level. In the verification protocol, in order to make
this protocol non-interactive, the verifier will be
implemented using either a trusted source of random bits
or using the Fiat-Shamire heuristic (Fiat, A. and Shamir,
A., 1987). In the latter case security is obtained for the
random oracle model.

and Rodl show that this can be done using o( n ) bits. Chor
et. al. (Chor, B., et al., 1995) show the scheme with
communication complexity O( n1 / 3 ) is indeed possible.
And Ambainis (Ambainis, A., 1997) introduced more
efficient for k-server scheme in which the communication
complexity is O( n 1 /( 2 k −1 ) ).
In a single database PIR scheme, Kushileviz and
Ostrovsky (ushilevitz, E., and Ostrovsky, R., 1997)
presented a method for constructing single-database PIR in
which the communication complexity of their solution is
log n log log N

O( 2

) which for any ε > 0 is less than

ε

O( n ). Chang (Chang, Y. C., 2004) and Lipmaa (Lipmaa,

H., 2005) showed O(log 2 n ) communication complexity
PIR protocol (with a multiplicative security parameter
factor). Gentry and Ramzan (Gentry, C., and Ramzan, Z.,
2005) also showed the communication complexity of
O(log n ) with the additional benefit that if one considers
retrieving more than one bit, and in particular many
consecutive bits (which we cal blocks) then ratio of block
size to communication is only asmall constant. Kushilevitz
and Ostrovsky have shown how to construct single
database PIR without the use of any algebraic assumptions,
and instead relying on the existence of one-way trapdoor
permutations and basing the protocol on more minimal
assumptions comes with a performance cost: they show
how to achieve ( n − O( n / k − k 2 ) communication
complexity.
In oblivious keyword search, Ogata and Kurosawa (Ogata,
W and Kurosawa, K, 2004) showed two efficient protocols
such that the size of data communication is O( nB )
regardless of the size of W , where nB is the size of the
database and W is the set of all possible keywords.
Meanwhile, in our scheme, the communication complexity
between a database supplier and a customer is O( 1 ).

ACCESS GRANT
In existing database systems, the database managers are
able to assign access rights to the schema associated with
the query command schema such that, READ_WRITE,
READ_only, or INHIBIT access.
Regarding the access grant functions, the eligibility center
checks all the access control table for each table based on
the customer’s identification and send all the access grant
information to the database supplier via the anonymous
channel.
CONCLUSION
We have shown an anonymous information retrieval
scheme queried by query language base. The new scheme
satisfies the practical requirement for retrieving
information in which the work for the customer is largely
decreased. We would like to emphasize that the new
scheme will be adapted for not only the existing database
system but also for the semantic database scheme which
has strongly expected in the Web-based systems.
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Computation complexity
The computational complexity for a distributed database
PIR, a single database PIR and a OKS scheme are mainly
dependent to the search processing for a customer on the
data sent from a database server. Moreover, in a real-world
retrieval, more complex retrieval containing a table joining,
data sorting, and logical operations are required.
Meanwhile a computational complexity for our scheme is
mainly depended to the processing of mix-net architecture
and the verification protocols.
In Chaum’s mix-net anonymous channel construction
based on RSA, the work needed for a customer is O( m ) ,
because a customer has to repeat encryption with each
mix-server’s public key . Park et al. overcame this problem
using ElGamal encryption sot that the customer’s work
became O( 1 ) in m. On verifiability, Sako and Kilian
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recommendations on suitable action for a patient after
certain symptoms have been detected.
This paper is organized as follows. The
BACKGROUND section explains various classifications
and catalogues of diseases, symptoms, medications and
treatments which exist and are used by healthcare
professionals in the UK. In the PROBLEM section we
highlight the shortcomings of current catalogues, which
are expected to help healthcare practitioners in diagnostic
procedures. We also highlight the aims of this paper and
introduce our ideas of exploiting the power of
OWL/SWRL enabled ontologies when managing the
relationships between symptoms, diseases, medications
and treatments. Our proposed OWL ontology, constraints
upon its modeling constructs and the reasoning are
explained in the PROPOSAL section. We briefly evaluate
our ideas and the implementation of our model in the
section which follows. The CONCLUSIONS section
highlights our future work.

ABSTRACT
Determining the most appropriate treatments and
medications for any particular disease is currently done
through a variety of classifications of both medications
and diseases which they are supposed to cure. There are
many books which classify both medications and diseases
and there are also new software tools which apart from
classifying them, aim to define relationships between and
to co-relate them. In this paper we propose the
management of the relationships between diseases and
medications, treatments and recommendation according to
the semantics of their classification and the meaning of
their co-relations. We propose to store both in an OWL
ontology and use reasoning to diagnose a disease, based
on its symptoms and determine which medication,
treatments and possible further tests should be
recommended for it. The process is based on ontological
matching; i.e. reasoning through SWRL upon OWL
concepts.

THE BACKGROUND

INTRODUCTION

Classifying Diseases & Symptoms

The purpose of this paper is twofold. We primarily
aim at improving the current catalogues which support
diagnostic procedures, carried out by medical
professionals, in terms of automating them and making
the software support more explicit. However, in our
research we have found that the very rich semantic stored
in such catalogues has not been fully exploited in order to
give recommendations on all medications for detected
diseases, treatments which may help in curing such
diseases and further tests which can or should be carried
out. Therefore the second purpose of this paper is to
experiment with the power of OWL/SWRL (Horridge et
al. 2004 and Horrocks et al. 2004) enabled ontologies in
terms of manipulating the management of the
relationships between symptoms, diseases, medications,
tests and treatments. This is important not only to fully
automate diagnostic procedures, but also to give

One of the most frequently cites papers which dealt
with the term “diagnostic procedure” defined it as "the
procedure of allocating complex situations to different
categories and sub-categories on the basis of their
symptoms taken collectively” (Lerner, 1969). In other
words, determining the presence and absence of the
symptoms results in creating diagnostic procedures. The
Public Broadcast Service Medical Glossary (PBS Medical
Glossary), defines diagnosis as “Identification of a disease
from signs, symptoms, laboratory tests, radiological
results and physical findings”. The10th Revision of the
International Statistical Classification of Diseases and
Related Health Problem (ICD-10) is adapted by the World
Health Organization (WHO) and is the standard used by
the British Medical Association (BMA) for categorizing
diagnosis and diseases. Their practice of categorization is
given in the tree below and is based on a particular organ
of the body.
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tree below explains how the practice of finding a
medication(s) for a disease should look like.

Although most diseases can be diagnosed by their
symptoms, in some cases the symptoms may not manifest
themselves at all, thus further investigations should be
carried out. There are three ways of diagnosing a living
organism for a disease, through symptoms (e.g. coughing)
the signs that a patient may give (e.g. twitchy hands) and
further investigations (e.g. blood test will be required). In
cases where all the symptoms are not present, the health
practitioner may be able to detect signs from physical
appearance of a patient and use the results of further
investigations in the diagnostic procedure.

THE PROBLEM
The purpose of this paper is to manipulate the
semantics of symptoms, diseases, medications and
treatments in order to assist healthcare practitioners in
giving the best possible recommendation for curing
patients or managing their diseases. Therefore our initial
goal was to inspect all possible software solutions can
play an important role in diagnostic procedures based on
symptoms a patient may have.
At the time of writing this paper, there were only a
few software solutions for supporting GPs in “issuing
prescription” and in the “diagnostic procedure”. Thus UK
GPs would normally use the GP Notebook which takes
only one query at a time. However, in order to identify a
disease, only one symptom can be used and there will be
no results for the diagnostic procedure if you say that the
patient, for example, has “wheezing”, “chest pain” and
“coughing”.
The other important source is the ICD-10
(International Classification of Diseases), the international
standard diagnostic classification, for all general,
epidemiological, health management purposes and clinical
use. These include the analysis of the general health
situation of population groups and monitoring of the
incidence and prevalence of diseases and other health
problems. In addition to enabling the storage and retrieval
of diagnostic information for clinical, epidemiological and
quality purposes, these records also provide the basis for
the compilation of national mortality and morbidity
statistics by WHO Member States. Unfortunately, ICD10 functions in the same way as the GP Notebook does,
thus it does not allow identification of diseases and
medication using multiple symptoms.
The British National Formulary (BNF) is also another
frequently used source of information in diagnostic
procedures. It is actually a book compiled by the BMA
and the Royal Pharmaceutical Society, in order to provide
prescribers,
pharmacists
and
other
healthcare
professionals with up-to-date information about the use of
medicines. It includes information on the selection,
prescribing, dispensing and administration of medicines,
and thus it really is a catalogue of different medications
and their suggested doses alongside different names used
by different manufacturers.

Classifying Medications
All medications are classified under the disease they
are aimed to cure. The GP Notebook (GP Notebook),
which is an online encyclopedia of medications, provides
a reference resource and classification of medications for
clinicians in the UK and internationally. It categorizes
diseases under their respective organs, which is also
followed by the British National Formulary (BNF). Each
category and sub category of diseases is split further and
medications are suggested for each single listed disease.
The tree below explains the practice of obtaining the
recommended medication(s) and treatment(s) for a
disease.

The listing of all recommended medications for a
single disease suggests that it is possible to have more
than one medication and treatment for one disease. GP
Notebook also shows a scenario where there are no
medications available for a particular disease and the only
way to control the disease is to manage it. In such cases,
the GP Notebook suggests “management” as a treatment.
Therefore in order to maintain a library of medications,
the management of a disease should be written as a
treatment for the disease. Another way of categorizing
medication is according to their type, such as antihistamine, anti-inflammatory. Therefore in some cases on
the GP Notebook website, rather than specifying the name
of the medication, it is specified that "blood thinners
should be used to lower the risk of certain diseases”. The
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We have also found web sites which are not created
or recommended by government healthcare bodies, but
still give a powerful catalogues of symptoms and diseases.
We choose to comment on only two. MyElectronicMD
(MyElectronicMD) classifies diseases and displays their
symptoms, arranges diseases according to their symptoms
and when possible displays all possible diseases related a
particular symptom. This provides a wider base for
diagnostic procedure using symptoms specific for a
disease or vice versa. The Doctor's Doctor Website (The
Doctor‟s Doctor) uses different websites to categorize a
group of diseases and it arranges all its diseases
alphabetically in a list format. Therefore classifications of
diseases and symptoms associated to them are available
on the Internet and all of these examples are really
powerful sources (catalogues?) which are accessible at the
click of the mouse and may give faster results for the
diagnostic procedure.
It is not our intention to criticize all these examples
from ICD-10 to The Doctor‟s Doctor. They play a very
important role in supporting healthcare professionals and
some web site went as far as creating “Internet doctors”,
i.e. enabling patients to self-diagnose and investigate their
symptoms in relation to potential diseases at home, in
their space and time (netdoctor and ThanksDr).
Our intention is to see if we can improve the current
software solutions for diagnostic procedures in terms of
exploiting the semantics they store and secure
(i) The correct list of all possible diseases, as a
support of the diagnostic procedure, based on a set of
symptoms a patient may have
(ii) A list of recommendations, based on a patient's
symptoms, i.e. the diagnosis he/she may have, in
terms of suggesting medication, treatments and
possible further test.
We would like to pay attention to two different issues:
a. we should be able to determine or list any
possible disease the patient may have, based on
complete and incomplete set of symptoms and
b. we should allow multiple symptoms to prompt
for a potential disease(s).
None of the solutions we described have exhibited
support for (i) and (ii). Furthermore, the ICD-10 and GP
Notebook fully cover diseases (i.e. they are perfect
catalogues), but the contents available on medication is
minimal. The BNF on the other hand, deals specifically
with detailed information of medication, on proprietary
and alternative names for them and different dosage levels
for adults, elders and children, duration of a medication‟s
course, drug interactions and possible side-effects of each
medication. None of them are supported by automated
software solutions. Web based solutions are more
advanced “catalogues” because they are simply online
facilities which re-arrange symptoms and diagnosis the
way you prefer. However, they do not allow for complex
queries to be run upon them and they are not a proper

persistent storage of information which can be
successfully retrieved and contribute towards (i) and (ii).
We would like to create an environment where we
can reason upon patient symptom(s) and diseases , in
order to recommend all possible medications, treatments
and further tests to be carried out (if needed). We would
like to perform the reasoning upon the semantics of
symptoms and diseases in order to extrapolate disease(s)
based on their symptom(s) and then identify
medication(s), treatments and further tests based on those
disease(s). In short, our semantically rich environments,
based on OWL concepts, should enable reasoning in order
to answer a particular competency question (Noy and
McGuiness, 2001), (Gruninger, 1996), (Gruninger and
Fox, 1995)
Could we have a list of medications {m1, … mn},
treatments {t1, … tn} and further tests {t1, … tn} which
may be required to address a set of patient symptoms
(s1, … sn}, by determining which diagnosis (d1, … dn)
is(are) associated with them.
THE PROPOSAL
Diagnosis, Medication and Treatment Ontology
(DiMeTre)
Fig. 1 shows all the basic ontological classes of the
Diagnosis, Medication and Treatment (DiMeTre)
ontology. They are self explanatory. The DISEASE class
holds individuals of all diseases the MEDICATIONS
class holds individuals of each medication and the
SYMPTOMS class holds all the individuals which are
symptoms of diseases. Each individual of the SYMPTOM
class can relate to one or more diseases, therefore we have
a many-many relationship between individuals of the
SYMPTOMS and DISEASE classes. For example, an
individual of the SYMPTOM class called “wheezing”
may relate to two individuals of the DISEASE class, such
as “Sinusitis” and “Asthma”. Therefore we take into
account that a disease(s) is(are) diagnosed through
symptoms, and each disease must have at least one, but
possibly more than one symptom.
The TREATMENTS class holds all the information
about treatments available for diseases, including diseases
with no medications for curing them, or vice versa. Each
ontological individual of the TREATMENT class may
refer to one or more diseases and each disease may have
more than one treatment. For example, treatment called
“management” relates to DISEASE class with individual
“Asthma” and “Multiple Sclerosis”. A similar rationale
exists between the DISEASE and TEST classes.
RULE_1_DISEASE and RULE_2_MED_TREAT
classes are not initially populated with individuals. We
store the results of ontological reasoning, in them. These
classes are actually reserved for storing the results of
running SWRL rules, which move appropriate individuals
from DiMeTre basic classes in them.
3
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The Reasoning Process

Reasoning

Fig.2 shows how we pair basic ontological classes
from DiMeTre in order to carry out appropriate
ontological reasoning. Therefore the SYMPTOMS and
DISEASES classes are paired when running the first
reasoning rule and the TESTS, TREATMENTS and
MEDICATIONS classes are paired with the
RULE1_DISEASE classes when running the second
reasoning rule.
However, the pairing of our classes is described
through the process given in Fig. 3. It gives a more
detailed description of exactly what we need to match and
which individuals are being moved. We firstly match the
individuals of the SYMPTOMS (s1, … sn}, and
DISEASES (d1, … dn}, classes to determine which
disease will correspond to symptoms a patient may have.
The result of this reasoning is stored in the
RULE_1_DISEASE class, i.e. the class is populated by
the individual(s) dk, moved from the DISEASES class,
illustrated by the purple square symbol. In order to decide
which treatment, medications and tests are needed for a
detected disease(s) moved to the RULE_1_DISEASE
class, we will have to match individuals {t1, … tn}, {tr1, …
trn} {m1, … mn} from the TESTS, TREATMENTS and
MEDICATIONS classes with the individuals of the
RULE_1_DISEASE class. The result of this matching will
be stored in the RULE_2_MED_TREAT class, i.e. the
class is populated by matched individuals tr, ms, trt from
the TESTS, TREATMENTS and MEDICATIONS classes
(illustrated with the purple square symbols). Fig. 2 also
shows the way of defining object properties, depicted by
blue lines between ontological classes of DiMeTre. They
are essential for establishing the match between
individuals of our classes and consequently, they enrich
the semantics of our ontological model.

Rule 1, below shows the matching between
individuals of the SYMPTOMS and DISEASES classes. It
uses the symptomsOf object property and moves an
individual(s) from the DISEASES class which is(are)
related to the "Wheezing" and "Breath Holding Attacks"
individuals of the SYMPTOMS class:

Please note that the same rule can be written using the
inverse object property hasSymptoms, with the correct
placing of individuals of domain and range classes, as
shown in Rule 1a, below:

Rule 1b below is another example of matching
between diseases and symptoms, as in rules such as Rule1
and Rule1a. It moves an individual from the DISEASES
class which is related to “Sore Throat” individual of the
SYMPTOMS class. In other words, Rule 1b works on a
particular symptom, “sore throat” (note that “sore throat”
can be both a disease and a symptom).

Rule 2 can work upon the result set of running any
rule of type Rule1, Rule1a, Rule1b stored in the
RULE_1_DISEASE class. It identifies all the
medications, treatments and tests that are relevant to the
disease which is stored as an individual in the
RULE_1_DISEASE class. We use 3 object properties
defined in Table 1: has_medication, has_treatments and
requires_test between MEDICATIONS, TREATMENTS
and
TESTS
classes
respectively
and
RESULT_1_DISEASE class. Note that all individuals
from the RESULT_1_DISEASE class are moved from the
DISEASES class, therefore object properties defined
between the DISEASES and any other class are also
available for individuals of the RESULT_1_DISEASE
class. Rule 2 below identifies all medications, tests and
treatments regardless of which diseases was identified
through Rule 1.

Object Properties for DiMeTre Concepts
Table 1 shows our way of defining objects properties
in order to strengthen the semantics of DiMeTre concepts
and prepare them for ontological reasoning. It is obvious
that the lower part of Table 1 contains inverse object
properties defined in the upper part. We list all of them
because we have a freedom of using any of them as long
as their domains and ranges are suitable for SWRL rules.
The symptomsOf object property connects the
SYMPTOMS and DISEASES classes, i.e. the individuals
of these classes are connected through the object property
symptomsOf. However, for the symptomsOf object
property, the SYMPTOMS class is a domain class and the
DISEASES class is a range class. In other words the
SYMPTOM class uses the object property symptomsOf to
enrich its semantics by connecting its individuals with the
individuals of the DISEASES class.

Consequently we have no literal strings in Rule 2 as
opposed to Rule1, 1a and 1b. Thus for rules which
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identify diseases based on a particular set of symptoms
(“wheezing” and “breath_holding_attacks”, “sore throat”),
these symptoms are present in the body of the rule.
Fig. 4 shows a Protégé screenshot of the individual(s)
after they have been moved from the DISEASES class to
the RULE_1_DISEASE class by running Rule 1. Rules 1
and 1a (the inverse of Rule 1) identify the diseases
“Asthma” based on symptoms “Wheezing” and “Breath
Holding Attacks”.
Fig. 5 shows a Protégé screenshot that displays
example of the outcome of running Rule 1b and Rule 2.
This example uses the individual from the SYMPTOMS
class 'Sore Throat' to identify the individual from the
DISEASE class 'Sore Throat'. Although this may sound
confusing, but a symptom of a sore throat is indeed a sore
throat disease. Therefore the individual 'Sore Throat' from
the DISEASE class is then stored in the
RULE_1_DISEASE class after running Rule 1b. Rule 2,
runs upon the RULE_1_DISEASE class, and identifies
any medication(s), treatment(s) and test(s) specific for the
disease 'Sore Throat'. In this case, the individuals
'Requires_No_Medication' and 'Requires_No_Treatment'
are identified by Rule 2 from the TREATMENTS and
MEDICATIONS classes and consequently moved to the
RULE_2_MED_TREAT class. As seen in Fig. 5, there are
no specific medication(s) or treatment(s) that can aid the
recovery of a 'Sore Throat'.
The screenshot in Fig. 6 shows the result of inputting
symptoms for the disease „Thalassaemia‟ and matching it
with individuals of the TESTS, MEDICATION and
TREATMENT classes. The individuals which are moved
from the TESTS, and TREATMENT classes through Rule
2 into the RULE_2_MED_TREAT class are „Blood
Transfusion‟ and „Sickle Cell and Thalassemia Tests‟.
Therefore no individual from the MEDICATIONS class
have been matched, hence there is no medication for the
disease „Thalassaemia‟.

situations with multiple medications. There is a similarity
between our works in terms of exploiting OWL and
SWRL, but they do not move individuals within their
ontologies. It is not obvious from the paper what they
exactly do with the result of running the SWRL rules in
the running example.
The work of (Gamberger et al., 2008) focuses on the
development of an ontology which conceptualizes and
formalizes knowledge in the heart failure medical domain.
The ontology is a very rich source of information, but it
appears to be a rather taxonomic overview of the complete
heart failure domain, than a base for reasoning upon it
constituent concepts. They have selected a SWRL-enabled
ontology but they did not exploit the power of
manipulating their concepts and increase inference. They
use 'Production & Deterministic Rules' in the form of IF
statements and fuzzy values as their formal way of
addressing inference, with intentions to translate these
rules into SWRL, probably in future works.
The work of (Andreasik and Umpriowitz, 2010)
introduces ControlSem, which is an ontological system
architecture for controlling medical procedures, aiming to
reduce erroneous results. They use TopBraid Composer
(TopBraid ComposerTM) and SPIN (SPARQL Inference
Notation) as their built-in rule engine for modeling the
system architecture and for exploring instances within the
architecture. The SPARQL queries the ontology to
identify which medication should be prescribed for
particular medical procedures, thus their ontology is not
used for reasoning. However, the works of (Kiani et al.,
2010) focuses on ontologies in tandem with reasoning to
implement a system that facilitates negotiation in the
dental world in order to detect personal conflicts and
agreements. Their ontological classes represent concepts
of the dental domain and “dental relationships” appear as
object and data type properties. SWRL rules are used to
map specialized concepts of the domain to other
equivalent, more common concepts and therefore identify
a particular medical condition for a particular patient
based on a set of symptoms.
The work of (Buranarach et al., 2009) is placed in the
domain of chronic disease healthcare, aiming to create an
ontology based framework for developing a clinical
reminder system. They use an ontology which combines
CPG (Clinical Practice Guidelines) with heterogeneous
patient databases from different sources; therefore they
have to address interoperability issues between
heterogeneous databases from different sources. They
connect ontological concepts with data from patient
databases through their own concept instantiation
mechanism. However, it is not clear if they infer any
knowledge from their ontologies and exactly which rules
run in the background. However, the final result of their
integration is sufficient to achieve their goals, even if their
ontology is used for queries and not for reasoning.

RELATED WORKS
The work of (Lezcano et al., 2009) deals with the
semantic interoperability in healthcare workflow
management, which also uses OWL/SWRL enabled
ontologies in order to strengthen the semantics of clinical
data. They illustrate their approach through the patient
safety alerting system; therefore they overlap with our
work in terms of managing prescribed medication for
detected diseases. However, their ontological models and
instances are developed through a completely different
mechanism, i.e. our „starting points‟ differ. They translate
clinical definitions written in openEHR Archetype
Definition Language (ADL) into OWL, and automatically
translate ADL relations to object properties. They use
SWRL in order to identify multiple medications for a
particular problem. However, the SWRL rule explained in
the paper has to be repeatedly modified to accommodate
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diagnoses, medications and treatment, is aimed at
healthcare practitioners who are involved in diagnostic
procedures and are responsible for curing or managing a
disease. We do not propose any kind of expert or decision
making system. We propose a
solution based on
OWL/SWRL enabled ontologies which can bring up
various possibilities when looking at relationships
between symptoms, diagnoses, medications and treatment.
This can help practitioners to make informed decisions
when treating patients and prompt or alert them to unusual
combinations which may exist between symptoms and
diseases.
We are currently improving the proposal by inserting
more individuals in the DiMeTre ontology, thus
increasing its size and testing the efficacy of the proposed
SWRL rules. We are also building an application on top
of the DiMeTre concepts which will have bridges to the
JESS engine (Friedman-Hill. 2003) in order to trigger
SWRL rules. The application will allow symptoms to be
entered through application interfaces and consequently,
we will remove hard coding from SWRL Rule 1. In other
words, symptoms will not be used in our ontological
system as literal values in SWRL rules. It would be
interesting to see how possible it is to incorporate our
ontological model and reasoning within any existing
expert system from a similar problem domain.

EVALUATION
This paper introduces the novel idea of exploiting the
power of OWL/SWRL enabled ontologies in order to
manipulate the semantics and relationships between
symptoms, diagnosis, treatments and medications. The
section on related works shows that our paper gives a
more advanced approach to using OWL ontologies and
extending the automation of the diagnostic procedure
towards recommending medications, treatments and
possible further tests for any set of symptoms patients
may have. We have also allowed richer relationships
between symptoms and diseases, particularly when listing
potential diseases for patients with more than one
symptom.
Apart from the main modeling ideas built in the basic
ontological classes of DiMeTre, their constraints and the
reasoning process defined upon them, we would like to
highlight that:
1) Our constraints (excerpts available in Table 1)
would be able to connect any individual stored in
the DiMeTre ontology, i.e. the choice of object
property is sufficient to manage the semantics of
relationships in DiMeTre.
2) Our ontological model is relatively simple with
clearly specified classes, which do not bear
additional sub-hierarchies, i.e. we minimize
semantics built into the ontological model and
use a rich set of individuals and object properties
to strengthen the semantics of the DiMeTre
concepts and prepare them for reasoning.
3) The reasoning process is intuitive and is based on
simple ontological matching, i.e. filtering of
individuals which satisfy conditions specified in
our rules. However, the rules we define are
reusable in terms of both: determining a disease
and giving recommendations for it. The only
hard coding in our rules is related to inputting the
exact symptoms the patients may have, which
cannot be avoided.
We experimented with a relatively modest number of
individuals in our ontological classes. Therefore we might
experience problems of managing ontological mappings in
a full scale implementation which will contain thousands
of individuals, thus affecting the performance of software
applications built upon DiMeTre. However, we are
confident that the simplicity of DiMeTre‟s hierarchy and a
set of well defined object properties will help in
overcoming the problem of matching a potentially
enormous number of ontological individuals through a set
of only two SWRL rules in any attempt to find
recommendation for a set of given symptoms.
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Table 1 DiMeTre's Object Properties

Fig. 3 DiMeTre reasoning process
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Fig. 5 Screenshot of the recommendations as the result of
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Fig. 6 Screenshot of recommendations as the result of
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