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FOREWORD
The 21st Annual SDPS 2016 International Conference, held on December 4-6, 2016 at Rosen
College of Hospitality Management, University of Central Florida, Orlando, provided a stimulating and interactive environment for scholars, industrialists and practitioners from different
international communities spanning five different continents. Attendees interested in promoting transformative and transdisciplinary research and education engaged in active exchanges
of research ideas and work results involving many industries, governing bodies, educational
and research institutes. Entrepreneurs, healthcare professionals and executives helped to forge
the research and development of transdisciplinary and integrative science while exploring the
vast possibilities of complex systems that emerge from the interconnected disciplinary focus of
today’s science, medicine, and technology.
The SDPS 2016 conference primarily focused on Health Systems Design and Technology
Innovation, but also included papers relevant to System and Design Science, Advanced Technologies & Applied Science and Software Engineering with Communication Systems. We hosted
seven Dean’s circle and fourteen featured keynotes and two invited keynote speakers, one of
whom is a Noble Laureate. We ran eleven workshops and two tutorials. Technical conference
papers were grouped into nine thematic sessions. SDPS 2016 also offered opportunities to
fast-track accepted papers to the Journal of System Design and Process Science.
SDPS 2016 also commemorated and started a continuing tribute to our grand mentor, Dr.
C. V. Ramamoorthy, in the form of a lecture series. His exemplary life is the touchstone for
building this new society. Dr. Ramamoorthy was a founding Board member of SDPS and was
the guiding mentor for generations of SDPS members and contributors. SDPS owes a great
debt of gratitude to this remarkable man. In memory of Dr. C. V. Ramamoorthy, SDPS 2016
also introduced the 1st Annual SDPS Student Poster Presentation Competition, which will
continue in future SDPS events.
In these Proceedings we publish accepted and peer reviewed technical papers which focus
on Innovative Technologies and their Applications in Healthcare, Advances in Human Performance Engineering for Population Health, Predictive Analytics and Simulations in Healthcare,
Health Enterprise, Social Media and Collaborative Research, Advances in Biomedical Devices,
Wearables and Mobile APPs, Knowledge Transformation and Semantics in Healthcare Systems,
Advances in Nano, Communication and Process Technologies, Human Centered Computing and
Software Engineering and Advances in STEM Education for Academics.
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ABSTRACT
Image segmentation is widely adopted in medical field
for computer assisted disease examination. In this paper,
Cuckoo Algorithm (CA) aided approach is proposed to
segment tumor from a two dimensional (2D) Magnetic
Resonance Image (MRI). Initially, Shannon’s entropy based
multi-level thresholding is executed for the brain MRI
dataset based on CA. Later, the skull region is removed
using an image filter algorithm. The skull stripped image is
then treated using the image morphological operation inorder
to get an even image surface. Finally, the tumor region is
segmented using the level set approach.
Proposed
methodology is also tested on the BraTS MRI dataset. The
effectiveness and the clinical significance of proposed
approach are confirmed using the image similarity values and
the statistical measures. Experimental result authenticates
that, proposed approach offers better values of Jaccard, Dice,
precision, sensitivity and accuracy.
INTRODUCTION
Computer aided disease examination is widely used in
medical discipline to investigate anatomical and pathological
sections from clinical images. Medical imaging procedures
will support the early detection and diagnosis of various
diseases and also helps to reduce the morbidity and mortality
rates.
Brain tumor is one of the chief cancers in human
community and the early diagnosis of brain tumor will
improve the survival rate. Due to its importance, recently a
number of brain image segmentation procedures are
proposed in the literature to extract the tumor from two
dimensional (2D) and three dimensional (3D) magnetic
resonance images. The accuracy of tumor extraction from the
brain Magnetic Resonance Image (MRI) depends mainly on
the chosen image segmentation scheme.
In the literature, a number of procedures are proposed
and implemented by the researchers to extract significant
information in several therapeutic areas. Raja, Sukanya, &
Nikita (2015) proposed Otsu’s function and heuristic
algorithm assisted multi-thresholding procedure to enhance
the tumor region of breast thermal images. The work
discussed by Raja, Kavitha, & Ramakrishnan (2012) also

implements a heuristic algorithm assisted Tsallis entropy
based methodology to enhance the irregularity existing in the
fundus retinal images. Above said works only enhances the
abnormal regions, and requires an additional segmentation
procedure to extract the infected section/tumor. Palani,
Parvathavarthini, & Chitra (2016) discussed brain region
segmentation based on heuristic algorithm guided Otsu’s
multi-level thresholding and Markov random field. The
authors reported that, the proposed approach needs
considerable simulation time to process the images. Chaddad
(2015) proposed multi-thresholding based Gaussian Mixture
Model (GMM) approach to segment the brain tumor region
from the brain MRI images and verified its outcome with the
principal component analysis and wavelet based methods.
This approach offered satisfactory result on various MRI
modalities, such as T1, T2 and FLAIR. Recently Despotovic,
Goossens, & Philips (2015) discussed about the segmentation
challenges and method existing for the 2D and 3D brain
images and concluded that, combination of several
techniques are essential to achieve better segmentation.
From above said works, it is clear that, combination of
more than one image processing procedure will offer
guaranteed segmentation accuracy compared with a single
image processing procedure.
This paper proposes a computer aided segmentation
methodology to extract the tumor from the 2D brain MRI
database. Initially, global thresholding scheme based on the
Tsallis entropy is considered to enhance the tumor region in
the brain MRI. Tsallis entropy criterion was initially
proposed in 1988 and is a non-extensive statistical approach,
being typically adopted in image processing applications
(Tsallis, 1988). The combination of Tsallis function and
various heuristic algorithms have been presented over the
past years for classical image thresholding (Sathya, &
Kayalvizhi, 2010; Agrawal, Panda, Bhuyan, & Panigrahi,
2013), satellite image (Bhandari, Kumar, & Singh, 2015) and
retinal images (Raja et al., 2012). In this paper, the Cuckoo
Algorithm (CA) assisted Tsallis entropy based global
thresholding is employed. Later, visual appearance of the
multi-level threshold image is improved using traditional
morphology operation. Finally, level set approach based
segmentation procedure is adopted to divide the input image
into various clusters. Level set is a well known segmentation
approach, works well on images with various uncertainties,
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such as noise, degradation, imprecise information, and partial
data (Li, Xu, Gui, & Fox, 2010; Vaishnavi, Jeevananthan,
Begum, & Kamalanand, 2014).
The efficiency of proposed segmentation methodology is
confirmed with a relative examination between the
segmented tumor region and the ground truth offered by an
expert member. The result authenticates that, proposed
approach is efficient in obtaining the better image similarity
index values (Chaddad, & Tanougast, 2016) and statistical
measure values (Lu, Kot, & Shi, 2004; Moghaddam, &
Cheriet, 2010). The average values of Jaccard, Dice,
precision, sensitivity and accuracy confirms that, the
implemented segmentation approach offers better result for
the brain MRI dataset; hence, this approach is clinically
significant.
METHODOLOGY
This work focuses on developing the heuristic algorithm
assisted tool to segment the tumor section from 2D MRI
images recorded using various modalities. The proposed
work is segregated into two processing regions, namely the
pre-processing and post-processing section.
The pre-processing stage is considered to enhance the
tumor region of the brain MRI image. In this stage, the
following operations are performed: heuristic algorithm
guided multi-level thresholding to enhance the test image by
choosing appropriate threshold level, skull stripping to
remove the high intensity region of the MRI image, such as
the skull region and morphological operation to smooth the
intensity levels of the thresholded brain MRI image.
The post-processing stage uses level set based
segmentation approach to extract the tumor section from the
pre-processed image. Finally, the extracted tumor is then
analyzed with respect to the ground truth in order to justify
the clinical significance of the proposed segmentation
approach.
Tsallis entropy
In general, the entropy is related with the measure of
chaos within a system. Shannon primarily considered the
entropy to compute the uncertainty regarding the information
content of the system (Tsallis, 1988; Bhandari et al., 2015).
Shannon also assured that, when a physical system is
separated as two statistically free subsystems A and B, then
the entropy value can be expressed as:
(1)
S( A  B )  S( A )  S( B )
Based on Shannon’s theory, a non-extensive entropy concept
was proposed by Tsallis and defined as:
1  Ti 1 ( pi ) q
(2)
Sq 
q 1
where, T is the system potentials and q is the entropic index
(Sathya, & Kayalvizhi, 2010; Agrawal et al., 2013).
Eq. (2) will meet the Shannon’s entropy when q  1 .
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The entropy value can be expressed with a pseudo
additivity rule as:
S q ( A  B )  S q ( A )  S q ( B )  ( 1  q ).S q ( A ).S q ( B ) (3)
Tsallis entropy can be considered to find the optimal
thresholds of an image. Consider a given image with L gray
levels in the range {0, 1, ..., L-1},with probability
distributions pi = p0, p1, ..., pL-1.
Tsallis multi-thresholding can then be expressed as:
f(T)=[T1,T2, ... , Tk] = argmax
SqA ( T )  SqB ( T )  ... SqK ( T )  ( 1  q ).SqA ( T ).SqB ( T )...SqK ( T )
(4)
where





q

 Pi 
1  it101  A 
 P  , P A  t1 1 Pi
A
Sq ( T ) 
i 0
q 1
q

 Pi 
1  it2t11  B 
 P  , P B  t 2 1Pi
S qB ( T ) 
i t1
q 1
q

 Pi 
1  iLtk1  K 
 P  , P K  L2 1 Pi
SqK ( T ) 
i  tk
q 1
are subject to the following constraints:

P A  PB  1  S  1  P A  PB
P B  PC  1  S  1  P B  PC
P K  P L1  1  S  1  P K  P L1
During the multi-level thresholding process, the aim is to
find the optimal threshold value T which maximizes the
objective function f(T). In the proposed work, the threshold
value is chosen as T =3 thus the required probability values
are PA, PB, and PC. Maximization of function f(T), which
deals with the thresholding operation, is carried using the
heuristic algorithm.
Cuckoo algorithm
Cuckoo Algorithm (CA) was initially proposed in 2009,
based on the mimic of breeding tricks followed by the
parasitic cuckoos (Yang, & Deb, 2009). Because of its
capability, CA was adopted to solve a variety of image multithresholding problems using Otsu’s between class variance
(Abhinaya, & Raja, 2015; Rajinikanth, Raja, & Satapathy,
2016), Kapur’s function (Raja, & Vishnupriya, 2016) and
Tsallis entropy (Agrawal et al., 2013).
The mathematical equation of the CA adopted in this
work is presented below:

X i( t 1 )  X i( t )    Levy(  )

(5)

( t 1 )
(t)
where X i is the early location, X i
is the updated
location,  is selected as 1.2 and  is the sign for entry wise
multiplication.
The Levy flight directed search is considered to update
the position of the CA. Levy flight is a random walk strategy
in which the search steps can be drawn using the following
Levy distribution:
Levy ~ u  t  for (1    3 )
(6)
In this paper, optimization exploration based on CA is
adopted to find the best possible thresholds with the aid of
Tsallis entropy.

where, C is the curve vector with the spatial parameter (s)
and temporal variable (t), F is the speed function and N is
the inmost normal vector to the curve C.
The curve evolution in Eq. (7) can be converted into the
LS by implanting the dynamic contour C(s,t) as the zero LS
of a time charged level set function ϕ (x,y,t). The parameter
ϕ offers negative values inside the zero level contour and
positive values outside.
The inner most normal vector N can be expressed as;



where  is the gradient operator.
N

(8)

Skull stripping
Skull stripping is the primary work in brain image
segmentation process. Skull stripping is necessary to
eliminate the skull and the background area from MRI for
quantitative analysis. Skull stripping is normally performed
using an image filter which separated the skull and the rest of
the image sections by masking the pixels having similar
intensity levels. In brain MRI, the skull/bone section will
have the maximum threshold value (threshold > 200)
compared to other brain regions. Hence, the image filter is
considered to divide the brain region based on a chosen
threshold value. Then by employing the solidity property, the
skull is stripped from the test image (Chaddad, & Tanougast,
2016).
Morphological operation
Morphological operation is usually used in image
processing application to improve the visual appearance. In
this paper, line based structuring element (strel) and image
fill (imfill) are considered to enhance the edges and
appearance of multi-threshold and skull stripped brain image.
This morphological operation enhances the suspicious
regions and supports faster segmentation during the postprocessing operation.
Level set
Level set approaches have been extensively used in
image segmentation applications. The Level Set (LS)
procedure was initially developed in 1990’s (Caselles, Catte,
Coll, & Dibos, 1993; Malladi, Sethian, & Vemuri, 1995).
An added advantage of the level set method compared to
active contour approach is that, LS can produce contours of
complex topology to handle splitting and merging operation
during the image outline search.
The proposed work implements the recent version of LS
methodology (Li et al., 2010) to segment the tumor region
from 2D brain MRI database.

The LS evolution equation can be expressed as;


 F 
(9)
t
More details regarding the chosen LS function in this
work can be found in (Li et al., 2010; Vaishnavi et al.,
2014).
Tumor analysis
In this paper, two types of MRI datasets, such as brain
image with and without skull sections are considered. For
both the cases, the segmented tumor mass is analyzed using a
comparative study with the expert’s ground truth image.
Firstly, the image similarity measures, such as Jaccard
Index (JI), Dice Coefficient (DC), False Positive Rate (FPR),
and False Negative Rate (FNR) are computed (Chaddad and
Tanougast, 2016).
The mathematical expression is presented below;
JSC ( I gt , I t )  I gt  I t I gt  I t
(10)



DSC( I gt , I t )  2 I gt  I t


FNR( I gt , I t )  I t



I gt  I t

(11)


I gt  ( I gt  I t )

FPR( I gt , I t )  I gt I t ( I gt  I t )

(12)
(13)

where, Igt represents the ground truth image and It stands for
the segmented tumor image.
Further, the image statistical measures, such as
precision, F-measure, sensitivity, specificity, Balanced
Classification Rate (BCR), Balanced Error Rate (BER) and
accuracy are also computed (Lu et al., 2004; Moghaddam, &
Cheriet, 2010).

RESULT AND DISCUSSIONS
The chosen
as follows:

LS approach can be mathematically expressed

C( s ,t )
 F
Let the curve evolution is =
t

(7)

This section presents the experimental results of the
proposed work. All experiments are implemented using
Matlab software. The primary inspiration of proposed
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methodology is to develop a computer aided segmentation
system for brain MRI dataset. Main advantage of this
approach is that, it unites the CA based multi-level
thresholding approach with the Tsallis entropy to enhance the
quality of thresholding. The initial CA parameters are
assigned as follows; Number of agents (N) = 15; dimension
of search = T=3; iteration number (t) = 1000; stopping
criteria = f(T)max (Rajinikanth, Raja, & Satapathy, 2016).
Table 1 Brain MRI dataset and ground truth
Brain
region

Ground
truth

Slice40

Test image

The proposed approach is initially implemented on a
256x256 sized, horizontally registered brain MTI dataset
depicted in Table 1. In this dataset, the brain region is
associated with the skull. Table 1 also shows the extracted
brain region and the corresponding tumor mass (ground
truth) offered by a brain expert. During the study, 2D slices
of the dataset (slice number 40,45,50,55, & 60) are
considered for investigation.
Fig.1 presents the result obtained for the slice40 image.
During the pre-processing stage, a tri-level thresholding is
performed using CA and Tsallis entropy. During this
operation, optimal threshold values are assigned as 52, 104,
& 228 and the corresponding output is presented in Fig. 1(a).
The skull region is then removed from the threshold image
using the skull stripping algorithm, and its outputs are shown
in Fig. 1(b) and (c).

Slice45

Table 2 Segmentation results for MRI database
Skull
stripped
image

Segment
ation

Tumor

Slice60

Slice60

Slice55

Slice55

Slice50

Slice50

Slice45

Threshold
image

Table 3 (a) Test image and ground truth of BraTS dataset

(a) Multi-level
thresholding

(b) Skull

(c) Skull stripped
image

Test Image

Flair120

T2120
(d)Morphology

(e)Segmentation

(f)

Fig. 1 Segmentation result for slice40
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Tumor

Ground
truth

Threshold
image

Table 3 (b) Segmentation results for BraTS dataset
Test
Image

Morphology

Segmentation

Tumor

Flair120

T2120

Table 4 Relative result between ground truth and
segmented tumor
Image

JI

DC

FPR

Slice40

0.8435

0.9151

0.1731

Slice45

0.8728

0.9321

0.1457

Slice50

0.8017

0.8899

0.2440

Slice55

0.8124

0.8965

0.2309

Slice60

0.6667

0.8000

0.4715

Flair120

0.8515

0.9198

0.0905

T2120

0.8876

0.9405

0.0490

FNR
0.010
5
0.000
0
0.002
7
0.000
0
0.019
0
0.071
5
0.068
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Table 5 (a) Statistical measure values
Image

Precision

F-measure

Sensitivity

Slice40

0.9999

0. 9992

0.9985

Slice45

1.0000

0. 9986

0.9973

Slice50

0.9999

0. 9971

0.9943

Slice55

1.0000

0. 9976

0.9952

Slice60

0.9997

0. 9964

0.9931

Flair120

0.9911

0. 9899

0.9887

T2120

0.9914

0. 9926

0.9939

Table 5 (b) Statistical measure values
Image

Specificity

BCR

BER

Accuracy

Slice40

0.9895

0.9940

0.6007

0.9940

Slice45

1.0000

0.9987

0.1344

0.9987

Slice50

0.9973

0.9958

0.4191

0.9958

Slice55

1.0000

0.9976

0.2375

0.9976

Slice60

0.9810

0.9870

1.2954

0.9870

Flair120

0.9285

0.9586

4.1379

0.9581

T2120

0.9311

0.9625

3.7488

0.9620

From Fig. 1 (c), it can be noted that, the extracted brain
region surface is uneven and difficult to investigate. Hence,
the morphological operation is implemented on this image in
order to smooth the regions and boundary and its
corresponding result is depicted in Fig. 1(d). During the postprocessing stage, LS based approach is considered to
segment the tumor from the pre-processed image. During this
operation, initial seed for the level set function is chosen as
[90:100, 60:90]. Fig. 1(e) and 1(f) shows the LS
segmentation and the extracted tumor region respectively.
The extracted tumor region is then compared with the ground
truth in order to confirm the clinical significance of the
proposed approach using the image similarity index and
statistical measure values. Table 2 depicts results obtained
for other slices. Similar procedure is repeated on 216x160
sized Brain Tumor image Segmentation (BraTS) dataset
recorded using the Flair and T2 modalities (Menze et al.,
2015).
Table 3 (a) & (b) presents the chosen test images (slice
number 120) and pre-processing and post-processing section
results. From this table, it can be noted that, proposed
approach offers better result on Flair and T2 modality based
MRI dataset.
In image segmentation literature, a usual practice is that,
the efficiency of segmentation procedure is analyzed using
the well known image quantitative measures, such as image
similarity index and statistical measures. Table 4 demonstrate
that, in all the image cases, the segmented tumor image is
closely correlated with the ground truth image and the
average JI and DC are found to be greater than 0.8. Also by
comparing the segmented area with that of the ground truth,
it appears that the adopted method is highly efficient in
extracting most of the tumor mass irrespective of the
modalities. Table 5 (a) & (b) confirms that, proposed
approach helps to attain better values of precision, Fmeasure, sensitivity, specificity, BCR, BER, & accuracy.
These results proves that, the proposed segmentation work
offers better results for 2D brain MRI recorded with various
modalities. The statistical measures obtained in this study
offers superior values for precision, F-measure, sensitivity,
specificity and accuracy. Average of these values is closer to
unity (100%), which confirms that, the proposed approach is
very efficient in extracting the tumor mass from the brain
MRI dataset and this approach is clinically significant.
CONCLUSION
In this paper, cuckoo algorithm assisted Tsallis entropy
based multi-thresholding and level set based segmentation
and analysis of brain tumor is demonstrated by considering
2D brain tumor MRI dataset. It is an automated procedure
and effectively extracts the tumor mass from the MRI dataset
obtained using various modalities, such as T2 and Flair. The
proposed approach is grouped in to two sections, namely the
pre-processing region and the post-processing region. In
order to authenticate the superiority of the proposed
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approach, extracted tumor region is compare with the ground
truth. Experimental result confirms that, proposed approach
offers better results for the image similarity index values and
the statistical measure values. The average JI, DC, precision,
F-measure, sensitivity, specificity and accuracy are greater
than 81%, 89%, 99%, 98%, 99%, 97% and 98% respectively.
Hence, the proposed work is extremely significant for the
segmentation of brain MRI image and can be used as the
automated screening tool for the brain MRI related diseases.
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ABSTRACT
This survey development study examined how nurses
use information in electronic medical records (EMRs) to
support the process of health care delivery. Grounded in the
theory of swift and even flow, we used an inductive,
interpretative, and constructive mixed-methods approach to
gather data from nurses. We constructed a survey tool using
focus groups, an expert panel to determine the content and
validity of the questionnaire, and validated the survey with
participants from the Florida Board of Nursing. The study
yielded a 8.7% response rate and a 73.9% completion rate.
We conducted an exploratory factor analysis using structural
equation modeling (SEM) and promax rotation to determine
survey validity. Following the process of survey
development and validation, we developed a questionnaire to
help understand the value of information from EMRs in
health care delivery.
INTRODUCTION
Organizations are heavily reliant upon information to
thrive. Nowhere is that more evident than in the healthcare
system. In these information-intensive organizations, the
production of care relies on the flow of valid information;
thus, patient information is a significant driver of hospital
performance. In other words, the right information at the
right time enhances decision-making in patient care.
Information is a critical part of the value chain in the
production of quality patient care, and this requires health
care professionals to derive information and knowledge from
raw data and use that information to increase the quality of
care (Crié & Micheaux, 2006; Hudson et al., 2013). This
implies a need for effective communication strategies with
real-time information to reduce information asymmetries
among
decision-makers.
Enhancing
communication
strategies will help providers maximize the benefits of
knowledge sharing in clinical care (Walker, Huerta, & Diana,
2016). Sharing information among clinicians can enhance
patient centered decision-making, decreasing a one size fits
all approach to patient care (Rexhepi, 2015). Reducing the
disparity of information among clinical teams is critical in
supporting quality outcomes. The degree to which prudent
decisions are made is based upon the degree to which
information is available to the clinician at the time the
decision is to be made.
Clinicians should be able to access patients’ sociodemographic and medical information as a foundational step
in the process of providing care. Delivering quality health
care services is dependent upon the integration of social and
medical information (Rexhepi, 2015). Providing quality

information at the point of care could enhance this complex
process. The ability to use this information is strongly
associated with the production of quality (Hudson et al.,
2013). Health care professionals must be able to “ingest,
synthesize, and use information that is fact-based,
comprehensive, and current to make the best decision and to
enact care in a timely manner” (Mitus & Coughlin, 2013,
p.1). King, Patel, Jamoom, & Furukawa (2014) suggest that
the use of electronic medical records (EMRs) help clinicians
to access patient records more readily (81 percent), alert
them to potential medication errors (65 percent), and
highlight critical lab values (62 percent). The results of this
study also suggests that EMRs provided clinical benefits in
the act of providing care (King, Patel, Jamoom, & Furukawa,
2014). In a comparative analysis between paper-based and
electronic records, physicians who used EMRs had better
outcomes on 7 of 10 quality measures.
In health care, information must contribute to patient
care. Such information may include physician orders, results
of diagnostic tests, and clinical or nonclinical notes from
professionals. One of the principle functions of EMRs is to
provide information at the point of care; however, studies
suggest that this does not always occur (Graetz et al., 2014).
One study suggests that in the primary care setting, physician
workflow did not improve with the use of EMRs (Fleming et
al., 2014). Physician collaboration (e.g., access to
information and treatment agreement) was not directly
related to EMRs but varied according to the work
environment (Graetz et al., 2014). This study suggests that
physicians who used EMRs have difficulty navigating the
system and retrieving information; they also entered
information in sections that were difficult for others to find
(Graetz et al., 2014). A study conducted by Ippolito and
colleagues (2015) suggests that EMRs may be limited in its
utility due to the lack of free-text entry; instead the authors
suggest that a hybrid between electronic and paper medical
records may be more beneficial (Ippolito, Larson, Furuya,
Liu, & Seres, 2015). A prior study also demonstrated that
EMRs may only partially comply with the needs of clinicians
and it may be beneficial for clinicians to be more
instrumental in EMR development (Struik et al., 2014).
Although the value of information is frequently cited in
information systems and health care research, a review of the
literature found a paucity of evidence examining the value of
timely, patient-centered information (Kalra, Fernando,
Morrison, & Sheikh, 2012). In this study, we developed a
nursing survey that addressed the timeliness and quality of
EMR information. This is important as current legislation
seeks to promote the meaningful use of EMRs, however a
paucity of tools are available to examine the quality and
timeliness of EMR data. Therefore, our purpose was to
develop and validate a questionnaire that will provide an
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understanding of how nurses use information from EMRs to
support the process of health care delivery. We drew upon
the theory of swift and even flow to guide survey
development and construction.
THEORY
The Theory of Swift and Even Flow is a well-established
theory and bears relevance in today’s healthcare climate. It is
foundational to explain how various health information
technology (HIT) modalities influence patient care (Deveraj ,
Owl, & Kohli, 2013), work flow in delivering surgical
services (Fredendall, Fowler, & Damali, 2009), and how
HIT could help manage rising cost of health care and affect
nursing productivity (Yeow & Huat Goh, 2015). The theory
of swift and even flow holds that the more “swift and even
flow of materials (information) through the process, then the
more productive the process” (Schmenner, 2004, p. 335;
Schmenner & Swink, 1998). In other words, the process of
providing care is facilitated by valid information at the point
of care. This highlights two foundational concepts: first, the
variability in the quality, quantity, and timing of information;
and secondly, the need for the process to have sufficient time
for the information to be used appropriately (Schmenner,
2004, 2015).
Variability of information
The provided information must propel the work forward;
in other words, it must add value to the process of patient
care. Information accuracy refers to the extent that the data is
valid, reliable, and free of error (i.e., the Law of Scientific
Method; (Mouzhi & Helfert, 2013); thus, information that
transforms work is considered to add value (Schmenner &
Swink, 1998). Likewise, information (or the lack thereof)
that wastes time or resources detracts from the process of
providing care (i.e., the Law of Quality). Based on this
understanding, if professionals can maximize value-added
information, then they can improve resource utilization.
Informational Flow
As important as information quality is to the provision of
care, information lacks utility if is not available at the point
of care. Information has more utility if its flow has minimal
impediments (Schmenner, 2015; Schmenner & Swink,
1998). Too much time spent inputting and extracting
information detracts from patient care time (i.e., the Law of
Factory Focus). The flow of quality information is integral in
the process of providing care and must be available to those
who need it. This does not require a continuous flow process
(as in automation), but a reduction in information flow
variability which is critical in the production of patient care
(i.e., the Law of Variability; (Schmenner & Swink, 1998).
STUDY DESIGN
The study used an inductive, interpretative, and
constructive mixed-methods approach to gather data from
nurses at local hospitals and skilled-nursing facilities to
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explore how nurses are using information to support health
care delivery and advance the quality of patient care. This
study employed a variety of methods (focus groups, an
expert panel, and a questionnaire) to explore the integrity of
the survey tool. We stored electronic data records on
password-protected computer files, and we locked the paper
data records in a secure area. The study’s data will be
retained for five years after the study is complete.
Institutional review board approval was obtained in June
2015.
Data Sources
Data were sourced from focus groups, an expert panel,
and a survey responses. First of all, five (5) focus groups,
eight (8) nurses each (n=40), were formed. The focus groups
occurred on nursing educational days, when the nurses were
not providing patient care but were available to provide
feedback. The purpose was to develop constructs and elicit
the factors that nurses deemed important in their
documentation and care processes. Nurses were randomly
asked to participate in the focus groups via an internal memo.
Interested nurses were then asked to sign up at available
times. A semi-structured guide was developed that addressed
the following themes: communication, quality of
information, and usability of the system. Nurses were asked
to respond to four open-ended questions. The responses were
used to validate the constructs of the survey. The data
collected through the focus groups were used to inform the
development of the survey, as guided by the theory of swift
and even flow. An important step in survey development and
validation is to define each survey construct as seen in Table
1.
Secondly, five nurses, each with more than 18 years of
clinical experience, formed an expert panel to judge the
content validity of the survey, as shown in Table 2 (Pett,
Lackey, & Sullivan, 2003).
Thirdly, after establishing face and content validity, we
conducted a survey validation analysis. A list of 62,911
nurses was obtained from the Florida Board of Nursing. A
letter of invitation to participate in the study, a brief
demographic survey, and questionnaire was sent to random
sample of 3,028 registered nurses; 265 nurses started the
survey and 196 surveys were completed. Access to the
Florida Board of Nursing list was freely available to persons
with an approved institutional review board letter. The
questionnaire contained 23 closed-ended Likert-scale
questions and 11 descriptive, closed-ended multiple-choice
questions. The survey was developed using a document
format and then converted into an electronic format using
Qualtrics. We used a four-point system for the closed-ended
Likert-scale: (1) strongly disagree, (2) disagree, (3) agree,
and (4) strongly agree. The multiple-choice questions
focused on collecting background and descriptive
information regarding the participants. Example items
included: (1) “About your use of medical records for clinical
tasks, do you predominantly (more than 50% of the time) use
paper or electronic medical records?” and (2) “Are you

employed by a (n)”. The Likert-scale style of questioning
was used because it allows us to record a wide range of
responses to a given statement.
Data Analysis
To analyze the data, we conducted an exploratory factor
analysis using structural equation modeling (SEM). We
examined factor loadings and questions that did not
contribute to the model (factor loadings less than 0.5) were
deleted to promote parsimony. Other authors suggest that a
minimum of 50 participants (an average of 200) is needed for
a valid factor analysis (Aleamoni, 1973; Comrey, 1978;
Comrey et al., 1992; Loo, 1983). Exploratory factor analysis
was conducted to explain the degree to which the questions
supported the constructs. The path coefficient (using factor
loadings) was used to estimate the causal linkages between
the exogenous and endogenous variables. Path analysis
provided a graphical representation of an assumed
relationship between the variables (Wan, 2002). The path
coefficient (i.e., the standardized regression coefficient) was
interpreted as the net change in the endogenous variable due
to a one standard deviation change in the exogenous variable
(Wan, 2002). Data were analyzed using SPSS 18. Model
criteria included an examination of the solution, a measure of
overall fit, and a detailed assessment of fit. The examination
of the solution determined if the parameters were the right
sign and size, if the squared multiple correlations were
reasonable, and if the measurement errors were reasonable,
the goodness of fit index measured the degree to which the
model could account for the amount of variance and
covariance. A detailed assessment of the fit (using
modification indices) was used to determine the lack of
model fit. Poor model fit was improved by eliminating
parameters that were not statistically significant (Wan,
2002).
Table 1: Constructs Defined
Construct
Definition
Law of Variability
The greater the variability the less
productive the process will be
Law of Quality
Quality improves with a concurrent
reduction in waste
Law of Scientific
Non valued added information is
Method
removed to increase operations
Law of Factory Focus
Favors a limited set of task
Table 2: Likert-Scale Questions
Construct
Law of
Variability

1.
2.
3.

Statements

The patients' health record allows me
to input information using the same
methodology
The patients' health record has no
conflicting information
The patients' health record allows me
to extract information using the same

methodology
The patients' health record is
convenient to access
5. The patients' health record is
effectively organized
1. The process of clinical
documentation saves me time
2. I am able to devote more time to
patient care when using the
electronic medical record.
3. I am able to accomplish more than
otherwise possible when using the
electronic medical record.
1. The patients' health record contains
valid information that I actively use
in the process of providing care
2. The patients' health record
documents findings from other
professionals
3. The patient's health record document
continuity of care
4. The patients' health record contains
information that I can consistently
rely on
5. The patients' health record contains
concise information, demonstrating
an adequate amount of information,
reducing redundancy
1. The patient health record improves
my ability to provide quality care
2. The patient health record is worth the
time and effort required to use it
3. My usage of the patient health
records delays patient care treatment
4. The patient health record hinders my
ability to provide patient care
5. The patients' health record has
completed notes from the previous
nurse.
6. The information is available to me
when I need it and suitable for use.
7. The patients' health record allows me
to quickly assess the current
disposition of the patient
8. The amount of time to complete
clinical nursing notes is adequate
9. The patients' health record improves
my ability to communicate with
physicians
10. The patients' health record improves
my ability to communicate with other
nurses.
4.

Law of
Quality

Law of
Scientific
method

Law of
Factory
Focus
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Test-Retest Reliability Coefficient and Cronbach’s Alpha
The survey responses were examined for reliability
using Cronbach’s alpha. A Cronbach’s alpha of 0.7 was used
to assess the inter-reliability of the survey results (Peterson,
1994; Cronbach, 1951). To ensure an adequate sample size, a
power analysis was used. Determining the appropriate
sample size is critical to assess data quality, to determine
reliability, and to appropriately deal with nonresponse bias
(Holton & Burnett, 1997).
Using published methods
(Barlett, Kotrlik, & Higgins, 2001; Gogtay, 2010), a sample
size of 132 was required for a 95% confidence and ± 0.05
error. The survey returned 196 completed responses.
RESULTS
Focus Groups
The results of the semi-structured focus groups
contributed to the development of the study constructs. Three
main themes emerged. The most prominent theme was “how
information flowed among nurses and between nurses and
doctors”. Under this theme, four main constructs emerged
that supported the theory of swift and even flow: (1) the law
of variability, (2) the law of quality, (3) the law of scientific
methods, and (4) the law of factory focus. The other two
themes that emerged were “nurses’ technical perspectives on
the use of EMR” and “end-user translation of information
into usable data”.
Expert Panel
Using the main themes and discussions of the focus
groups, the final version of the survey consisted of 23 closedended Likert-scale questions and 11 descriptive, closedended multiple-choice questions. The tool was shared with
the five expert panelists. In this phase of the validation
process, none of the panelists raised major concerns
regarding the survey’s content validity. However, three (3)
panelists provided recommendations to improve the
questionnaire’s layout and wording.
Survey
Once we assessed the dimensionality of the survey
items, we used factor analysis to examine the survey’s
construct validity as part of the survey validation. We
conducted an exploratory factor analysis using SEM
techniques to “examine empirically the interrelationships
among the items and to identify clusters of items that share
sufficient variation to justify their existence as a factor or
construct to be measured by the instrument” (Gable & Wolf,
2012, p. 109). Before examining the matrix, the results
suggest that there were no interrelationships among the
survey items using the Kaiser-Meyer-Olkin measure of
sampling adequacy and Bartlett’s test of sphericity. The
Kaiser-Meyer-Olkin measure was greater than 0.7 (0.90),
indicating that we could proceed with the survey validation
(Dziuban & Shirkey, 1974; Netemeyer, Bearden, & Sharma,
2003). We also evaluated the Bartlett’s test of sphericity,
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which was significant (X2= 1519.03, df=105, P<0.001). The
Bartlett’s test confirmed that there was some degree of
correlation between survey items and that this correlation is
sufficient to support the purpose of the study. The final
version of the survey consisted of 15 closed-ended Likertscale questions loading onto four (4) factors. A total of eight
(8) questions were eliminated from the factor-loading matrix
(questions 12.5, 13.1–13.6, and 13.8). The final tool
contained four factors that accounted for 69.04% of the total
variance explained by the survey (Table 3). The test of the
reliability coefficient using Cronbach’s alpha supported the
four factors identified. Factor 1’s Cronbach’s alpha as 0.892,
factor 2’s was 0.903 (the highest of all of the factors), factor
3’s was 0.866, and factor 4’s was 0.881.
Table 3: Factor Loading*, Eigenvalues, and Percent Variance
Explained for the EMR Information Usage Survey
Items**
Factor 1:
Factor 2:
Factor 3:
Factor
Ease of
Quality
Time
4:
Use of
of InforManageNurse
Patient
mation
ment &
Care
Medical
Given
Patient
and
Record
Medical
Patient
Record
Medical
Record
Q10.1
.75
------Q10.2
.58
------Q10.3

.83

---

---

---

Q10.4

.86

---

---

---

Q10.5

.86

---

---

---

Q11.1

---

---

.70

---

Q11.2

---

---

.96

---

Q11.3

---

---

.90

---

Q12.1

---

.68

---

---

Q12.2

---

.95

---

---

Q12.3

---

.67

---

---

Q12.4

---

.58

---

---

Q13.7

---

---

---

.61

Q13.9

---

---

---

.86

Q13.10

---

---

---

.96

Eigenvalue

7.43
1.32
0.93
0.68
&
Variance
49.53
8.77
6.19
4.55
*
Factor Loadings < .20 were not included in this table.
**
Item is the term used to refer to a question in the
survey

DISCUSSION
The theory of swift and even flow was used to
conceptualize the flow of information among nurses using
EMRs. Through this survey validation process, we sought to
understand how nurses perceived EMRs and how it
influenced their communication. Results from the focus
groups suggest that nurses perceived EMRs as being more
efficient than paper records for managing medications and
decreasing documentation time. The use of EMRs promoted
communication, greater transparency, and enhanced patientcare time. However, the EMR systems had technical issues,
such as power outages and slow processing times, which
interfered with data accessibility. Although errors were noted
in data entry, nurses had a favorable perception of the system
due to the readily accessible nature of patient history, vital
signs, medication history, and nursing notes. Not
surprisingly, we noted that younger nurses had a more
positive view of the technology than older nurses. In
interprofessional communication, nurses preferred to
communicate face to face when retrieving urgent information
and “following up in the notes later”. However, when
communicating with physicians, they expressed that
electronic communication was better, due to the difficulty in
contacting physicians.
The survey analysis suggested that although all of the
factors contributed significantly to the survey, 15 of the 23
questions were more applicable, thus increasing the
parsimoniousness of the survey. Based on results of this
study, empirical support for the survey is strong.
CONCLUSION
In recent years, the role of communication technology
has increased. It is critical that we understand how
technologies such as EMRs facilitate the process of care by
examining how they affect the flow of information and
support communication. This survey validation study
provides a means to analyze how nurses perceive and use
EMRs. Health care researchers can use this tool in
partnership with health care professionals and administrators
to understand the value of EMRs and identify gaps, as well
as capitalize on opportunities.
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ABSTRACT
The article illustrates an advanced methodology for
combining of Osseous and Vascular imageries by PCA based
colour fusion method. The main merit in regard to traditional
and classical approach concerns with the use of images of
data set to obtain robust and comprehensive fusion along
with subjective evaluation of the solution accuracy. This
scheme avoids standard fusion solutions (implemented in
several commercial software packages) where wavelet based
fusion is usually used. For quantitative measures ERGAS
(Relative dimensionless global error) and Q4 (Quality index)
are used. The applicability of wavelet and its variants has
been tested on fusion of mask and DSA images..
1. INTRODUCTION
Combined analysis of medical imageries obtained
from various imaging sensors has emerged as a well known
clinical application. Lately medical community has been
paying a huge amount of attention towards the combination
and enhancement (Dogra & Agarwal 2015, Gonzalez 2008)
of medical images in order to obtain a higher degree of
accuracy and precise ailment diagnosis. The process of
image sharpening by using various filters has led to a better
representation of the image features (Dogra & Bhalla 2015,
Dogra & Khandelwal 2015). Due to the limitation in
presentation of the domain provided by a single modality
there arises the demand to fuse two imageries together. This
entire process of joint analysis is popularly known as image
fusion. Image fusion can broadly be conducted at three levels
namely data level fusion, decision level fusion and feature
level fusion. Prior to image fusion image spectral and
temporal registration is one of the major steps (Dogra et.al

2015, Patterh & Dogra2015). The image fusion finds its
applications in different significant fields like biometrics,
intelligence bureaus, remote sensing, satellite communication
and most importantly medical imaging (Dogra, Agrawal &
Goyal 2016). In regard of medical imaging PET (positron
emission tomography) and CT( computed tomography)
(Shen & Basu 2013) are fused together to diagnose and treat
lung tumour. To investigate the diseases related to abdomen,
SPECT and CT are fused together. Multiple fatal cardiac
ultrasound scans were fused to reduce imaging artefacts
(Shen & Basu 2013). Imaging artefacts are generally
observed in medical images. They are more like noise but
they interfere with diagnosis of images appearing as false
tumours etc. One of the major applications concerning
medical imaging present day is fusion of osseous and
vascular information in a single image so as to obtain more
accurate and reliable information making the particular
features of both images distinguishable. The similar kind of
work can be found in (Dogra et.al 2016, Dogra & Ahuja
2016). To enhance to the amount of information travel from
one source image to other source imaged, pre-processing of
the images i.e noise suppression and image enhancement is
required. In this article we have tried to increase the fusion
rate by pre-processing the images with image enhancement
techniques and noise suppression methods as wavelets tend
to transfer lesser amount of information in fused images In
this article we have demonstrated colour fusion scheme
based on PCA (Principal component analysis) for the fusion
of bone (mask image) (Dogra et.al 2016) and vascular image
(DSA image), (Gailloud, Satoru & Kieran 2015, Dogra &
Ahuja 2016). The article is organized as follows: Section 2
provides three stage noise suppression (Goyal and Agrawal
2016) and image enhancement scheme to obtain high amount
of visual perception. Section 3 comprises of the method
involved in the smoothening of the DSA (Digital Subtraction
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Angiography). Section 4 explains the PCA based fusion
method. In section 5 the proposed methodology of the
present work is provided. Section 6 comprises of results and
discussions. Finally section 6 concludes the article along
with the future scope.
.
IMAGE NOISE SUPPRESSION- A THREE STAGE
HEURISTIC APPROACH (Dogra & Ahuja 2016)
Image processing transforms and spatial filters has
helped a great deal in improving the visual quality as well as
the representation of the images. Harmonic analysis provides
a method to represent a signal efficiently. It is intended to
effectively represent a 2D signal by a weighted sum of the
signal into its coefficients and is called a transform. Here in
this article we have chosen a cascading technique of Tensor
biorthogonal 9/7 , DDCT and Ripplet Transform and
Butterworth High Pass filter ( BHPF) to remove image noise
to preserve image features and finally to enhance image
details.
Tensor Biorthogonal 9/7 Wavelet Scheme
CDF(Cohen-Daubechies-Feauveau)wavelets are the
first type biorthogonal wavelets. The JPEG2000 compression
uses the biorthogonal 9/7 wavelet for lossy compression. In
biorthogonal wavelet the transform is invertible but not
necessarily orthogonal. The main advantage of biorthogonal
9/7 lies with the allowance of more degrees of freedom then
orthogonal wavelets alone. With the involvement one extra
degree of freedom it is possible to construct symmetric
wavelet functions. Biorthogonal 9/7 wavelet involves two
scaling functions ᴪ (synthesis basis) and ᴪ′ (analysis basis).
Analysis and synthesis bases are not orthonormal. The
Biorthogonal 9/7 are used to remove the initial amount of
noise prevalent in the image. The Biorthogonal 9/7 is able to
work well as reported in literature because Biorthogonal 9/7
wavelet synthesis and anlaysis bases are interchangeable.
Biorthogonal 9/7 is able to modify the existing algorithms
that rely on thresholding and enhance structural
representation along with inhibition of the interference from
the neighboring wavelets with lesser amount of
computational complexity.
Ripplet and DDCT Transform (Xu & Wu 2010, Zeng &
Fu 2006)
Ripplet transform has been reported in literature as a
very efficient tool for representation of image along smooth
curves and enhancement of edges in the images. Ripplet was
coined by generalising the parabolic scaling law used in
Curvelet transform. The properties possessed by Ripplet like
multiresolution, good localization, high directionality,
scaling and support in arbitarary directions etc make it more
suitable than wavelet and its variants. An image contains all
types of edges like horizontal edges, vertical edges as well as
diagonal edges. The conventional cosine transform was able
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to represent horizontal and vertical edges however to
enhance the representation of diagonal edges DDCT (
Discrete Directional Cosine transform). The DDCT works
with different directional modes like mode0, 1, 3, 4, 5, 6, 7,
8. With the introduction of DDCT, the edges were better
represented.
Dapang Oliver stated that Ripplet and DDCT
individually were incapable of depicting image details
however the combination of both DDCT and Ripplet can
help to represent edges and lines in a more accurate manner.
It has been clearly deduced by the experiments conducted in
(Dogra, Agrawal & Goyal 2016) using DDCT first to
strengthen image details and Ripplet transform to enhance
image features in a cascading manner was an efficient way of
preserving edges and details.
Sharpening of images with BHPF
Image enhancement is one of the most vital steps of
image processing. It is one of the major attributes pertaining
to image enhancement (Dogra & Bhalla 2015, Dogra &
Khandelwal 2015, Dogra & Agrawal 2015) and image
registration (Dogra et.al 2015, Patterh & Dogra 2015). The
edge information enhancement is done in the process of
image sharpening. It is usually done using high pass filters
which are the fundamentals of the image processing. A
sharpened image is obtained by adding the output of the high
pass filter into the original image. BHPF (Butterworth High
Pass Filter) is a well known filter for image sharpening. The
sharpening by the BHPF(Dogra & Agrawal 2015) is
controlled by tuning the order of the filter. In the mechanism
of the Butterworth High Pass Filter the frequency which falls
inside the range of the radius D0 are kept (passed) while the
frequencies outside the range D0 are discarded.
A BHPF of order n and cut off frequency D0 is
defined as
(

)

( (

)

)

(

)

SMOOTHENING OF DSA IMAGES
The DSA image (vascular information) so computed
after subtracting the mask image from the contrast image is
objected with some amount of block artifacts and distortion.
To get rid of these the image is smoothened by using
transform based normalized convolution (Gastal & Manuel
2011). The purpose of using Normalized convolution (NC)
filter is to remove image distortion as it efficiently smoothes
similar features while preserving the sharp edges. The
performance of NC filter as reported in literature is better
than that of bilateral filter as it NC performs recursive
filtering to smooth image regions while preserving the strong
edges.

PCA BASED FUSION
PCA (principal component analysis) (Zhang 2004) was
introduced by Pearson in 1901. Based on statistical methods
the technique aimed at reducing the dimensionality of
multivariate data while making possible the preservation of
as much as significant details as possible. The key feature of
PCA is that it helps in mitigating the redundancy of the
variables by transforming the variables similar to each other
in their one true single form. The image modality is first
converted into PCA (Zhang 2004) transformed coefficients
to achieve the consistency amongst the mean and the
variance of the PCA coefficients of the image. PCA is
basically an Eigen vector multivariate analysis that highlights
the similarities and differences amongst the components and
hence increasing sparsity.
The column vector matrices are obtained from
image matrices. Then with the diagonal elements of the
covariance matrix of each column matrix lays its variance.
Then eigen values and diagonal elements are obtained from
each covariance matrix. Then by calculating the mean of the
eigen values, the eigen matrices value are divided by mean to
achieve normalization. Now these normalized eigen vectors
so obtained serve as weight values and every input pixel of
the image is multiplied with eigen vectors. The sum of two
image matrices thus obtained is the fused image matrix.
Hence PCA chooses optimal weight coefficients related to
relevant information and removes redundancy.
Performance Evaluation
The objective evaluation of any kind of algorithm is
the most significant part of the analysis of a particular study.
It helps in analyzing, testing and evaluation of the results of
the fusion process. The objective evaluation metrics used in
this study are ERGAS and Q4.
ERGAS( Relative dimensionless global error)
Ergas(Alparone 2008, Saveedra et.al 2005) is applied
to calculate the quality of the image in terms of the
normalized average of every band of the transformed images.
Higher the values of Ergas indicates higher amount of
distortion and lower the value of Ergas lesser is the amount
of distortion hence the greater amount similarity with the
reference image.

information present in the fused image depends largely upon
the quality of the source images and the selection of the
fusion rule. So to enhance the quality of DSA and mask
image prior to PCA based image fusion, the images are
denoised (biorthogonal 9/7), the fine details are preserved
(Ripplet and DDCT) and enhanced (sharpened) by BHPF.
The steps can be summarized as follows:
 The raw data i.e. the mask image and the contrast
image are obtained from PGIMER, CHD (which is
an institute of high medical repute).There is an
availability of series of 7 contrast images but we
have conducted experiments on three data sets for
simplicity.
 The DSA image (vascular information) is computed
by subtracting the contrast image from the mask
image.
 The mask image and the three DSA images obtained
i.e DSA image 1, DSA image2, DSA image3 are
treated with biorthogonal 9/7 at 64999 coefficient
value to suppress the sensor noise.
 The hybrid approach of combination of Ripplet and
DDCT is used on images obtained after denoising.
The denoised images hence obtained are further
processed for feature preservation and enhancement.
Ripplet type transform is used at 50000 coefficient
value and DDCT is used at all eight modes (the
results obtained were similar for all eight modes).

Finally the intricate image details and features are
enhanced using BHPF at order 50 and cut off
frequency 100.
 Then to stop the menace of block artifacts so
emerged in DSA images NC filter is used to smooth
away edge regions in the image.
 To induce the colour channels into the DSA images
hue value of -100 and saturation value of =100 is
imposed on the processed images.The pre-processed
images obtained so far are fused using PCA by
calculating eigen vectors.
RESULTS AND DISCUSSIONS
The raw data collected for investigation is shown in
Fig 1(a) mask image, (b) contrast image1 (c) contrast image
2 and (d) contrast image3.The DSA images computed by
subtracting contrast image from mask image are shown in
Fig2

Q4( Universal quality index) (Alparone 2008)
It tells the amount of relevant information travel
from source image to the fused image. It ranges between -1
to +1. Higher positive values indicate more similarity with
the reference image.

a

b

PROPOSED METHODOLOGY
The main objective of the present work is to fuse bone
and vessel image in an efficient manner. The amount of
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Fig1. (a) mask image (b) contrast 1(c) contrast 2 (d) contrast 3

a

b

c

Fig3. Images after denoising (Biorthogonal 9/7, Ripplet-DDCT
and BHPF)
Fig 2. Computed DSA images

a
Figure 3 depicts the rigorous processing of the
images so resulted by applying three way cascaded approach
explained in sec2. The resultant images are visibly free from
noise and distortion along with the preservation of the fine
details like edges, contours and curves along with
enhancement of edge information leading to an improved
medical diagnosis in medical imaging. The biorthogonal 9/7
is used at 64999 coefficient value, as this value gives the best
results. This optimal solution is designed with large number
of experiments by the authors. The Ripplet at 50000
coefficient values again give higher results, beyond 50000
the system becomes computationally less efficient. BHPF is
used at cut off frequency 100 and order 50. Usually a lower
cut off values are used in literature but the sharpening of
osseous and vascular information require such a high value.
The intuitive selection and application order of the denoising
and enhancement schemes have been coined after thoroughly
experimenting with various possible techniques and
combinations. Finally an optimal solution has been provided,
validated and applied in context of present study for utmost
accuracy. Then after the noise suppression the prevalence of
block artifacts is handled using normalized convolution filter
which smoothens the image and avoids the block which can
be later be perceived as tumours and lead to false
diagnosis.The edge smoothened DSA images are shown in
Fig4. In DSA images obtained in Fig4 are induced with
colours with hue at -100 and saturation at 100.
The colour scheme so obtained provides a striking
feature in the fused images which aids in providing accurate
and precise diagnosis and are shown in Fig5. Finally the
common mask image is fused with colour channeled DSA
image using PCA based fusion rule as is shown in Fig6.
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Fig4.Smoothened DSA images using NC edge aware filter

a

b

c

Fig5. Coloured induced DSA images at hue -100 and saturation
100

a

b

c

Fig6. Fused colour induced DSA and mask images (Results 1-3)

Table 1 Objective Evaluation Parameters

Fusion results

ERGAS

Q4

Fusion result1

284.339

0.30482

Fusion result2

574.8748

0.84379

Fusion result3

281.8738

0.26454

As far as objective evaluation result is concerned –
ergas value is least for fusion result 3 where as Q4 value is
maximum for fusion 2 results. Therefore fusion result 3
shows less distortions & fusion result 2 shows maximum
similarity.
In summary we have proposed a novel colour fusion method
for osseous and vascular information with increased amount
of information travel from source image to fused image with
the denoising of the images as it strengthens the image
details. So far little literature could be found on colour fusion
scheme. Though wavelet and its families are not able to give
comparable results with state of art techniques the noise
suppression method is able to enhance the fusion rate.
CONCLUSION
In this article we have proposed a novel colour scale
fusion scheme for fusion of osseous and vascular information
by prior denoising, enhancement and smoothening of the
images. We have opted for a three way denoising scheme to
increase the fidelity level and edge information transfer. The
fusion of osseous and vascular information is an emerging
tool of vital importance in medical diagnosis. We have
introduced an innovative colour fusion method to provide
better diagnosis as well to abridge the time between the
patient care and diagnosis. The usage of PCA fusion rule
gives lesser computational complexity as it takes a fraction
of second for the implementation. Further one can try to
apply various other enhancement and fusion schemes.
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ABSTRACT
As a result, of the reduced oil price, companies in the
petroleum industry are forced to cut their cost to make profit.
One way of trying to reduce cost is by implementing a
Product Portfolio Management System (PPMS). As in any
new introduced system, there is no evidence that it actually
will reduce the cost. By using a case study of a subsea
product, Integrated Template Structure (ITS), a comparison
has been done between the operational hours between the
current workflow and the newly implemented workflow. The
comparison was done by using cost estimation methods,
combined with informal interviews and documentation
analysis. There was only one project executed with the new
workflow. That project was compared with nine previous
projects to research if a reduction had been achieved. The
outcome of the research showed that using the
implementation of PPMS has a reducing effect on the
operational hours spent in a project. The comparison between
the current workflow and the newly implemented workflow
showed that in this case, there were a resulting reduction of
24% in the hours. A second outcome of this research, were a
set of identified project impact factors. These impact factors
can be used in the cost assessment phase to help evaluate the
project hour’s estimate in a qualitative manner. The
framework can be used for any other type of projects of other
domain of applications
INTRODUCTION
In recent years, the subsea oil and gas business has been
driven to reduce the cost. With a reduced price on oil from
around 100 USD per barrel in Aug 2014 down to 35 USD in
Feb 2016 (Euroinvestor, 2106); the petroleum companies
have been forced to cut their costs and increase their
productivity to make profit. This puts a great deal of
pressure on suppliers to drive down the cost of producing
Subsea Production Systems (SPS's) for the petroleum
companies. To win contracts for delivering SPS's, the
suppliers need to think in new ways, changing how they have
operated to survive in an increasingly tough market.
In our research, we investigate the case of Norwegian
company that designs, manufactures and delivers service
systems to the petroleum industry. This company operates at
international level on several business segments and more
specifically on subsea technologies.
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Since the start of the subsea era, the complexity of the
industry has grown enormously in all aspects: increased
numbers of people, rapid changes to requirements from
customers, increased complexity of product technology, etc.
Until recently, due to the high oil pricing, many companies
did not focus enough on improving their business,
engineering processes or manufacturing. It seems that this
has changed and the industry is now looking for increased
efficiency, cost reductions, improved quality, and shorter
lead time. This observation is valid for numerous industries,
where cost reduction has become lately one important
process in order to be able to compete.
Study of practices of several companies, showed that
most of the engineering process or project execution has
been based on copy/paste-modify concept instead of creating
everything from scratch. This is natural since reusing what
you have made if possible, lowers the work needed compared
with coming up with new solutions. By reusing we mean
taking current product, structure, component, and software,
take a copy of it and then modify it to fit the requirements in
the new project. However, there are challenges with this
method; “old” solutions are copied into new projects, the
copied solutions are not maintained, the solutions are
designed to previous requirements, etc. Small, call it errors,
from past projects can keep on going from project to project
if they aren’t detected. This means that all these errors
require a lot of engineering work to correct without adding
value to the finish product.
To attempt to reduce these errors and time spent on
them, the investigated company is implementing Product
Portfolio Management System (PPMS). PPMS is a “library”
comprised of different categories of products, different
product lines and the individual product itself that the
company can offer. PPMS is based on Knowledge
Management theories with the three main activities,
"Develop Knowledge", "Retain Knowledge" and "Reuse
Knowledge". From this library, it is possible to extract 3D
CAD models, 2D production drawings and other product
documentation needed to start engineering a product.
It is expected that by using the PPMS approach there
will be a reduction in areas like hours spent on the project,
quality issues, and time to delivery. As with any new system,
there are little or no evidence showing if PPMS is better
compared with the traditional project execution model. For
the PPMS method to be successful, the cost of investment +
operational cost + maintenance cost should be less than using
the copy/paste-modify method. It is important to highlight

that PPMS could be as costly as the copy/paste-modify
method since there is an investment needed to establish the
PPMS library, e.g. building up 3D CAD models with up to
date requirements. Operational cost will be from starting a
project based on PPMS until the project has engineered the
product finish. Maintenance cost is the resources used to
maintain the PPMS library with feedback from the project,
e.g. product improvements, and market input, e.g. customer
requirements.
In this study, the focus will be to investigate if there is a
reduction in operational cost in terms of engineering hours,
by implementing the PPMS method. To scope it down, the
hours used at the lowest level in the project structure, from
project startup to where the product documentation is
delivered will be looked at. The reason for not looking at the
investment and maintenance cost is because of where in the
implementation phase PPMS has come at this point. Only
one project has been executed when this research was
conducted, which means there is no information about the
maintenance cost. Since there was no maintenance cost
available, the investment cost was not considered to be
researched. Without knowing these costs one can’t compare
the difference between the total cost of using the PPMS
method and the copy/paste-modify method.
This research study has been conducted in a specific
department working with engineering of subsea foundations
and structure systems. This department is one of the few in
the company that has started the work with implementing
PPMS method into their working process. The first product
in the PPMS portfolio was a foundation structure called ITS
(Integrated Template Structure). It is a steel structure with
the function of providing anchoring, protection and
foundation support for the SPS. The ITS will serve as the
case in this study to research if the PPMS method can
reduces the spent hours in projects. As a second outcome of
this research, a framework was developed from identified
factors. These factors were discovered through the research.
The framework is intended to help the cost assessment in a
qualitative manner.
COST ESTIMATIONS IN ENGINEERING
Many people would say that engineers and engineering
are most often responsible for creating functional solutions
and constructions, e.g. cars, bridges, oil rigs, and ships.
However, there is more to engineering. Most people look at
engineering and see the elements of physical design, the
calculations, and analysis tasks, done to support that physical
design (e.g. a car). Not many people see beyond the physical
dimensions of the design (e.g. the car structure), where less
tangible dimensions of money, time, and other resources are
invested in the creation of the asset. These investments are
referred to collectively as "costs". To predict these costs, an
estimation process is performed to find out how much the
resources cost, that are required in a scope of an investment,
activity, or a project.
The output of the estimating process, the cost estimate,
may be used for many purposes such as [2]:

• Determining the economic feasibility of a project.
• Evaluating between project alternatives.
• Establishing the project budget.
• Providing a basis for project cost and schedule
control.
Cost estimation can be divided into four broad
categories [3]:
1. The intuitive method is based on the experience of
the estimator. The result is always dependent on the
estimator's knowledge.
2. The analogical method attempts to evaluate the cost
by taking the metrics from previous similar projects as a
basis to estimate the current project.
3. The parametric method seeks to evaluate the cost of
a product from parameters characterizing the product but
without describing it completely.
4. The analytical method allows evaluation of the cost
of a product from a decomposition of the work required into
elementary tasks.
In this paper, the focus will be on a combination of the
intuitive method and the analogical method. These are the
most suitable methods due to the lack of background data in
using the analytical approach and the difficulties with
characterizing the parameters in the engineering process
using the parametric approach. The reason for using both
intuitive and analogical method is that the researcher does
not have the knowledge for a solely intuitive method, and
there is insufficient background information to use the
analogical method alone. By combining the two methods a
more reasonable estimate can be achieved, using experience
from others in the company to help adjust the metrics from
the previous similar projects.
REUSE OF PROJECTS/PRODUCTS
In software, the term reuse is the systematic use of
existing software assets to construct new or modify current
assets or products (Grant, 2013) Reuse can also be broadly
defined as the use of engineering knowledge or artifacts from
previous systems to build new ones (Frakes, 1993). W.
Frakes (1993) discuss the benefits of reuse, these are:
improved productivity, improved liability, better bid
estimation, better early estimates, and faster time to market.
Reuse has also its challenges, G. Muller (2016) discuss the
part of reuse called copy/paste-modify in the software
domain. He highlights the challenge with taking copy of an
existing software code and performing adjustment to fit a
new purpose. Some of these challenges are: bad quality will
be reused; copied functions without adding value to the new
product; and effort spent in work arounds.
The aim of this research is to compare two ways of
reuse, copy/paste-modify vs Product Portfolio Management
System in terms of total time spent in hours.

19

CURRENT WORKFLOW – COPY/PASTE MODIFY
Illustrated in Figure 1, the current approach to project
execution is that “old” projects are copied into the new
projects, then modified to fit the current projects
requirements. E.g. that Project A (Figure 1) has a product
(e.g. the ITS) that Project B can use. Then a copy of the ITS
is made, then modified to fit the requirements in Project B.
Since the project A and B are two different projects with
different parameters, there will be different requirements,
e.g. field layout, soil interface, water depth, installation
limitations, and retrieval strategy. This copy/paste-modify
method continues to make the ITS slightly different each
time it is copied. Over time, it ends up with many different
versions, while the ability to maintain the product with the up
to date requirements drops because of the complexity of the
project structure.

is represented. This System Architecture contains a
standardized subset of products, functional systems,
software, etc. to more or less serve the majority of the
customer needs. The PPMS "elements" are the individual
knowledge "nodes" that people in company will maintain and
operate. Figure 2, illustrates the big picture of the operation
of PPMS. Projects are based on a well-defined product
portfolio, which in turn are managed over time. It has its own
value stream and is based on various market inputs. Market
input can be new rules and regulations; customer
requirements; future market pressure (product often sold);
time to delivery; and new technology.

Fig. 2: Operation of PPMS

CONTEXT OF STUDY
ITS Case
Fig. 1: Current workflow

Another challenge is that errors can follow the copied
product if not discovered and fixed while copied. E.g. the
wrong material certificate for a round bar in the ITS
structure. The material certificate is placed so deep in the ITS
architectural structure, that prevents it from being maintained
to current requirements. Nobody discovers it, and when it is
discovered by the supplier producing the ITS, they will send
a Quality Notification (QN). This QN will then go into the
quality system in the company, producing extra work to fix
this small problem, which means extra cost.
New Workflow
The PPMS term is used to describe the company new
"Standard" product portfolio, replacing the previous
undefined product portfolio which was "everything the
company has ever delivered". In its most basic form the
PPMS is going to be a database where a System Architecture
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The case study was conducted in a specific department
aiming at designing support structures for the SPS. In their
portfolio, they have a product called ITS (Integrated
Template Structure). The reason for choosing the ITS is that
this is the first product in the researched department to be
designed using the PPMS method. There are nine previous
ITS projects, that give background data that can be compared
with the PPMS ITS project.
The ITS it is a steel frame that has the purpose to
support and protect the SPS, Figure 3. An SPS can consist of
a Manifold, a Pig Launcher, a Choke module, and a XT
(stream valve). The typical ITS consist of four suction
anchors, a bottom frame, four well-slots and a protection
structure. The protection structure has hatches on top to
protect from dropped objects, and a nearby protection
structure for the connections going in/out of the SPS.
Because of the requirements from fishing-friendly structures
in the North Sea (FMC, 2016), the ITSs are often used in this
area.

Fig. 3: A typical ITS with the SPS above.

Research Method
In order to find out if PPMS has reduced hours
compared with copy/paste-modify method, data collection of
historical time records was conducted. To ensure the quality
of the historical data, qualitative method in form of informal
interviews were performed. People who worked in previous
projects were questioned regarding the background of the
historical data, to get an understanding where the numbers
came from. This, and other aspects will be elaborated more
in detail in the sections below.
Identify historical projects: In order to compare the two
different workflow processes (copy/paste-modify VS PPMS)
sets of historical time data were collected. This data came
from projects using the copy/paste-modify method and the
PPMS method. The projects all had the same customer and
mostly same typical ITS to have as similar background
information as possible. A few projects with differences were
selected. These projects did not have the same typical ITS
and some of the projects had engineered more than one ITS.
These projects were relevant in the comparison to understand
how differences would affect the total hours in a project.
Collect historical data: After identifying which projects
that had the similarities needed to make a relevant
comparison, a collecting process started to gather all the
hours spent in these projects. First step was to extract all the
hours worked on in one project. This was done by logging
into the time-track database and extract the information into
an Excel sheet (XLS). This database contains all the worked
hours for each person in the company. Next, identify what
accounts that belonged to the ITS, since there are more
product groups in one project (Figure 4). Extract the persons
with their worked hours into a new XLS to give an overview
of who worked in the project and how many hours. These
steps were conducted on each project that was identified as
relevant to the case.
Interview project stakeholders: Informal interviews were
conducted to get an understanding of what work position
each person had in the extracted information. The interviews

were conducted after each time the process with gathering
historical project time data had been done to ensure that all
hours were included. The people interviewed were the people
who were still working in the company at the research stage.
The interviewed persons were the project engineer, design
engineer, product responsible, technical writer. The reason
for the interviews was to understand what the different
persons did to contribute to the project, e.g. doing project
engineering work, design work, or writing user documents.
The interviews revealed that there were irrelevant people in
some projects. There were people that had recorded hours
where they did not belong. These cases were adjusted in the
XLS to get more precise hours for each project. The
conditions for each project had to be as similar as possible to
get as reasonable comparison between PPMS method and
copy/paste-modify method. From the interviews, it was
discovered that some projects had work tasks special for that
project that the other project did not have. E.g. only one
project had recorded hours for analysis of the suction
anchors. The other projects had another company doing the
analysis of the suction anchors. These hours were not
included in the time-track system because they were
accounted as cost in the project. The hours spent on work
tasks which appears in only a few or one of the projects,
where also adjusted in the XLS. The knowledge gained from
the interviews made it visible what hours to use when
comparing the PPMS method with the copy/paste-modify
method.
Background on project information: During the
collection of both the information from interviews and the
historical time data, problems arise with the data. It was
discovered different aspects with the raw data that made
them look better or worse in the term of comparing project to
project hours. One aspect in one of the projects was, it had
reduced hours because of some of the engineering work had
been sourced out to another company in Asia. These hours
were recorded on another system that made it necessary to
search up this time account to include those hours. From the
researchers point of view, there could be more hours that
have not been collected since the time-track system is
complex and difficult to handle in terms of hours. The reason
is that hours are converted into monetary value when going
into the project cost accounting system. And in the Asian
case, the cost of the work done was just a sum of money in
the finance records, not how many hours were actually used.
This makes it hard to track information about hours in the
company systems since cost is just focus on money, not the
hours behind the cost.
FINDINGS AND DISCUSSION
Project Structure
To understand where in the project structure the
collected hours originate from, an introduction to the project
structure is in order. Figure 4, shows a brief overview of the
project structure in the company. The area of focus is boxed;
this is the lowest level in the project structure. The project

21

structure is built up with the project manager on top,
coordinating the different product managers. The MPS
(Manifold and Pipeline Systems) branch are divided into the
structure product (ITS) and the production product
(Manifold). These are then divided into four position groups.
Each of these groups have their activities explained below
Figure 4:

Fig.4: A brief overview of the ITS project structure

• Project Engineer: This person’s responsibility is to
lead the ITS project from start to end. This means consuming
the most hours spent in the project of all the position groups.
• Design Engineer: This group contains all the people
that have responsibility for making the 3D modeling and 2D
drawings. The designer’s responsibility in the PPMS method
is to duplicate the master drawings and 3D models, change
them into the new project specific requirements. Project
specific requirements are e.g. project name on the structure,
skirt length of the legs, quantity of anodes, type of pressure
manometer.
• Technical
Writer:
The
technical
writers
responsibility is to make the user documents. User
documents are the documentation that are sent to the
customer containing information about the product. E.g.
installation and maintenance procedures; transport, handling
and operational instruction; function testing.
• Support Functions (SME/PRE/others): This group
consist of the PRE (Product Responsible Engineer) and the
SMEs (Subject Matter Expert) and other persons with
contribution into the project. The SME project contribution is
his/her expert opinions about a discipline. Disciplines can be
mechanical analysis, lifting analysis, documents, drawings,
and fabrication design.
Data Analysis
Nine previous projects have been selected to be
compared with the project which was conducted with the
PPMS method. The intention is to see if there is any
improvement in the hours spent using the PPMS method.
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The reason for the selection of these nine projects is because
of their similarities to the ITS. The PPMS ITS has been built
up on the knowledge gained through these projects and what
solutions that worked the best.
The hours collected gives an indication of how much
resources the projects consumed. E.g. if one project engineer
has worked on seven different project one day, he just
divides total hours between the seven projects, even though
he has spent three hours in one project and only one in
another. It is possible to assume that this happens in all the
work positions, but probably differentiated between how
many projects that person has through a working day. There
are also projects that have more resources than others do, an
assumption is that people write their hours there if possible
instead of on the correct project. Since the time-tracking
system in the company isn’t that accurate, recording- and
extracting hours will not be absolutely accurate and this
should be taken into consideration when using the numbers.
The raw data generated huge lists showing all the people
that had work with the different projects. While going
through the lists, sorting out which person did what
discipline, it was discovered some mis-registered hours. One
person was unknown to all the other project participants
when interviewing them. Another person had recorded the
hours on engineering the ITS, but was not actual involved in
that process. These cases, the wrong recorded hours were
taken out of the final result to get as clean numbers as
possible to be compared with.
Interpretation of the Collected Data
While analyzing the recorded hours, we noticed that
some of the projects have a lower number of total hours used
than the project using PPMS. Some reasons for that can be:
•
•

Quantity of engineered ITSs
Projects run simultaneously

For example, one project has engineered one while other
two ITS’s, thus number of set of extra documents or drawing
is higher. This means increased hours to the project.
Difference between two ITSs, e.g. can be the installation
marking. The installation marking is painted information on
the structure. This is to show the user/installer the name on
structure, heading of structure, how deep the structure is in
the seabed, etc. Having two ITSs does not mean that it takes
twice the time to make the second set of
documents/drawings. Commonly an estimated assumption of
60/40 or 65/35 between the 1st and 2nd ITS documentation is
more accurate. This is just an estimate based on knowledge
since the time-tracking system is not set up for recording
between the 1st and 2nd ITS.
In addition, a more complex solution will increase the
number of hours.
By analyzing who worked where, it was discovered that
many of the same people worked across more than one
project. With the time-track system in mind this can cause

leakage from one project to another. Leakage can happen
within all projects running during the same time span.
The resources were more fixed in the project using
PPMS method since no other similar projects were running at
the same time. Therefore, it is possible to assume that there is
less leakage in the time-track system for this project.

Table 1: Impact factors

Impact factor

Team

Cost Based Framework

Project

experience

Size of project
team
Resource
allocation

Communication
New concepts

Time-track
system

Organization

After the analysis of the projects it was obvious that
introducing PPMS method gives a positive impact on the
total hours used, in this case an ITS product. Analysis of the
data collected through interviews and documents analysis,
help us to identify a set of impact factors influencing the
project execution timeline (Figure 7).
Each of these impact factors is gathered from different
events that occurred in the different projects. E.g. the timetrack system impact factor, with more accurate and detailed
historical time data, a better estimate can be done for future
projects. It can be assumed that, with more accurate
information, a faster estimate can be produced and lower the
hours used in the estimate phase.
In Table 1, a short explanation of each impact factor is
presented.
The idea behind the creation of the framework is to have
a tool that can help in the cost assessment phase in a
qualitative manner. Monitoring these factors will help to
make a more accurate time estimation for the project
execution.

Availability of
needed documents

Complexity of
work process

New technology

Explanation
Time spent will vary
+/- according to: if the team has
worked together; if they have
worked together with this
technology; combination of
inexperienced and experienced
people.
Bigger team, more
resources using time, possibility
for communication problems,
rework.
Placing people on
more than one project when one
project has low activity to use
the resources more efficient.
Time goes by if not
the correct information is
communicated well between all
the stakeholders in a project.
Increased hours if the
product is going to have another
solution than the “standard”
product.
The credibility of the
hours lies in how they are
recorded, both in correct
recorded and in detailed.
The customer does not
accept the PPMS documents that
are pre-made, they want instead
their own variation or
documents describing other
areas This will increase the
hours.
Each task takes time; a
complicated series of tasks
will increase the hours.
Implementing new
technology just before or during
execution of a project will
increase the spent time. E.g. a
new CAD software.

FUTURE RESEARCH

Fig.7: Framework of the collected impact factors
Table 1: Impact factors

In further research, a verification of this study should be
done by conducting the same research on the next project
that involves engineering the ITS using the PPMS method.
When doing the research, another way to record the spent
hours should be set up, to make the recorded hours more
accurate. If the new project also is going to deliver two or
more ITSs, an accounting system could be made so it is
possible to differentiate between recording hours spent on the
1st, the 2nd ITS and so on. Then it is possible to get a
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verification if the estimated ratio number 60/40 or 65/35 is
correct or if there needs to be adjusted accordingly.
Other aspect to look at, would be the sustainability of
PPMS. To get the PPMS sustainable, the total of invested +
used + maintained hours should be less than running a
project with the copy/paste-modify method. If this is not the
case, a re-evaluation of using PPMS should be done to see if
there are other advantages compared with the copy/pastemethod that would defend the effort for using PPMS. Areas
that could give an advantage could be; the quality aspect,
how many errors are removed if that is the case; time to
delivery, if the duration of the project is shorter and gives a
positive effect on cost.
CONCLUSION
The goal of this paper was to see if PPMS method, gave
a reduction on the operational hours to execute a project.
This was solved by using a combination of intuitive and
analogical estimation methods to compare PPMS with the
current copy/paste-modify method.
The main conclusions drawn in this research are:
• From the research conducted, it shows that the
PPMS method can reduce the operational hours in a project.
• The extracted historical data from the time-track
system will not give a true picture of how many hours were
consumed in a project. The reason for this is how the timetrack recording is set up and how accurate people in the
company record their work time.
• Introducing a framework with impact factors that
can help the cost assessment in a qualitative manner.
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ABSTRACT
Modern engineering solutions are influenced by many
factors including organizational policies and staffing, local
codes and ordinances, state and federal regulations,
international agreements, end use characteristics, material
properties, and changes in the natural world. Due to the
volatile nature of these factors, an engineered solution does
not exist in a static environment. The engineer must
understand the overall context or set of parameters that
circumscribe, interact with, and affect the behavior of the
solution. An understanding of this “contextuality” helps
ensure the solution is adaptable to change and ultimately
more resilient.
The paper provides continued rationale for the
importance of context in engineering along with real-life
examples. Contextual analysis provides several benefits that
include reduced failures, increased meantime between
failures, increased uptime, and reduced costs in terms of
repairs, injuries to humans and negative impacts on the
environment.
Keywords— Context, Resilience, Engineering
INTRODUCTION
Modern complex engineering problems exist within
contextually sensitive environments consisting of many
transient variables (Fielder, Garrett, & Sobrinho, 2015).
Variables such as temperature, humidity, location of the user,
network traffic and technology, all change and interact
positively or negatively with the engineered solution. As a
result of this variability, the engineered solution must be
“Unending” (Fielder, Winchester, Penmetsa & Gattaz, 2015).
An Unending solution continues to evolve since the reality or
“contextual environment” on which the solution is based is
also continually evolving (Fielder, Winchester, Penmetsa &
Gattaz, 2015). Therefore, an understanding of context is

essential in solving today’s complex engineering problems
and ensuring that a long-lasting and resilient solution is
created.
Context or the set of parameters that circumscribe,
interact with, and affect the behavior of the solution, is a vital
factor in modern engineering. In addition to the previous
definition of context, other researchers propose similar
definitions. Schilit and Therimer refer to context as location,
identities of nearby people and objects, and changes to those
objects (Schilit & Theimer, 1994). Brown defines context as
location, identities of the people around the user, the time of
day, season, temperature, etc. (Brown, Bovey & Chen,
2002). Dey and Abowd define context as any information
that can be used to characterize the situation of an entity
(Dey & Abowd, 1999). An entity is a person, place or object
that is considered relevant to the interaction between a user
and an application, including the user and applications
themselves (Dey & Abowd, 1999).
These and other
definitions share commonality in the acknowledgement of
changing variables, interaction between the change agent and
objects, and inclusion of environmental factors such as
location and time. Fig. 1 depicts the interplay between the
contextual variables and the engineered solution.
As
indicated in the depiction and the definitions, the engineered
solution throughout its lifespan, is continually impacted by
many variables. Resultantly, the engineered solution must
adapt and adjust to changes in the contextual environment
that surround it.
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Prevention 2016). Healthcare delivery systems (e.g. mobile
and

Context In Engineering
Environment
(Wet, Dry, Muddy,
Humid, Seismic,
Cold, Hurricanes)

Location of Users
(local, national,
international)
Technology
Availability (Mobile
OS, Devices,
Network bandwidth)

Engineered Solution
(Product, Service,
Process,
Structure)

Types of Users
(urban, rural,
physically
challenged, elderly,
young)
Ordinances/Codes
(local and state)

Laws and
Regulations
(state, federal, and
international)

Fig. 1 Context in Engineering

Finally, an engineered solution that is designed and
developed without a clear understanding of the contextual
environment in which it exists, will be less adaptable and
more likely to fail. These failures can cost millions of dollars
in fines, property, human, and environmental losses. In turn,
these losses can lead to bankruptcy and the ultimate collapse
of the engineering enterprise itself.

ubiquitous) that provide access to healthcare services
anytime and anywhere (in home or in hospital) and real-time
analysis of data across a multitude of dimensions (blood
pressure, pulse, blood glucose level, body temperature, food
intake, fluid intake, and activity level) are vital elements in
bending the long-term cost curve. These delivery systems
require a holistic understanding of the contextual
environment (location, technology competence and
availability, occupation, etc.) that circumscribes the patient.
Table 1 provides an example of how an understanding of the
context principle can be utilized to design healthcare
monitoring devices.

Table 1 Contextual Implications for Device Design

CONTEXT
ELEMENT
Geography
(Location)

CONSIDERATION

DESIGN
IMPLICATION

Where is the patient
located and is internet
connectivity available
at this location?


In a rural location,
the patient may
have
difficulty
accessing
communication
networks
to
automatically send
and
receive
medical data for
real-time analysis



The solution
requires
healthcare
monitoring
devices that
store readings
for
an
extended
period
of
time
to
facilitate
future
analysis
during an inoffice
physician’s
visit



In a rural location,
there
may
be
issues
with
delivery
or
shipment
of
medications
or
repair
of
equipment in a
timely manner



The solution
requires
devices
of
high quality
since repair
or replacing
them in a
timely
manner may
be difficult

CONTEXT EXAMPLES
Section II of this paper provides examples of context in
action and its implications for engineering. The examples
are designed to demonstrate the context principle in a variety
of settings while underscoring its importance as a key
element of modern engineering. The examples in this section
will be followed by a case study in section III.
Healthcare
The United States spends 17.5% of GDP (Gross
Domestic Product) on healthcare related services (Centers for
Medicare and Medicaid Services, 2015). As the elderly
population of the United States continues to increase (21.7%
of population by Year 2040) along with the number of people
living with chronic illnesses such as obesity, diabetes, heart
disease, and cancer (117 Million in 2012), the cost of
healthcare will continue to rise and account for an ever
increasing portion of the GDP (U.S. Department of Health
and Human Services 2016, Centers for Disease Control and
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Occupation

What is the patient’s
occupational
environment?


A
construction
worker may have
more
difficulty
checking
vital
signs at work due
to the volatile
nature
of
the
surrounding
environment



If the device
is wearable, it
must
be
durable, high
quality and
not heavily
impacted by
changes
in
the
environment
such
as
moisture,
heat, cold and
humidity.
Also,
the
construction
site may only
have
temporary
sheltered
facilities.



An accountant or
office worker may
encounter
less
situations
that
could physically
damage the device



A monitoring
device that is
wearable or a
desktop
station may
easily support
this patient
type

Mobile application development
Mobile technologies such as smartphones are enabling a
new generation of consumer and business applications (Teng
& Helps, 2010). The unprecedented level of mobility is both
an opportunity and a challenge (Teng & Helps, 2010). The
context associated with mobile application development
consists of many device types (Samsung, Apple, Blackberry)
running different operating systems (Windows Mobile, iOS
and Android) accessed by a variety of users (personal,
business) located virtually anywhere in the world (New
York, London, Dehli, Tokyo). A clear understanding of this
complex contextual environment is essential in the
development of stable mobile applications. The software
engineer must determine which device will be utilized, which
operating system platforms will be supported, and which
networks are available to support communication.
Additionally, mobile application development is critical
to future advances in the IoT (Internet of Things). IoT is
projected to include over 50 billion connections by Year
2020 (Cisco). Fig. 2 depicts some of the types of connections

that are possible with the IoT. All types of everyday objects
in homes and businesses are connected to the internet and
networked for emergent or “changing” properties.
Individuals have the ability to easily adapt their mobile
devices to control home lighting and temperature, remotely,
from aboard boats, planes and trucks (Fielder, Gattaz, Tanik,
U., Tanik, M., & Sobrinho, F., 2016).

Fig. 2 Internet of Things Depiction (The Cisco Network, 2015)

This mobile communication provides tremendous value
while also introducing a host of unprecedented security
vulnerabilities (Fielder, Gattaz, Tanik, U., Tanik, M., &
Sobrinho, F., 2016). Hackers will attempt to exploit system
flaws to control critical infrastructure.
Therefore, an
understanding of the context (mobile device types, number of
users, location of users, password schemes, operating
systems, and data protection technology) is vital to ensuring
security mechanisms are strong enough yet adaptable to meet
the challenges of the IoT.
Tire design
Road surface conditions such as icy, sandy, wet, or
muddy provide contextual variations that impact the
engineering design of vehicle tires. Additionally, the end user
context affects which driver will come in contact more often
with certain road surface conditions. For instance, a rural
driver or hunter is more likely to encounter extreme muddy
conditions than an urban driver. Therefore, the rural driver
or hunter needs a vehicle with tires that more closely align
with the context of his or her usage. Engineers design for
these contextual variances by modifying the tire tread design.
Tires that are geared for extreme muddy conditions have
larger gaps in the tread. The gaps allow the tire to dig into
the surface more tightly in order to propel the vehicle
forward. As depicted in Fig. 3, off-road tires are designed
with more protruded treads. This design is a direct response
to the context of the user and the environmental conditions
on which the tire will be utilized.
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Fig. 4 Earthquake Hazard Zones (United States Geological
Survey, 2016)

Types of users
Fig. 3 Off-Road Tire (Ntwonline, 2016)

Ordinances and codes
Codes and ordinances for residential and commercial
buildings are often created in response to environmental
contextual factors such as the likelihood of hurricanes,
tornados, floods or earthquakes. Each of these events can
cause catastrophic damage to property and lives. Fig. 4
published by the USGS (United States Geological Survey,
2016) outlines the likelihood of seismic activity within the
United States. Building codes within a highly seismic area
differ from those in less seismic areas. For example,
according to the California Safety Code, all new and
replacement water heaters, and all existing residential water
heaters, shall be braced, anchored, or strapped to resist
falling or horizontal displacement due to earthquake motion
(California Codes, 2016). Likewise, due to the likelihood of
hurricanes, Florida building codes require extra building
protection from wind-borne debris in areas with an increased
likelihood of high wind velocities. Examples of such codes
include having glazed openings protected by shutters or
impact-resistant glass (Florida Building Commission, 2016).
Failure to account for these contextual environmental factors
and to instantiate these factors into codes, ordinances, and
the engineered structure itself can lead to failure in homes,
buildings, power lines, and bridges. All of these failures
increase the cost of recovery and the likelihood of serious
injury to human lives.
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The context of the user is a vital engineering
consideration. The types of users and their needs exert
tremendous impact on the engineered product, where it can
be marketed, and its fitness-for-use in a certain market
sector. Manufacturers of products such as vehicles, mobile
phones, houses, computers, clothing apparel, and furniture
must be sensitive to the context of their potential customers
or users. Table 2 lists a few types of users and an associated
consideration.
Table 2 User Type and Considerations

User Type
Rural

Physically
Challenged

Visionimpaired

Consideration
If the engineered product requires
internet connectivity, a reliable and
extensive communication network
is a key consideration. This can be
a challenge in rural and remote
areas and subsequently limit fitness
of the product for this user group.
A multi-story residential structure
may
present
obstacles
for
physically challenged residents and
require elevators, ramps, rails and
similar devices to be installed in
the structure.
Vision impairment in users can
require modifications in the
engineered product such as
increased screen size, increased
icon
size,
and
voice
command/natural
language
processing features.

4.
CASE STUDY

Submission – Submit the formal research paper to peer
reviewed conferences and journals for additional input
from other engineering researchers.

Problem statement
In the case study for this paper, the back-up generation
dispatch control system (BGDC) of an electricity provider
was studied to determine the implications of Context on this
problem domain. Control systems regulate the production of
electricity to match customer demand. The types of
customers include residential (individuals), commercial
(shopping malls, stores) and industrial (factories) as well as
sales of energy and transmission service to neighboring
electrical companies and cooperatives. Generating too much
electricity results in wasted energy, wasted fuel, along with
unnecessary byproducts and emissions since the energy
generated can’t be stored. Generating too little electricity
can result in power shortages and outages. The goal is to
balance supply and demand curves. The back-up dispatch
control system receives a multitude of tie flow data (in
megawatts) from many meters at dispersed locations. Tie
flows represent strategic locations along the grid where
generating companies can transmit electricity and data across
defined boundaries. Sharing energy generation output with
other companies allows for a more stable local and regional
grid. Control systems utilize this tie data to compute control
values and dispatch generators to meet the required system
demand. Resilience is absolutely vital for control systems
and the electrical grids they regulate.

Case study findings
As documented in the P3Tech® model (Figure 5),
megawatt data comes from multiple meters at various
locations along the grid. The number of meters and exact
locations represent sensitive information and are not
displayed in Fig. 5. Meter data varies based on the
magnitude of megawatt values, the time of day and can
change on an hourly basis. Therefore, the contextual
environment in which the BGDC operates is complex and
changeable. The control system must be engineered to allow
for variations in megawatt values, devices at disparate
locations along the grid and multiple communication points.
Additionally, environmental factors such as weather heavily
impact the solution. Variations in humidity or temperature
can trigger users to increase or decrease their energy
demands. The control process must be engineered to respond
rapidly to these changing conditions to avoid outages or
rolling blackouts. Table 3 provides some context factors and
the implications each of these factors has on the control
center process.

Case study methodology
The backup electricity generation dispatch control system
was studied and modeled using P3Tech® as part of a
previous case study associated with the Complexity
principle. The research from the previous effort is
documented in the paper An Engineering Problem
Assessment – Using Complexity Principles and Value-based
Modeling by Fielder, Winchester, Penmetsa and Gattaz
(2015). The case study for this research paper expounds upon
the previous research to focus exclusively on the Context
principle.
The methodology consisted of the following steps:
1. Analysis – conduct research to understand the Context
principle and its relevance to engineering. During this
phase, the previous research done on the BGDC system
for the Complexity principle was reviewed to determine
its applicability to the problem domain in this case
study.
2. Design/Construct – instantiate the findings into a
formal research paper that includes the problem
statement, case study and findings.
3. Validation – conduct a peer review, inspection and
validation of the research products with key
stakeholders.

Fig. 5 Initial Input Values - P3Tech® Model
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Table 3 Context Factor and Implications

Context Factor
Environmental

Implication








Location



Regulations






Temperature and humidity
variations within the region
affect the megawatt values
processed by the meters.
Extremely
hot
or
cold
temperatures will increase the
megawatt value due to a
heightened demand for energy
for cooling and heating,
respectively.
The engineers must design the
meters to process a large range
of variations in the megawatt
values.
Some of the tie flow meters are
located on state boundaries,
within state boundaries, rural
and urban.
The engineers must design a
communications network that
can capture data from disparate
locations and transmit the data
to the centralized control center.
The Control center process is
subject to NERC (North
American Electric Reliability
Corporation)
regulatory
oversight.
Issues must be resolved within a
prescribed timeframe to avoid
penalties being assessed.
Therefore, software engineers
must design a control system
process that provides for
automated
error
detection,
automated notification and
procedures to assist in problem
resolution.

CONCLUSION
In conclusion, contextual awareness in engineering
provides many benefits that include a greater awareness of
the transient parameters that impact engineered solutions, a
more resilient solution, a user or patient-centric solution and
a reduced likelihood of failure. Consequently, this reduced
likelihood of failure may lead to increased customer loyalty,
lower product liability expenses, and improved healthcare
outcomes, all of which positively affect the bottom-line and

30

benefit society. An additional research area that must be
explored includes the challenge of sharing dynamic and
contextually sensitive values in complex systems.
Contextually sensitive environments require synchronicity
and sharing of many transient values.
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ABSTRACT
Modern healthcare and energy systems are complex
endeavors composed of multiple operating units with a
dispersed workforce, many technology types, and a customer
base that spans vast geographic areas. A company’s
profitability is heavily affected by its ability to efficiently
utilize all of its available resources and dispatch services,
reliably and at the lowest price. Enterprise data storage and
dispatch systems are convergent points and vital components
of the engineering solution. These systems process a
multitude of data elements that enable the efficient dispatch
of services to satisfy customer demands and societal needs.
Based on case studies, this paper provides additional research
regarding the impact of convergence in energy systems with
the benefits also extrapolated to healthcare. Additionally, the
paper will outline key disadvantages associated with the
dispatch of services (energy and healthcare) without these
convergent dispatching solutions.
Keywords: Convergence, Data storage, Dispatch
INTRODUCTION
A number of real-world problems such as dispatch in
energy systems, delivery of healthcare services, creating
customized implants using 3D printing technology, or the
treatment of disease to improve health outcomes while also
lowering costs, do not respect disciplinary boundaries
(National Research Council, 2014).
Integrated and
collaborative approaches are needed to solve these issues.
Convergence is an approach to problem solving that cuts
across disciplinary boundaries by integrating tools and
knowledge to solve societal challenges (National Research
Council, 2014). According to MIT (Massachusetts Institute
of Technology), convergence will be the emerging paradigm
for how medical research will be conducted in the future
(MIT, 2011). This paper provides additional research
regarding the impact of convergence on two key components
of the national infrastructure - healthcare and energy. These
two industries account for a significant portion of the
national economy and provide many opportunities for more
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efficient dispatch (or delivery) of services (healthcare and
energy) by leveraging the convergence principles. First, the
impact of convergence on healthcare will be discussed
followed by energy systems. The final portion of the paper
outlines the methodology, case study, and conclusion along
with opportunities for future research.
HEALTHCARE
The challenges facing modern healthcare systems are
enormous and well documented. The elderly population will
comprise 21.7% of the United States population by Year
2040 (U.S. Department of Health and Human Services,
2016).
Additionally, in 2006, medication errors in the
United States led to 1.5 million Adverse Drug Events (ADE)
caused by errors in prescribing or taking medicine (Aspden,
P., et al., 2007) and the numbers continue to rise.
Furthermore, direct cost of medicine non-adherence is
estimated at $100 Billion to $289 Billion annually (Centers
for Disease Control and Prevention, 2016). 17.5% of the U.S.
GDP (Gross Domestic Product) is now spent on healthcare
(Centers for Medicare and Medicaid Services, 2015).
Healthcare delivery systems that are designed and built
according to convergence principles are vital for reducing the
projected increase in healthcare costs associated with ADE,
medication non-adherence, chronic conditions such as heart
disease and age-related illnesses. These delivery systems
require collaboration between many disciplines including
electrical
engineers,
software
engineers,
medical
professionals, medical device fabrication engineers, along
with social workers and family members. As previously
noted, convergence extends collaboration across disciplinary
and physical boundaries to ensure delivery of the most
efficient, cost effective, and reliable services.
Fig. 1 provides a depiction that underscores the
importance of convergence principles in the healthcare
delivery process. As depicted, today’s healthcare delivery
systems extend far beyond the traditional in-patient/inhospital boundary. While huge centralized medical facilities
still play a major role and are at the center of healthcare
delivery (Fig. 1), increasingly they must interact with the

patient in a multitude of settings and across a multitude of
platforms. For instance, recipients of healthcare may wear
wireless health monitoring devices (at home, on the job, or
while traveling) to capture vital statistics such as heart rate,
pulse rate and blood pressure. Additionally, in-home
monitoring devices are available for newborns, elderly and
recovering patients and provide a less expensive option
compared to in-hospital monitoring. Furthermore, many
companies contain worksite clinics (Fig. 1) where some
health decisions are made and information is captured.
Engineering solutions designed with convergence principles
recognize the importance of capturing data from a multitude
of devices, a multitude of locations, leveraging a variety of
communication networks, and storing the information in
enterprise data systems for quick analysis and timely
decision-making. This process enables real-time medical
decisions and efficient dispatch of valuable medical services
to participants with the greatest need.

Table 1 Interdisciplinary Convergence

ENERGY

Fig. 1 Healthcare Delivery Process (Kevinmd, 2016)

In Table 1, the authors identify some examples of
interdisciplinary convergence considerations for three
professions involved in the healthcare delivery process.
People, data and device convergence are vital to develop a
holistic view of the patient health, the best treatment
regimen, and the most effective healthcare delivery process.

In addition to healthcare, the energy market and
associated dispatch also provide excellent examples of the
principle of convergence in action. For instance, energy is
acquired from many dispersed locations, dispatched using
centralized control systems, and delivered to end users
residing in many disparate locations. Additionally, in today’s
energy market, electrical companies often utilize or have
access to multiple energy sources (natural gas, nuclear, solar,
wind, hydro, and coal.) to increase reliability and as a hedge
against market volatility. The price of each energy source
fluctuates according to supply and demand forces as well as
the regulatory environment.
At any given point, the
electricity company must know how much energy is required
to reliably support its customer load, the associated cost and
potential impact on the company’s revenue projections.
Economic dispatch is the efficient generation or acquisition
of electrical energy to meet customer demand in a reliable
manner and at the least price. Resource pools and control
systems are vital elements in this process by providing a
point of convergence for a variety of disciplines and data
elements that enable the best dispatch decisions. Economic
dispatch (with Resource pools) provides many advantages
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such as economies of scale through the coordination of
disparate plant operations, enhanced reliability resulting from
the sharing of system-wide resources, and the ability to sell
excess capacity to the market. As depicted in Fig. 2 (Texas
Electricity Alliance, 2011), the electrical grid is a complex
system consisting of energy plants and equipment, along
with a vast network of transmission and distribution lines.
This vast network is monitored by information management
systems such as Resource pools and supported by people
from multiple engineering and non-engineering disciplines
(convergence).

Fig. 3 Energy Resource Pool

Fig. 2 Convergence in the electrical grid (Texas Electricity
Alliance, 2011)

Figure 3 indicates that several different sources of energy
converge into the energy pool at various locations and are
utilized to satisfy customer load. The cost (per kilowatt
hour) of each energy source varies (hourly, daily, monthly,
yearly) based on a multitude of forces including supply and
demand, technology, transport distance, as well as
regulations. An understanding of convergence principles
such as collaboration across regional, disciplinary, and
geographic boundaries is essential to the operation and
maintenance of the electrical grid and making the best
economical dispatch decisions. The rates per kilowatt hour
depicted in Fig. 4 are for illustration purposes only and do
not represent current rates. The goal is to show that some
energy sources are more expensive than others given the cost
of technology, emissions cost, operating costs along with
transmission and distribution factors. An exclusive reliance
on the highest cost energy sources creates challenges in
terms of affordability to the average consumer. Likewise,
reliance exclusively on less expensive sources can create
environmental challenges. Economic dispatch considers all
of these factors to make the best decision from a reliability,
cost and environmental standpoint.
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Figure 4 illustrates that energy sources are often located
in different geographic areas. The geographic areas often
cross state and regional boundaries. Companies must acquire
and transport electrical energy from dispersed geographical
areas into the pool and subsequently distribute that energy to
the participants of the pool and their end consumers. Since
some regions of the country are better suited for certain
types of energy, integration and convergence from disparate
locations allows the energy company to take advantage of all
energy sources, regardless of the location of the source. For
example, Fig. 5 provides a view regarding the concentration
of solar energy in the United States. As the figure depicts,
the Southwestern portion of the United States has the highest
concentration of solar energy as an available resource. This
geographic convergence of energy from a multitude of
locations creates a host of challenges including differences in
state laws regarding taxation, power rates, and emission
policies that must be accounted for in the Resource pool
system.

Fig. 4 Energy Resource Geographical Locations

.

Elements of dispatch in energy

Fig. 5 Solar Resource Concentration (U.S. Energy Information
Administration, 2008)

Finally, as illustrated in Fig. 6, the revenue and costs
derived from the pooling of energy must be apportioned
correctly to the various companies participating in the pool.
The convergence of multiple energy sources, across multiple
geographic areas, and with multiple operating companies is
a complex process that requires convergent hardware,
software and human solutions to facilitate the process.

Fig. 6 Operating Companies

The remainder of this paper will provide more details
about the convergence implications that are inherent in
economic dispatch. Additionally, it will identify tools such
as Resource pools that are used to facilitate economic
dispatch and associated processes. A case study is also
included that outlines the benefits associated with Energy
Pools and associated dispatch.

Economic dispatch is the operation of generation
facilities to produce energy at the lowest cost to reliably
serve consumers, recognizing any operational limits of
generation and transmission facilities (FERC Staff, 2005).
Effective economic dispatch in electricity systems requires
balancing a number of key data elements, a few of which are
elaborated upon in the upcoming paragraphs. At any given
hour or day, one element may prove more important than
another, with reliability always being the ultimate goal.
Convergence of a diverse array of data elements into a
unified solution allows the company to achieve a broad view
of its portfolio and make the most economical and reliable
dispatching decision. As energy companies expand beyond
local municipalities into state-wide, regional, national and
international operations, while also embracing a diverse
portfolio of energy sources, economic dispatch decisions will
increase in importance and may be the key differentiator
between profitability and failure.
Type of power plant
The type of power plant being dispatched affects
reliability and cost. The variable operating cost of electric
power generators is a key factor in determining which plant a
power system operates (or "dispatches") to meet the demand
for electricity (U.S. Energy Information Administration,
2012). Other things being equal, plants with the lowest
variable operating costs are generally dispatched first, and
plants with higher variable operating costs are brought on
line sequentially as electricity demand increases (U.S.
Energy Information Administration, 2012). This sequence
can be seen in an electricity supply curve—also referred to as
a dispatch curve—that represents the order in which units are
dispatched to meet the demand (U.S. Energy Information
Administration, 2012). For instance, due to emissions control
regulations, fossil-based plants such as coal often require
expensive emissions capturing equipment such as scrubbers
and bag houses and are dispatched later in the curve
(compared to renewables) as depicted in Fig. 7. Some of this
equipment can cost millions of dollars. The investment in
this expensive equipment becomes part of the rate base and
cost of providing electrical service. Renewable plants such
as solar, wind and hydro don’t require expensive emissions
control equipment, but suffer from intermittency which
affects dispatch decisions. Intermittency can have a negative
impact on reliability. Customers can’t wait for the wind to
blow at a certain speed or the sun to shine. Energy is needed
every second, minute and hour, day or night.
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Tie flows are located at strategic points along the grid and
provide a method for the interchange of electricity between
geographically dispersed companies.
Emissions cost

Fig.7 Hypothetical Dispatch Curve Summer 2011 (U.S.
Energy Information Administration, 2012)

Plant efficiency
Newer fossil-based power plants are generally more
efficient at converting the heat energy generated from the
burning of fuel into electricity than older plants. For
example, more recent plants employ combined cycle
technology that captures the waste heat from the initial
generating cycle and feeds that heat into a second cycle to
create additional energy. According to the law of
thermodynamics, energy conversion creates waste energy.
The goal of efficient plants is to reduce this waste thereby
saving on the cost of producing the electricity. An efficiency
ratio is part of the criteria for determining which plant to
dispatch and the cost of generating electricity using that
plant.
Fuel cost
The cost of fuel can account for approximately 30%-50%
of the operational cost of an electrical power plant. The cost
of fossil-based fuels such as coal, natural gas, and nuclear
fuel can be volatile. As a result, companies often enter into
long-term contracts for the supply of these fuel types as a
hedge against short-term market fluctuations. The choice of
fuel that is utilized to supply the base load is a key factor in
profitability.
Transport cost (location)
Electricity generating plants are often located tens or
hundreds of miles away from the end use point. Large highvoltage transmission lines and lower voltage distribution
lines are utilized to transport electricity from the generating
plant to the end user. The cost of this infrastructure is
included in the cost of providing electricity. The total
transport cost is affected by distance the electricity must
travel from the generating source to the end user. Even
though transport and distribution costs are not as volatile as
fuel costs, companies do enter into long-term contracts for
the utilization of other companies transport mechanisms.
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The generation of electricity using traditional sources
produces emissions such as Sulfur Dioxide (SO2), Nitrogen
Oxide (NO), and Carbon Dioxide (CO2).
There is a
growing body of scientific evidence that suggests these
emissions can have detrimental effects on the natural
environment. As a result, there are many environmental
regulations such as the Clean Air Act that attempt to limit
these emissions. Companies that emit these gases are
charged a fee per ton of gas emitted. These fees can add up
to millions of dollars per year in expense. Therefore, the
impact of emissions on the overall cost must be a key
consideration when economically dispatching electricity.
Human resources
Electricity generation, transmission and distribution are
complex processes that require skills from multiple
engineering disciplines some of which include electrical
engineers, civil engineers, chemical engineers, nuclear
engineers and software engineers. The exact mix of these
resources varies by plant type and their salaries become part
of the cost of providing energy to the consumer.
Convergence enables the resources from different disciplines
to work together collaboratively to develop solutions to
problems and determine the most effective manner to satisfy
customer load reliably, and at the best price point.
METHODOLOGY
The methodology associated with the convergent
economic dispatch case study in this research paper required
gathering information and conducting several interviews with
subject matter experts (domain knowledge holders) familiar
with dispatch and Resource pool solutions. Based on the
interviews, models of portions of the business process were
created and reviewed with the domain knowledge holder(s).
Feedback from the knowledge holder(s) was incorporated
into the model and the modeling process repeated multiple
times. Modeling is an iterative endeavor that progresses
from an initial instantiation of the process to a more complete
model that accurately depicts the process. The modeling,
reviews and associated feedback, depending on the
complexity of the process, may take several months to
complete.
During the case study process, the team focused on the
principle of convergence and the role it plays in facilitating
economic dispatch of electricity. For instance, according to
the complexity principles defined by Gattaz Sobrinho, Gattaz
and Pacheco in 2011, transdisciplinarity is a key aspect of
complex systems (Johnson, 2007 & Mitchell, 2009) and
involves the fusion of information and values from multiple
disciplines (or sources). Electricity dispatch and associated
control systems, as researched by Fielder, Winchester,
Penmetsa and Gattaz in 2015, are complex, transdisciplinary

processes that necessitate the utilization of convergence
principles.
These dispatch control systems receive a
multitude of data points, varying in terms of magnitude, from
many electricity meters located in dispersed geographic
areas. Likewise, energy resource pools, of which dispatch
and billing systems are key elements, employ convergence
principles by providing a portfolio view of all the company’s
generating assets and their condition at any given point in
time.
CASE STUDY
In the earlier pages of this article, high-level depictions
along with key considerations for economic dispatch were
presented. The case study in this article presents a detailed
model of a specific component that enables economic
dispatch, namely a back-up generation dispatch control
(BGDC) system. As noted by Fielder, Winchester, Penmetsa
and Gattaz (2015), control systems exist to regulate the
generation of electricity to match the load demand of
customers. Over generation of electricity results in waste
(energy, fuel, byproducts, and emissions) and high voltage
issues since the electricity generated can’t be stored. Under
generation of electricity can result in power shortages and
outages.
Therefore, a balance between the supply and
demand curves represents the ideal state of control.
However, as indicated in Fig. 8, achieving this balance
requires the dispatch control system to process data from
many meters located at disparate locations along the grid.
BGDC is a great example of convergence since it integrates
a multitude of input values from many locations, varying in
degree, and presents the data in human understandable
format to enable effective dispatch decision-making.
Without control systems, resource pools, the convergence of
data, and cross disciplinary expertise (control system
engineers, electrical engineers and software engineers),
energy generation, transmission and distribution are less
efficient, resulting in increased cost and heightened
likelihood of grid failure.

CONCLUSION
Healthcare delivery will continue to expand beyond the
physical boundaries and constraints imposed by large
centralized hospitals. To accommodate this decentralization,
real-time delivery systems will be further infused into daily
activities through sensing and monitoring devices, regardless
of the participant’s location. In the future, this expanded and
decentralized delivery process will help bend future
healthcare cost projections in a positive direction. Likewise,
as the nature of energy systems change from utilizing mostly
fossil-based sources to a mixed portfolio of fossil and
renewable resources, energy companies will also continue to
expand beyond the constraints imposed by their traditional
geographic areas. This expansion is necessary since the best
energy resource mix may require leveraging resources from
several non-contiguous regions versus a single geographic
area. The ability to utilize convergence principles, enterprise
data storage, and dispatch systems is vital in energy,
healthcare, and many other complex systems since it
provides a holistic view of the problem space and cuts across
disciplinary boundaries to arrive at a solution. Finally, all of
these complex systems have a mission to provide services
(healthcare, energy, etc.) in a quality, reliable, and costeffective manner.
Convergence is vital in ensuring this
mission is successful.
FUTURE RESEARCH
From a healthcare standpoint, additional research must be
conducted to identify new devices to monitor more health
conditions and provide automated, real-time data
transmission.
Likewise, the development of standard
interoperability requirements amongst the devices will allow
data from a multitude of monitoring devices to be seamlessly
integrated and analyzed. In the energy market, distributed
generation and international expansion of energy companies
create many new opportunities. Distributed generation
allows companies to compete in micro markets in a multitude
of locations. The international expansion allows companies
to take advantage of energy sources throughout the world to
satisfy local and global customer demand and also hedge
against market volatility in a particular country. However,
distributed generation and international expansion also create
a host of new challenges such as local grid management,
along with governmental and personnel risk since some
opportunities may be located in politically unstable regions
of the world. Additional research must be conducted on this
topic, but most certainly, an understanding of convergence
principles and effective dispatch, will benefit companies
engaged in these activities.
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ABSTRACT
The Maximum Independent Set (MIS) is essentially the
largest collection of the least connected nodes. Finding the MIS
of a graph is known to be an NP-hard problem. We developed
an heuristic algorithm to find the MIS by ordering nodes from
the least connected to most connected. We repeated the process
10,000 times. We found that for graphs with less than 20 nodes,
the resulting ordering scheme produces the MIS in the first trial.
We implemented the process in Wolfram Mathematica package
as a STEM exercise. We plan to use this heuristic as a STEM
exercise in our STEM classes.

MIS is an effective tool for choosing distinguishable signals.
A graph is presented in Fig. 1 that has 5 nodes. The set {A, C}
is one of the MIS. Thus, sending a message which contains only
the set {A, C} can produce minimum error with respect to the
distance between them. Additionally, we can create longer
words such as 5 letters words Therefore, 25 different messages
could be created (Berge, 1976).

Keywords — MIS; Sorting; Set; Statistics; Algorithm;
Mathematica; Efficiency; Optimization; STEM;

INTRODUCTION
Let 𝐺 = (𝑁, 𝐸) be an undirected graph that has 𝑁 number of
nodes and 𝐸 number of edges. Nodes 𝑢 and 𝑣 are called
independent if they don’t share an edge. An independent set is a
collection of these nodes. The Maximum Independent Set (MIS)
is the set with the largest cardinality among independent sets.
The MIS contains the maximum number of nodes that are not
adjacent (Berge, 1976). Finding MIS is classified as an NP-hard
problem (Karp, 1972).
In this study, we ordered the nodes from the least connected
to the most connected. Then, for each chosen node, we removed
all of the connected nodes. This was done iteratively for each
node. The result was the production of an Independent Set (IS).
We then asked whether the obtained IS was the MIS and sought
to determine whether the MIS would appear in the first try. We
implemented our heuristic algorithm in Mathematica as a STEM
(Science, Technology, Engineering, Mathematics) exercise (A
Framework for a Continuous STEM Program: Challenges,
Aspirations & Solutions, 2015).
MAXIMUM INDEPENDENT SET APPLICATIONS AND
METHODS OF SOLUTIONS
The MIS has a variety of applications including coding
theory and wireless communication (Butenko, 2003). In coding
theory, delivering the correct message is one of the most
challenging problems. It is a fundamental problem in
communication channel theory (Shannon & Weaver, 1963).

Fig. 1 One of the MIS of the graph is {𝑨, 𝑪}.

The problem of solving the MIS is studied from many
different perspectives [6, 7]. There are exact algorithms for some
special types of graphs. For example, Xiao and Nagamochi
introduced an exact algorithm to solve degree-5 graphs, and they
then generalized for the n-vertex graph (Xiao & Nagamochi,
2016). An evolutionary formulation was developed by Barbosa
and Campos (Barbosa & Campos, 2004). An optimal algorithm
was introduced for circular-arc graph by Masuda and Nakajima
(An OptimalAlgorithm for Finding a Maximum Independent Set
of a Circular-Arc Graph, 1988). Parallel algorithms are also
available for finding a near-MIS of a circle graph (Takefuji &
Chen, 1990). Divide and conquer is one of the techniques
applied to solve MIS problem (Fomin, Grandoni, & Kratsch,
2009; Snoeyink, 2007). Greedy algorithms are used to solve
MIS [14]. Recursive algorithms are also applied to solve MIS
(Robson, 1986). Additionally, there are exact algorithms to
solve MIS problem (Kneis, Langer, & Rossmanith, 2009).
In Table 1, general classifications of MIS algorithms are
listed. All MIS algorithms fall one of these categories.

There are effective error correcting methods to correct a
noisy message. Hamming distance is one of the well-known
error detection techniques (Null & Lobur, 2014). However, error
correction and detection adds extra costs to computation. Thus,
preventing error is the most efficient solution for delivering a
message.
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MIS Algorithm Classification
Brute Force Algorithms
Parallel Algorithms (Snoeyink, 2007)
Exact Algorithms (Nasiboglu,
Berberler, & Atilgan)

Definition
It examines every vertex in an order
It examines the nodes simultaneously
It gives exact solutions for specific graphs

Table 1. MIS solving methods

SORTING ALGORITHMS
Sorting is important in computing. Sorting algorithms could
be the main tool, such as in the use of Google search to extract
a relevant outcome. A sorting algorithms could also be used as
an additional tool to increase efficiency, as is often the case in
dating sites to make more appropriate matches. Some of the

most significant are Bubble Sort, Bi-Directional Bubble Sort,
Selection Sort, Shaker Sort, Insertion Sort, In-Place Merge Sort,
Double Storage Merge Sort, Comb Sort 11, Shell Sort, Heap
Sort, Quick Sort, Quick Sort with Bubble sort, Enhanced Quick
Sort, Fast Quick Sort, Radix Sort Algorithm, and Swap Sort
(Harrison & Boritz, 2002). In Table 2, more detailed information
is presented about these tools.

Sorting Method
Bubble Sort/Sinking Sort
Cocktail Shaker Sort/BiDirectional Bubble Sort

Key Idea
The algorithm compares the elements pairwise orders them.
The algorithm compares the first element with replacing greater value if it is
necessary to move to the end. When it reaches to the end moves smallest to the
beginning of the list.
The algorithm creates a sub list of sorted items from smallest to greatest.
Selection Sort
Sorts the list one at a time.
Insertion Sort
Merge sort is happening in the scratch list.
Merge Sort
It is improved version of bubble sort
Comb Sort
It is a comparison sort.
Shell Sort
This method divides sorted and unsorted lists and moves the largest of the
Heap Sort
unsorted elements to sorted list.
It divides the entire list to small lists.
Quick Sort
Sorting by digit values of integers
Radix Sort Algorithm
* where p is the number of increment.
** w is word size.

Complexity
O(n2)
O(n2)
O(n2)
O(n2)
O(n2)
Ω(n2/2p)*
O(nlog22n)
O(nlogn)
O(nlogn)
O(wn)**

Table 2.Sorting algorithms (Knuth, 1998).

TECHNIQUE AND OUTLINE OF THE OUR ALGORITHM
One of the brute force algorithms holds the first test vertex
and compares it with the second test vertex to find whether they
are connected. If they are not connected, the first and second test
nodes are saved. This test is applied for all of the other nodes in
the given graph. After all the nodes are tested, saved nodes are
called one of the Independent Sets (IS). This algorithm runs for
different orders of graphs to find the MIS. This algorithm
becomes computationally intensive very quickly with the
increment of the number of nodes and number of edges. We
asked that whether finding MIS is possible without finding all
independent sets.
In this study, we prepared a matrix of sets (Güldal, Baugh,
& Allehaibi, 2016). In these sets, we had two main parts: chosen
node and the adjacent nodes to the considered node as follows:
{𝐶ℎ𝑜𝑜𝑠𝑒𝑛 𝑁𝑜𝑑𝑒 , {𝐴𝑑𝑗𝑎𝑐𝑒𝑛𝑡 𝑁𝑜𝑑𝑒𝑠}}
The algorithm prepares the matrix of sets for the nodes that are
adjacent to considered node (See Fig. 3).
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Our algorithm orders the rows from the least connected node
to the most connected node. This increases the chance of finding
the MIS in the first trial. Our algorithm chooses the first node in
the ordered list and removes the adjacent nodes. The result of
these eliminations is that the next nodes will not be adjacent.
Next, the algorithm proceeds in choosing the nodes in the first
available node after eliminating the adjacent nodes. When the
algorithm reaches the end of the matrix, an IS is found. Finally,
the algorithm checks the result to determine whether the
proposed independent set has the same length as the result of
Mathematica’s built in function. In the case that the length of the
independent set is not equal to the real MIS, the result counts as
wrong. We repeat this process 10,000 times. A more detailed
analysis is presented below.
To demonstrate our method, consider a graph that has ten
nodes as shown in Fig. 2. Initially, the matrix of adjacent nodes
sets is prepared. The considered node is in the first column and
adjacent nodes are in the second column. From this it can be seen
that a node labeled as 1 is adjacent to nodes labeled as 2 and 10.
Accordingly, the complete matrix will be similar to the matrix
representation that is shown in Fig. 3.

after they are chosen. Finally, the length of the independent set
is tested with the MIS found by Mathematica. For this particular
graph, the MIS found by Mathematica, is {6,1,9,7,8,5} which
has the same size as that found by our algorithm {8,9,5,6,1,7}.
8
9
5
6
3
1
10
4
(7
Fig. 2 Graph of 10 random nodes

1
2
3
4
5
6
7
8
9
(10

{2,10}
{1,9,7,8}
{6,5}
{9,7,5}
{3,4}
{3,10}
{10,2,4}
{2}
{2,4}
{6,1,7} )

Fig. 3 Matrix of sets for the given graph in Fig. 2.

First, the algorithm reorders the matrix of sets from the least
connected to the most connected. In Fig. 4, node 8 is only
adjacent to node 2, so that is listed first.
8
9
5
6
3
1
10
4
7
(2

{2}
{2,4}
{3,4}
{3,10}
{6,5}
{10,2}
{6,1,7}
{9,7,5}
{10,2,4}
{1,9,7,8})

Fig. 4 Ordered sets from least connected to the most connected of
Fig. 3.

In the second step, the iteration starts. The algorithm works
for node number 8 and deletes the adjacent row, 2, which is the
last row. The result is a matrix of reduced sets in Fig. 5. The
algorithm continues with the next available node, number 9, and
eliminates the adjacent nodes, here node 4 (See Fig. 6). The third
vertex is number 5. Vertex number 5 is adjacent to vertex
number 3. Thus the algorithm removes it (See Fig. 7). The
fourth vertex is vertex 6 is chosen. It is adjacent to vertex 3 and
10. Vertex 10 is removed (See Fig. 8). The last two nodes are
not adjacent to any existing nodes. Thus, the algorithm will stop

{2}
{2,4}
{3,4}
{3,10}
{6,5}
{10,2}
{6,1,7}
{9,7,5}
{10,2,4})

Fig. 5 Node number 2 is deleted since it is adjacent to vertex
number 8

8
9
5
6
3
1
10
(7

{2}
{2,4}
{3,4}
{3,10}
{6,5}
{10,2}
{6,1,7}
{10,2,4})

Fig. 6 Node number 4 is deleted since it is adjacent to vertex
number 9

8
9
5
6
1
10
(7

{2}
{2,4}
{3,4}
{3,10}
{10,2}
{6,1,7}
{10,2,4})

Fig. 7 Node number 3 is deleted since it is adjacent to vertex
number 5

8
9
5
6
1
(7

{2}
{2,4}
{3,4}
{3,10}
{10,2}
{10,2,4})

Fig. 8 Node number 10 is deleted since it is adjacent to vertex
number 6

This method is computationally expensive. However,
ordering from most connected to less connected will remove
more adjacent nodes. Thus, the calculation would be more
efficient. By this method, the complement of the MIS could be
found. We will explore on this problem in a future study.
RESULT AND DISCUSSION
We have run simulations for different graphs, such as
randomly generated graphs and well-known graphs. Our first
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test is simulating the algorithm 10,000 times for different
numbers of nodes and edges. In Fig. 9, we show the graphs that
have 10 to 50 nodes for different numbers of edges. Graphs of
10 nodes mostly produce the MIS on the first try regardless of
the number of edges. Over 130 edges, the ordered set will most
probably give the MIS set. Graphs of 20 nodes show similar
behavior as the 10 nodes graphs. However, wrong answer rates

9281 Right
729 Wrong
10 nodes and 10 edges

are increasing while graphs evolve from the graph which has the
least number of edges to the complete graph. With graphs of 30
and more nodes, the number of wrong answer passes the number
of right answers.

8421 Right

8218 Right

9527 Right

9940 Right

1579 Wrong

1782 Wrong

473 Wrong

60 Wrong

10 nodes and 40 edges

10 nodes and 70 edges

10 nodes and 100 edges

10 nodes and 130 edges

9720 Right

6279 Right

6506 Right

9575 Right

9992 Right

280 Wrong

3721 Wrong

3494 Wrong

425 Wrong

8 Wrong

20 nodes and 10 edges

20 nodes and 200 edges

20 nodes and 400 edges

20 nodes and 600 edges

20 nodes and 800 edges

9898 Right

4365 Right

6615 Right

6126 Right

9611 Right

102 Wrong

5635 Wrong

3385 Wrong

3874 Wrong

389 Wrong

30 nodes and 10 edges

30 nodes and 400 edges

30 nodes and 800 edges 30 nodes and 1200 edges 30 nodes and 1600 edges

9960 Right

3061 Right

3925 Right

5914 Right

7302 Right

40 Wrong

6939 Wrong

6075 Wrong

4086 Wrong

2698 Wrong

40 nodes and 10 edges

40 nodes and 640 edges 40 nodes and 1280 edges 40 nodes and 1920 edges 40 nodes and 2580 edges

9985 Right

2907 Right

6411 Right

7932 Right

9957 Right

15 Wrong

7093 Wrong

3589 Wrong

2068 Wrong

43 Wrong

50 nodes and 10 edges

50 nodes and 1500 edges 50 nodes and 3000 edges 50 nodes and 4500 edges 50 nodes and 6000 edges

Fig. 9. Effects of number of edges and nodes to find the MIS in the first attempt

In the following analysis, we will provide more details so
that it can be seen how the number of edges affect the finding of
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the MIS. Our analysis shows that the number of edges has
significant effect on the finding of the MIS by the first trial. For

the 10 nodes graph, the incremental of number of edges
increases the wrong answer until it reaches a certain number of
edges (See Fig. 10). After this period is passed, the number of
right answers increases as the graphs approximate the complete
graph whose maximum independence number is 1. In Fig. 10, it
can be seen that the MIS of a graph that has 10 nodes can be
calculated by first trial regardless of the number of edges.

Amount of Rgiht/Wrong answers

Number of Nodes is 30

Amount of Rgiht/Wrong answers

Number of Nodes is 10
10000
8000

10000
8000
6000
4000
2000
0
0

500

1000

1500

2000

Number of Edges

6000
Number of Right Answers
4000

Number of Wrong Answers

2000

Fig. 12. Effect of number of edges for the 30 nodes graph.

0
0

50

100

150

Number of Edges

Number of Nodes is 40
Amount of Rgiht/Wrong answers

Number of Right Answers
Number of Wrong Answers

Fig. 10. Effect of number of edges for the 10 nodes graph.

For 20 nodes graphs, the number of wrong answers
increases but they still give more right answers than wrong
answers (See Fig. 11). Thus, increasing the number of nodes
dramatically reduces the probability of finding MIS.

10000
8000
6000
4000
2000
0
0

2000

3000

4000

Number of Edges

Number of Nodes is 20

Number of Right Answers

10000

Number of Wrong Answers

8000

Fig. 13. Effect of number of edges for the 40 nodes graph.

6000
4000

Number of Nodes is 50

2000
0
0

200

400

600

800

Number of Edges
Number of Right Answers
Number of Wrong Answers

Fig. 11. Effect of number of edges for the 20 nodes graph.

On the other hand, graphs of 30-50 nodes give more wrong
answers than right answers. For example, 30 nodes graphs give
more wrong answer for 300 edges (See Fig. 12). Similar
behavior is observed for 40 and 50 nodes as shown in Fig. 13
and Fig. 14.

Amount of Rgiht/Wrong answers

Amount of Rgiht/Wrong answers

1000

10000
8000
6000
4000
2000
0
0

2000

4000

6000

Number of Edges
Number of Right Answers
Number of Wrong Answers

Fig. 14. Effect of number of edges for the 50 nodes graph.
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In addition to randomly generated graphs, we have tested for
some well-known graphs. We chose the Pappus graph, Double
Star Snark, Cubical graph, and Icosahedral graph as shown in

Ordering works for
Pappus Graph

Table 3. Special graphs are tested for finding MIS by first trial
Ordering does not work for
Ordering works for Cubical
Double Star Snark
Graph

CONCLUSION
We have asked whether ordering the nodes from least
connected to the most connected can produce a Maximum
Independent Set. In this paper, we have demonstrated the
answer is in the affirmative. The implementation is done in
Mathematica as a STEM exercise.
We implemented our heuristic in the Wolfram Mathematica
package by ordering the nodes from the least connected to most
connected. In every trial, we produced some solutions. We
noticed that for graphs with less than 20 nodes, our ordering
scheme generally produced an answer in the first trial.
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APPENDIX
A. IMPLEMENTATION OF THE ALGORITHM
repeat=10000; (*Number of trials*)
numberofNodes=10; (*N number of nodes*)
numberofConnections=20; (*E number of edges*)
right=0; (*Right answers*)
wrong=0; (*Wrong answers*)
For[repeatation=1,repeatation<=repeat,repeatation++,
(*Define random graph*)
connectivity=Table[RandomInteger[{1,numberofNodes}]<->
RandomInteger[{1,numberofNodes}],{i,numberofConnections}];
graph=Graph[connectivity,VertexLabels->"Name"];
independentSet=FindIndependentVertexSet[graph];
nodes=Sort@VertexList[graph];
set=Table[{i,AdjacencyList[graph,i]},{i,nodes}];
orderedSet=set[[Ordering[set[[All,2]]]]];
testSet=orderedSet;
For[i=1,i<= Length[testSet],i++,
(*Remove the adjacent nodes*)
Table[pos=Position[testSet[[All,1]],j];testSet=Delete[testSet,pos];,{j,testSet[[i,2]]}]
;
If[Length@testSet==i,
is=testSet[[All,1]];(*is stands for Independent Set*)
If[Length@is==Length@FindIndependentVertexSet[graph][[1]],right++,wrong++];
];
];
];
Print[numberofNodes, " nodes and ", numberofConnections,
" edges \n", "Right = ", right, " and Wrong = ", wrong ];
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ABSTRACT
Big Data technologies have started dominating in
modern computing, and appear to be one of the answers for
modern information overload and processing excessive
amounts of live, socially and sensor generated data. There
are a few solutions for managing Big Data, but the Hadoop
ecosystem dominates the current market for many reasons.
In this paper, we show our experiments of creating and
running a Hadoop software application and critically
evaluate the results obtained. We focus on the complexity
and versatility of the Hadoop platform and its configurations
and the role it may have in managing Big Data. The
efficiency of Hadoop is illustrated through a particular
scenario of answering important questions public health
organizations may have, if they wish to process live and user
generated data for their decision making. The contribution of
this research is twofold. We give an insight into Hadoop’s
complexity in terms of highlighting what any organization
may expect from processing Big Data through Hadoop; and
put forward our concerns regarding the role the technology
may have in future.

INTRODUCTION
Big Data and Hadoop have come of age. There has been
such a buzz surrounding the hype of Big data and most of the
promises of using Big Data technologies are focused on
reducing costs, improving the efficiency of businesses and
making better business strategies. However, one of the most
important problems Big Data technologies try to address is
information and data overload, making sense of
heterogeneous data and accessing and processing live and
user generated data. In this paper we do not challenge all
these opportunities, which arose with Big Data technologies,
and neither do we wish to push to the other extreme and
claim that the hype around it has not materialized in terms of
the maturity and widespread use of it. We wish to evaluate
Hadoop, as one of the widely used Big Data platforms in
terms of its efficiency when creating applications with it. The
reasons are numerous, but they are mostly related to
(a) Hadoop’s powerful mechanism of processing
enormous amounts of data and the impact of
MapReduce on it
(b) possibility of connecting to and storing live and user
generated data, which can be processed as we
require.
There is no related work for this paper. We have
developed our own criteria for evaluating Hadoop as a
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consequence of learning about its powerful components
while trying to create a Hadoop application. Our hypothesis
that Hadoop will be easy to configure, but will not be able to
process collected data the way we would like to process them
and according to questions which are expected to be
answered by Hadoop, was wrong. The outcome of the
Hadoop evaluation proved the opposite: it was extremely
difficult to configure it, but Hadoop’s efficiency in using
MapReduce and SQL like queries for processing
heterogeneous live data was remarkable.
In order to illustrate our evaluation, we place the
Hadoop application in the domain of Public Healthcare
Organizations, (PHO) which must collect live social media
data in order to make informed decisions for protecting
public health. We focus on Twitter data and information
related to the spread of the ZIKA virus for two reasons:
(i)
it was a very “hot” topic, just before the Summer
2016 Olympics in Brazil and Twitter was bursting
with interesting and important information which
attracted out attention, and
(ii)
we have already investigated if Hadoop could have
replaced our manual content analysis of collected
tweets in order to assess if we can control the spread
of the ZIKA virus more successfully by
disseminating important information on Twitter
(Juric et al., 2017).
Readers interested in the evaluation of Hadoop, which has
been performed by various companies from the industry,
should be aware of biased information, which is very often
associated with the evidence on Hadoop’s power given by its
commercial distributors. There is one interesting white paper
(Loshin and Reifer, 2016) which does emphasize the
challenges of using Hadoop, but this is based on a survey and
questions in the evaluation are focused on Hadoop’s
adoption,
experience,
technical
requirements
and
environment where it is used. Our evaluation is based on
own experiences of using the technology and the problems
we faced, which
• could not have been predicted,
• were not known at the time when we started working
with Hadoop and
• were not systematically documented anywhere.
Developers who just started using Hadoop, companies
which could be dependent on the processing of live and user
generated data and researchers from the domain of Big Data
technologies would all benefit from the result of our
evaluation. It remains to be seen if our output would reach
the Apache corporation and Hadoop’s commercial
distributors.

The paper is organized as follows. In the next subsection
we write down all our concerns about Hadoop from the
perspective of traditional software engineering. We will
have to address these concerns after performing the Hadoop
evaluation. In the next section we set up a scene for
developing Hadoop’s application and create a set of
requirements which will determine which Hadoop
components would be of interest to us, and which questions
we will expect Hadoop to answer. Our evaluation has two
steps. In the first one we evaluate Hadoop’s configuration by
listing and describing problems we encountered. In the
second step we look at the problems associated with
FLUME’s configuration and live data collection. Comments
on the results of our evaluations are in Conclusions.
Concern Hadoop from Software Developer’s Perspective
These are concerns we listed prior to the deployment of
Hadoop’s ecosystem and creation of Hadoop’s application.
They are listed in the form of questions we initially could not
answer.
Where is a process or method, which can guide us and
give explanations on how to use Hadoop? Where is the
rationale behind Hadoop’s configuration for a particular
Application? Having a freely available ecosystem does not
imply that all Hadoop’s components have to be used in all
applications. How do we decide which Hadoop component
to use? Do we have enough information in Hadoop tutorials
on the Apache official website in order to handle Hadoop’s
configuration and create Hadoop’s application, which will in
turn answer any question an organization may have? How
efficient can Hadoop be in various situations where
companies are focused on “questions” which are supposed to
be answered by Hadoop?
If we agree that Hadoop is extremely efficient when
manipulating excessive amounts of data, do we see any
drawback in Hadoop’s operations and computations, when
comparing them to our traditional data management
technologies and techniques? Are they comparable? Finally,
MapReduce algorithm is extremely important in Hadoop and
irreplaceable when looking at the management of jobs,
schedules and queries. Do we find clearly explained the role
of MapReduce, do we know in which situations it becomes
crucial when manipulating data with Hadoop and how it
affects the performance of our queries. We know that
MapReduce in Hadoop can successfully produce the result of
counting anything from our domain of interest. However, is
this counting the only means of computations produced by
the platform? Can solely counting (according to our specified
criteria!) produce results, which will answer our company’s
questions?
Finally, Hadoop is 10 years old. Is it a mature
technology?
Our evaluation should tackle and potentially address all
of these concerns.

SETTING UP THE SCENE
Defining the Scenario and Questions for Public Health
Organization
We place our scenario in the environment, which can be
of interest to any PHO and we focus on the specific problem
of controlling the spread of the ZIKA virus across the world
in the first half of 2016. The same scenario has been used in
(Juric et al., 2017), where we manually collected relevant
tweets and performed their manual content analysis. The
purpose of that exercise (Juric et al., 2017) was similar to the
one in this paper. However, they significantly differ in the
way we evaluate Hadoop. In (Juric et al., 2017) the
efficiency of Hadoop was compared to the result of manual
content analysis of the collected tweets.
The main question we asked and expected to have
answered by Hadoop during this research is below:
“We wanted to know if the processing of live
social media data, and twitter data in particular, can
help any PHO to make better decisions on the
management of the spread of the ZIKA virus”.
This question above seems rather broad. However,
similar questions have been asked many times in the last 2-3
years, particularly in situations where health issues appeared
to become global and when many PHOs were accused of not
doing their job in protecting public health (Everiss et al.,
2015) (Juric et al., 2015). In 2014 and 2015 many PHO were
accused of not disseminating healthcare information
efficiently and not doing enough in order to stop the spread
of diseases, such as e-bola (Juric et al., 2015). Live data and
Twitter data in particular proved to be a valuable source of
information which can be easily collected and analyzed in
many domains of interest (Juric et al., 2014) (Pettai et al.,
2015). The amount of live data we can collect at the time of
health-scares is enormous. It can grow towards Giga and
Terra bytes. It often contains valuable information and is
obviously an ideal source of data to be processed through
Hadoop. Therefore in this research it was expected that there
will be sufficient amount of tweets related to the ZIKA virus,
in which valuable information on its spread could help any
PHO to make more informed decisions on how to act in
order to protect the population from the virus. Ultimately,
Hadoop is expected to do both: process live tweets efficiently
and answer the question above. Consequently, we were
supposed to find out if Twitter data could have helped in the
global health management and the containment of the spread
of ZIKA virus.
Choosing Hadoop’s Components
How do we move from the question above to
configuring Hadoop and creating a software application?
How do we start collecting Twitter data, processing it and
answering the question above? The choice we made was
intuitive, because there was no other!
1) Choose the Hadoop distributor. We arbitrarily chose
Cloudera without knowing whether it dominates the
market or not, because Google selected Cloudera as the
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most relevant result of our search for Hadoop
distributor!
2) Use Cloudera for configuring Hadoop, by following
Cloudera’s instruction.
3) Use HIVE for SQL queries because the question above
could be answered through SQL like queries (Juric et al.,
2017) (Panneerselvam et al., 2016).
4) Use FLUME for live collection of Twitter data because
we will need to have access to live and user generated
data.
Consequently, our question above and our previous research
on collecting and using user generated data were the only
criteria for deciding about steps 1)-4) above. In other words
they determine that we will configure Hadoop through
Cloudera, use HIVE within it and configure and use
FLUME. Therefore our evaluation of Hadoop’s efficiency
has been done through
(A) the evaluation of the process of configuring Hadoop’s
components and problems we experienced and
(B) assessing if Hadoop could answer our question from the
previous page.
It is important to note that the number of problems we
encountered when performing (A) was high and unexpected,
but performing (B) revealed the capability of Hadoop’s
components to perform SQL-like commands on textual
formats of data, while almost completely answering the
question. Therefore the powerful mechanism of Hadoop in
(B) deserved more attention, and has been explained in a
separate publication (Panneerselvam et al., 2016).
STEP 1 IN EVALUATION: CONFIGURING HADOOP
In this section, we assess the complexity of Hadoop’s
configuration by focusing on the level the complexity of the
technology. Hadoop does not come as a “row” software
platform. It is assumed that we should use commercial
organizations which distribute Hadoop and which in turn
make its configuration either more user friendly or
automated. In our case, Cloudera did help. We could find
most of Hadoop’s components available within the Cloudera
platform and therefore HBASE, Impala, Spark, HDFS, HIVE
have been configured for us. We could automatically use a
user friendly API, named HUE, after downloading Cloudera.
FLUME was an exception: it had to be downloaded if we
wished to use it with live data.
The steps we performed and extracted from Cloudera,
which enabled us to work with Hadoop are:
1.Download quickstart Virtual Machine (VM): Cloudera
quickstart VM is available at
http://www.cloudera.com/downloads/quickstart_vms/58.html
2. After launching Cloudera quickstart vm, we can find
various services and utilities provided by Cloudera within the
browser.
3. CENTOS operating system has been used within
Cloudera and most of our commands were issued within a
Terminal.

50

However, the start with Hadoop through Cloudera was
not as smooth as one might have hoped, for many reasons.
Our selection of problems are listed as Problem 1 - Problem
5 and our answers to them are attached to each problem. Our
full scale of problems, their examples and our answers to
them are available upon request.
Problem 1: What should we store in HDFS
If HDFS can store any format of data and contain any
Data Type, and if we knew that we would need an SQL like
queries at the end of data processing, in order to answer the
question, then how should we decide upon “which data type
would be the most suitable to store in HDFS”? Not all data
types can be retrieved with SQL like queries. In other words,
if we knew that we would have to perform SQL like queries,
how do we know that they will be feasible, regardless of the
format in which data is stored in HDFS?
The answer to this problem is difficult to obtain. There
is no exact information within Apache tutorials, which could
help us to be confident while storing data in HDFS.
Therefore we used common sense. If information in HDFS
must be explicitly available and if we can use .txt formats in
HDFS whenever we need to create a schema for SQL
queries, then HDFS will be of enormous value for running
SQL like queries. In our experiments we were sometimes
lucky because we fed HDFS files with .xsl format which can
easily be converted in .txt and therefore we knew that we
would be able to perform SQL queries (Juric et al., 2017).
However, what about storing picture or video formats and
messages from Facebook? There is NO advice on “the most
suitable format” which can be stored in HDFS in any
tutorials or forums.
Problem 2: Will HADOOP’s Distributor Have Impact on
or Affect the Efficiency of Hadoop
In our experiments, inserting any data into HDFS has
always been done through the CENTOS and therefore the
efficiency of these commands is not always the responsibility
of Hadoop technology. For example, we had to conform to
Claudera’s rules on how to insert data into HDFS. The tool
(Cloudera) is in charge! This means that sometimes it was
impossible to find out if the problem we encountered was
triggered by Cloudera or Hadoop. It was very often “hidden”
and “masked”, which delayed our process of finding the right
solution to our problems. However, on the other side,
Cloudera’s API helped us to locate folders and files for
running SQL queries, which were frequently “missing”. For
example: when we declared in FLUME that “Sink is HDFS”,
it is natural to expect that the content of Sink has been moved
to HDFS and then we can operate upon HDFS! However this
does not necessarily happen. Sometimes, the creation of an
EXTERNAL table upon HDFS data, in order to run SQL like
queries, has revealed that the “table” was empty! With the
help of HUE we could manually drag and drop the content of
SINK into HDFS and carry on with the queries. We could
not figure out exactly why this happened and we could not
understand how Cloudera decides upon the location where

data form the SINK will be stored. Fortunately HUE and its
interfaces did help us to deal efficiently with the way
Cloudera works, without issuing CENTOS commands in the
Terminal. It also helped us to allocate missing data and store
it in the right place. There is no automation there: the
process was manual.
This discovery was disappointing. Hadoop’s philosophy
is that data must be always stored in a correct FOLDER of
the HDFS and this has not been followed by Cloudera.
Forums did not have any viable information. We were
simply lucky that our manual move of the SINK data into
HDFS data worked and we could continue with SQL like
queries. We do not know how the same process can be
automated.
Problem 3: What do we Have to Know about HIVE and
HDFS?
If we knew that we would have to use SQL like
commands, how should we prepare HIVE for them? We have
to expect that we will be able to create a schema, tables with
attributes and unique identifiers, as in any relational database
technology. This information should be available rather
early when preparing data for Hadoop’s processing. The
Apache documentation does provide information on that, but
it is not very precise. The definition of SCHEMA has been
given, but if we do not include EXTERNAL TABLE
parameter, than the data stored within the HDFS will not be
visible from HIVE and we will not have data available for
SQL like queries. Such an important information should be
explicit within the documentation on the formal Apache
website. The only information we find there is that TABLES
created without EXTERNAL parameter will be managed by
HIVE, which adds to the confusion. How do we know “what
is visible from HIVE and why”? What would the meaning of
the statement “table will be managed” be in our case? Does
it mean that we can add data to HIVE and avoid HDFS? This
is not good. One of the most important features of Hadoop is
its powerful storage, which can successfully store any
amount and any type of data. Why should we be encouraged
to avoid using HDFS?
To add to this discussion, we have to emphasize that we
used HIVE managed tables when we were feeding HDFS
with .xsl files, converted into textual format, but had to have
CREATE EXTERNAL TABLE when feeding HDFS with
live data through Flume. We just guessed how to create
schema for HIVE. Not distinguishing on time that there is a
difference on the way schemas are created, might jeopardize
the whole data processing in Hadoop if we depend solely on
SQL like commands. Every traditional data processing
developer would object to this.
Problem 4: Manually Feeding HDFS
When manually feeding HDFS we had to conform to
Cloudera and use its operating system and execute command
[cloudera@quckstart~]$hdfs dfs
The lessons we learned in these cases are:

•

•

•

After executing the command above we did not receive
any acknowledgement from CENTOS that the data has
been copied into HDFS. We had to assume that this is
true.
There were error messages generated by Cloudera’s
operating environment, which were supposed to be
IGNORED by developers. There were promises found
in tutorials that these errors might be addressed in newer
version of Cloudera. We found no evidence that this had
happened.
Finally the problems with delimiters which have been
used in the manual creation of .xsl file which fed HDSF
also caused delays in configuring Hadoop. There was no
warning in Cloudera or in Apache documentation that
the delimiter we used (“:”) in collected tweets, when
coping them from .xsl file into HDFS, is not in the list of
symbols which can be used for that purpose. We had to
go back to the stage of tweet collection and then
“invent” another delimiter in order to have meaningful
information in HDFS. We agree that these types of
problems might be expected whenever you use a
delimiter, but is it not too late for any developer to learn
that delimiter is wrong, just before you want to create a
schema and run SQL queries?

Problem 5: MapReduce
The role of MapReduce in Hadoop is of extreme
importance. It was easy to learn it (outside the Apache
corporation tutorials) and it is always emphasized that the
algorithm is being used in Hadoop for “counting” enormous
amounts of data.
However MapReduce in Hadoop exceeds this role and it
is being used for scheduling and “preparations” of data for
SQL retrievals. From that perspective, it was almost
impossible to learn in advance when and how MapReduce is
used. We choose to emphasize the following issues, which
are never highlighted in the tutorials, but may be extremely
important for understanding how Hadoop and MapReduce
work together.
Before we explain the problem, it is important to know
how to describe the connection between HIVE (which is an
engine) and Hadoop (which is an environment/platform).
The
diagram
shown
at
https://cwiki.apache.org/confluence/display/Hive/Design
is very important to learn. It shows two things: the flow of
query execution and the role of MapReduce
However, one of the most important things is that NOT
all queries will require MapReduce to be activated. The
main reason is that queries could be significantly different
and could carry DDL and DML commands. DDL commands
like CREATE TABLE will not require MapReduce. It will
need to update META DATA relevant to HIVE engine and
queries. This information is not available in any online
tutorial. Neither is the diagram above clear about the role of
MapReduce.
Finally there are two additional aspects of query
execution with HIVE.
Not all jobs available in the
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execution plan (triggered by our need to execute an SQL
statement) are the same: some of them will be MapReduce
jobs, some of them will read/write to HDFS and some of
them will be a metadata operation (like DDL commands).
We were not aware of this before we started using
HIVE!
We also could not learn that MapReduce jobs, are
mainly launched by HIVE, for the operations like data
filtering, data aggregation(min, max, avg), join/products and
intersection of tables, sorting and similar. Therefore it
appears unlikely that you will ever be able to avoid
MapReduce if you have DML SQL statements, but
MapReduce will not be activated for Select * from TAB
commands.
This level and nature of MapReduce involvement in
Hadoop was found on various forums after dedicated
searches. We needed this information desperately. Running
SQL like statements in Hadoop, without understanding the
role of MapReduce in Hadoop, might have a negative impact
on the way we process data in Hadoop.
STEP 2 IN EVVALUATION: CONFIGURING FLUME
Apache FLUME is a powerful component, which can
connect with external sources, collect data from them and
store it into any centralized data store like HDFS and HBase.
Flume produces the steady flow between the HDFS and the
external data source such as twitter, when the incoming data
exceeds the rate.
However, FLUME’s configuration has also been
problematic.
Problem 6: Separation of Concerns
The flume configuration file contains a filtering
mechanisms for tweets, which means that if we wished to
filter tweets in order to get only relevant tweets we will have
to use the FLUME configuration file. Therefore this file
does “two things in one go”: configures the FLUME and
filters the tweets. This is not a very desirable solution for
any type of configurations we performed in software
engineering.
For decades, our practices of following
software engineering principles were focused on
AVOIDING situations, which do not promote “separation of
concerns”. However, our live data collection might be one
of the reasons why this trade-off makes sense: we really
might NO SEPARATION of concern in this case? We have
not found any debate on this problem on any forum.
Problem 7: FLUME Configuration file
The steps in the FLUME configurations have been
extracted from FLUME Tutorial and have been followed in
this order, which was available in Apache FLUME
documentation:
1) Create
a
twitter
application
available
at
https://apps.twitter.com/ and generate consumer key,
consumer secret, access token, access token secret in
twitter streaming API. These are essential information
for creating FLUME configuration file.
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2) Download
apache
FLUME
available
at
https://flume.apache.org/download.html
3) Extract the folders available during download (CONF,
BIN, LIB). These folders will be used for storing files
essential in configuring FLUME. For example in CONF
folder we will store our new configuration file which has
to be named flume.conf. This means that we were
actually given a template for creating our .conf file.
4) Customize the FLUME configuration file (flume.conf)
by creating a FLUME agent which includes source, sink
and channel. In our scenario, source could be
twittersource, sink is Hadoop Distributed File System
(HDFS) and channel selected is memory channel.
In our scenario, FLUME source is able to collect the
events from the twitter. Both external source (twitter) and
flume source have the same format. Channel is the temporary
repository in which all the events are stored. Channel keeps
the events until they are consumed by the sink. The sink
removes the event from the channel and store it into the
repository like HDFS.
The customized lines in the configuration file for
FLUME are not difficult to make but we experienced a new
set of problems. The worst one was that the template, which
can be used to create a .conf file for FLUME, available on
the Apache website, was extremely basic and lacked any
meaningful information to make it sufficient in creating a
working version of the conf file. Therefore, we could not use
it. Apache tutorials assumed that the developers are
extremely familiar with the way files are created across
FLUME and we assumed that only high skilled developers
are able to follow Apache templates! Our only solution was
to explore forums and find out if someone could help us to
create a functional .conf file.
Another important information which was needed in
conf
file
was
related
to
the
pathway
for
TwitterAgent.sinks.HDFS.hdfs.path.
This pathway was
simply incorrect in the template. However, after additional
searches we have found out in the Apache documentation
that the correct pathway. Hwy the documentation has not
been updated?
Problem 8: Repairing flume-source snapshot.jar file
We have experienced problems in understanding which
libraries in FLUME have to be updated and WHY. For
example we were supposed to look at the folder named LIB,
because it will have to contain another important file named
flume-source snapshot.jar. The documentation is very clear
on explaining why we need that file, but we were not given
any help for creating it. There is a pre-built .jar file available
in the documentation but it did not work! Therefore the only
solution was to find advise on forums in order to create
flume-source snapshot.jar which would work.
It is interesting to note that the advice on how to build
flume-source snapshot.jar available on forums contained
instructions on how to use MAVEN project, which is in the
ownership of Apache foundation, but NOT mentioned in the

FLUME documentation! It appears that instead of creating a
valid flume-source snapshot.jar file, the Apache foundation
created a project, which may repair all the faults, which exist
when using Hadoop’s components.
This would not be the first time that we experienced the
situation where Apache corporation does not update the
software it offers.
In other words the flume-source
snapshot.jar for FLUME was not updated and had to be
“repaired” by building a new jar file, which is listed in the
steps below. It is important to repeat that no instructions
were provided by Apache corporation and the solution which
would guarantee a functional configuration file was extracted
from forums and GITHUB.
To build the custom FLUME source by Apache
MAVEN project would require to download the project from
Apache website. For building the jar file, following
commands are used in terminal.
$cd flume-sources
$mvn package
$cd..
Problem 9: Do we have Java Runtime Environment?
Java Run Time Environment is needed! How do we find
out this requirement on time?
In one of our experiments, we run one of our Hadoop
configuration on a brand new Windows machine which did
not have Java Run Time Environment. After Cloudera and
Hadoop installation and after adding FLUME’s configuration
we have obviously been more than half way through the
development of our Hadoop application, which will execute
SQL like queries. Only after running these queries and
finding the clear message “JAVA CLASS NOT FOUND” we
suspected that Java Run Time Environment is either needed
or missing. We did try to open all JAR files in Cloudera to
check if the missing file is stored somewhere there, but
Cloudera did not allow us to see which java class was
missing.
Information on FLUME does contain the
requirement on Java Run Time Environment!
Why was this requirement omitted from Cloudera? We
agree that FLUME is somehow separate from Hadoop’s
configuration, at least if we use Cloudera, because you do not
necessarily download FLUME when using Hadoop
ecosystem in Cloudera. However, such an important
information must be available at the beginning of Hadoop’s
configuration whichever component is going to be used.
PREPARATION FOR RUNNING SQL LIKE
QUERIES: DEFINITION OF EXTERNAL TABLE
JSON Validator
The collected tweets though FLUME are still not ready
for running SQL like commands upon them. We are
receiving the tweets in JSON format, and therefore we need a
validator which will help us to define a CREATE TABLE
statement before we start running SQL like commands.
JSON validator can convert the raw JSON data into

understandable format for developers in order to “see”
attributes, which will constitute the table definition. The idea
here is to copy just one tweet into the JSON validator, which
in turn will clearly display the structure of the tweet. This
structure is not easily visible from the JSON format and
therefore the validator is essential for knowing exactly which
attributes CREATE command will contain.
Creating the Schema
We have to have a create schema statement in HIVE
which has the same purpose as a CREATE command in
relational databases. Steps to creating HIVE table for the
collected datasets are listed below.
1) Start Hive Beeline using Hive command

beeline -u jdbc:hive2://
2) Add hive-serdes-1.0-SNAPSHOT.jar file which helps
hive to understand the JSON format.

3) Add JAR /home/cloudera/Downloads/apache-hive-2.1.0bin/lib/hive-serdes-1.0-SNAPSHOT.jar;
Our CREATE command is given below:
Create the external table using CREATE command
CREATE EXTERNAL TABLE tweets (
id BIGINT,
created_at STRING,
source STRING,
favorited BOOLEAN,
retweet_count INT,
retweeted_status STRUCT<
text:STRING,
user:STRUCT<screen_name:STRING,name:STRING>
>,
entities STRUCT<
urls:ARRAY<STRUCT<expanded_url:STRING>>,
user_mentions:ARRAY<STRUCT<screen_name:STRI
NG,name:STRING>>,
hashtags:ARRAY<STRUCT<text:STRING>>>,
text STRING,
user STRUCT<
screen_name:STRING,
name:STRING,
friends_count:INT,
followers_count:INT,
statuses_count:INT,
verified:BOOLEAN,
utc_offset:INT,
time_zone:STRING>,
in_reply_to_screen_name STRING )
ROW FORMAT SERDE
'com.cloudera.hive.serde.JSONSerDe'
LOCATION '/user/flume/ktweets/2016/08/31/13';
The problems appeared in Step 2. We had to download
the hive-serdes-1.0-SNAPSHOT.jar file, which appeared to
be faulty and needed to be repaired. The obvious step at this
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stage is to consult the MAVEN project again, hoping that it
will give information for repairing the file. We were lucky.
We were able to build a new hive-serdes-1.0-SNAPSHOT.jar
file from the MAVEN project, which worked. It is important
to note that the content of CREATE TABLE command in
this paper has been typed-in. These commands are actually
run on the Cloudera Terminal, which means that it was
impossible to take a screen shot of the whole command.
Finally we need an extra command to be entered within
CLOUDERA terminal which will connect HDFS where
tweets are visible, to HIVE, where SQL queries will be run.
The CREATE EXTERNAL TABLE command acts as
template, which creates only schema of the data, but data
itself is not stored in that table. After running the command
LOAD DATA, the twitter data is expected to be stored in
HIVE and SQL can start running.
This was only our wishful thinking! It has become
obvious when we were trying to trace exactly where filtered
twitter are stored, that they were not in HDFS but in
CLOUDERA folders. This means that we had to take into
account that Hadoop’s distributors take the liberty of storing
live data at their own discretion, which questions the role of
HDFS as one of the most important features of Hadoop.
CONCLUSIONS
Possible Answers to Questions from Developers
In this section, we try to answer our intuitive questions
from the Introduction which concern Hadoop’s configuration
and use.
Where is a process or method which can guide us and
give explanations on how to use Hadoop? This is very
difficult to learn from Apache tutorials and we had to follow
Cloudera advise and Hortonworks community connection,
which also gives a useful source of knowledge for Hadoop
developers. This source www.tutorialspoint.com/Hadoop is
also good for learning about Hadoop’s configuration.
Where is a rationale behind Hadoop’s configuration for
a particular Application? We have learned that it is difficult
to choose a right tool for the right job and to choose right
Hadoop’s component for the right task! Has Cloudera
influenced us? Possibly, but very often we had to embark on
checking numerous forums, blogs and even MOOC courses
to address this question.
Do we have enough information available in official
Apache Tutorials in order to handle Hadoop’s configuration
and execute commands which will answer the questions? The
answer here is NO! There was NO help for Hadoop’s
configuration which could guarantee that there will be am
answer to our question when using Hadoop. Hadoop’s
founders might have disagreed with our request, but at least a
few examples, on their official website, could have helped us
to create a customized process of configuration. We must add
that we did rely on Cloudera, which can guide you, but we
could not find any example or illustration on how to apply
Hadoop in applications! Also, the following sentence “We
know the problem and we will solve it in the next release”
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has been found and repeated too many times by Apache and
Cloudera. It may create frustration and desperation to any
software developer.
How efficient can Hadoop be in various situations where
a particular questions should be answered? It is difficult to
configure Hadoop to fit for all questions. When choosing
Hadoop’s components you need experience and advice.
Computing power is often reduced to counting and
MaoReduce, which in turn must create limitations in
managing SQL queries!
MapReduce jobs are extremely important in Hadoop and
irreplaceable when looking at the management of queries. Is
the role of MapReduce clearly explained? Do we know in
which situations it becomes crucial to understand
MapReduce when manipulating data and how it affects the
performance of our SQL queries? These question were really
difficult to answer. Only after careful reading of Apache
documentation and visiting forums has it become clear that
NOT all queries will require MapReduce to be activated.
Finally we had to learn something else about
MapReduce which has not been mentioned in the formal
Hadoop tutorials. Not all jobs available in the execution plan
(triggered by our need to execute an SQL statement) are the
same: some of them will be MapReduce jobs, some of them
will read/write to HDFS and some of them will be a metadata
operation (like DDL commands). We have to distinguish
between them if we wished to evaluate the efficiency of the
Hadoop’s computational power. MapReduce jobs are
here, mainly launched by HIVE, for the operations like data
filtering, data aggregation(min, max, avg), join/products and
Intersection of tables, sorting and similar.
Finally MapReduce in Hadoop can successfully produce
the result of “counting” when processing Big Data.
However, does this mean that this is the only means of
computations produced by the platform? Can counting
(according to our specified criteria in Queries) produce
results which will answer the question? This is almost
impossible to answer.
We have to be careful with
QUESTIONS we ask. We have to analyze the question and
data which will be used for answering it. There is no sliver
bullet here! Companies have to learn how to ask questions
and which data might be able to produce answers to them
(Panneerselvam, et al., 2016).
Hadoop is 10 years old. Is it a mature technology? Bugs
in Hadoop, listed on Apache websites are numerous!
Repairing JAR files with MAVEN is a common practice.
Learning from forums about problems when creating Hadoop
application is essential. Sometimes we see poor performance
even when running small exercises and SQL queries. The
message we receive says that CPU time is just 10 seconds
and the answer to our queries reaches us in 10 minutes!
Where is the explanation for that? No, the technology is far
from being mature.
Summary
It has become obvious, at a very early stage of our
experiments, that the complexity of the technology and its

level of maturity might have affected our results and the way
we wish to use Hadoop.
We listed, explained and
commented on most of the problems, which either delayed
this work or made it very difficult to continue. Some of the
problems we listed in this paper required more than a week
to resolve. In this subsection we summarize them according
to their background.
Configurations of Hadoop’s components might be a very
tricky and time-consuming task for many reasons: (a)
functionalities of some components overlap and it is difficult
to know in advance which one to choose and (b) the
documentation about these components is not uniformly
available on the official Apache website.
Updates within Hadoop are not carried out properly and
therefore, in spite of knowing exactly which errors exist and
which changes are needed within the technology, there are no
updates. Apache is remedying such issues by asking us to
“repair files”, at places where you are “stuck” and very often
you are helped to create a new .jar file. It is very difficult to
predict exactly where and how we will have to “repair”
software within Hadoop’s eco system.
Commercial distributors of Hadoop do play important
role and Cloudera, which has been used in this work was a
good choice for managing our tasks. However, these
commercial organization do have their own rules on how to
manage data and Hadoop components and consequently, you
become dependent on their own rules! The barrier between
Cloudera and Hadoop becomes blurred and developers might
not be been aware of this!
The lack of samples/ examples/ explanations and noted
experience of using Hadoop on the official Apache web site
was obvious. Therefore the only viable sources of advice on
“what to do” were often numerous forums which helped us
to finish this work. Without visiting and learning from
forums we had no chances of creating our Hadoop
application. It remains to be seen if on the 10th anniversary of
Hadoop, the Apache corporation would invest more in the
way they / we need to disseminate/receive information on the
use of the technology.
This paper has been deliberately written in the language
which suits software developers and users of Hadoop
applications. It is expected that Hadoop distributors and
owners can understand us and might disagree with us.
However, the information on problems described in this
paper, should be read by decision makers in any company,
which plans to process their Big Data with Hadoop.
We know that we have covered only a fraction of
Hadoop’s use: exploiting live and user generated data for
answering important questions any organization may have.
However, if in our particular case we experienced delays,
uncertainty and frustration when using Hadoop, then we are
not convinced that in some other circumstances Hadoop
would work perfectly well.
We can accept that this evaluation is written by software
developers who did not want to pay for Hadoop distributor’s
services, such as Cloudera. We used open source Cloudera
software, assuming that our background would be sufficient

to manage the creation of Hadoop’s application. We were
obviously wrong.
Currently, we use the same configuration of Hadoop and
its application to collect data from the Facebook and Web, in
order to evaluate Hadoop’s efficiency when storing
heterogeneous data in its HDFS. We will apply it to the
domain of healthcare and use it for the analysis of user
generated data when addressing the problem of the rise of
diabetes in our population.
REFERENCES
Everiss, C., Joy Fenny, J., Juric, R. (2015) Ebola Crisis: An
Investigation Into Levels Of Communication Following
Vaccination, in Proceedings of the 15th Annual
Conference on System Design and Process Science, SDPS
2015, Dallas Fort Worth, TX, US, November 2015
Juric, R., Kim, I., Tesanovic, I., Sinkovic, A (2014) Raising
Awareness of Dental Pain from Tweets, in Proceedings of
the 14th Annual conference on Systemd Design and
Process Science SDPS 2014, Kuching, Malaysia, June
2014
Juric, R., Kim, I. (2015) Can Twitter Transform Communities
Affected By E-Bola, in Proceedings of the 15th Annual
Conference on System Design and Process Science, SDPS
2015, Dallas Fort Worth, TX, US, November 2015
Juric, R., Kim, I., Panneerselvam, H., Tesanovic, I. (2017) Analysis
of ZIKA Virus Tweets: Could Hadoop Platform Help in
Global Health Management, to appear in Proceedings of
the 50th Annual Hawaii Conference on System Science,
Big Island, HI, US, January 2017
Loshin, D., and Reifer, A. (2016) Hadoop in Transition: From
Proof-of-Concept to Production, White paper from
DecisionWorx,
LLL;
available
at
http://www.zoomdata.com/resource/hadoop-transitionproof-concept-production-0/

Panneerselvam, H., Juric, R., Fotso, D.J. (2016) Asking
Smart Questions about Big Data, to appear in
Proceedings of the 21st Annual Conference on
System Design and Process Science, SDPS 2016,
Orlando, FL, US, December 2016.
Pettai, K., Juric, R., Arntzen Bechina, A. (2015) The Power Of
Microblogging In Disseminating Information In
Humanitarian Crises: A Study Of Nepalese Earthquake,
in Proceedings of the 15th Annual Conference on System
Design and Process Science, SDPS 2015, Dallas Fort
Worth, TX, US, November 2015

55

SDPS-2016
Printed in the United States of America, November, 2016
2016 Society for Design and Process Science

SOFTWARE APPLICATIONS BUILT UPON SWRL ENABLED OWL
ONTOLOGIES
Eiman Almami, Mohammed Zaki Ahmed, Radmila Juric1
School of Computing and Mathematics, Plymouth University, UK
1
HSN; University College of South East Norway, Faculty of Technology and
Maritime Sciences, Kongsberg, Norway
{ eiman.almami@plymouth.ac.uk, M.Ahmed@plymouth.ac.uk, rju@hsn.no }

ABSTRACT
This paper gives a rationale for the software application
development, which manipulates OWL concepts through
reasoning with SWRL. The outcome is a SWRL enabled
OWL ontology which can be used within a java application
for the purpose of decision making in the environment
described with OWL concepts. The paper proves that the java
applications can utilise reasoning with SWRL. We access
SWRL enabled OWL ontologies through OWL-API and
perform reasoning according to requests specified in the
application interfaces. This means that OWL concepts
constantly change: they can be either asserted, inferred or
even removed. Their constraints can also be dynamically
inferred, asserted and removed if necessary. The application
is illustrated in the education domain, but it can be transferred
into any other domain if we need to perform computing with
SWRL enabled OWL ontologies.

INTRODUCTION
Semantic Web Technology (SWT) (Horrocks, Parsia,
Patel-Schneider, & Hendler, 2005; W3C, 2004b) has been
used for more than a decade and proved to be an invaluable
technology for programming on the Web. SWT with its
machine-processable representation of information and
explicitly defined semantics has become an ideal instrument
for describing and manipulating the semantics on the web
(Kouroupetroglou, Salampasis, & Manitsaris, 2006;
McGuinness & Van Harmelen, 2004; Van Harmelen &
McGuinness, 2004). However, we may be able to use the
same ideas from the SWT for describing the semantic of
various situations in software engineering, which may include
programing with SWT but outside the Web. In order to
interpret the meaning of data in software engineering we must
be able to collect the semantic of a particular situation, where
data appear first, and then reason upon it in order to specify
what the “meaning” of it might be. Therefore by using the
SWT in software engineering we may be able to imply
REASONING either as mechanism of strengthening the
collected semantics or discovering more semantics which
otherwise will not be available (Juric, 2016).
In this paper we would like to demonstrate how to use
Semantic Web Rule Language (SWRL) enabled Ontology
Web Language (OWL) ontologies as a software engineering
mechanism for creating computational models, where
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reasoning is required. These solutions will not relay on
cumulated knowledge, but on the semantic, we collect in
various situations. The message is simple: if OWL and
SWRL can be used for understanding the meaning stored on
the Web, then they can be used for understanding the meaning
within a computational model of any software application.
Software engineers would expect that a software application,
developed in an integrated development environment (IDE),
which uses plug-ins to OWL Application Programming
Interfaces (OWL-API) runs a computational model, which
strictly consists of SWRL rules (Fayçal & Mohamed, 2011;
Horridge & Bechhofer, 2011; E. Jendrock, 2006; Eric
Jendrock, Cervera-Navarro, Evans, Haase, & Markito, 2014;
Kouroupetroglou et al., 2006; Liu, Tang, Wan, Ding, & Qin,
2010; O'Connor, Shankar, Nyulas, Tu, & Das, 2008;
Shojanoori, et al., 2014; W. Zhang & Hansen, 2008; Y.
Zhang, Huang, Qu, Ho, & Sun, 2011).
The paper is organised as follows. Our next section is on
Related Works and in the Application section we a) set a
scene in an education environment where we need a java
application based on reasoning with SWRL, which will
deliver learning goals for students with impairments and b)
introduce a software architectural model which explains how
the java application will be designed. In the Ontology section
we describe OWL concepts which store the semantics of a
particular education environment and in the section which
follows we introduce the importance of defining competency
questions which gear our application development. Our two
competency questions created two different set of OWL
classes, constraints upon them and a reasoning process, which
were illustrated in the set of Figures 7 to 18. We debate our
research I Conclusions.
RELATED WORKS
It is difficult to find related work, which promotes SWRL
enabled OWL computations for building Java applications.

For readers interested in publications or advice on
building web-based applications with OWL and SWRL,
we recommend the paper on tools, which support the
development of Ontology-driven applications.
(O’Connor et al., 2008). These tools support
transformations between some of the common formats
generated while developing an ontology-driven Web
application and use SWRL as a central building block in
these tools. To learn more about Java API for OWL
ontologies we can refer to (Horridge and Bechhofer,

2011). There are publications, which talk about general
approach to the development of applications for
Semantic Web (SW), which is outside the scope of this
research. However, examples of building J2E
(ORACLE) applications, in IDE such NetBenans, with
access to SWRL through OWL-API are very few. They
may show either a J2E application which manages OWL
repositories and SQL database in parallel or applications
which do not utilize any traditional structured database
and depend on performing computing with only SWRL
upon OWL ontologies (Almami, 2016; Almami, Juric,
& Ahmed, 2014; Almami, Juric, Everiss, & Ahmed,
2013; Almami, Juric, & Zaki Ahmed, 2015; Almami,
Juric, Zaki Ahmed, & Dabbour, 2015; Reza Shojanoori,
Juric, & Lohi, 2012; Reza. Shojanoori et al., 2014).
The application in this paper belongs to the latter.
The computational model, which is stored within
Enterprise Java Beans (Eric Jendrock et al., 2014) in
traditional application development, is, in our proposal,
a set of SWRL rules, which run upon OWL concepts.
THE APPLICATION
Setting the Scene
In order to illustrate a java software application built
upon OWL and SWRL, we need to define (a) a domain in
which we set the scene and (b) the functionality, which is
expected to be delivered by the application.
Let us assume that we build a java application for
education environments where students with differences in
learning (Almami et al., 2013; Armstrong, 1988; ASCLA,
2015; Atherton, 2013; Bhowmick, Bhowmick, Roy, Sarkar,
& Basu, 2007; Blue, 2000; Cirino, Fuchs, Elias, Powell, &
Schumacher, 2015; Ehrman, Leaver, & Oxford, 2003; Koc,
2005; Koller, 2002; Kryszewska, 2014; Piccoli, Ahmad, &
Ives, 2001; Popescu, 2009), as a consequence of various
impairments they may have, are interested to achieve a
particular learning goals (Almami, 2016; Almami et al., 2014;
Almami et al., 2013; Almami, Juric, Zaki Ahmed, et al., 2015;
Almami, Patel, Koay, Juric, & Everiss, 2012). In these
environments, students are given their learning space
according to impairments and the learning goal they may
have. However, they expect to be offered a set of various
teaching and learning practices in their learning space, which
can help them to achieve the learning goal. Therefore, before
certain teaching and learning practices are applied in a
particular leaning space of the student, we will have to reason
upon the semantics of this learning space in order to find out
the best possible teaching and learning practices suitable for
student’s requirements. Consequently, the functionality of
this java application will be to deliver these practices for any
learning space the student may have. Learning spaces can be
changeable: they depend on student’s requirements.
Therefore, we need a software solution, which will deliver

learning practices according to the semantics we found in a
particular learning space.
Software Architecture of the Application
The architecture of our proposed software application is
shown in Figure 1. The front layer of the application, which
accommodates user interfaces is sitting on the top of managed
Java beans, as in any similar application developed within the
JEE and OWL ontologies which also accommodate SWRL
reasoning. It is important to note that OWL-API with Pellet
Reasoner (Sirin, Parsia, Grau, Kalyanpur, & Katz, 2007) are
sitting between the client side of the application and its
ontological part and therefore, we can talk about four major
components in the application architecture:
• Web User Interface
• Managed logic of Java beans
• Ontology management component
• OWL-API window form java front end to the OWL and
SWRL concepts.
OWL ontologies sit at the level of data repositories. They
are not database repositories but OWL concepts, equipped
with their constraints and enriched with SWRL rules to play
the role in the main computations of the application.
For the readers interested in the deployment of this
architectures within the chosen technology, we show in the
right part of Figure 1, the exact role of these technologies. It
is important to note, that the core of our computational
solution is in the component which is called “Ontologies”.
This component contains all:
(i)
definition of the semantics of the learning space
created for student’s requirements and
(ii)
manipulations of the semantics through SWRL rules
in order to deliver learning and teaching practices in
that learning space. The Ontology
The Ontology
Figure 2 shows a generic model of our OWL classes.
They are self-explanatory. However, the subclasses of the
main OWL classes: GOAL, IMPAIRMENT, PERSON,
PRACTICE and TECHNOLOGY are important for storing
OWL individuals which show a detailed semantic of a
particular learning space such as:
1. Which person has which impairment;
2. Which impairment would require which learning and
teaching practice;
3. Which goals can be achieved for a person with a
particular impairment if we know which practices can be
used;
4. Which goals can be achieved using learning practices and
technologies, which can assist in delivering it?
These questions above should be answered through our
reasoning upon OWL concepts using SWRL rules.
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Fig. 2:The proposed ontological classes and their available
hierarchies derived from the education domain(in the Protégé
tool)

Fig. 1: Software architecture for the application

However, students, as users of this application might not
answers all these question. Their interest will be simplified
in one or two basic questions, often called competency
questions (Fernandes, Guizzardi, & Guizzardi, 2011;
Gruninger, 1996; Grüninger & Fox, 1995; Noy &
McGuinness, 2001) in SWRL enabled OWL ontologies.
Competency questions and our Application

The reader must note that these computations assume that
certain concepts of the OWL ontology are asserted and
always “true”. Therefore these concepts will be within the
OWL model at any time. However, as soon as the user starts
interacting with the application by clicking options within the
graphic user interface (GUI), we will have some OWL
concepts inferred as a result of user clicks. Asserted concepts
can be manually entered before we run the application.
However, they can also be asserted through GUI. Also the
management of the application can be done according to user
clicks (i.e. though GUI), but the java platform is responsible
for this part of the application, because it is placed before we
reach the OWL-API. The components of the software
application placed “above” the OWL-API in Figure 1 are
managed by the IDE and Java technology. Computations are
stored within OWL ontologies by accessing them through
OWL-API.
Answering Competency Questions 1 from GUI

The OWL ontologies and SWRL rules dictate the
existence of competency questions, which have to be
answered through reasoning (Noy, 2001)(Fernandes et al.,
2011)(Ren et al., 2014). We have to use OWL concepts and
OWL vocabulary fully in order to successfully use the
technology.
Consequently, having clearly defined
competency questions is the starting point when building the
application. We may place them within the main GUI in order
to manage the functionality of the application. Consequently,
“by clicking” on these competency questions on the main
GUI we will trigger computations based on SWRL enabled
OWL ontologies though the OWL-API. The result will be a
“decision” which answers the competency question.
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Figure 3 shows the main GUI where two competency
questions are posted. They have a dual purpose:
Firstly, they determine exactly which OWL concepts
would take part in the computational model in order to answer
them and which SWRL rule will be used in reasoning. They
are self-explanatory and serve various users: learners and
teachers.
Secondly these questions are sources of information.
Information from them can be added as “asserted” values in
the ontology, help in the collection of data and in performing
the inference.
Therefore, whenever user clicks on any of these
competency question in Figure 3, a new window opens
(Figures 4, 5 and 6) in order to answer the question. This
means that the appropriate computational model is chosen to
run, i.e. a set of OWL concepts and SWRL rules, which will
act upon them, for each competency question.

It is important to note that these computational models
can be created in advance, but we should also leave an
opportunity to have an ad-hoc assertions and inference in the
ontology if the competency question requires.

At this stage we know that OWL concepts, i.e. classes
PERSON, GOAL, IMPAIRMENT and PRACTICE will be
used in reasoning, we also know that we have to assert object
properties has_autism and wishes_to_achieve in order to
mirror what was clicked on Figures 5 and 6 and noted in
Figure 4.

Fig. 5:User selects impairment

Fig. 3:The main GUI for the application: listing competency
questions

Answer to competency question 1 from Figure 3 is
illustrated through Figures 4 – 10. User entry in Figure 4
defines exactly what the leaning space is: student named Bob
has autism and would like to “learn colours”. Note: Bob
(becomes an individual in OWL) should be entered by the
user of the application, but individuals of IMPAIRMENT and
GOALS in learning should be chosen by Bob, clicking on a
particular option in the drop down menus available in Figures
5 and 6. Therefore Figures 5 and 6 show exactly how Figure
4 is populated with individuals: “Bob”, “autism”,
“learning_colours”.
Fig. 6: User selects learning goals

Fig. 4: GUI which collects user generated data

Figure 7 shows our reasoning and is directly related to
the content of Figure 4. but it also illustrates that:
(a) There are concepts in the OWL ontology, which are
asserted in advance, i.e. they represent knowledge, which
will “always be there”. For example, relationship
between individuals of GOALS and PRACTICE and
between PRACTICE and IMPAIRMENT classes might
be very stable and appropriate object properties will
always hold between their individuals. If we add more
individuals to these classes, connected with these object
properties, then it is very likely that the object properties
will connect them as well.
(b) The reasoning upon OWL concepts would infer a new
property called “requires”.
The model form Figure 7 also shows how in that
particular leaning space, which was initialised by user clicks
in Figures 3-6, after clicking the button “Show practices”, our
reasoning process will infer “require” object property. We
will then know exactly which PRACTICES are required for
Bob to achieve his goal (learning colours).
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However, when inferring object properties through
SWRL we have to bear in mind that we must know exactly
which individuals from the PRACTICE class will be related
through the object property to individual Bob from the
PERSON class. Consequently, Figure 7 also shows two
important parts of the model:
• has (Autism) and wishes_to_achieve a goal (GOAL is
“learning colours”) are asserted properties as a
consequence of clicking on our drop down menu in
Figures 6 and
• six individuals of the PRACTICE class (Use_basic_
maching_for_colour, Use_colour_coding, Use_sorting_
object,
Use_set_of_printable_colour_worksheets,
Use_of_highlighters and Use_rewards_and_motivation)
will be connected, using the inferred property requires
with the individual Bob from the PERSON class.

wishes_to_achieve properties we also have addresses and
is_for proeprties. The former specifies which practice in
teaching and learning can be used for which impairment and
the later is used for specifying which impairment a person
may have.

Fig. 9: Screenshot in Protégé which shows the result of running
SWRL rule from Figure 8

Fig. 7: Ontology and the reasoning process for competency
question 1

Fig. 10: The Content of the application GUI which shows the
answer to competency question 1

Table 1: Object Properties for the ontological model

Fig. 8: The SWRL Rule for answering competency question 1

In order to understand exactly which reasoning should
take place when answering competency question 1 though the
rule in Figure 8, we know that the same OWL classes should
be involved in this reasoning as in Figures 2 and 7. However,
we need a more detailed explanation of object properties,
which were given in Table 1 in order to find out the exact
relationship exists between individuals of GOAL, PERSON,
IMPAIRMENT and PRACTICE classes. Apart from has and
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Answering Competency Questions 2
Competency question 2 is a second option available in
the initial GUI of the application from Figure 3. The question
is answered following the same process as in the previous
section: we have to collect data generated by user clicks,
decide about OWL classes, which are needed, specify object
properties between the individuals of these classes and run the
adequate SWRL rule upon them.
Figures 11 to 18 shows exactly the procedure. The drop
down menu in Figure 11 defines that there are numerous
practices available for achieving various learning goals and
“use sorting objects” is the one chosen by the user of the
application. In this learning space, according to competency
question 2 we have to find out what can Bob learn if in the
particular learning space “use sorting object” is being used as
the teaching PRACTICE.

b) Inferring a new object property, as in the previous
example is just a middle step in answering the competency
question. We will find individuals in the GOAL class, which
will answer our competency question! Our reasoning rules
should select them appropriately.
c) We have to reuse explanation of object properties,
which were given in Table 1 in order to find out the exact
relationship between individuals of GOAL, PERSON,
IMPAIRMENT and PRACTICE class.

Fig. 11: Learning space for finding possible goals in GUI

Fig. 13: Ontology and the reasoning process for competency
question 2

Fig. 12: Finding available practices for impairment

In order to understand exactly which reasoning should
take place when answering competency question 2, we know
that:
a) The same OWL classes should be involved in this
reasoning as in Figures 2 and 7.

Figure 13 shows the ontological model and reasoning for
answering competency question 2. We have mentioned that
the OWL model is the same, but Figure 13 shows actually
more OWL classes than Figure 7. The difference the models
is obvious, but in principal the underlying model is the same.
The main reason for having additional classes in Figure 13 is
that in order to answer competency question 2 we will have
to move individuals across the ontology! The moving of
individuals will be allowed because we can not answer this
questions solely by inferring a new object property like in the
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previous question. Therefore inference in this example will
be solely based knowing
(i)
which IMPAIRMENT PERSON has
(ii)
which PRACTICE is available to the person and (iii)
which possible goals the person can achieve for that
IMPAIRMENT and available PRACTICE in the
learning space.
Therefore, question (i), (ii) are answered though three
separate SWRL rules available in Figures 14-17. Running
these three SWRL rules in “one go” will result in moving
individuals (learning_colours, learning_shapes, Music and
Reading) from class GOALS into class POSSIBLE_GOAL.

Fig. 14: SWRL rule A moves individuals from class
IMPAIRMENT into class PERSON_IMPAIRMENT

•

The result of reasoning after running rule B is an inferred
object property requires.
• The final answer to competency question 2 comes from
the result of running rule C. Therefore rules A and B are
here to prepare the ontology for answering the
competency question through Rule C.
The differences in the models shown in Figures 7 and 13
are solely based on user clicks and the choice of competency
question we wish to answer.

Fig. 17: The result of reasoning for answering competency
question 2 comes form Rule C

Figure 18 gives a screenshot from the application GUI
after the user clicks SHOW POSSIBLE_GOAL in Figure 11
and the reasoning rules form Figures 14-16 have been
completed.

Fig. 15: SWRL rule B infers property requires

Fig. 18:GUI of the application which shows the answer to
competency question 2.

DISCUSSION AND CONCLUSIONS

Fig. 16: SWRL rule C answers competency question 2 by
moving individuals from GOAL class into POSSIBLE_GOAL
class

•
•

The reader should not that
By looking at Figures 14-16 each SWRL rule A,B and C
is working upon a selection of classes form Figure 13
The result of reasoning after running rules A and C is an
individual being moved from one class to another
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In this paper we illustrate the architecture and the
implementation of java application which uses SWRL
enabled OWL ontologies for performing computations. For
demonstrating the functionality of such applications we use
the education domain, we focus on the problem of teaching
and learning practices for students with impairments who
could like to achieve certain learning goals. Our application
has been deployed according to the proposed architectures
and therefore there are two distinctive outcomes of this
research.
Firstly we showed that java applications can be created
upon SWRL reasoning, and OWL ontologies can be used for
performing software engineering tasks outside the SW.
Secondly, a close inspection of our computations with
SWRL shows how the dynamics of such applications

addresses constant changes in the environments where it is
run and these changes are addressed through OWL concepts
and SWRL reasoning. Therefore, our initial OWL model can
be constantly “tuned” according to the questions we may ask
in such environments. The tuning is obvious in our examples:
we tuned the model form Figure 7 to answer competency
question 2 though the model given in Figure 13.
The dynamic of if these types of application is integrated
in the way we compute with SWRL: we sometimes move
individuals in OWL as a result of reasoning and sometimes
infer constraints as the result of running SWRL.
We demonstrate that the building of such applications is
feasible and it remains to be seen how this can be used in
commercial applications.
In order to see a wider use and spread of applications of
this type, as a software engineering solutions, we suggest to
read sources which elaborate on computational models based
on SWRL enabled OWL ontologies (Almami, 2016; Kataria,
2011; Macfie, 2014; Shojanoori, 2013), (Juric, 2016).
We are currently upgrading our application by
automating the way the competency questions from Figure 2
influence the choice of OWL model and SWRL rules. In
other words the tuning of our original OWL model form
Figure 7 should be automated. For this purpose, we could
either use our earlier papers for manipulating the semantics of
user inputs (Kataria & Juric, 2010; Reza. Shojanoori & Juric,
2013) or create a new mechanism of choosing ready-made
OWL concepts coupled with SWRL rules which could be part
of persistence storage of the application.
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ABSTRACT
Software and hardware systems are becoming
more specialized for individual persons. This
adaptation requires the collection of information about
the person. For example, collection of used search
terms and visited websites in the internet creates more
intelligent responds in time. This studies create
meaning from an unknown by pattern detection. This
methodology is already applied in variety of systems
such as Big Data and Machine Learning. Similarly,
natural paradigms may have unique signatures.
Although, finding pattern of a system does not same
thing with the understanding the system, detection of
the signature of a natural event can make the event
more predictable. In our study, we investigate Tic Tac
Toe to explain this methodology. Instead of giving
rules, we feed the classification algorithm with
finished games (won or lost) for training. Known
games are considered as experimental results.
Additionally, we supervise externally to detect
whether the game is finished. Likewise, theoretical
results are tested with experiments.
Keywords — Pattern recognition; Tic Tac Toe; Natural
theory

INTRODUCTION
Pattern detection is widely applied in research and
entertainment in computer science. After the dynamic
pattern of a system is detected, the software could be
optimized for the user’s level. Artificial Intelligence
(AI) is well known example of smarter machines. AI
is a machine which is capable of giving responses
beyond the prepared set. Thus, this machine should be
able to learn from experiences like humans. One such
method of an AI could be pattern detection. Pattern
detection searches for the regularities in the system.
When machines have more experiences/interactions,
they will create more accurate (intelligent) responses.
We will follow an algorithmic approach to identify
the pattern of Tic Tac Tao.
This approach is very useful tool for not fully
understood systems such as biological systems
(Elloumi, Iliopoulos, Wang, & Zomaya, 2015;
Shatsky, Shulman-Pleg, & Nussinov, 2006; Rouchka,
1999). After a pattern in the biological system is
detected, researchers can create more resistant
biological organisms which would be important to
create healthier people or use in drugs discovery.

In this study, we apply this useful tool to Tic Tac
Toe to show how it is possible to play a game without
knowing the rules. We used a classification algorithm,
so discovered winning games could be tested with
generalized key. The new winning games will be
listed in the database.
TIC TAC TOE
Tic Tac Toe is an historical game for two players.
Based on some sources, it was played by ancient
Egyptians (Zaslavsky, 1982). It is played on 3x3 table
by drawing Xs and Os. The gamer who gets his 3
signs in the order on vertical, horizontal, or diagonal
wins the game. In Fig. 1, one of the winning scenarios
is shown. O is winning on the right vertical with three
os. (see Fig. 1.i).
o

o
x

x

(b)
o
o
x x o
x
(f)

(a)
o
o
x x
x
(e)

o
x

o
x

x

x

(c)
o x o
x x o
x
(g)

(d)
o x o
x x o
x
o
(h)

Fig. 1 Tic Tac Toe game scenario.

Although, it looks like a simple game, it requires
combinatorial analysis to fully understand. There are
255168 game scenarios that are available for a Tic
Tac Toe game. 46080 of them are a draw and 209088
end with X or O winning. You can find detailed
information in Table 1. Our analysis matches with
other researchers’ studies (Bottomley, n.d.).
Table 1 Detailed analyze of Tic Tac Toe game.

5 moves win
6 moves win
7 moves win
8 moves win
9 moves win
Total wins
Draw
Total

x wins
o wins
1440
0
0
5328
47952
0
0
72576
81792
0
131184 77904
46080
255168

Overall solutions
0.6%
2.1%
18.8%
28.4%
32.1%
81.9%
18.1%
100.0%
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PATTERN RECOGNITION
Pattern recognition is one of the subtopics of
machine learning. It extracts the regularities and
repetitions in the system. Because of its usefulness
and applicability, it is widely studied (Bishop, 2016).
There are different classification methods, such as
discriminant analysis and classification.

With this symmetry information and pattern
detection, we have created the following signature for
all winning games:

It has various applications such as speech
recognition, and image analysis. After the algorithm is
trained with the data, speech could be understood by a
computer for speech to text, and voice dictation for
any device or application. Likewise, deep learning
excels at pattern recognition. Deep learning in essence
is capable of higher levels of abstraction, and for
every layer it has classification which could be done
by pattern recognition.

𝑠𝑢𝑚 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑖𝑟𝑠𝑡 𝑐𝑜𝑙𝑢𝑚𝑛,

There are numerous algorithms that have been
developed to find a pattern for different data sets. For
example, classification, clustering, ensemble learning,
regression, and sequence labeling are some of the
pattern recognition algorithm classifications.

{𝑠𝑢𝑚 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑖𝑟𝑠𝑡 𝑟𝑜𝑤,
𝑠𝑢𝑚 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑒𝑐𝑜𝑛𝑑 𝑟𝑜𝑤,
𝑠𝑢𝑚 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑡ℎ𝑖𝑟𝑑 𝑟𝑜𝑤,
𝑠𝑢𝑚 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑒𝑐𝑜𝑛𝑑 𝑐𝑜𝑙𝑢𝑚𝑛,
𝑠𝑢𝑚 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑡ℎ𝑖𝑟𝑑 𝑐𝑜𝑙𝑢𝑚𝑛,
𝑠𝑢𝑚 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑖𝑟𝑠𝑡 𝑑𝑖𝑎𝑔𝑜𝑛𝑎𝑙,
𝑠𝑢𝑚 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑒𝑐𝑜𝑛𝑑 𝑑𝑖𝑎𝑔𝑜𝑛𝑎𝑙,
𝑠𝑢𝑚 𝑜𝑓 𝑎𝑙𝑙 𝑡ℎ𝑒 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑏𝑜𝑎𝑟𝑑}

Figure 1 shows positions of the signature
elements.

PATTERN DETECTION OF TIC TAC TOE
Pattern recognition can generate 8 different games
from one game using symmetry with consideration to
the order. These symmetric games have the same
pattern.
Fig. 1.i shows one of the possible game scenarios.
In Fig. 2.a we append the last snapshot of the game
with the new movement number. If we rotate 90o,
180o, 270o clockwise, we will obtain Fig. 2.b, c, and d
respectively. If we rotate around the vertical axis, we
will obtain Fig. 2.e. If we rotate around horizontal
axis, we will obtain Fig. 2.g. If we rotate from
diagonals, we will obtain Fig. 2.h and i.
o2 x7 o4
x5 x1 o6
x3
o8
(a)
o4 x7 o2
o6 x1 x5
o8
x3
(e)

x3 x5 o2
x1 x7
o8 o6 o4
(b)
x3
o8
x5 x1 o6
o2 x7 o4
(f)

o8
x3
o6 x1 x5
o4 x7 o2
(c)
o8 o6 o4
x1 x7
x3 x5 o2
(g)

o4 o6 o8
x7 x1
o2 x5 x3
(d)
o2 x5 x3
x7 x1
o4 o6 o8
(h)

Figure 1. Representation of the signature elements.

To identify the X and O, we chose X as 1, O as 5
and empty cells 0 in calculations. Thus, summation of
the 3 or less Xs does not imitate one or more Os on
the board and vice versa.
For example, in Fig. 3.a, an example of a game
were O wins is presented and in Fig. 3.b, the
corresponding numbers are presented.
o2

x4

x1

5

1

1

o4

o3

o1

5

5

5

x2

1

0

1

Fig. 2 Symmetries in the Tic Tac Toe

x3
Additionally, we can consider movement orders,
so 5! = 120 different permutations from Xs and 4! =
24 different permutations from Os. Thus, (120 +
24) ∗ 8 = 1152 games of 8 moves in length will have
the same signature. The number of games which have
the same signature varies with respect to the number
of moves.
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(a)

(b)

Fig. 3 Example game scenario.

Signature of presented board in Fig. 3 is as
follows:
{7, 15, 2, 11, 6, 7, 11, 7, 24}

{1, −1, 1, −1, 1, 1, −1}

Although, the signature of the game gives the
general information of the game; in order to
generalize, we just considered increase and decrease
in the signature except for the last term.

Likewise, we can classify all the solutions. The
full list of the generalized signatures of the games
which finishes in 5 moves is shown in Table 2. Total
number of game scenarios is 1440, and the
generalized signature we have used it reduced to 94
distinctly different games.

1 𝑖𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒
𝑡𝑒𝑟𝑚( 𝑛 + 1) − 𝑡𝑒𝑟𝑚(𝑛) = {−1 𝑖𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒
0 𝑖𝑓 0
Thus, generalized signature of the game shown in
Fig. 3 is as follows:

Table 2 Generalized signatures of 5 move game scenarios
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.
26.
27.
28.
29.
30.
31.
32.
33.

-1
0
0
-1
-1
-1
0
0
-1
-1
0
0
-1
-1
0
-1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

0
-1
-1
1
1
0
-1
-1
1
1
-1
-1
1
1
-1
1
-1
-1
0
0
0
-1
0
0
-1
0
0
0
-1
0
0
0
0

1
1
1
-1
-1
0
1
0
0
-1
1
1
-1
-1
0
0
1
1
1
1
1
1
1
0
1
1
-1
-1
1
1
-1
-1
-1

1
1
1
1
1
1
0
1
0
1
1
-1
1
-1
0
-1
0
-1
-1
0
-1
-1
-1
0
1
0
1
1
1
-1
1
0
-1

0
-1
0
-1
0
0
-1
0
-1
-1
0
1
0
1
1
1
-1
1
0
-1
1
1
0
-1
0
-1
-1
0
0
1
0
1
1

-1
1
-1
1
1
-1
1
-1
1
1
1
-1
-1
-1
-1
-1
1
-1
0
0
0
-1
1
1
0
1
1
1
1
-1
-1
-1
-1

1
0
0
0
-1
1
-1
-1
1
-1
1
1
1
0
1
1
0
0
1
0
-1
-1
1
-1
0
1
0
-1
0
1
0
-1
-1

34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.

1
1
-1
-1
0
-1
0
-1
0
0
-1
-1
0
-1
-1
1
1
1
1
0
-1
0
0
-1
-1
-1
-1
0
0
-1
0
0
-1

0
0
1
1
1
1
1
0
-1
-1
1
1
-1
1
1
0
0
0
0
1
0
-1
-1
1
1
1
1
-1
-1
1
-1
-1
1

For example, generalized signature is listed
number 1 in Table 2 represents 12 games shown in the
Fig. 4.
x1 o2 o4
x3
x5
(a)
x3 o2 o4
x1
x5
(f)
x3 o2 o4
x5
x1
(j)

x1 o2 o4
x5
x3
(b)
x5 o2 o4
x1
x3
(g)
x5 o2 o4
x3
x1
(k)

x1 o4 o2
x3
x5
(c)
x3 o4 o2
x1
x5
(h)
x3 o4 o2
x5
x1
(l)

x1 o4 o2
x5
x3
(d)
x5 o4 o2
x1
x3
(i)
x5 o4 o2
x3
x1
(m)

Fig. 4 The generalized signature, {1, -1, 0, 1, 1, 0, -1, 1},
represents 12 games.
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We have applied the generalized signature method
to all possible winning game scenarios. As the number
of moves increments from 5 to 9 the winning games
have more symmetry and permutation which leads to
less number of generalized keys. Detailed information
is shown in Table 3.

Table 3 Generalization of winning Tic Tac Toe games
Number of
moves

Number of
all
solutions

Number of
generalized
signatures

Reduction %

5

1440

94

6.53

6

5328

99

1.86

7

47952

197

0.41

8

72576

115

0.16

9

81792

62

0.07
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These obtained generalized keys which tells the
computer the game is finished. Although, there is
room for improvement in the keys, is satisfactory for
our purpose as it is now.
RESULT SUMMARY AND DISCUSSION
Although, Tic Tac Toe has symmetric solutions, it
can be complicated when the order is included. To
identify the pattern, we have used classification. The
games that have the same patterns are represented by
the same generalized signature. From the some of the
known games, the other played games could be tested
to determine whether played games are completed, or
if they need to be played further. This idea could be
applied to many natural sciences such as drug
discovery. In the literature, there are various drugs to
cure diseases. Different versions at the molecular level
could be generated. The candidates that are most
likely cure the specified disease to be are considered
for physical experimentation.
In this study, we have used Tic Tac Toe as an
example. We assumed that we do not know the rules.
One black box tells if the game is finished and latest
player is winner. This represents experiments in the
drug discovery. This determines whether it is
working, but how it is working?
Generalized signatures are generated by using the
symmetry information in Tic Tac Toe. However, in
drug discovery, it needs to be modified based on the
considered drugs and related information.
CONCLUSION AND FUTURE STUDY
We have shown how pattern detection is
applicable. Tic Tac Toe has a lot of symmetries,
which makes it easier to detect patterns. Pattern
detection could be applied to data sets to create a
theory of the system and generate unavailable data
from pattern information. This methodology is already
being applied in biological systems such as proteinligand interactions and drug discovery.
In broader spectrum, pattern detection could be
used to discover new molecules from the available
molecules, teaching classes by checking the
information of outstanding students’ transcripts and
habits, or building a smarter digital assistant based on
a person’s practices. We will investigate these
applications in future studies.
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ABSTRACT
Xylophone, marimba, and vibraphone instruments have
been produced and tuned since their creation by arduously
grinding the keys to achieve harmonic ratios between their 1st,
2nd, and 3rd transverse modes. It’s preferable to have defined
mathematical models such that instrument keys can be tuned
and produced quickly and reliably. Previous research varies
slightly in the relative degree of accuracy to which a nonuniform beam can be modeled. Typically, accuracies are
shown in literature as 1% to 2% error. Musical tolerances
require 0.25% error. This research seeks to build on the
previous research by optimizing beam topology and
machining keys within tolerances that require no further
tuning. The optimization methods rely on finite element
analysis and constrained optimization. Mass is minimized
while the modal frequency constraints are satisfied within
0.25% tolerance. The final optimized and machined keys of an
A4 vibraphone are shown to be accurate within the required
musical tolerances.
INTRODUCTION
Idiophones, percussive musical instruments such as
marimbas, vibraphones, and xylophones, are among the
world’s oldest instruments. Yet the keys of these instruments
are still tuned as they were millennia ago, by arduously
grinding their shape to achieve natural frequencies and
harmonic overtones. The final product is a beautiful assembly
of keys and resonators, increasing in popularity with
orchestras. Despite this, strenuous production methods and
resultantly high prices make the instruments unattainable for
many schools and students.
Cost can be significantly reduced by defining
optimum geometry before manufacturing rather than relying
on trial and error. To this end, scientific inquiry has focused
on mathematical descriptions of the keys, using parabolic,
Bezier, or piecewise functions to define an optimum profile.
To date, most research neglects the effect of node cuts (holes
drilled to allow for strings on which the key will rest) which
can have significant impact on the overtones.
This research models the keys of a vibraphone with
Computer Assisted Design (CAD), and utilizes Finite Element
Analysis (FEA) to refine and optimize their geometry with the
inclusion of node cuts to achieve all the musically desired
frequencies. These optimized structures are then precisely
machined, using sophisticated Computer Numerically
Controlled (CNC) milling machines. The combined CAD and

CNC manufacturing results in an instrument tuned to within
musical tolerances (± 5 cents) without the need for hand
tuning. Additionally, a secondary goal of the design is to
extend the traditional range of a vibraphone by adding an extra
octave, incorporating bass frequencies which are not typically
implemented in the instrument design. Four octave
vibraphones are not common however a few manufacturers
produce such instruments. The addition of more low
frequency tuned keys may help lend the instrument to more
solo performances.
LITERATURE REVIEW
While an exhaustive literature review is impossible within
the confines of this article this section will serve as a very brief
overview of prior work in chronological fashion. Considering
this work focuses on frequency domain analysis, further
studies would benefit from the time domain approach
developed by (Chaigne & Doutaut, 1997). Furthermore, Suits
and Tong et al develop mathematical models and equations of
motion which accurately consider beams of short aspect ratio.
Orduna-Bustamante (1991)
Orduna-Bustamante was among the first researchers to
investigate optimal tuning topology for applications to mallet
percussion instruments, specifically the marimba. OrdunaBustamante points out a free-free beam with constant cross
section will result in natural frequency ratios of 1:2.76:5.4.
These ratios relate to the first, second, and third transverse
mode shapes respectively. Orduna-Bustamante sought to
develop tuning curves for marimba bars which would result in
harmonic ratios of 1:4:9.88. From a musical viewpoint, the
9.88 ratio was preferred in a study performed by Bork and
Meyer and referenced by Orduna-Bustamante.
Relying on the Bernoulli-Euler and Timoshenko
mathematical models for beam vibration, Orduna-Bustamante
considered the general case of beam thickness,
defined
with a parabolic undercut.
1

| |

(1)
| |
1
Where xs and ts are dimensionless parameters controlling
the width of parabolic cut and depth of the cut at the center.
From this geometric definition, Orduna-Bustamante
derived isoharmonic contours from the Bernoulli-Euler and
Timoshenko models. These isoharmonic tuning curves are
repeated from Orduna-Bustamante’s original work in Figure 1
and Figure 2.
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Figure 1 – Isoharmonic tuning curves derived from
Bernoulli-Euler beam theory. Circles indicate intersection of
isoharmonic contours for first and second overtones.

Figure 3 – Local minima indicate locations of most
effective tuning for a given mode.
Bork (1995)

Figure 2 – Isoharmonic tuning curves derived from
Timoshenko beam theory. Circles indicate intersection of
isoharmonic contours for first and second overtones.
Given a uniform beam with a known fundamental
frequency, the tuning curves are utilized by finding the
number of semitones (100 cents) to the target fundamental
frequency. Second, the required harmonic ratio must be
known.
Orduna-Bustamante noted in reference to the above
figures the problem cannot be solved in all cases. However,
the curves were proven experimentally to be accurate to within
7 cents error. (Bustamante, 1991)
With respect to the vibraphone topology optimization
presented herein, parabolic undercuts following OrdunaBustamante’s research were initially investigated as a
preference to cubic-spline curves owing in large part to the
relative simplicity with fewer variables to optimize. However
to achieve 1:4:10 harmonic ratios in the low register of the
instrument required beams of unreasonable length if parabolic
undercuts were to be employed. However, it is worth noting
the spline defined topology converges to a roughly parabolic
shape in the mid-range frequency keys of the instrument.
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Bork in 1995 produced one of the early papers regarding
the challenges of modern xylophone, marimba, and
vibraphone tuning. His investigations were published in
Practical Tuning of Xylophone Bars and Resonators. It should
be noted, his findings apply equally well to all mallet
percussion instruments. Among many of the covered topics,
Bork developed a computational model for tuning which has
been reproduced in Figure 3. In essence, Bork showed that to
tune a given mode, mass must be removed from the location
of highest displacement in its mode shape.
Again referring to the Figure 3, if the third harmonic were
to be tuned at a given ratio of 10:1 then mass would need to
be removed at the minima of the plotted line on the graph.
General tuning procedure requires one to tune the ratios first
and then tune the fundamental by removing mass as shown by
the minima location of the 1.0 curve. Later, Laukkanen and
Worland would expand on this concept by generating
locations where one mode can be tuned without affecting the
relative ratio of other modes.
Bretos, Santamaria, and Moral (1997)
Bretos et al. were among the first to introduce FEA
modeling to mallet percussion instruments, in this case using
ABAQUS software. Their work considered three cases
(uniform cross section, parabolic undercut, and rectangular
undercut) modeled with block elements. The parabolic
undercut was chosen to result in a tuning ratio of 1:4 and was
developed from Orduna-Bustamante’s work. The second
overtone, third transverse, was not designed to a harmonic
ratio. The rectangular undercut was designed to yield the
harmonic ratio 1:3. This ratio would be appropriate for a
xylophone.
Experimental results shows the fundamental frequency of
the parabolic undercut was 1.2% lower than the target
frequency of E4. Similarly the rectangular undercut resulted
in deviations less than 1.1% from the target value. (Bretos,
Santamaria, & Moral, 1997)

Figure 4 – Three functions (a) step, (b) piecewise-linear, and
(c) sine considered for optimization by Petrolito and Legge.
Petrolito and Legge (2005)
Designing musical structures using a constrained
optimization approach
Petrolito and Legge sought to optimize the undercut of the
marimba key using varying functions to define its geometry.
Among the three functions investigated were piecewise (step),
piecewise-linear, and sine. These three functions are
graphically displayed in Figure 4. For clarification, the sine
function was defined not unlike a Fourier series. (Petrolito &
Legge, 2005)
2

2
2

(2)

Luis Henrique, Octavio Inacio, Jose Paulino, Jose
Antunes (2005)
Optimization of Vibratory and Acoustical Components of
Percussion Instruments: Theoretical and Experimental Results
Henrique et al. studied the problem at hand with
methods that inspired the work presented here.
Acknowledging the necessity to simplify the number of
variables to optimized, trigonometric and Chebyshev
functions were selected; however Bezier and spline curves
were also recognized as a possible approach. Additionally,
Henrique et al. recognized the bars could be optimized to
achieve any set of harmonic ratios desired and optimized a few
example designs as shown in Figure 5.
Importantly, Henrique et al. expanded their scope to
include resonators as found on marimbas and vibraphones.
The motivation for this addition was addressed in one
significant flaw of standard close-ended resonator design.

Figure 5 – Optimization of a 1:3:5:8 vibraphone bar using
trigonometric functions of increasing terms. (a) Resulting bar
geometry. (b) Error from harmonic modes.
Such resonators are capable of resonance of only odd
numbered harmonic ratios (e.g. 1:3:5). In the case of
vibraphones and marimbas tuned with standard 1:4:10 ratios,
only the fundamental frequency can be amplified. Almost
identically to the optimization of bar shape, a variable cross
sectional area was optimized over the length of a given
resonator. Finally, Timoshenko beam model was employed as
in the previous papers. For the acoustical component of
resonators, one dimensional wave modeling was used.
(Henrique, Inacio, Paulino, & Antunes, 2005)
Although the work presented here was significantly
inspired by the work of Henrique et al., a few key differences
remain. First, Henrique found a limited number of elements
(hundreds) were sufficient to accurately predict frequencies
and eigenvalues (compared to an analytical equivalent). As
many as 10,000 elements were deemed necessary to ensure
satisfaction of musical tolerances upon machining. Another
minor but important difference, includes node holes in the
optimized final and machined design. For clarification, these
node holes are through-holes where the key will rest upon
strings once assembled into the final instrument. Because
these through holes obviously pass through the nodes of the
fundamental mode, the first transverse mode is not
significantly affected. However these node holes have some
impact on higher order modal vibrations. A final but critical
difference, Henrique et al. performed their optimization by
minimizing an error function, effectively minimizing the
maximum error. However in the research presented herein, the
total mass of the key was minimized and the target frequencies
were held as design constraints.
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Figure 4 – Symmetric ½ thickness and 1/50 length cuts
studied for effect on modal frequency.
Henrique et al.’s work on resonator optimization is
exceptionally interesting. Obviously, by tuning a resonator to
amplify three modes as opposed to one, an increase in
instrument volume will result. However as already shown by
Bork, this increase in power transfer will come at the price of
reduced instrument sustain. Because the varying diameter
resonators were tested with a speaker producing a continuous
waveform, no measurements indicating sustain time could be
made. Such a test with a physical tuned bar would be of great
importance to musicians and researchers alike.

Figure 5 – Influence of symmetric cuts on transverse
modal frequency as predicted by FEA.

Eric Laukkanen and Randy Worland (2011)
Acoustical effect of progressive undercutting of
percussive aluminum bars.
The research by Laukkanen represents the most
recent work on this topic at the time of this writing. Similar to
previous studies, finite element modeling and spectrum
analysis methods were employed. However the group also
made notable use of electronic speckle pattern interferometry.
Where the two authors differ from previous research
is in their search for a qualitative relationship regarding
removal of mass from a given point about the length axis of
the bar. Rather than studying continuous functions or
piecewise functions across the span of the bar, Laukkanen and
Worland produced FEA models of bars with relatively small
cuts removed as shown in Figure 4. The relation / was
varied and the resulting frequencies of 1st, 2nd, and 3rd
Transverse modes are plotted in Figure 5.These plotted
frequencies are normalized with the natural frequencies of an
uncut uniform bar of the same width, length, and thickness.
For reference, the dimensions for the bar studied by
Laukkanen and Worland correspond to those typical of an F4
(~350 Hz) vibraphone bar.
Similar to Orduna-Bustamante’s tuning curves, the
above Figure 5 can be used as a visual guide and aid when
hand tuning vibraphone bars. At the points of intersection, the
frequency ratio of two modes can be held constant while the
remaining mode can be tuned lower or higher depending
whether the curve is above or below the point of intersection.
Experimental validation of the above methods
included CAD and machining of beams with simple
rectangular cuts as already described. The beams produced
held harmonic ratios of 1:2:4 and 1:3:5. Upon spectral
analysis, Laukkanen and Worland found all three transverse
mode frequencies agreed with the predicted values within 1%
error. (Laukkanen & Worland, 2011)
The work by Laukkanen and Worland was a
significant step forward in the field of visual aids for
successful hand tuning of vibraphone bars. Furthermore, their
methods along with Orduna-Bustamante’s methods can be
employed to hand tune keys with non-traditional timbre.
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Although the accuracy of 1% is greatly beneficial for hand
tuning aids further accuracy improvements would be
necessary to eliminate hand tuning all together. Standard
musical tolerances require 0.25% error. This is the motivation
for the experimental work presented in the next section. If bars
and keys could be machined with such accuracy, the cost of
manufacturing and production would be drastically reduced.
RESEARCH DESIGN
Before the methodologies are considered it is noted here
that all modeling, FEA, and optimization described herein
were performed using ProEngineer Creo and ProMechanica
software.
Topology definition
The most important geometric aspect considered in
this paper is the undercut of each vibraphone key. This
undercut will ultimately define the natural and harmonic
frequencies of each key. Previous attempts at modeling this
geometry have considered parabolic (Bustamante, 1991) and
piecewise functions. Parabolas were modeled and optimized
according to procedures outlined in the later sections of this
paper. However they proved difficult to optimize for all target
frequencies due to a limitation in variables to optimize (only
depth and width of cut). Piecewise functions were proven by
(Henrique, Inacio, Paulino, & Antunes, 2005) to result in
accurately predicted frequencies, however there is an intrinsic
difficulty in machining that would likely result in high cost of
production.
In lieu of parabolic or piecewise functions, spline
curves were chosen to model the undercut of the vibraphone
keys. These curves ease machining by maintaining a gradually
changing slope through the width of the cut. Further, any
spline length can be defined by an infinite number of points
resulting in many optimizable variables to achieve the target
frequencies.
For this research presented here, the spline curves
were broken into nine knots plus two knots at each end of the
function. The two end knots were constrained to the lower

surface at a distance of 0.244 times the length of the key,
measured from the end of the key. The nine remaining knots
were equally spaced in the x dimension over the entire width
of spline function. The y coordinate of each knot defined the
cut depth at that particular point of the spline and were
constrained to be symmetric about the center of the key. All
these constraints together left five variables to be optimized,
each defining the cut depth at their respective points. For
clarification, a mathematical representation of the vibraphone
key profile can be written as follows.
(3)
Where Xi is the x component of the ith knot. n represents
the total number of knots including the beginning and end
points of the spline. Yi is defined as follows and represents
the ith piece of the cubic spline.
(4)
0
1
By optimizing the y location of each knot of the spline
curve, the following variables within the above equation are
being constrained:
0
(5)
1
The variables bi, ci, and di, can be found by developing a
system of equations based on the first and second derivative
of the above two equations as detailed by (Bartels, Beatty, &
Barsky, 1998).
The widths of the keys were constrained to typical
values for a commercial vibraphone with graduating keys. The
node holes were defined by the following process. First, the
key was optimized without the presence of node holes and
with a 1% tolerance on the target frequencies. A simple modal
analysis was then done to find the locations of the 1st
transverse nodes. This was done for all keys of the instrument.
With the locations of each node known for a given key a best
fit line was generated. This line mathematically defined the
locations of node holes for each key. Finally, with the node
holes included in the CAD model, they key was re-optimized
for 0.25% tolerance on the target frequencies.
Finally, the length of each key was investigated by two
methods. First, length was considered as a sixth variable for
optimization. As will be shown the results section, the
resulting optimized keys would cause some significant design
challenges. In response, the length was later specified
as appropriate for a typical instrument and only the 5 spline
variables were optimized.
Table I – Note, Length was initially considered a variable
however this caused some significant design problems as
discussed in Results and Conclusions.
Constant
Length*
Thickness
Width

Variable Open to Optimization

Table I lists the variables set/constrained and open for
optimization.
Meshing
Each beam of the vibraphone instrument was
modeled with tetrahedral elements. Tetrahedrons were chosen
for their improved accuracy in dynamic systems. Further, the
tetrahedrons were constrained with a maximum edge length
(node to node distance) of 5 mm. This resulted in models with
as many as 10,000 elements depending on the length of key to
be optimized. The keys were modeled as free, not fixed or
pinned. This can be done with accuracy because the keys are
supported through their node holes. Further, these holes
typically have a large tolerance over the diameter of string to
run through them. Because the node holes have differing
angles and are not symmetric about the center, symmetric
modeling and meshing cannot be employed. The effect of
node holes on the frequencies of the keys is not clearly known
by literature thus their inclusion is important.
Frequency definition and optimization
The variables defined above in the modeling section
were identified to be optimized within the following lower and
upper bounds:
0
The target frequencies of each key were identified with a
maximum tolerance of ±1.0% at first to identify node locations
and then with ±0.25% tolerance after the node holes were
incorporated. These target frequencies include the 1st, 2nd, and
3rd transverse modes of vibration, all in ratios of 1:4:10. These
ratios correspond to the typical timbre of a vibraphone. The
fundamental frequencies were defined by the musical scale of
equal temperament with A4 equal to 442 Hz. Thus, these
target frequencies in the case of the A4 bar may be written as
nonlinear constraints defined as a general function as follows.
442
884
4420

(6)

Equation 6 shown above would be the format of a
nonlinear constraint function written for optimization in
MATLAB. Although the optimization algorithm was
performed within ProEngineer, the function syntax is useful
for explaining the constraint process. In this example,
MATLAB would optimize the variables yi to maintain ceq=0
within the 0.25% tolerance. The function f(yi) would perform
a modal analysis of a beam with a spline curve defined by yi
and return resulting matrix of eigenvalues.
Sequential Quadratic Programming (SQP) was
selected as the optimization algorithm for all keys. While

for 1

,

To summarize and clarify,
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Node Locations of F Natural Keys
Key Length Constrained

Key/Bar Length vs Frequency
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Figure 6 – The resulting length of two methods graphed.
Note, only natural keys are pictured.

Figure 7 – Roughly linear node location yield easier
implementation of string node supports.

maintaining the tolerances indicated above, the optimization
goal was to minimize the total mass of the beam. Each key
was re-meshed between each iteration of the algorithm while
maintaining the 5 mm edge length defined previously.

Upon optimizing the length as well as the spline of
each of the 49 keys, it becomes apparent the node holes will
not fall close to a line but rather a curve. This is indicated by
As shown, the bass keys were optimized to be
significantly longer than midrange and higher keys. In
addition to the inherent difficulties of placing nodal supports
on a curve, it was assumed such a design could encourage
awkward playing habits in the musicians.
In response to the results shown in Figure 6, the
length was constrained according to a logarithmic
relationship. This relation was defined to prevent the keys on
either end of the instrument from being too long or too short.
As described in the research design section, the keys of
constrained length were optimized to within 1% tolerance on
the frequency constraints and the resulting nodes were
identified. These nodes for the F Natural keys are shown in
Figure 7. Once again, the typical range of a vibraphone covers
F3 to F6. The optimized instrument was extended to F2 to F6,
producing keys which are exceptionally uncommon to the
instrument.

Verification of computer optimized geometry
The validity of the FEA model was experimentally
validated by machining two copies of an A4 (442 Hz) key.
These two keys were precision CNC machined according to
the optimized CAD file geometry. The keys were then
supported individually on strings as they would be if mounted
on a commercial vibraphone. The keys were then struck using
a standard commercial vibraphone mallet. Acoustic emission
was recorded with a microphone and the data was imported
into Audacity, an open source software program capable of
performing frequency spectral analysis under a Hamming
window. For this work, Hamming windowing functions were
chosen because the exact frequencies within the spectrum are
of much higher importance than the amplitude.
RESULTS AND ANALYSIS
Computational results
All 49 keys were successfully optimized to within the
desired frequency tolerances. This includes the 37 traditional
keys of a 3 octave instrument plus the extra 12 keys of the goal
identified in the introduction.
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Experimental measurement
To verify the computational models and optimizations,
the optimized key A4 was selected to be machined. Two
copies of the key were produced. The two machined keys are
shown in Figure 8.

Frequency Spectrum Plot of
Machined Key 1
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Figure 8 – Final machined key geometries. Both keys
pictured were machined according to optimized parameters
for an A4 vibraphone key.
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Spectral analysis of the two machined samples
revealed the following data presented in
-120

Table II. Recording of the keys was performed with a
calibrated Quest Model 2700 Impulse Sound Level Meter. Bin
size for the spectral analysis was set to 16384. Such a large bin
size is necessary to yield as much measurement accuracy as
possible. Because the keys have significantly little internal
damping a large sample time was possible, allowing for a large
number of bins. Therefore, all measured frequencies are
accurate within ±1.35Hz.
Table II – Natural and harmonic frequencies of machined
A4 keys.
Actual
Designed
Cents
Freq.
Test
Mode
%
Freq.
Error
±1.35
Key
Shape
Error
Hz
¢
Hz
0.13
1st
-2
442 Hz
441.43
%
Transverse
nd
2
0.28
Key 1
1768 Hz
1773.79
+6
Transverse
%
rd
3
0.05
4420 Hz
4422.38
+1
Transverse
%
st
1
0.13
442 Hz
441.43
-2
Transverse
%
nd
2
0.28
Key 2
1768 Hz
1773.79
+6
Transverse
%
rd
3
0.05
4420 Hz
4422.38
+1
Transverse
%

Frequency
[Hz]

Figure 9 – Spectral frequency plot of key 1.
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Figure 10 – Spectral frequency plot of bar 2.
DISCUSSION
Because the harmonic ratio (1:4:10) was selected and
achieved with little effort, this implies alternate ratios could
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be optimized just as easily. This statement is in agreement
with the conclusions and findings of other literature in this
area. Harmonic ratios are the most significant contributing
factor of an instrument’s timbre, so optimizing custom
harmonic ratios for unique instrument timbres is possible.
Such instrument designs would likely be exceptionally
difficult with current hand tuning methods due to unfamiliarity
between traditional tuning professionals and the entirely new
geometry which would be required.
The frequency spectrums of both manufactured and
tested keys are remarkably similar with identical frequencies
for the 1st, 2nd, and 3rd transverse modes. Importantly, this
implies a significant degree of repeatability although the
limited number of two keys is not a statistically significant
sample size. Further research would benefit greatly from
having a few machined keys from the low register of the
instrument, but even more so from the high register. As shown
by the previous literature, current methods in mathematical
approximation of beam frequencies require use of either
Bernoulli-Euler or Timoshenko Beam theories and assume all
displacements are in a single plane. For short beams, shear and
torsional moments become significant and the accuracy
resulting from the single plane assumption suffers. Therefore,
the ultimate test of tonal accuracy for musical applications
requires testing of high frequency optimized beams. For
example, the key F6 (1403 Hz) is typically the highest
frequency on a standard vibraphone and the shortest physical
length. It would make a great candidate for such testing.
Spectral graphs of both keys indicate a resonant
frequency at approximately 885 Hz. This resonant frequency
could correspond to a torsional mode of vibration. Some
instrument manufacturers tune torsional modes as well as
transverse. However most research papers in the field of
mallet instrument optimization choose to ignore tuning and
optimization of torsional beam modes. In general, this is a
reasonable choice for the following reason. Proper technique
when performing on any mallet instrument requires the
musician to strike at the center of each bar or key. The first
torsional mode of vibration has a large node located directly
at that point of impact. This leads to minimal excitation of the
first torsional mode. Therefore it acoustically contributes very
little to the instrument’s timbre as perceived by the musician
and audience.
However, neglecting the torsional mode and
assuming the musician will always strike the center ignores
the variability between techniques and individual musicians.
In practical applications, striking a corner of the beam, and
thus exciting a torsional mode is common.
One goal of the work presented here was to extend
the traditional three octave (F3-F6) and additional octave (F2F6). This was accomplished for all 49 keys of the larger
instrument bandwidth. All keys of the instrument were
successfully optimized using 1% frequency constraint
tolerance. As shown by Figure 7, the resulting nodes were
roughly linear in nature. It is important to note, the linearity of
the nodes are dependent on the given length of the keys. To a
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lesser extent, graduation on the width of the keys plays a part
in any resulting linearity.
Continuing from the methods discussed in the
previous chapter of this thesis, the goal of future research will
be to assign a harmonic relationship to the first transverse
mode of vibration. The work by Rossing et al. should be used
as a guide to determine the proper harmonic ratios for the
torsional modes.
CONCLUSION
In summary, this original work has presented a basis for
optimizing beam topology using target frequencies as
constraints rather than arguments of an error function and
instead optimizing another variable such as mass. Secondly,
nodes were added to the models after optimizing with 1%
tolerance on the constraints. These nodes were shown to be
highly linear. However this linearity is greatly dependent on
predefined note length and key graduation. Finally, the key A4
with node holes was selected for physical machining and
verification after optimizing with constraint tolerances of
0.25%. The final keys were found to be accurate to within
standard musical tolerances.
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ABSTRACT
This paper sets out efforts made to introduce engineering
fundamentals to high school students during standard science
courses. The project is run out of the University of Alabama
at Birmingham’s (UAB) School of Engineering, Department
of Electrical and Computer Engineering. Engineering Lab in
a Box (ELAB) is a curriculum of lab projects that “fit” with
concepts being taught in a given science course. This is
facilitated by treating engineering as the application of
scientific knowledge. Program materials are based on the
Next Generation Science Standards. Teachers are provided
with training, texts, presentation slides, and a computerbased project platform device. This paper begins by setting
out the need for such an effort. Next, the development and
testing of the program is given. The use of technology in
program delivery is detailed. Finally, a future application is
described.
THE NEED FOR CORNERS TONE KNOWLEDGE
Pre-college level students receive a grounding in the
fundamental concepts of science and math, the "S" and "M"
of STEM. Yet substantive exposure to technology and
engineering, the "T" and "E" of STEM, is practically non existent (National Research Council, 2010). It is proposed
that whether students want to pursue careers or college, an
understanding of technology and engineering can promote
success.
This is so for the following reasons. Students in
challenging math and science classes often ask "why do we
have to know this stuff?" Engineering can be considered the
application of science, physics and math knowledge to solve
real-life problems. Through engineering, students receive a
practical answer to their question. This promotes STEM
subjects as "useful". Limited evidence suggests that an
understanding of engineering can improve learning on other
STEM subjects ((National Research Council, 2012)).
Next, it can be said that the ability to work with
technology is increasingly required for employment. A
foundation in engineering provides a familiarity and comfort
with technology essential for success. College-level pursuits
in every STEM subject require a working knowledge of
technology, and the ability to communicate with engineers
who develop the tools of the trade. Finally, s tudents who
wish to pursue careers or college in technology and
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engineering can benefit from a foundation in engineering
principles.
Projected growth in STEM jobs is three times that of
non-STEM jobs (Langdon, McKittrick, Beede, Khan, &
Doms, 2011).
This means that there are tremendous
opportunities in STEM fields for career and college ready
students. Yet student and workforce population data reveal
that STEM fields are significantly diversity-challenged
(National Science Board, 2012; U.S. Dept. of Labor, 2011).
This means that talented, motivated female and minority
students are walking away, or being turned away, from the
benefits of an education and career in a STEM field.
For all of these reasons, there is a need to deliver
technology and engineering knowledge to pre-college level
students in every school. Why is this not being done? One
answer is that engineering has been traditionally considered a
college level "capstone" subject. This position holds that
engineering cannot be taught or understood until a certain
level of mastery is achieved in math and science. The result
is that students fail to receive the benefits of technology and
engineering knowledge unless and until they are well into a
college engineering curriculum.
Another answer can be found in the fact that a
curriculum of engineering needs technology-based projects.
Students must work with technology and apply engineering
principles in order to reap the rewards of the domain. Project
“kits” have been developed before, but they tend to be
expensive, for single use, and difficult to deliver without
time-consuming training. Such practicalities discourage
early delivery of engineering knowledge.
A proposed solution
We submit that the fundamentals of engineering can be
taught to K-12 students. This can be done by focusing on the
concepts and applications of engineering, rather than the
facts and procedures of science and math. Concept and
application can be delivered on every grade level. Basing a
curriculum on an assumed level of science and math
knowledge can hinder distribution. This is so because every
school district delivers math and science differently.
It is proposed that concept and application can help
ameliorate the “mile wide and an inch deep” problem that is
much discussed in education. Depth can be achieved by
reducing the abundance of detailed and disconnected facts to
core foundational concepts that are repeatedly explored, with
increasing complexity, throughout the school years.

A meta-analysis of research on international, pre-college
classrooms revealed a major distinguishing feature of the
highest ranking international curriculums. This feature was
that concept and application were emphasized over
procedure.
In America, mathematics is taught almost
exclusively as a set of procedures (Richland, Stigler, &
Holyoak, 2012). The result is a demonstrated, general
weakness of American students: the difficulty of applying
knowledge to a given situation (Organisation for Economic
Co-operation & Development, 2012). In fact, the analysis
revealed that a focus on concept and application was more
positively correlated with achievement than delivery style
(Richland et al, 2012).
The concept and application approach was incorporated
into a recent set of American education standards: the Next
Generation Science Standards (NGSS). The NGSS were
issued in April of 2013 by the National Science Teachers
Association. This is the largest association of science
teachers in the world. The Standards were based on the
Framework for K-12 Science Education, developed by the
National Research Council, the staffing arm of the National
Academy of Sciences (National Research Council, 2012).
The Framework sets out the broad ideas and practices of the
natural sciences and engineering it is believed every high
school student should know upon graduation. Since its
release in 2013, the NGSS have been adopted by sixteen
states, including Alabama.
The ELAB curriculum is grounded in the NGSS. This is
so for philosophical and practical reasons. As has been
discussed, the concept and application approach suits the
early delivery of engineering knowledge.
The NGSS
supports this. Also, it has been the experience of the ELAB
team that American public schools are more interested in
programs that are grounded in education standards than those
that are not. In other words, alignment with the NGSS
facilitates adoption.
It is worth noting that ELAB, in its present form, is a
project for the American school system. However, the
subject matter, engineering, has not national or cultural
barriers. Further, the concept and application approach was
derived from international efforts. Therefore, the authors
submit that ELAB could be, with modification, delivered in
other countries.
The application of engineering concepts can be realized
through classroom projects. Because of the nature of the
subject, a technology-based platform for classroom projects
is needed. Efforts in the ELAB project included the
development of such a platform, which will be discussed
supra.
In addition to content and pedagogy, the format for
delivery is worth considering. One possible way would be to
treat engineering as a stand-alone subject. High school
students could be offered a course in engineering as an
option to higher level standard science courses, such as
Chemistry II. UAB’s School of Engineering, Department of
Electrical and Computer Engineering is involved in an effort

to develop such a curriculum (Lipscomb, 2015). Certainly,
this goal needs further study.
Yet there are problems with this kind of implementation.
Many consider that high school curricula are currently “overstuffed”. Adding another course to the load could be
problematic. Yet there is another way. Based on a study of
the implementation of engineering curriculums, the National
Academy of Sciences recommended that engineering be
“infused” into existing standards (National Research
Council, 2010). An application of this idea would be to
embed engineering into standard science courses. This is the
method employed in the current study.
DEVELOPMENT AND DELIVERY
Engineering Lab in a Science Classroom (ELAB) has
been tested by delivery to five 9th grade biology cohorts in a
Birmingham, Alabama city school. These cohorts were
comprised of economically challenged students. This effort
was a collaboration with the Alabama State Department of
Education and the Ed Foundation. Success was measured by
student testing and teacher feedback. Although such results
can best be described as preliminary, they were positive and
constructive.
Program materials
Through the ELAB program, we intend to assist science
teachers to incorporate engineering seamlessly into their
curriculum. To do so, we focus on the engineering
applications of the science being taught; devise projects that
reveal the “usefulness” of science; and provide guidelines for
engineering instruction. These efforts are designed to ensure
that the existing science curriculum is not be made
incoherent for the sake of injecting engineering information.
The projects are to be performed using the versatile hardware
platform described below. The training materials provided to
teachers include the following.
Item 1: A detailed schedule plan that provides for the
infusion of engineering content once per month. The number
of sessions given to this will depend of the length of
individual sessions and the teacher’s judgment. This onceper-month format plays well with the NGSS. The Standards
divide engineering “practices” into 8 categories. Our model
distributes this material evenly across the s chool year to help
provide a manageable schedule of engineering instruction.
This also gives students time to absorb the information and
build upon it.
Item 2: A set of application-based engineering projects
tailored to individual science courses (biology, chemistry,
and physics). Each project is accompanied by a detailed
instruction plan and a tutorial for ease of implementation.
These documents are provided in both print and digital media
formats.
Item 3: A manual for the proposed hardware platform.
This provides detailed explanations of the platform’s design,
organization, function, and capability. The manual is
provided in print and digital media formats.
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Item 4: A package that includes a project platform
device and several components that can be connected to it.
The components are carefully selected to allow the hardware
to interact meaningfully with project environments.
Training program
In order to provide realistic preparation for science
teachers in the ELAB program, summer workshops will be
organized. The structure of the workshops allows for an
equal distribution of instruction in the eight engineering
practices from the NGSS, accompanied by hands-on
experience with the project platform device. To
accommodate science teachers of all disciplines (biology,
chemistry, and physics), example projects for each of these
disciplines will be used for the training. A typical workshop
will be for two days with eight hours of instruction per day.
Each of the eight engineering principles from the NGSS are
afforded two hours of instruction. Participants will be
awarded a certificate for successful completion of the
workshop. Further, they will be compensated for travel, food
and lodging.
To improve scalability and accommodate educators in
distant districts, an online training program can be provided,
with a structure similar to the in-person workshop. Each of
the eight sections will have videos lectures and the hands -on
work with the hardware platform.

practical to use. It was designed to deliver technology and
engineering concepts. This makes it valuable to use.
Hardware platform
Computer-aided technologies are widely used for the
simulation and emulation of natural phenomenon and enable
a cost-effective way of learning them thoroughly. In order to
bring any engineering applications into the science
classroom, we need a computational medium. A typical
application-based engineering project involves interfacing
with the application environment, acquisition of data from
the environment, processing of the data, and production of

TECHNOLOGY IN THE CLASSROOM
ELAB efforts include developing a free-standing,
portable, computer-based platform for delivering engineering
fundamentals. This project platform device, known as “Lab
in a Box”, was designed for program delivery, not the other
way around.
Classroom experiences revealed that the project platform
device needed to be free-standing and portable. Students in a
general-purpose classroom must be able to work on projects
from their desks. The platform cannot require connection to
monitors, computers or other equipment that are normally
located in science and computer labs. Scheduling limitations
for such labs often prohibit curriculum delivery. Use of the
platform must be simple and straightforward, so that
attention can be directed toward the goals of the project, not
with making the device "work". The platform must be
durable and enclosed, so that student handling does not
damage the device. Operation must be straightforward, so
that teachers without technical backgrounds can employ it in
the classroom without difficulty.
The Lab in a Box was specifically designed to deliver
learning projects in general-purpose classrooms by teachers
of standard science qualification. This allows for broad
implementation. The device is cost effective, reusable, and
has multiple applications. This makes it economically
possible to use in every classroom. Design decisions were
based on the realities of the classroom. These make it
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Figure 1: ELAB Hardware Platform
physical and analytical outputs. These elements are also
required by the NGSS for facilitating an understanding of the
engineering practices. All of this is possible through a
computational hardware platform.
In our proposal, we use a Raspberry Pi board for the
project platform.
The Raspberry Pi employs Wolfram
Mathematica as a user interface. Raspberry Pi is not a mere
microcontroller, such as other hobbyist boards available on
the market. Rather, it is a fully-fledged computer with the
ability to connect various components that can interface with
a given environment. Its powerful and versatile user interface
allows for a seamless experience for the user, who will
provide the inputs and receive the outputs.
A Raspberry Pi needs only regular interface IO
components like a monitor, keyboard and mouse. With the
use of touch screen technology, we combined these
components into one device. This enhances the portability of
the ELAB platform. As a result, students will have a small,
portable computer that can be used in any classroom
regardless of the facilities. What makes this different from
other platforms, like tablets, is the ability to connect multiple
components like sensors & actuators that can interact with

any environment. All told, Lab in a Box is designed to be an
effective, productive educational platform.
Further improvements must be made to reduce cost,
improve connectivity through Wi-Fi adaptation, improve
adaptability to versatile components, and, most importantly,
to produce easily relatable and customized user interfaces for
various project objectives. Currently, we are designing a user
interface in Mathematica for engineering projects based on
biological applications, which will be used in a 9th grade
Biology course.
PROSPECTS
Figuratively speaking, this project involves taking
engineering off the top shelf of higher education and handing
it to high school students where they can use it. This
requires dusting and scraping away historical accumulations.
These are the ideas and beliefs about engineering that
interfere with its accessibility.
At its conceptual heart, engineering is a design and
process science: the rational, systematic development of a
solution to a stated problem. At the risk of putting too fine a
point on it, engineering is thoughtful problem solving. The
goal of the ELAB project for students is not to acquire
certain facts and procedures of a particular field of
engineering. The goal is to think like an engineer.
Neuropsychology has identified the area of the brain
involved in this activity: the prefrontal cortex. Like every
other body part, the physical structure and skills associated
with use develop over time. It is estimated that the prefrontal
cortex does not become “fully operational” until a person
reaches the early 30s.
Childhood, in particular, is a
tremendous time of growth for the brain. The developmental
impact of stimulating the prefrontal cortex through problemsolving engineering projects is worth further investigation.
A future use for the knowledge gained from efforts to engage
juvenile students in engineering projects could be employed
for the design of human development tools. This is of
relevance to engineering, medicine, psychology and
education – truly a transdisciplinary project.

REFERENCES
Lipscomb, M. (2015). A framework for a continuous stem
program: Challenges, aspirations & solutions . SDPS
World Conference Texas (pp. 290-299). issn: 10909389.
National Research Council (2012). A framework for k -12
science education: Practices, crosscutting concepts,
and core ideas. Washington, D.C.: The National
Academies Press.
National Research Council (2010). Standards for k -12
engineering education?. Washington, D.C.: The
National Academies Press.
National Science Board (2012). Science and engineering
indicators 2012. Retrieved from http://www.nsf.
gov/statistics/seind12/
National Science Teachers Association (2013). Next
generation science standards. Retrieved from http://
www.nextgenscience.org/
Organisation for Economic Co-operation & Development
(2012). Results from pisa 2012: United states.
Retrieved from http://www.oecd.org/pisa/
keyfindings/PISA-2012-results-US.pdf
Richland, L., Stigler, J., & Holyoak, K. (2012). Teaching the
conceptual structure of mathematics . Educational
Psychologist, 47:3. doi: 10.1080/00461520.2012
.667065
Langdon, D., McKittrick, G., Beede, D., Khan, B., & Doms,
M. (2011). STEM: Good jobs now and for the
future. Retrieved from http://www.esa.doc.gov/
reports/stem-good-jobs-now-and-future
U.S. Dept. of Labor (2011). Women in the labor force: A
databook. Retrieved from http://www.bls.gov/cps/
wlf-databook-2011.pdf

ACKNOWLEDGMENT
Grateful acknowledgment is given to Murat Tanik,
Ph.D. for being the impetus and for championing the ELAB
program; to the Wallace R. Bunn Endowed Chair at UAB for
continuing financial support, to Michael Robinson of the
Alabama Department of Education for efficient and
productive collaboration on this project, to J.W. Carpenter
and the Ed Foundation for their generous contributions that
have made the creation and development of this program
possible; to Kristie Williams and Jordan Dailey for their
valuable assistance in delivering the program to a group of
hard working Carver students; and to Anthony Winchester
for his hands-on efforts to make the program work in the real
world.

81

SDPS-2016
Printed in the United States of America, November, 2016
2016 Society for Design and Process Science

TOWARDS THE AUTOMATIC CODING OF MEDICAL TRANSCRIPTS TO
IMPROVE PATIENT-CENTERED COMMUNICATION
1

Gilchan Park, 1Julia Taylor Rayz, 2Cleveland G. Shields
Computer and Information Technology, 2Human Development & Family
Studies, Purdue University
{ park550@purdue.edu jtaylor1@purdue.edu cgshield@purdue.edu }

1

ABSTRACT

REALTED WORK

This paper aims to provide an approach for automatic
coding of physician-patient communication transcripts to
improve patient-centered communication (PCC). PCC is a
central part of high-quality health care. To improve PCC,
dialogues between physicians and patients have been
recorded and tagged with predefined codes. Trained human
coders have manually coded the transcripts. Since it entails
huge labor costs and poses possible human errors, automatic
coding methods should be considered for efficiency and
effectiveness. We adopted three machine learning algorithms
(Naïve Bayes, Random Forest, and Support Vector Machine)
to categorize lines in transcripts into corresponding codes.
The result showed that there is evidence to distinguish the
codes, and this is considered to be sufficient for training of
human annotators.

PCC definition & necessity & usages & usefulness &
guidelines

INTRODUCTION
One of the key components in the quality of health care
is the measurement of patient care, and measuring clinical
practice is a crucial area to be enhanced. In particular, PCC is
a fundamental element of high-quality health care.
Incomplete or incorrect understanding about treatment
between physicians and patients leads to unexpected and
unpleasant results for patients. In a patient-centered health
care system, effective communication between clinicians and
patients is critical (Baker, 2001). Given the fact that the
measurement of clinical care quality is mostly done by
manually reviewing medical records which entails huge labor
cost and inaccurate information, people in medical
environment have acknowledged the need for efficient
approaches to quality measurement. As a way of improving
PCC, dialogues between physicians and patients have been
analyzed using prognosis communication codes. There are
several reasons to undertake the analysis of communication
between doctors and patients. One is to ensure that certain
policies are enforced; two is for doctor or medical personnel
training; three is to analyze the effectiveness of
communication. Today, trained human coders have manually
coded the transcripts. Since it is costly and time consuming,
automatic coding methods should be considered for
efficiency and effectiveness.

82

PCC is a communication among clinicians, patients, and
family members that makes patient-centered care possible.
Patient-centeredness is based on moral philosophy with core
elements: understanding patients’ needs, perspectives, and
expectations;
assisting
patients’
participation
in
understanding their clinical conditions; improving the
patient-clinician relationship (Epstein et al., 2005a).
Choosing an effective tool to measure PCC is challenging
and essential to obtain information about communication
behaviors and effects.
To effectively measure the quality of patient care,
clinical guidelines have been implemented and distributed.
The definition of clinical practice guidelines is
“systematically developed statements to assist practitioner
and patient decisions about appropriate health care for
specific clinical circumstances” (Field & Lohr, 1992).
However, clinical guidelines have not been widely used for
improving health care. The main reasons include indefinite
instructions and formats for guideline development process
and the lack of assessment measurements for compliance
with guidelines. To render guidelines less ambiguous,
Shiffman et al. proposed an approach that enabled clinical
practice guideline creators to author their guidelines using
controlled vocabulary that restricted grammar and lexicon
(Shiffman et al., 2009). Harkema et al. measured and
assessed the quality of colonoscopy procedures for colorectal
cancer screening based on free text portions in electronic
health records that contained salient information for
guideline measurements (Harkema et al., 2011). In the
smoking-cessation care research, the rule-based clinical
event classifier, MediClass, determined whether clinicians
conformed to the 5A’s of smoking-cessation care with high
accuracy (Hazlehurst et al., 2005a, 2005b).
Given the fact that the concept of patient-centered care is
not well understood in healthcare community, and policies
and guidelines related to patient centered care have not been
widely used, it is necessary to create practical and effective
policies and guidelines to encourage and assess PCC (Epstein
et al., 2010). With the guidelines, clinicians can be trained
and make appropriate decisions in certain clinical situations.

In particular, when discussing bad news, clinicians should
practice and prepare giving bad news; assess patient
understanding; present information that is easy to understand;
provide emotional support; consider individual preferences
(Ngo-Metzger et al., 2008). The study revealed that
physicians often asked closed-end questions requiring “yes”,
“no” to patients, and emphasized the importance of teaching
physicians how to ask open-ended inquires that elicit
patient’s narrative story. One approach to assess PCC is a
direct observation of clinical encounters that are recorded
and reviewed by trained coders (Roter & Larson, 2002; Stiles
& Putnam, 1992; Street & Millay, 2001). Participants’ needs,
expectations, and feelings can be derived from the analysis of
observational data (Epstein et al., 2005b). The outcomes of
analysis can be used as foundations for PCC guidelines.

Discussion of quality of life in the future
FurQol

Discussing palliative care treatment
PallCare

Curability

SurvTime

BestWorstCase

Table 1 Prognosis communication manual

Code
CancKnowl

OpenDoor

UnderSProg

ChgforWorse

Specification / Example
Assessing patient’s knowledge of state of
disease
“Tell me what you understand about
where your cancer is now.”
Asking if the patient wants to know about
the prognosis, survival, curability/the
future or indicating common questions
that people have about the prognosis,
survival, curability, future quality of life,
or palliative care
“Would you want to know more about
what the future holds for you?”
Assessing the patient’s understanding of
his/her prognosis
“What do you understand about your
prognosis?”
Discussion of how the disease trajectory
is changing for the worse without explicit
mention of survival time or curability
“Especially because your disease has
been progressing after two types of
chemo.”

“Have you and your family discussed
issues like life support and power of
attorney?”
Discussing if the cancer can be cured

Prognosis Communication Manual
Prognosis Communication Manual, developed by CGS,
is a guideline to encode patient-physician communication
transcripts with eleven predefined codes. The specifications
of the codes are described with examples in the Table 1.

“Have you had thoughts about
considering stopping the chemo and
focusing more on comfort and quality of
life?”
Discussing advanced directives

AdvDirect

EXPERIMENTAL SETUP
Our goal is to analyze doctor-patient communication
according to Prognosis Communication Manual principles.
Previously, transcribed doctor patient records have been
manually annotated. This study aims at annotating the
transcripts automatically by classifying the lines of
transcripts, if appropriate, according to the codes of the
manual.

“Down the road, you likely won’t have as
much energy to go out and socialize like
you do now.”

DoubFram

“Although the treatments might help you
live longer and live better, they cannot
completely get rid of the cancer. It’s not a
cure.”
Discussing estimates of survival time
“I’m not sure that you will make it to
Christmas this year.”
Discussing best case and worst case
scenario
“Most patients will survive 6-12 months.
Some may do better and live up to 2
years, and some do worse - only 2-3
months.”
Double Framing Survival/Curability
Estimates
“The research shows that about 70% of
patients like you will be cured and 30%
will relapse.”

The CancKnowl, OpenDoor, UnderSProg codes are only
applicable to physicians’ utterances, and the other codes are
used for both sides of physicians and patients. The scope of
our research is restricted to the portion of physician’s codes.
Dataset
The raw dataset consists of total 839 transcript files, and
492 cases exist within the transcripts. Each case represents a
single conversation between a doctor and a patient. The
transcript files were coded by human coders. Cases were
coded by different number of human coders. To avoid a
situation in which a certain portion of text appears more
frequent because the case containing the text is coded by
many coders than others, the majority opinion of human
coders was initially considered. Specifically, when more than
half of the coders agree on the particular code for a certain
line (single utterance) in a case, then the line will be used for
the analysis. However, while applying the majority opinion
approach, we found that the level of interrater agreement was
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significantly low, and this led to the lack of data to be
retrieved. Alternatively, we only removed duplicate lines by
the same code. For instance, if a certain line is tagged with
the same code by multiple coders, duplicates of the line will
be discarded. If the line is coded by different codes, then the
line will be used in each code category. The rationale of this
is that if a line is judged differently by humans, then the line
might have potential evidence for each code.
Data Preprocessing
The data preprocessor first determines whether a line in
a transcript is coded or not. Then, it clusters lines with the
same code, and stores them in text files. Each code text file is
parsed for sentence boundaries. In our approach, we decided
to consider nouns, verbs, adjectives, and adverbs rather than
take into account all words in sentences. To achieve this,
some of natural language techniques were adapted. First, the
sentences are tagged with parts of speech using Stanford part
of speech tagger (Toutanova et al., 2003). To handle variants
of words, words were stemmed using Porter stemmer (Porter,
2001). Stop words were removed as well. Figure 1 illustrates
the text preprocessing. Each code file (e.g. AdvDirect.txt,
UnderSProg.txt) contains all texts coded by its code. Instance
file contains terms of a single utterance.

Fig. 1 Text preprocessing schematic diagram

Experiments using Machine Learning Algorithms
To conduct the experiments, we applied three machine
learning (ML) techniques: Naïve Bayes (NB), Random
Forest (RF), and Support Vector Machine (SVM). The
machine learning tool Weka was used to run these algorithms
(Hall et al., 2009). The preprocessed dataset revealed that the
codes BestWorstCase, CanKnowl, DoubFram, OpenDoor,
and UnderSProg were coded too rarely to be compared with
the other codes, and therefore were not considered for further
processing. The classes used in ML algorithms included
AdvDirect, ChgforWorse, Curability, FurQol, PallCare,
SurvTime, and NotCoded (a class for lines not coded by any
code).
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The experiments were largely comprised of three phases.
The first experiment evaluated the three ML algorithms’
performance for multiclass classification by increasing the
minimum number features (words) in each instance (line).
The first group contains all instances, the second group
contains instances having more than or equal to three words,
and the last group contains instances having more than or
equal to five words. Since the occurrences among codes were
different, the same number of instances for each code was
chosen so that the ML classifiers were not over trained by
large classes. Table 2 below shows the overall description of
data sets.
Table ２ The number of instances for each code in the first
experiment
A group

B group

C group

(#words ≥1)

(#words ≥ 3)

(#words ≥5)

AdvDirect

190

190

190

ChgforWorse

190

190

190

Curability

190

190

190

FurQol

190

190

190

PallCare

190

190

190

SurvTime

190

190

190

NotCoded

190

190

190

Code

For the feature extraction, Chi-square feature selection
method was applied. Term frequency, inverse document
frequency, and document length normalization were used for
term weighting calculation.
Each ML algorithm was performed with 10-fold crossvalidation. In each group, ML algorithms were run 4 times
with 4 different data sets that were randomly selected from
the entire instances for each code. Figure 2, 3, and 4
represent the results of NB, RF, and SVM respectively. Since
the classifiers assign exactly one class to each instance,
micro-average F1 is the same as accuracy. The results
showed that SVM performed better than the other two, and
as the number of words increased, both F1 scores slightly
became higher. Both results are significantly better than

random, as the classification was done between 7 classes
resulting in random accuracy of 14%.
100%

Micro average F1

80%

Macro average F1

60%
40%

40.79% 39.88% 41.97% 41.25%

45.23% 43.93%

20%

0%
A group

B group

C group

(#words ≥ 1) (#words ≥ 3) (#words ≥ 5)

The second experiment was to check whether the
correctly classified instances in C group (#words ≥ 5 words)
would be still correctly classified within dataset combined
with instances of other groups (#words ≥ 3 and #words ≥ 1).
The purpose of this is to determine whether there is a
consistent evidence to be distinguishable among codes. In
other words, would a line of more than 5 words that was
correctly classified be also correctly classified in a morethan-or-equal-to 3 classifier and more-than-or-equal-to 1
classifier? Are specific longer lines better classified with
different classifiers? To accomplish this, the data set for A
group was reconstructed with the combination of correctly
classified instances in C group and the randomly selected
portions of samples in A group for the rest. The same applied
to the data set for B group. Figure 5 depicts an example of
the process of data set construction.

Fig. 2 Naive Bayes classification result
100%

Micro average F1

80%

Macro average F1

60%
40%

41.86% 42.55%

43.97% 44.55%

45.73% 46.18%

20%
0%
A group

B group

C group

Fig. 3 The example of construction of data sets in the
second experiment

(#words ≥ 1) (#words ≥ 3) (#words ≥ 5)

NB

Fig. 3 Random Forest classification result
100%
100%

Micro average F1

80%

Macro average F1

60%
42.82% 44.48%

46.09% 47.50%

80.9%

89.7%

RF

SVM
90.0%

84.4%

89.4%

80%

48.31% 49.65%

60%
40%
20%
0%

40%
20%
0%
A group

89.5%

B group

C group

(#words ≥ 1) (#words ≥ 3) (#words ≥ 5)

Fig. 4 SVM classification result

A group

B group

(#words ≥ 1)

(#words ≥ 3)

Fig. 4 Accuracy of correct classification on the instances
that were correctly classified in C group in A group and
B group
The combined data sets were classified by NB, SVM,
and RF algorithms. The correctly classified instances in C
group were tracked to identify whether they were still
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correctly classified in different groups. Figure 6 describes the
accuracy of correct classification on the instances that were
correctly classified in C group. The result showed that most
of correctly classified instances in C group were still
correctly classified in A group and B group.
The third experiment took into account immediately
preceding sentences from another dialog participant that led
to a coded line response. For instance, the single line “D:
Subsequent tumor markers have come back more elevated
than before.” is coded as ‘ChgforWorse’. For the line with
previous lines include its preceding successive lines by the
same person: “D: Okay, so we have a lot to talk about today
and your treatment, I think is starting today as well. D: I did
the orders and tried to get it started as soon as possible. D: I
had an inkling obviously that things were starting to grow
between your symptoms and the tumor markers. D:
Subsequent tumor markers have come back more elevated
than before.” Our assumption of this is that previous lines
can be strongly related to the coded line. In other words, the
previous lines can have features for machines to detect the
coded line.
Two sets were prepared for the experiment: single coded
lines and single coded lines with previous lines. The
preceding experiments were all conducted using single coded
lines. The instances in both sets contained 5 words or more.
This time, ‘NotCoded’ class was excluded since we assumed
that the lines in the class would not be closely related unlike
other codes. The data sets consist of 6 classes with 190
instances for each class. The NB, RF, and SVM algorithms
classified the data. The ML algorithms were run 4 times with
4 different data sets that were randomly selected from the
entire instances for each code. Figures 7, 8, 9 shows the
results of each algorithm using 10-fold cross validation.
100%

Micro average F1

80%

Macro average F1

60%

53.88%

53.68%

60.81%

Micro average F1

100%

Macro average F1

80%
60%

51.34%

52.38%

62.35%

62.68%

40%
20%

0%
Single Coded line

Single Coded line

(#words ≥ 5)

with previous lines
(#words ≥ 5)

Fig. 8 Random Forest classification result
Micro average F1

100%

Macro average F1

80%

60%

54.45%

56.38%

62.30%

63.25%

40%
20%
0%
Single Coded line

Single Coded line

(#words ≥ 5)

with previous lines
(#words ≥ 5)

Fig. 9 SVM classification result
60.45%

40%

The results indicated that ML algorithms were able to
more accurately classify the coded lines with previous lines
than the single coded lines with 6 ~ 10% higher accuracy.
CONCLUSIONS

20%
0%
Single Coded line

Single Coded line

(#words ≥ 5)

with previous lines
(#words ≥ 5)

Fig. 7 Naive Bayes classification result
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This paper suggested an approach for automatic coding
of physician-patient communication transcripts to improve
PCC. The experiments were conducted in two phases. The
first experiment was to evaluate NB, RF, SVM algorithms’
performance on code classification. The results indicated that
SVM performed better than the other two. In the results, we
discovered a couple of causes that affected the performance.
One reason can be the length of each sample. Each sample is
a single utterance of a physician’s speech. After the
preprocessing step, the majority of samples contained a
single word. In other words, this might lead to the lack of
evidence for classifiers to distinguish samples. This was

proven by the fact that the classification accuracy became
greater when the minimum number of words in data sets
increased. The difference in accuracy between A group
(#words ≥ 1) and C group (#words ≥ 5) was around 5%. The
low interrater agreement can affect the low performances.
Human coders coded the transcripts differently, and thereby
a certain line (utterance, sample in ML) belongs to more than
one category. While this led to ambiguous samples for
classifiers, this lack of agreement is one of the reasons for
employing machine-classification that removes human bias
(although introduces many other issues). The majority
opinion was not applicable in this research since it
considerably reduced the size of usable samples. With a
larger number of transcripts that are coded by many people
the majority opinion could be considered, and the
performance is expected to improve. While the results are
significantly better than random, they are not reliable enough
to be used in real life. One of the reasons is the small sample
size that was tagged. In order not to over-train classifiers by
large classes, the used samples for each code were restricted
to 190; however, this sample size might not be sufficient to
train classifiers. The second experiment was to identify
consistent samples in data sets. The correctly classified
samples in C group (#words ≥ 5) were still correctly
classified in different data sets with 80% ~ 90% accuracy.
This indicates that there exist distinguishable samples
between codes. The proved samples can be used for feature
selection to calculate term weightings, or can be
representative data for other approaches such as concept
identification in semantic processing. The third experiment
was set to measure relatedness between coded lines with
their preceding lines. The results showed that the machine
more correctly classified the coded lines in combination with
preceding lines than the single coded lines with 6 ~ 10%
higher accuracy. This proved our assumption that utterances
in a specific time can belong to the same or at least similar
context. In the experiment, we excluded ‘NotCoded’ class
because the utterances in the class would not be close due to
varied contexts. The level of consistency in ‘NotCoded’ class
will be further investigated.
In this research, not all codes were considered due to the
lack of samples for some codes. When more transcript data
that contain enough samples for the currently discarded
codes are given, all codes will be analyzed and the possible
reasons and causes of low performance mentioned above will
be further proved and addressed. The analysis of texts was
restricted to physicians’ portion of transcripts. Since patientcenteredness must consider characteristics of patients, a
comprehensive measure of PCC is required, and we will
achieve this in our future work. However, even with the
result of classification between 7 classes being 50%, this is
enough to be used for training of people that manually tag
the data today, thus making a step forward in producing
better results in PCC in general and prognosis
communication manual-based tagging in particular.
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ABSTRACT
Health professional educators are provided with an
opportunity to transformatively deepen interprofessional
education through the utilization of widely available, highfidelity virtual reality (VR) equipment. Using VR, students
can experience the world through the senses of their patients
and colleagues. We present a roadmap and framework for
creating a pilot education experience using off-the-shelf
virtual reality equipment to simulate a variety of healthcare
scenarios from multiple perspectives. These scenarios will
improve patient care by increasing the empathy of healthcare
providers for both their patients and their fellow caregivers.
INTRODUCTION
Following the well-trodden path taken by most
computing technology, virtual reality (VR) equipment has in
recent years both dramatically reduced in cost and increased
in performance. The highest fidelity consumer VR products
in late 2016 are well under $1,000 US per-seat and present
deeply immersive audio-visual experiences with near photorealistic quality.
These advances present an opportunity to transform
educational experiences using VR. Educators have long
appreciated the possibilities afforded by VR, but have been
hindered in realizing these possibilities by a variety of
factors: poor availability of computers in schools (Allison &
Hodges, 200), accessibility issues (Boulos, Hetherington, &
Wheeler, 2007), prohibitive equipment costs (Johnsen, Raij,
Stevens, & Lind, 2007), and a general lack of deeply
engaging content. Despite these challenges, the use of VR as
a medium for educational content has proven effective across
a broad spectrum of disciplines. Medicine in particular has
seen applications of VR in online-interactive spaces (Boulos,
Hetherington, & Wheeler, 2007) and using virtualized
persons with motion tracking equipment (Lok, et al., 2006).
Skills acquired in such experiences have been shown to
translate well into real-life practice (Johnsen, Raij, Stevens,
& Lind, 2007).
Simultaneously, trends in the practice and pedagogy of
medicine underscore the need for medical professionals to
deepen their ability to empathize with others. Indeed, patient
experience throughout healthcare encounters has become a
key priority. For instance, the Patient-Centered Outcomes
Research Institute (PCORI) (Selby, Beal, & Frank, 2012) has
identified patient experience as the fourth level of quality in
healthcare. The Triple Aim of Healthcare initiative (Institue
for Healthcare Improvement, 2016) has an entire domain

focused on the Experience of Care. Given that few healthcare
providers also consume their own services, the need for a
framework to provide insight into patient experience is clear.
Competency in this area is best developed through
narrative experiences examining medicine’s 4 central
relationships: provider and patient, provider and self,
provider and colleagues, and provider and society (Charon,
2001). Early efforts to train this competency focused on indepth reading and reflective writing. More recently
interactive narrative medicine (Cavazza & Charles, 2013) has
emerged as a paradigm in which the learner has the
opportunity to shape the direction of the narrative through
their actions. Within this paradigm, emphasis to date has
been on the use of traditional digital storytelling and gaming
technologies.
We posit that an opportunity exists at the intersection of
modern high-fidelity VR experiences and interactive
narrative medicine. Concretely, we propose the use of multiperspective interactive VR scenarios of three types: patientcentric, interprofessional, and fully simulated patient care in
a team environment. In the remainder of this text we lay out
a proposed methodology for implementing these experiences
and discuss the anticipated results of using these experiences
within the larger framework of interprofessional education
(IPE) of healthcare providers.
PROPOSED METHODOLOGY
Framework
Conceptually, our proposed methodology involves
providing learners with richly-detailed multi-perspective
interactive VRE. Using modern low-cost VR equipment,
such as the Oculus Rift, learners are presented with a typical
healthcare scenario. While engaged in the scenario, the
learner has the ability to change perspectives, either between
different healthcare providers or the patient. Thus, VRE have
the potential to help healthcare providers see through the
eyes of patients and each other. Although healthcare
providers are often taught the skills of sympathy and
empathy, individuals will always carry innate bias. The VRE
are opportunities to overcome bias, and help a healthcare
provider understand the medical condition and treatment.
VRE have the potential to help healthcare providers see
through the eyes of patients. The new paradigm within
healthcare due to the Affordable Care Act is a push towards
patient-centered care. Healthcare providers are often taught
the skills of sympathy and empathy; however, individuals
will always carry innate bias. The VRE are opportunities to
overcome bias, and help a healthcare provider understand the
medical condition – from a patient’s point of view.
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Patient Perspective
The goal of the VRE is to help healthcare professionals
better understand the physical and psychological limitations
their patients experience. Initially, this experience will focus
on geriatrics and the normal decline associated with aging;
individuals experience a myriad of medical conditions,
ranging from poor eyesight secondary to glaucoma or altered
stability with Meniere’s disease, through the aging process,
and helping healthcare learners understand these
physiological changes will hopefully provide a deeper
understand of the medical condition and patient perspective.
This understanding provides both the basis for empathy with
the patient and more effective provision of care, taking into
account an individual patient’s challenges during everyday
life. For example, VRE could simulate the tunnel vision
associated with glaucoma, and a student pharmacist would
gain a better understand the limitations in sight, and then be
able to develop a new medication plan based focused on this
barrier.
Finally, the Patient-Centric VREs provide a framework
to understand medical conditions with stigma, aiding in
cultural competencies. For instance, serious mental illnesses
(SMI), like schizophrenia, are associated with negative
connotations by the lay public. A VRE in which a healthcare
provider experiences elements of the patient’s condition
could provide a deeper level of empathy from healthcare
providers, but also a deeper learning for the students.
Interprofessional Education
Virtual Reality Experiences not only help a provider
understand the patient, but also other professionals providing
parallel care. Interprofessional instruction is one of the pillars
associated with healthcare professional education and
accreditation. Unfortunately, logistical challenges posed by
multiple disciplines teaching in multiple programs makes
attainment difficult. Often, a guest lecturer here or there may
provide some context about interprofessional experiences,
but rarely is the entire healthcare team available for a
didactic lecture.
Interprofessional VREs provide educators an
opportunity to teach the perspective of each discipline. For
example, many states have rules and regulations limiting
individuals behind the counter at a community pharmacy.
Utilizing technology and the Interprofessional VREs,
students in other health disciplines, like nursing, physical
therapy, medicine, are able to simulate the role of a
community pharmacist, or the pharmacy student can simulate
the role of a dentist.
Likewise, in a VRE simulating a surgery, the learner
could replay the experience multiple times from the
perspectives of each of the present providers: surgeon,
anesthesiologist, nurses, surgical assistants, and so forth.
Patient Care Scenarios
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The final situation in VRE is the “First Person
Practitioner” (FPP) approach. The FPP approach begins with
a case vignette. Utilizing the wearable technology, each
practitioner of an interdisciplinary team triages the case from
his/her perspective, speaking aloud his/her thoughts as the
patient is evaluated and/or the patient’s chart is reviewed.
Throughout this process, the practitioner’s thoughts and
actions are recorded via the technology. In the classroom, the
resulting collection of videos generated and narrated by
practitioners provides students with opportunities to
experience the cognitive processes that generate the
behaviors of each healthcare professional and come to value
the strengths of each member’s discipline and expertise.
Seeing what the professional sees and hearing what the
professional is thinking illuminates those habits of mind
specific to the individual and his/her training. Providing
students opportunities to reflect on the unique ways in which
practitioners from different disciplines approach problemsolving furthers their own metacognitive skill and positively
impacts their professional identity and development.
DISCUSSION
Health Professions Education Objectives
The broad educational goals for this research project are
to use first-person VR capabilities in a way that allows the
research subject to gain greater insight into other persons and
situations with whom they interact. Specifically, in this
health professions based project these “others” include
patients and collaborating health professionals.
We believe that engaging in the patient experience via
immersive VR will allow healthcare professionals to better
understand things from the patient’s point of view, which we
categorize as “empathy”. Similarly, we believe that an
immersive experience, done as a first-person VRE, of how
patients are treated by someone from a different health
profession will provide the research subjects with both
knowledge of subject specific techniques and methods as
used by the other health professional, as well as contextual
knowledge about how the other professional engages in
cognitive tasks.
Using Bloom’s Taxonomy (Anderson, Krathwohl, &
Bloom, 2013) as a guide, we foresee research subjects
learning to reach the level of better understanding the patient
and collaborating health providers, and then being able to
analyze and evaluate the understanding gained from the
experience.
• Understand the fundamentals of the VR technology as it
can be applied to teaching in a health sciences setting.
• Help lead the development and application of this
emerging technology to improve all aspects of
healthcare delivery.
• Understand, analyze and record the patient experience
through virtual means to allow health providers to better
understand and empathize with that experience.

•
•
•
•
•
•

Assure that interprofessional experiences are available
that allow students in varying health care disciplines to
learn from each other’s point of view.
Effectively interface between the VR simulation
developers and the clinical user community.
Utilize human centered design factors.
Provide a platform for working with individuals of other
professions to foster a climate of mutual respect and
shared values.
Use the knowledge of one’s own role and those of other
professions to appropriately assess and address the
healthcare needs of the patients and populations served.
Apply relationship-building values and the principles of
team dynamics to perform effectively in different team
roles to plan and deliver patient/population-centered care
that is safe, timely, efficient, effective and equitable.

Health Professions Education Outcomes
While the educational objectives are goals that we plan
to achieve, educational outcomes are a measure of the
success in achieving these objectives. As stated above, the
primary outcomes sought are increased empathy for the
patient and increased understanding of the role of the other
health care provider.
Several tools have been used to evaluate the efficacy of
Interprofessional
Education
(IPE)
initiatives
(i.e.
understanding of the role of the other health care provider)
(National Center for Interprofessional Practice and
Education, 2016). These tools differentiate between
“assessment” and “evaluation”. Assessment measures are
done to gauge the new level of understanding by a learner,
while evaluation determines how well a program or an
educator teaching a course is conveying a message.
Likewise, several measures of empathy are in use
(Stueber, 2013). These are often used by psychologists to
measure
both
cognitive
empathy
–
‘the
intellectual/imaginative apprehension of another’s mental
state’ and (2) emotional empathy – ‘an emotional response to
… emotional responses of others’ (Lawrence, Shaw, Baker,
Baron-Cohen, & David, Measuring empathy: reliability and
validity of the Empathy Quotient, 2004). At the initial stages
of this research, the investigators believe that it would be
premature to enlist a professional trained to administer and
interpret these psychological tests to measure any increase in
empathy for the patient.
Rather at the early stages of this research we will be
using written student reflections to evaluate if some new
level of appreciation for both the patient situation and the
collaborating health professionals’ viewpoint have been
achieved. This reflective writing is a tool that has seen broad
application as an assessment tool to see what lessons have
been learned from an IPE training experience, and have
produced useful feedback regarding new insights and
understanding gained by students.
Effects on Patient Outcomes

When passed into law in 2010, The Affordable Care Act
(U.S. Public Law 111-148) chartered the development of the
Patient-Centered Outcomes Research Institute (PCORI). The
goal of PCORI is to produce research that better informs
patients and caregivers to make healthcare decisions. Since
patients are the ultimate users of healthcare, patient
experience is now considered the fourth level of quality in
healthcare.
Since most healthcare providers do not consume the care
they provide, they in some cases may have limited insight
into how their patients experience that care. As discussed
previously, patients experience healthcare as a narrative
process. We therefore anticipate that allowing healthcare
providers to experience the provision of care in narrativebased VRE will enhance both their understanding of their
patient’s experiences and their ability to provide improved
care – ultimately leading to improved patient outcomes.
Utilizing the VRE, providers can also better understand
how to work within a team, and ultimately, how to better
inform patients. Since healthcare almost universally occurs in
a team environment, we anticipate patient outcomes will
occur once the healthcare providers have a better understand
of the drivers for healthcare decisions made by their
colleagues.
CONCLUSION
We present a framework for using high-fidelity virtual
reality experiences to expose trainee healthcare providers to
the perspectives of their patients and fellow providers. This
framework emphasizes the improvement of patient outcomes
of healthcare by developing empathy within the provider for
the patient experience. Patient outcomes will also improve
through better teamwork among healthcare providers as they
develop empathy for one another’s roles.
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Individuals affected by conflict have different health
needs than those living in developing countries. These health
needs include access to affordable care, poor data
management,
and
comprehensive
chronic
disease
management. These difficulties are marked by a fragmented
system due to complex networks of donors, government
agencies, and local NGOs. In order to address the unique
challenges of health systems disrupted by war, we must take
an innovative approach. First, we identify the unique
healthcare challenges in war-affected areas. Second, we
discuss how innovation and technology can assist patients
and healthcare professionals in these areas in receiving and
giving care in light of such difficulties. Finally, we discuss
from a policy perspective how the fragmentation of health
systems in war-affected areas could be managed in a nascent
health infrastructure system design to avoid wasting
resources in pockets of care overlap.

Aside from the obvious mortality consequences of war, the
indirect impacts are often devastating to societies for much
longer time periods and in ways that can be permanently
disruptive. The public health infrastructure is inadequate.
There is an inability to properly maintain agriculture that can
reduce access to food. Citizens may be unable to access clean
water. Studies have also found that conflict affects the
functioning of healthcare systems. Healthcare workers flee or
are overworked and are unavailable for needy patients. Due
to proximity and weakened immune systems, communicable
diseases are more likely to spread among war-affected
populaces (Iqbal, 2006). Heavy workload due to staffing
shortages coupled with inconsistent access to resources
makes it difficult to provide optimal care, particularly in
overworked fields such as maternal care and midwifery
(Hassan-Bitar & Narrainen, 2011; Matthews, 201l).
Combined, these many factors can cause any already
devastating humanitarian crisis to become unsustainable, and
the impact on health is one of the first conspicuous negative
outcomes.

INTRODUCTION

Current status of technology

While the number of war-related deaths and injuries has
decreased worldwide (Human Security Project, 2013), the
disruption and destruction of war harms all aspects of
societal functioning. Although the ramifications of war and
the ensuing violence and civic disruption are easy to measure
empirically, such as with numbers of casualties or displaced
civilians, it can be more difficult to measure the impacts on
intangible health indicators such as quality of life. Several
studies in war-torn regions such as Croatia, Bosnia, and
Northern Vietnam have shown that the direct and indirect
impacts of war, including the constant social stress, can be
brutally stunting on the growth of a population, as well as on
its future economic prosperity and development (BabicBanaszak et al., 2002; Sundquist, Behmen-Vincevic, &
Johansson, 1998; Teerawichitchainan & Korinek, 2012).
Arguably, these are the effects that tend to ripple into future
generations and forever change how a person and a culture
views itself and its place in the world.
Studies of health needs have found that people affected
by conflict have different health needs than those living in
countries considered to be low-income or developing. These
health needs include access to affordable care, poor data
management,
and
comprehensive
chronic
disease
management (Spiegel, Checchi, Colombo, & Paik, 2010).

Fragmentation of health care is a significant problem for
health care providers even in the best of circumstances. Most
patients see at least three providers, and individuals who are
elderly, disabled, or diagnosed with chronic illnesses may see
more. The complexities of heath care needs are exacerbated
by a declining public health infrastructure (poor sanitation,
lack of running water etc.) experienced by low-income
countries and areas of political and civil unrest. Despite
increased attention to health information technology,
troubled regions experience challenges with data quality,
lack of qualified personnel, low management capacity, and
insufficient technology infrastructure. Underdeveloped and
war affected areas are largely plagued by manual systems.
Manual methods of data collection and record keeping cause
a significant delay in data reaching decision makers where
positive change could be made. Paper records are easily lost,
destroyed, or contain deficient or outdated information.
Maintaining health records is made extremely difficult in the
war context. People may flee or become displaced, facilities
may be destroyed, and scarce resources are diverted from
recordkeeping to providing care. This makes tracking
population health patterns, needs, and outcomes on a large
scale nearly impossible.
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Technology is widely adopted in high-income countries
with emphasis on interoperability and clinical usability
(Kumar, Paton, & Kirigia, 2016). In countries where
electronic health records are widely used, such as the United
States, we still see issues with interoperability and
fragmentation of health records (Lapsia, Lamb, & Yasnoff,
2012). However, significant progress continues to be made,
even in more complex areas of care. On the other hand,
region affected by conflict are seeking to establish a basic
technology infrastructure to support connectivity to enhance
foundational clinical processes and health care data
management.
In order to address the unique challenges of health
systems disrupted by war, we take a three-tiered approach.
First, we identify the unique healthcare challenges in waraffected areas. Second, we discuss how innovation and
technology can assist patients and healthcare professionals in
these areas in receiving and giving care in light of such
difficulties. Finally, we make policy recommendation on
how health systems in war-affected areas could be managed
in an organized design to avoid wasting resources in pockets
of care overlap. We use specific examples from several
different types of wars to assist in the analysis.
CHALLENGES TO HEALTH CARE
The International Committee of the Red Cross argues
that one of the largest, yet least appreciated, humanitarian
crises is health insecurity due to violence (Nathanson, 2011).
As war and political instability threaten nations (from
pressures of external actors to conflicts of ethnic differences
and emerging nationalism), so do the impacts of war on
populations, including effects on socioeconomic systems,
social cohesion, public health and the healthcare system,
health outcomes, and quality of life (Pederson, 2002). Unlike
tragedies or hardships experienced by individuals, conflict is
unique in that a person’s experience is colored by “collective
and social suffering”. The exploration of how conflict
impacts health outcomes makes evident that the casualties of
war extend far past the battlefield. Those actively affected by
conflict “may return from war with a battlefield mindset,”
causing an increase in violent and aggressive behaviors
(Sidel & Levy, 2008). Unfortunately, forms of war and
political unrest are not uncommon in today’s global society.
Much of the focus in the existing literature about conflict and
health is divided among health needs, the functioning of
health systems, and health outcomes. In this manuscript we
focus on the following health care needs: mental health,
disease management, access to care and record information
management.
Mental health
War-related trauma is not limited to physical insult. The
mental and emotional toll of living in war are incredibly
difficult to process, and are found to lead to high levels of
distress and PTSD in multiple countries, including BosniaHerzegovina and Kosovo (Ringdal & Ringdal, 2016) and the
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Palestinian Territories (Canetti et al., 2010). Psychological
distress in conflict or post-conflict areas not solely a response
to the trauma of the war, but life in the war environment.
Humiliation, exclusion, social vulnerability, and other
stressors compound the experience of war exposure. This
may lead to an inability to work, attend school, or attend to
basic health needs such as a nutritious diet, all of which adds
to stress and perpetuates the difficulty of living in the war
environment (De Schryver, Vindevogel, Rasmussen, &
Cramer, 2015).
Mental health disorders are rapidly
increasing among low income and conflict-ridden areas. The
United Nations High Commissioner for Refugees (UNHCR)
report suggests that generalized anxiety disorder and post
traumatic stress disorder at a Jordian camp were found to be
21.6 percent and 8.5 percent, respectively with 400 mental
health consultations taking place every week (UNHCR,
2016).
The lack of attention to mental health is indicated in the
lack of symptom resolution. Rates of repeated consultation
are higher among patients who do not receive care for mental
disorders and patient progress is difficult. Reports indicated
that approximately 45 percent of patients attending a health
center in Kenya had a psychiatric morbidity of anxiety and
depression, further study indicated that primary care workers
misdiagnosed all of them; highlighting the need to improved
clinical training in mental health (Azad, Mashhadi, & Bibi,
2015). In Pakistan, where the health care system is not welldeveloped, community based residential treatment and
outpatient treatment facilities are unavailable; only one
percent of children/adolescent inpatient hospital beds are
devoted to mental health (Azad, Mashhadi, & Bibi, 2015).
Limited resources and the need to prioritize challenges often
highlight mortality rates which are largely influenced by
diseases, this perspective overlooks the significant influence
that co-morbidities such as mental health contributes to
disease triggers that perpetuate high mortality rates.
Disease management
As conflicts continue to rise, the number of displaced
persons increases the prevalence of non-communicable and
communicable diseases (Daynes, 2016). The Middle East
and North Africa regions are marked by a massive
displacement of people due to violence (Mowafi, 2011).
Such displacement leads to an increased burden on the
receiving country. The host countries in the Middle East,
while ultimately burdened for the health and security of
displaced persons, are supported by international
organizations and may advocate for these populations but
still face enormous obstacles (Daynes, 2016). Doocey and
colleagues (2016) findings suggested that over half (50.4
percent) of Syrian refugees reported non-communicable
disease (hypertension, cardiovascular disease, diabetes,
chronic respiratory disease, and arthritis), 83 percent of
whom sought care but were less likely to receive care at
hospitals, instead more likely to receive pharmaceutical care
than their Lebanese host counterparts (Doocy et al., 2016).
The authors suggested that the higher hospital cost among

refugees could be due to advanced illness and care needed.
Overall, the economic needs of refugees were greater than
the host community. Despite support from humanitarian
agencies, cost for preventative and disease management are
inhibitive (UNHCR, 2016).
The spread of infectious disease is exacerbated by war as
the public health infrastructure and sanitation services
collapse and large groups of people move and shelter
together. Migrants fleeing war and instability in Afghanistan
have contributed to higher rates of malaria, especially among
children (Karim et al., 2016). While controversy exists on the
intensity of mortality and morbidity, officials note that there
are higher than expected rates of acute infection, malaria,
measles and pneumonia (Hoddie & Smith, 2009). In 2014,
Syria noted an increase in TB of 19 per 100,000; 3,481 cases
was identified, 31percent were multidrug resistant and
needed more advanced care (Ismali et al., 2016). Polio
transmission,
while
persistent
in
economically
underdeveloped countries, has increased since 2013 (Akil &
Ahmad, 2016). Areas that were once polio free have become
areas where the incidence of polio is notable due to the
movement of displaced persons who carry the disease with
them. This combined with the physical, mental, and
economic depravity is further exacerbated by low immunity
to diseases, lack of vaccinations, and overcrowding
experienced during war and civil unrest.
Monitoring communicable diseases is also a significant
concern. Countries where political unrest and instability
pervade demonstrate a decrease in surveillance and outbreak
response systems (Ismail et al., 2016). While some
coordination of care exists, it is difficult to organize
activations over large areas with multiple health responders
in various hubs with a poor health information infrastructure.
For example, a Syrian health system is outsourced to the
World Health Organization and ACU with three operations
in parallel systems to coordination 100 heath responders
(Ismali et al., 2016). Many times outbreaks require a multicountry response with several campaigns and extensive use
of resources not readily available in the region.
Record information management
Accurate and current sources of data, especially
regarding healthcare, are sparse and often difficult to access
in low-income countries. On the ground organizations do not
have the resources to collect and disseminate data that would
allow for multiple levels of study of the health systems. For
organizations that do collect data, they have different funding
sources, methods, or even political motivations, and
integration is lacking (Saebo, Kossi, Titlestad, Tohouri, &
Braa, 2011). The lack of health information exchange
contributes to the inability of decision makers to holistically
approach intervention strategies. The deficits in data integrity
contribute to a reactive system where resource demands
cannot be reliably predicted and appropriately prioritized to
critical areas. Thus it is likely that resources are delayed or
unavailable.

Maintaining accurate patient records are often difficult
due to barriers in identifying patients from visit to visit,
clinic to clinic and for many, country to country – this has
significant implications for the quality and continuity of care
(Keenan et al., 2016). The transient nature of persons in waraffected regions deems that manual record keeping is
ineffective. These records may be lost, destroyed or
incomplete. In the sub-Saharan Africa, standardization of
national personal identifiers where patients could be tracked
has proven to be challenging. This is further exacerbated by
the lack of attention to the individual refugee and
preoccupation with the overall population (Roberts, Murphy,
& McKee, 2016).
Access to care
Access to timely care during wartime remains a
significant concern. Authorities or security forces may
impede or deny access to health care services to the wounded
or sick by deliberately preventing or delaying the passage of
medical transports (Breitegger, 2014). In 2011, Syria
experienced what was described by the United Nations as
“the worst humanitarian crisis in recent time”; 12.2 million
people in need of humanitarian assistance, many who needed
health care attention, were left without services. Reports
showed that more persons died from health care
complications than as a direct result of the country’s war or
political unrest (Trelles et al., 2015). Armed forces may
forcibly interrogate wounded patients, disturbing or denying
them medical treatment. While this remains a global issue,
reports found that much of the impediments to health care
were caused by local officials (Breitegger, 2014). During
periods of evacuations medical care was delayed or
unavailable. While hospitals remained opened, few services
were available thus persons who needed higher levels of care
were unable obtain them.
Such restrictions on humanitarian efforts affect not only
persons in need of care but also the safety of health care
personnel. In July 2012, more than 40 health care personnel
who administered vaccinations in Pakistan were killed and
others were tortured (Akil & Ahmad, 2016). Local leaders
banned immunization programs, leading to a decline in
persons immunized against preventable, communicable
diseases. Security analyses demonstrated that acute attacks
are not unusual on health care facilities, patients, and
workers (Sa’Da, Duroch & Taithe, 2013). According to the
Humanitarian Outcomes’ Aid Worker Security Database,
there were 251 individual attacks affecting 460 humanitarian
aid workers (Foghammar et al., 2016). This fatal attack not
only affects health care workers and their loved ones but also
disrupts much needed delivery of health care services. In
Nigeria, nine polio immunization workers were reportedly
killed, raising concerns that violent Islamist groups were
impeding efforts to irradiate preventable diseases (Arie, n.d)
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THE ROLE OF TECHNOLOGY AND INNOVATION
With deficiencies at the most basic level of health
information technology infrastructure, few regions affected
by such turmoil have adopted and fully utilized the benefits
of advance information and communication technologies
such as electronic medical records and telemedicine
modalities. However, preliminary results suggest that further
exploration of technological platforms to deliver care is
needed.
Mental health
Maintaining healthy mental functioning is vital in
supporting post-conflict reconstruction. Protective factors
against PTSD have been identified. With this knowledge, we
can deploy an innovative method that could maintain
population mental health. Examination of wars throughout
the world, including in Rwanda, Uganda, Iraq, Palestine,
Chechnya, and Sri Lanka, which have developed very
differently, has shown that most civilians living through war
are surprisingly resilient (Murthy & Lakshminarayana,
2006). Social and family support, camaraderie, and a firm
belief system predict better outcomes for war-affected
populations. On the other hand, long-term unemployment
and social isolation can maintain stress symptoms in these
groups. Being female and elderly increases the likelihood
that PTSD symptoms are expressed (Johnson & Thompson,
2008).
Optimism, social support, spirituality, and coping are
found to support posttraumatic growth (Prati & Pietrantoni,
2009). Practices such as post-retribution intergroup and
interpersonal forgiveness may lead to better health outcomes
in war refugees (Kira et al., 2009). However, there has not
been widespread adoption of these types of practices in waraffected communities by the private and public health
professionals with which they interact, largely because
resources are scarce. Mhealth modalities and telemedicine
can support group/family interventions. Attending to
physical health needs are prioritized over mental health needs
in many fragile states. While targeted interventions do exist
and have shown success in decreasing symptoms of PTSD
and depression in war-affected populations, studies are not
plentiful and the types of therapies are too disparate to
generalize outcomes (van Wyk & Schweitzer, 2014). This
makes it harder to procure funding and resources from riskaverse donors and agencies.
Telemental health services may provide a platform to
increase access to services. One study found that providing
therapy via telehealth for veterans diagnosed with stress
disorders after their deployment provided some benefit in
recovery (Pelton, Bethany, & Peter, 2015). For veterans who
suffered from mild traumatic brain injuries, a telephonebased intervention program was effective in reaching
populations who are spread out and reluctant to go to a health
facility to address their issues. Embedded modules that
provide information about depression, anxiety, and other
maladies, along with problem solving training, provided the
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necessary information in a flexible format (Bell et al., 2015).
Websites targeted to the specific needs of military personnel
post-deployment provided immediate access to education and
treatment for a multitude of ailments, and provided another
avenue of mental health outreach (Ruzek et al., 2011). Web
interventions could be targeted directly toward youth, who
process conflict differently than adults and have an
established relationship with technology that may be
complementary to post-disaster mental health treatment
(Ruggiero et al., 2015). These applications of health
information technology (HIT) could be adapted to the
civilian population to provide the support and knowledge
people need, while being convenient and easy to access.
The media could be used as an ally in post-conflict
health promotion by providing information about where and
how to access health services, and taking care to present
issues related to mental health distress in an appropriate
manner (Ghosh, Mohit, & Murthy, 2004). They could create
conversations and reach viewers who may not be receptive to
material from government or official sources.
Disease management
Short Messaging Services (SMS) or texting is an
acceptable method of surveillance and disease management.
Deglise, Suggs, & Odermatt (2012) systematic review
suggested that in regions of India, South Africa, and Kenya
SMS was well accepted by the communities. Results of the
study suggested that SMS presents a significant opportunity
to manage communicable and non-communicable diseases
by increasing communication, enhancing health awareness to
support behavioral change and promoting patient adherence
(Deglise, Suggs, & Odermatt, 2012). SMS enables targeted
and general health information to be distributed and retrieved
at will by the recipient. These messages can lie dormant until
the recipient has connectivity, unlike more advance systems
that may require real time retrieval.
A variety of targeted web-based health educational tools
could also be disseminated to provide unbiased information
on the importance of vaccinations for disease prevention.
General information on hygiene, self-care management, and
disease education could be provided to increase health
literacy. This is particularly important in people groups who
have grown to distrust the government and may have
received misinformation.
Record information management
Electronic medical records (EMR) permit resourceconstrained systems to improve efficiency of timeconsuming tasks and assist health care providers,
governmental and non-governmental agencies to maintain
adequate record keeping systems. While more advanced
countries may seek complex or sophisticated outcomes,
implementing unique patient identifiers and improve patient
tracking is a significant foundational step forward. This
would encourage better quality of care through improved
tracking systems of health exposures and outcomes. In this

way, mental and physical health can be integrated, creating
both a holistic and individualized approach to health care.
Clinics operating in these countries are often
accountable to donor organizations and disease specific
programs. EMRs could enhance data integrity and support
epidemiological tracking of health outcomes. Such data
could provide early alerts for global and humanitarian
agencies of potential outbreaks and areas of impending
decline in the public health infrastructure. Vaccination data
in coordination with geographic information systems could
detect areas of low vaccinations, track the migration of
people, and predict potential outbreaks. While more
advanced uses of EMRs such as clinical decision support,
would be ideal, successfully establishing a basic EMR
infrastructure that is flexible for future growth is a significant
step forward in disease surveillance and quality
improvement.
Mobile phone technology is a viable option to assist with
data collection and record keeping as refugees migrate.
Smart phones may use Wi-Fi with minimal supporting
network infrastructure. This allows victims to establish
communications until a more reliable infrastructure is
established or humanitarian relief is available. Mobile phone
technology was instrumental in quantifying the spread of
various diseases such as malaria and Ebola. It could also be
used to understand behavioral indicators and results of
outreach efforts (de Montijoye, Kendall & Kerry, 2014).
Access to care
Information and communication technologies such a
web-based tools, mhealth, and telehealth methods may
increase access to care. When humanitarian officials have
current epidemiological data, early intervention strategies to
medical transport may reduce medical transport time and
assist humanitarian officials in navigation life-threatening
geographical areas. Telehealth modalities are regarded as a
means to overcome geographic disparities in access to care.
War torn areas that have limited health care facilities may
use remote monitoring via cell phone technology to enhance
self-care management for non-communicable diseases.
Telemedicine modalities may use a hub and spoke
model of telehealth to provide health care to areas that may
compromise workforce safety and where workforce
shortages exists due to lack of training and education. Due to
the high turnover rate of international workers, local workers
may collaborate and work with more skilled colleagues to
enhance education and clinical skill. Various telemedicine
modalities such as remote monitoring and telemental services
may increase the capacity of professionals to provide
services.
Given the lack of information technology
infrastructure the store-and-forward method of telemedicine
may also be appropriate. This platform requires low
technology resources to include: basic Internet connection,
Internet browsing device and technological bandwidth
(Jefee-Bahloul, Duchen, & Barkil-Oteo, 2016). However,
significant cultural, technological and financial barriers
remain.

POLICY RECOMMENDATIONS
By identifying the unique challenges to health systems
in war-affected communities, we can take steps to properly
allocate resources and meet the needs of civilians and
veterans. However, the areas that are in most need of reform
and innovation are often those with the least resources,
ineffective or corrupt governments, and populations who
may be distrustful of intervention. Policies should support a
multi-dimensional approach to health care that is inclusive of
mental and physical health. This integration allows for a
holistic approach to support care continuity and recognition
of mental health as a contributor to other non-communicable
and communicable diseases progression. We take these
concerns into account with regard to the following policy
recommendations. Nevertheless, it will be difficult if not
impossible to implement changes in these systems without
international and local acceptance.
At the core of health information infrastructure is its
ability to provide a robust network of communication; thus
the standards of effective communication should be
established. With this in mind, we recommend a
standardization of health information infrastructure. While
much of world has some form on information technology and
are realizing the globalization of health information
infrastructure, global and local leaders alongside
humanitarian agencies should draw consensus on the basic
requirements necessary for a technological infrastructure that
meets the fundamental needs of patients, health care workers,
and administrators in these regions. Such standards should be
implemented and supported in the poorest of nations around
the world to serve as a platform for current initiatives that
promote global health. The 2011 International Conference
adopted a resolution that provides for the protection of health
care personnel and patients - the lack of implementation of
such measures needs to be facilitated. The National Red
Cross and Red Crescent Society could facilitate the delivery
of health care by harnessing the potentials of technology.
Using telecommunication strategies, training of health
administrators and clinical personnel can take place without
extraneous cost. Standardizing health information
infrastructure includes oversight to ensure minimum
technology standards are met alongside reducing health
disparity. Regions who are not meeting minimum standards
should take definitive steps, with the aid of global and local
partners, to not only meet the technological criteria but
measure health outcomes as an ultimate indicator of the
efficacy of such benchmarks.
Secondly, Mobile Health (mhealth) could be considered
as a viable platform to deliver mental and physical health
care services and facilitate record information management.
Mhealth tools permit resources to be mobilized more
effectively than more sophisticated modalities. Mhealth tools
are versatile and use primitive but effective forms of
telehealth solutions. Its ability to store data until cellular or
Wi-Fi connections are available is critical in unstable
populations. Currently such tools are more readily available
and can have significant potential in underdeveloped and
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war-affected areas. In Kenya, mobile technology is prevalent,
88 percent of the population has a phone and mobile data
subscriptions account for 99 percent of all Internet
subscriptions (Kumar, Paton, & Kirigia, 2016). Mhealth tools
also increase the reach of skilled health workers into areas
where medical transport is impeded and the safety of workers
is questionable. Placing mobile friendly tools shifts the focus
to individual health rather than population or trend level data
that may overlook specific needs.
CONCLUSION
The importance of an appropriate information systems
infrastructure cannot be overemphasized. These systems,
even at the most basic level will require a coordinated effort
of global and local agencies aligned with the appropriate
process and products. Therefore, we examined the current
challenges in low/middle income and war affected regions,
explored possible solutions that sought a holistic approach to
reducing health care disparities and suggested policies that
will support the basic needs for a health information
infrastructure in underdeveloped and war affected regions.
From this information, we can recommend policies that can
support war-affected populations and help them sustain
healthy mental and physical well-being during and after war,
supporting positive reconstruction efforts.
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INTRODUCTION
ABSTRACT
Knowledge management consists of four key processes,
generation, distribution, storage, and application. Today,
with the simultaneous growth of World Wide Web (WWW)
and usage of computing devices (e.g. phones, tablets,
laptops) knowledge is being generated by knowledgecontributors (mentors) into various sources like wikis, blogs
and Q & A websites. Several new storage technologies have
recently emerged in order to efficiently handle huge volumes
of unstructured data. But, distribution of knowledge to
knowledge-consumers (mentees) has not evolved to keep up
with the exponential growth in generation and storage. Since
all four phases of knowledge management are
interdependent, sub-optimal growth in only some of the
phases causes an imbalance to the knowledge management
effort as a whole. This results in problems like disconnected
learning, inadequate knowledge summary, repetition of
efforts, and limited recommendations. We introduce a
framework for collaborative knowledge management using
distributed mentorship where individual knowledge of all
participants is collected into a shared knowledge repository
and systematically transformed into visual community
knowledge by collaborative efforts of both mentors and
mentees. We explain various phases of the framework along
with algorithms for efficient storage and metrics that can be
used to measure effectiveness of knowledge management.
We apply the framework in educational, organizational and
online settings. Architectural design to implement the
framework along with initial results from implementing the
framework in an online community are presented.
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In this section we establish the foundation for the topics
discussed in this paper by adopting definitions and
explanations based on the existing literature. After
establishing the foundation, we explain various problems in
current knowledge management and present our solution
using distributed mentoring. Knowledge management
concepts in this section are based on the works of Nonaka
(Nonaka, 1994), Alavi and Leidner (Alavi & Leidner, 2001).
Concept Maps
A concept map is represented as a collection of
propositions. Each proposition contains two or more
concepts connected using linking words or phrases (Novak &
Cañas, 2008) (Fig. 1). Concepts are enclosed in circles and
related concepts are connected with connectors labeled with
linking words. Concepts in the map are hierarchically
organized, with more general concepts positioned at the top
and more specific concepts towards the bottom. We use
concept maps in our framework extensively to enables users
to summarize contents from knowledge sources.
Knowledge, Information, and Data
There are various definitions of knowledge, information,
and data available in the literature (add references form Alavi
paper: Page 7 and 8). However, definitions by Maglitta
(Maglitta, 1995) are suitable for collaborative knowledge
management system. Maglitta defines data as “raw numbers
and facts”, information as “processed data” and knowledge
as “information made actionable”. We support the viewpoint
of Alavi and Leidner (Alavi & Leidner, 2001) that
knowledge is not fundamentally different from information.
Information is transformed into knowledge after being
processed and assimilated by individuals and knowledge gets
converted into information once it is elucidated and
represented in form of text, graphics, or visual mapping.

Fig. 1: Example of a concept map

Meta-knowledge
1.

2.

3.

4.

5.

Meta-knowledge is gained by an individual
after consuming knowledge. This information
includes
elucidation,
summarization,
categorization, and evaluation.
Elucidation is the explanation that can make
others understand the knowledge. E.g. analogy,
metaphor
Summarization is the essence of knowledge in a
shorter form. E.g. 1-paragraph summary of a
10-page research paper.
Categorization is the understanding of which
category the knowledge belongs within the
overall discipline.
Evaluation: Opinion about the quality of the
knowledge content. E.g. 5-star rating for a
paper.

Knowledge Management
Knowledge management emerged as a process to help
organizations in managing collective knowledge of their
employees in order to gain competitive advantage (Von
Krogh, 1998). Based on the framework presented by Alavi
and Liedner (Alavi & Leidner, 2001) knowledge
management contains four key processes viz. knowledge
generation and elucidation, knowledge storage and retrieval,
knowledge distribution, and knowledge application.
Traditionally, knowledge management has been used to
manage the flow of knowledge within a single organization.
We apply the knowledge management processes to
community knowledge management and extend their scope
beyond a single organization.

Knowledge generation and elucidation
Knowledge generation and elucidation involves creation and
elucidation of new knowledge. Elucidation plays a key role
by explaining the intricacies of new knowledge. New
knowledge often could be complex and might not be
understood by the wider audience. Elucidation transforms
new knowledge into simpler format (e.g. presentations,
diagrams, animations) so that it can be understood and used
by wider audience. E.g. Elucidation of algorithms and
technologies behind self-driving cars.
Knowledge storage and retrieval
Knowledge storage and retrieval includes various
mechanisms for efficient storage and retrieval of knowledge.
E.g. Content about self-driving cars stored in databases, web
pages, digital libraries like IEEE Xplore.
Knowledge distribution
Knowledge distribution includes formal and informal
mechanisms to distribute knowledge to mentees. E.g.
Content about self-driving cars distributed using formal
(courses, seminars, training sessions) and informal – blogs,
conversations mechanisms.
Knowledge application
Knowledge application is the process of applying the
knowledge to solve a real world problem. E.g.: Applying
algorithms and technologies related to self-driving cars for
implementing a prototype.
Maxwell’s Equations
We consider the famous story of Maxwell’s equations to
explain the problems in knowledge management (“The Long
Road to Maxwell’s Equations - IEEE Spectrum,” n.d.).
When Maxwell generated new knowledge in form of
equations for electromagnetic theory in 1865, very few
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scientists recognized their true potential. Heaviside studied
Maxwell’s theory and published simplified version of the
theory in 1885, elucidating the underlying complexities of
the original theory and reducing the original 20 equations to
4 elegantly simplified equations. Hertz provided
experimental proof of Maxwell theory in 1888. Lodge and
FitzGerald contributed towards distributing the knowledge
by presenting Hertz’s findings before British Association.
Knowledge generated by Maxwell was applied to develop
wireless telegraphy in 1895. It took close to 25 years of
complimentary efforts of a small group of scientists to
elucidate underlying complexities of Maxwell’s theory and
to derive practical applications from the theory. Heaviside’s
simplified equations, referred to as Maxwell’s equations, laid
the foundation for the field of electromagnetics. The story of
Maxwell’s equations is one of the classic examples
demonstrating the importance of elucidation and
collaboration within the processes of knowledge
management, in order to derive practical applications from
new knowledge.

Fig. 2 Flow of Knowledge - Centralized
Mentoring

Problems in Knowledge Management
Today, with the simultaneous growth of World Wide
Web (WWW) and usage of computing devices, such as smart
phones, tablets, laptops, knowledge is being generated by
knowledge-contributors (mentors) into various sources, both
traditional (e.g. books, journals) and modern (e.g. articles,
wikis, blogs). Storage technologies (Redmond, Wilson, &
Carter, 2012) like MapReduce (Dean & Ghemawat, 2008)
and graph databases (Robinson, Webber, & Eifrem, 2015)
have recently emerged in order to efficiently handle huge
volumes of unstructured data. But, distribution of knowledge
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to knowledge-consumers (mentees) is still talking place via
instruction (online and offline), search engines, intranets, and
newsletters. Hence, knowledge distribution has not evolved
to keep up with the growth in generation and storage. Since
all four phases of knowledge management are
interdependent, sub-optimal growth in only some of the
phases causes an imbalance to the knowledge management
effort as a whole (Alavi & Leidner, 2001). Following section
describes the various problems that arise in knowledge
management due to this imbalance.
Problems in Current Scenario
Core Problem - Centralized Mentoring in Knowledge
Management
The flow of knowledge between various sources of
knowledge can be interpreted as an iterative process (Fig. 2).
New knowledge in most disciplines is generated into primary
knowledge sources such as books, publications (including
journal papers and conference proceedings), documentation,
and wikis. Instructors (professors, teachers, and trainers), and
experts elucidate content from primary knowledge sources in
their respective disciplines and publish simplified versions of
knowledge in secondary knowledge sources such as training
materials, presentations, blogs, articles, and question and
answer websites (Q & A websites). This knowledge is
distributed to individuals using instruction (online and
offline), search engines, intranets, and newsletters. For
example, an individual can use search engines like Google,
Bing, etc. to advance their knowledge or to find answers to
their questions. Knowledge gained by this individual, which
in some case can be a direct result of consuming existing
knowledge (in knowledge sources) is again deposited back
into secondary knowledge sources either as a new entry or as
a comment to an existing entry.
In the current scenario authors of primary and secondary
knowledge sources are playing the role of mentors whereas
the individuals referring to the knowledge sources are
mentees. Currently the Meta-knowledge (elucidation,
summary, categorization, and rating) gained by mentees is
not systematically recorded. Therefore, the core problem in
the current knowledge management scenario is that the role
of a mentor is only limited to a particular group of
individuals and valuable meta-knowledge gained by the
mentees during the knowledge distribution process is not
systematically captured. Following section describes the
effects of this core problem in knowledge management.
Effects of Centralized Mentoring in Knowledge
Management
A mechanical engineering student (Student A) searching
for resources about self-driving cars is used as an example
scenario to understand the problems below.
Disconnected Learning
In many cases, after learning about a topic from
knowledge sources, users do not make a connection between
the newly obtained knowledge and their existing knowledge

about the topic. This leads to disconnected learning (rote
learning) (Novak, 2010), mainly because the artifacts
(bookmarks, files) that are used to record the knowledge
gained do not explicitly enable users to relate their prior
knowledge to the newly obtained knowledge. E.g. Student A
reading an articles about self-driving cars does not make a
connection with what he already knows about the topic.
Incomplete Knowledge History
Meta-knowledge gained by users after a learning session
(e.g. online class, search exploration) is inconsistently
recorded in bookmarks while browsing the web, and files (on
computer) while attending a class, or is just memorized.
Even with the ubiquitous usage of computing devices today,
knowledge history is not systematically recorded in an
electronic format (Dong et al., 2014). This results in users
not being able to keep track of knowledge history and
valuable meta- knowledge that can be both beneficial to the
user and shared with others, not being utilized to its true
potential. E.g. Student A has fragments of knowledge history
about self-driving cars self-driving cars stored on laptop,
browser bookmarks, and handwritten notes.
Limited Recommendations
While a user is searching about a topic,
recommendations pointing to knowledge sources based on
the feedback of other users from same discipline are not
readily available. In addition, newly published entries in any
of the primary or secondary knowledge sources that might be
useful to some of the users do not show up in the search
engine results until they are referenced by many other web
pages, due to the nature of search engine algorithms (Brin &
Page, 2012). E.g. Recommendations of websites, articles
based on the other users’ evaluation are not available for
Student A.
Inadequate Knowledge Summary
Current knowledge about a given topic is available on
the web but it is scattered among various primary and
secondary knowledge sources. Knowledge summary of a
given topic is not readily available since there is there is no
existing mechanism that is able to efficiently connect the
knowledge from different sources and provide one-point
access to gathered information. E.g. Summary of topics
related to self-driving cars is not easily available for Student
A.

Knowledge Sharing
Meta- knowledge gained by the user after exploring
primary and secondary knowledge sources is often not
recorded as text or handwritten notes in personal documents.
This knowledge is usually not shared with others. As a result,
other users seeking similar information from the knowledge
sources, start their search exploration all over again. E.g.
Even though several professors, professionals from industry
searched for self-driving cars and obtained meta- knowledge,
that information is not available to the Student A.

Solution using Distributed Mentoring
We introduce a new framework based on distributed
mentoring for sharing knowledge (Fig. 3). In this model all
users are empowered to become mentors and systematically
record the knowledge in form of meta-knowledge. Our
framework facilitates distributed mentoring in such a way
that users not only benefit the community by adding metaknowledge to knowledge sources but also organize their own
knowledge and learn meaningfully by using concept maps.
Our solution is based on the seminal work on meta-fusion by
Ertas et. al. (Ertas, Maxwell, Rainey, & Tanik, 2003) and
distributed mentoring by Campbell et. al. (Campbell et al.,
2016).
Knowledge management using distributed mentoring
In our framework knowledge management begins with
the planning for defining various activities needed in all
phases. Community of users is built to participate in the
knowledge management efforts. An initial meta-map is built
by working with the experienced community members to
guide the categorization process. Individual knowledge of the
community of users is transformed into community
knowledge using the step-wise knowledge refinement
workflow (Fig. 4. In this workflow, users add knowledge
gathered from various sources into initial knowledge
repository that is visible to all users of the community, this
initial knowledge is categorized by community members
using categories from the meta-map. Categorized knowledge
is collaboratively summarized into visual knowledge using
concept maps by collaborative efforts of the community.
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to centralized mentoring. Phases that are part of the
framework are presented along with the algorithms and
metrics that can be used while implementing the framework.
Core Principles
Our core principles are mainly based on collecting
information by maximizing meaningful learning through
collaboration and analyzing collected meta-knowledge by
utilizing efficient algorithms to offer recommendations.
Distributed Mentoring
We believe that empowering individuals to become
mentors not only motivates them to contribute metaknowledge for knowledge sources in their respective fields
but also helps them to learn meaningfully by enabling them
to organize their knowledge. Add from distributed mentoring
paper summary.
Universal Concept Map

Fig. 3: Distributed Mentoring

Community knowledge is categorized using a concept
map (meta-map). Experts in the field create the initial
concept map and continually maintain it by adding new
nodes or changing their hierarchical position in the concept
map. Individual create new hierarchies in their knowledge
map which are viewed by experts to see the patterns of new
knowledge in the field and appropriately make additions or
modifications to the universal map. Once the universal
knowledge map is updated the categorization is also updated
for individual users.
Semantic Network
Our framework facilitates users to summarize the
contents of a knowledge source using a concept map. Users
also include relationships to other related knowledge sources
in the concept map. This generates semantic network that
represents summary of information content in form of a
concept map that is collectively built by users along with
connections to related resources. This semantic network
allows us to run various algorithms to derive semantic
information from the knowledge sources.
Meaningful Learning Using Concept Maps

Fig. 4: Step-wise Knowledge Refinement Workflow

FRAMEWORK FOR COLLABORATIVE
KNOWLEDGE MANAGEMENT: USING
DISTRIBUTED MENTORING
This chapter explains the framework in detail along with
the techniques needed to implement the framework. We
begin this chapter by presenting our core principles that are
fundamental to our solution and address the problems
existing in the current knowledge management scenario due
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When a learner goes through meaningful learning, they
integrate new concepts and propositions with existing ideas
in their cognitive structure. Moreover, the learner feels in
control of the knowledge acquired and is capable of using it
for creative thinking and problem solving (Novak, 2010).
Since concept maps explicitly support making connections
between new and existing knowledge, using them leads to
meaningful learning (Novak, 2006), (Miertschin & Willis,
2007), and (Weideman & Kritzinger, 2003). In an interesting
study Carnot, et al. (Carnot, Dunn, Cañas, Graham, &
Muldoon, 2001) determined that use of concept maps to
represent content on a web page instead of plain text,
resulted in visitors (both trained and untrained in using
concept maps) gaining more meaningful and accurate
information from the page.

Scalable System Design using Graph Structures
The process to combine structural knowledge stored in
form of concept maps in order to derive information is time
intensive, because it involves processing from large data sets.
But, being a web based application framework it is important
to maintain minimal response time. To address this problem,
we store structural data obtained from concept maps in form
of graph structures. We use algorithms that take advantage of
these graph structures to retrieve meta-knowledge and
suggestions efficiently.
Recommendations using Knowledge Integration
We use the meta-knowledge gathered from combining
knowledge content added by users in order to provide
valuable
recommendations
to
the
users.
These
recommendations help users in gaining valuable insights
about the contents of the web pages and also discover pages
that have related information. We use various analysis
metrics in order to provide the optimal number of
recommendations for a resource.
Framework for Collaborative Knowledge Management
Making the core principles as the foundation we
introduce a new framework that facilitates systematic
knowledge management by collaborative efforts of
community of individuals. The framework consists of four
phases, viz. phase 1 - planning, phase 2 - community
building, phase 3 - knowledge categorization and phase 4 knowledge collection. Phases 1 and 2 set the stage for social
knowledge building by providing the necessary artifacts and
community. Phase 3 and 4 are ongoing processes in which
knowledge is systematically gathered into a social
knowledge repository.
Phase 1 – Planning
Careful planning plays an important role (Single &
Muller, 2001) in community knowledge gathering efforts.
The planning phase provides a set of guidelines that can be
used in facilitating the collaborative process. Based on the
suitability some or all of the steps defined below can be used
in knowledge gathering process.
Selecting Knowledge Area
Selecting the area of knowledge to begin the knowledge
gathering process will help in focusing the efforts involved
and helps in identifying and partnering with motivated
individuals and organizations. Knowledge area can be a
general topic (E.g. science) within a discipline. The topic is
divided into categories and sub-categories (E.g. zoology,
botany) in phase 3. Knowledge collection efforts can further
focus on any of the sub-categories based on the availability
of material and expertise in order to build the initial seed
knowledge. This seed knowledge will encourage more
individuals to join the efforts and motivate them to
contribute. Selecting the right knowledge area guides the

entire process and plays an important role in motivating the
users to join.
Selecting Environments
Environments (E.g. academic, corporate, online
communities) where the knowledge gathering process takes
place are chosen based on the selected knowledge area.
Expertise and material are available in abundance for some
environments. For example, corporate (IT companies) is a
suitable environment to collect knowledge about the
programming languages and academic (universities and
schools) are suitable to collect knowledge about science.
Selecting the appropriate environments can simplify the
community building and knowledge gathering efforts.
Defining Goals
Defining goals and milestones for recruitment,
knowledge collection and outcomes will help in measuring
the progress and effectiveness of the knowledge building
process.
Recruitment goals. Recruitment goals can be defined to
determine the minimum number of participants needed to
begin knowledge categorization (phase 3) process. Minimum
number of participants are needed to maintain the flow of
knowledge and facilitate collaboration.
Knowledge content goals. The minimum amount of seed
knowledge needed to begin the community building (phase
2) and knowledge categorization (phase 3) can be defined.
This seed knowledge helps in demonstrating the
effectiveness of the process and thereby encourage
participants to join the efforts.
Outcome goals. Various analytic metrics can be defined
to measure the effectiveness of the knowledge gathering
process.
Defining Coordinators and Roles
Coordinators drive the processes involved in all phases
of the framework and play a key role in facilitating the
knowledge building process. Coordinators select relevant
roles during the planning phase, communicate with the
leadership and participants during the community building
phase, and communicate with the participants during the
knowledge categorization phase and communicate with
participants on a regular basis to encourage ongoing
contributions. Following user-roles can be selected by the
coordinators based on the outcome goals and number of
participants.
1. Moderator. Has privileges to approve any changes
to knowledge summary and categories within a
given knowledge area or topic.
2. Summarization-reviewer. Has privileges to review
summarization of a given knowledge area.
3. Categorization-reviewer. Has privileges to review
categorization of a given knowledge area.
4. Categorization-contributor. Has privileges to make
additions or modifications to categories within a
given knowledge area.
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5.

Summarization-contributor. Has privileges to
summarize contents within a given knowledge area.
Users have minimal privileges at the beginning and
accumulate points as they contribute to the knowledge
content. User privileges are automatically upgraded based on
profile points as they contribute to the knowledge content.
When users participate in multiple knowledge areas they will
have different privileges within different knowledge areas.
E.g. A high school science teacher can be a Summaryreviewer for the science knowledge area and a
summarization-contributor within engineering knowledge
area.
Specifying Review Process
Review process ensures that high quality content is
added to the knowledge repository. Total number of
participants can be used to determine the number of reviews
needed before approving the resource to be published.
Review process can be defined for categorization,
summarization, and modifications to existing contents.
Phase 2 - Community Building
Building an active community based on the selected
knowledge area with participants that can actively make
valuable contributions to the community knowledge
repository is an important phase in building social
knowledge. It is beneficial to have participants with diverse
experience levels so that distributed mentoring can take
place. Coordinators play a key role in this phase by handling
communication both in the initial stages as well as in
maintaining the community to encourage active contributions
from the participants. In this section guidelines that can be
used for building and maintaining the community are
described.
Identifying Potential Communities
Based on the knowledge area and environments selected
in Phase 1, the communities within the environments that can
potentially contribute to the social knowledge and benefit
from meaningful learning can be identified. The communities
can be associations, organizational groups or online groups.
Preparing Communication Materials
Effective communications during all phases of the
process play a key role in the success of knowledge gathering
efforts. Communication materials can be used to build
partnerships with the leadership and participants of
organizations during the community building phase and to
send consistent impactful communication to the participants
during the knowledge building phase. Following are different
types of materials.
Awareness Materials
Awareness materials can be used to educate about the
framework, distributed mentoring process and the application
used by the participants.
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Executive Summary
Executive summary can highlight the key advantages
and include diagrams explaining the important processes
involved in the social knowledge building can be used to
give a top level view of the ideas in the framework. These
materials can be used to communicate with leadership of
organizations for introduce the framework.
Introductory Materials for Participants
Complete documentation. Complete documentation
describing the features of knowledge building application
and concepts of the framework can be prepared and
maintained. This document can be used in providing ongoing
training to the users about various features of the knowledge
building application.
Training materials. Training materials assist both new
users and existing users in learning about the application
used to facilitate knowledge building.
Getting started materials. Materials that are provided to
the first-time users to help them get started with the
application.
Ongoing training materials. ongoing training materials
explaining various features of the knowledge gathering
application can be provided for existing users. These training
materials can be a section extracted from the comprehensive
documentation.
Motivational messages. Keeping the participants
motivated to contribute to social knowledge plays an
important role in encouraging ongoing contributions.
1. Motivating to join as a participant. Messages
explaining the key advantages and experiences of
previous contributors can be used to motivate
participants to join the community.
2. Contribution reminders. Messages can be delivered
to the participants that join but has been inactive to
remind them to contribute to the knowledge
3. Periodic (monthly, weekly) updates. Periodic
communications highlighting the status of the
knowledge gathering efforts and the number of
users can motivate both active and inactive
contributors.
Devising Communication Strategy
Communication strategy to ensure that a right balance is
maintained in the frequency of sending messages, without
sending too many or too little messages to the users.
Messages based on participation monitoring. Different
messages can be sent based on the participation of the users.
Inactive contributors can receive reminders where as active
contributors can receive updates about the progress of their
knowledge building and value of their contributions [11].
Profile updates. Messages can be configured to be
delivered when the knowledge contributed by them is
modified or rated by other users.

Selecting Communication Channels
Communication channels that are appropriate to the
participants are selected by the coordinator for sending
appropriate messages. Different options for the channels
include social networks, text messages, emails, online
meeting, live meetings. Users can be given the option to
select and update preferred communication channels.
Phase 3 - Initial Knowledge Categorization
Initial knowledge categorization is created for the
chosen knowledge area by working with experts that are part
of the use community. Hierarchies and relationships between
the categories within the knowledge area are represented
using a concept map. This meta-knowledge concept map
(meta-map) acts as a guideline while gathering the initial
resources. It can also be used to measure the breadth of
knowledge (number of categories with minimum number of
resources) and the depth (number of categories in a given
category) in order to measure the progress of the knowledge
gathering process. These measurements enable coordinators
to focus on gathering resources based to improving both
breadth and depth of the knowledge repository.
Refer to Existing Knowledge
Existing knowledge from available community
knowledge repositories (“DBpedia datasets | DBpedia,” n.d.),
social communities and publications are used to define the
initial meta map. Using the existing knowledge that is
already vetted by experts in the knowledge area reduces
duplication of efforts and makes the knowledge
categorization consistent with existing repositories.
Ontology from Wikipedia
Knowledge from a community of authors is collected in
Wikipedia along with an ontology defining the various

categories of knowledge (Syed, Finin, & Joshi, 2008). Using
this ontology provides a strong foundation for defining the
categories. Ontology related to a discipline can be extracted
(Fig.
5)
using
tools
like
webprotege
(“WebProtegeUsersGuide - Protege Wiki,” n.d.). While the
ontology in Wikipedia only has hierarchical relationships,
our meta-map adds more information by adding relationships
to association between the categories.
Online Communities
Categories used in online communities, including
Stackoverflow (“Stack Overflow,” n.d.), and Quora
(“Quora,” n.d.) can be used while building the initial metamap. Online communities organize knowledge contributed
by user community by having higher level categories along
with tags. Since these categories represent the combined
knowledge of several experts in the knowledge area and also
undergo peer-review process, they provide a good
background to build the initial meta-map.

Publications
Categories defined in the existing publications like
books, journal papers, review papers, and conference papers
can be used while building the initial meta-map. This
literature is especially useful when the knowledge area being
defined is a new field and when the categories are not readily
available on Wikipedia and other online communities.
Additions and Modifications
Initial meta-map is continuously updates by the user
community as more knowledge is added to the repository.
Users can suggest additions and modifications to the metamap based on the knowledge categories added by other users
and the suggestions are implemented going through a peerreview by a group of users.

Fig. 5: Ontology extracted from Wikipedia
Note: Ontology extracted fromWikipedia [66] using Web Protégé [67]

107

Phase 4 - Knowledge Collection
Processes used in the knowledge collection form the
core concepts of the framework. Individual knowledge of the
participants is recorded as text in the initial step and is
systematically transformed into visual community
knowledge by the collaborative efforts of the user
community (Fig. 6). User community built in phase 1 to
make contributions using the initial categories defined in
phase 3.

any subsequent additions or modifications undergo peerreview process as defined in the planning (phase 1).
When a resource added by the user to the initial
knowledge repository is transformed by adding categories or
creating visual summary, all the participants involved in the
transformation process i.e. user that originally added the
resources, users the assigned categories, users that
summarized; receive notifications using he communication
channels selected by the users (phase 2).

Step 1 - Initial Knowledge Repository
Initial knowledge repository acts as a temporary storage
of knowledge that provides a simple mechanism to record
text based individual knowledge for each user. This
repository is also visible to other users from the community.
As the user gains knowledge from various resources a
reference (unique identifier like url) to the resource along
with an initial summary about the resource is added to the
initial knowledge repository. As knowledge summarization
and categorization are time intensive activities, the initial
knowledge repository provides a quick mechanism to add
knowledge while referring to a resource.
Step 2 - Ongoing Knowledge Categorization
User community from the knowledge area are able to see
the initial knowledge repository of other users as well as the
aggregate information about the contents added to the initial
knowledge repository. Community users will be able to see
the total number of users (E.g. (10 users added a video
resource about a science experiment) that added a resource
so that they can choose to categorize or summarize the
resources that can help maximum number of users.
Community users thereby can choose a resource to be further
processed by categorization and summarization based on
both their knowledge about the topic and potential impact on
the community.
Initial knowledge is associated with categories in metamap by the user community. Adding categories to the initial
knowledge will simplify the task of finding resources for
other users that are looking for topics related to their field of
expertise and interest. As more resources are added to the
initial knowledge repository, categories are added or
modified based on the new knowledge. Additions or
modifications to the meta-map are peer-reviewed based on
the mechanism defined in planning (phase 1).
Step 3 - Ongoing Knowledge Summarization
User community collaboratively create concept maps for
each topic in the resources added to the initial knowledge
repository. Summarizing content of the resource as a concept
map not only benefits the community by providing a visual
summary of the resource but also benefits the contributing
users by enabling them to learn meaningfully (Novak, 2010)
and retain knowledge for a longer duration. More than one
user can work collaboratively on summarizing a given
resource. Concept maps created by the user community and
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Fig. 6: Step-wise Knowledge Refinement
Workflow

RELATED WORK
Based on Hitchins’ distributed cognition theory (Hutchins,
1995) of distributed cognition Campbell et al. conducted an
ethnographic investigation of online fanfiction communities
that involved observing fanfiction communities and
interviewing fanfiction authors. Findings of the study by
Campbell et al. (Campbell et al., 2016) resulted in one of the
initial developments related to distributed mentoring.
The study investigated to answer research questions
about: 1) how young authors learn from participation in
fanfiction communities; and 2) role played by mentoring and
features of mentoring. Study involved interviewing 28 young
fanfiction authors and observing participants for a ninemonth period. Study selected three widely used fanfiction
repositories and within them selected most popular fandoms
that are based on original story material. Study conducted indepth interviews with 28 fanfiction authors. Selection criteria
used for authors based on the criteria active contributions,
chosen fandoms, membership for more than a year, ages of
18-25, and native English speakers. Themes from the
answers were analyzed and filtered into four categories: “1)
learning from writing fanfiction; 2) fanfiction’s impact on
life; 3) mentoring; and 4) the importance of fanfiction
reviews.”
Participant Observation
Themes from the interviews were further explored and
refined during participant observation. Observation involved

team members publishing fanfiction stories, and collectively
spending over thousand hours of observation that included
taking notes, reading stories, reviews, viewing community
posts and communicating with the authors. Participant
observation provided strong evidence that mentoring process
appeared to be distributed among participants and analyzing
he observations produced seven attributed that de-fine
processes involved in distributed mentoring.
Importance of Reviews
Distributed mentoring also happens through reviews.
Authors learn importance aspects if writing from up to
thousands reviews. Mentoring from reviews mainly takes
place via a few detailed reviews and many shallow positive
reviews. Detailed reviews help in improving specific
attributes of the story whereas shallow reviews provide
cumulative encouragement and helps authors to put in
substantial efforts for an activity that only yields personal
satisfaction in most cases.
Attributes of Distributed Mentoring
Study describes the following seven attributes of distributed
mentoring.
Aggregation: Mentoring is taking place by aggregate
contributors of the fan fiction community. Though feedback
provided by a single participant may not be considered
mentoring, the collective contributions in form of story
reviews and discussion responses creates an impact of whole
that is far greater than sum of parts.
Accretion: Reviewers interacted amongst themselves while
providing reviews or comments resulting in accretion of
knowledge that collectively improved authors’ learning
process.
Acceleration: Reviewers accelerate the learning process by
involving in active discussion that includes pointing out
weaknesses or strengths in each other’s arguments.
Abundance: Distributed mentoring is characterized by high
volume of review responses. A shallow positive comment by
itself might not be of much use, but hundreds of such
comments ensure the author that they are on the right path.
Availability: Interactions of participant are persisted and are
available for future reference. This availability also leads to
long-term relationships and exchanges between reviewers
and authors.
Asynchronicity: Public and durable nature of interactions
allow reviews from around the world to continuously view
and reply to other reviews.
Affect: Reviews and feedback provide emotional support in
the form of encouragement and inspiration. This positive
affect enables the adolescents not only in developing
important written communication skills but also in forming
their identities.
CONCLUSION AND FUTURE WORK
The novelty of our approach is in achieving two
important goals while the users are doing one exercise. Users
get the advantage of being able to use concept maps to get a

visual representation of knowledge that will help them recall
information contents of a web page and leads to meaningful
learning. While doing this exercise using concept maps they
are also contributing towards building a visual knowledge
model about different topics on the web for the benefit of
everyone. We use this combined model to extrapolate useful
information in order to provide suggestions. Connecting this
knowledge model with profession also adds extra confidence
to the suggestions being provided.
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ABSTRACT
This paper explores the relationship between
Magic squares and the N-Queens. As these problems
have applications in engineering, they are presented as
an exercise for STEM (science, technology,
engineering & math) pedagogy. The application of
Mathematica on some aspects of these problems is
presented.
INTRODUCTION
Efforts to promote STEM education is a response
to perceived shortcomings to the production of STEM
professionals (Bybee, 2010; Brown, Brown, Reardon,
& Merrill, 2011). Significant financial incentives from
the federal government were spurred by a recognition
of the growing need for STEM-trained workers (U.S.
Department of Education, n.d.). As STEM jobs are, by
their very nature, multidisciplinary, STEM students
must engage in multidisciplinary projects. Thus, using
multidisciplinary tools in class is inevitable.
Mathematica is an appropriate tool for this challenge
as it has a very short learning curve, and covers many
STEM disciplines and more (Wolfram, n.d.). Wolfram
considered the perspective of student and educator
when developing Wolfram Languages (14Wo).
Mathematica is a complete educational package
including documentation and slide show features.
The production of a “magic square” is a classic
mathematical problem. A Magic Square is obtained if
putting the numbers from 0 to 𝑁 2 − 1 in 𝑁𝑥𝑁 table
provides same summation in rows, columns, and
diagonals (Stark, 1978).
Another classic problem is the N-Queens
problem. This is a generalized version of the original
8-Queens problem. The N-Queens problem captured
the imagination of famous mathematicians such as
Gauss (Gingsburg, 1939), Polya (Polya, 1918), and
Lucas (Lucas, 1891) as a recreational mathematics
problem. It has applications including parallel memory
storage schemes (Erbas & Tanik, 1992), VLSI testing,
traffic control (Sosic & Gu, 1990), and deadlock

prevention (Tanik M. M., 1978). Researchers have
developed various algorithms and techniques to obtain
solutions (Bell & Stevens, 2009; Erbas, Sarkeshik, &
Tanik, Different Perspectives of the N-Queens
Problem, 1992; Erbas, Tanik, & Yazicioglu, Linear
congruence equations for the solutions of the Nqueens problem, 1992).
In this paper, we assumed an educational
perspective for an exploration of the relationship
between the N-Queens and Magic Square problems.
We have used older journal publication as basis
(Demirörs, Rafraf, & Tanik, 1992). It will be helpful
at this point to review the Harold M. Stark terminology
(Stark, 1978). Consider a table 𝑁 × 𝑁 where 𝑁 is
positive integer. Name the rows and columns from 0
to 𝑁 − 1 (see Fig. 1), and each cell from 0 to 𝑁 2 − 1.
𝑁 × 𝑁 squares have 𝑁 2 different numbers for any
individual cell. Each cell is located based on an X-axis
(column number) and a Y-axis (row number).
Moreover, 𝑥𝑗 and 𝑦𝑗 are the position indexes of
individual sets where 𝑗 = 0,1, … , 𝑁 2 − 1. In Fig. 1,
for example, the 25 squares are labeled by
integers, 0, 1, … , 24. The cell that is numbered 22 has
coordinates (4, 2) so that 𝑥22 = 4 and 𝑦22 = 2.
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6 11 16 21
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7 12 17 22

3
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8 13 18 23

4

4

9 14 19 24

Fig. 1:Indexing the board for N=5.

In Fig. 2, each diagonal line is colored differently
to emphasize the broken diagonals. The positive
diagonals are found by 𝑦 ≡ 𝑥 + 𝑘 (𝑚𝑜𝑑 𝑁) in Fig.
2.a, and the negative diagonals are found by 𝑦 + 𝑥 ≡
𝑘(𝑚𝑜𝑑 𝑁) in Fig. 2.b where 𝑘 = 0,1, 2, … , 𝑁– 1 and
𝑥 and 𝑦 are unknowns (Erbas C. , N-Queens Problem
and its Applications in Computer Science, 1992). The
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positive diagonal, indicated by 𝑦 ≡ 𝑥, and the
negative diagonal, indicated by 𝑦 + 𝑥 ≡ 𝑁 − 1, are
said to be main diagonals. All the other diagonals,
positive or negative, are named broken diagonals.

0

1

3

4

0 12 19 21 3

5

1 23 0
2

2

7 14 16

9 11 18 20 2

3 15 22 4
4

1

6 13

8 10 17 24

Fig. 3: The Magic Square is obtained by the Uniform
Step Method by using the following values: 𝑵 = 𝟓, 𝒂 =
𝟏, 𝒃 = 𝟏, 𝒄 = 𝟑, 𝒅 = 𝟒, 𝒆 = 𝟒, 𝒇 = 𝟑
a) Positive diagonals

b) Negative diagonals

Fig. 2: Positive and Negative diagonals are color coded
of the 𝑵 × 𝑵 square.

MAGIC SQUARES
Latin squares could be obtained by the Magic
Squares with a simple mod operation. Latin squares
are widely used in experimental design because of
their orthogonality property (GreenSource:, 1974;
Ertas & Jones, 1993).
Assume 𝑁 2 distinct integers are placed in the 𝑁
by 𝑁 grid. If the summation of the numbers for all
individual rows are the same, the square is called row
magic. If the summation of the numbers for all
individual columns are the same, the square is called
column magic. If the summation of the numbers for all
individual rows and for all individual columns are
same, the square is called a magic square. Also, if the
sum of these integer numbers are placed on each
positive diagonals, then this square is called magic in
positive diagonals. Likewise, the square is magic in
negative diagonals if the summations of individual
negative diagonals are the same.
These summations are called magic sums. In Fig.
3, an example is shown for magic sum 60 for row,
column, negative diagonal, and positive diagonal. The
square shown in Fig. 3 is row magic and column
magic. Thus, it is a magic square.

If a 𝑁 by 𝑁 square is magic in both positive and
negative diagonals and magic sum is the same, then
this square is called a diabolic square (see Fig. 3).
Also, magic sum is called the diabolic sum.
Constructing Magic Squares with the Uniform
Step Method
There are various methods described in the
literature for the construction of magic squares. The
Uniform Step Method places 𝑁 2 integers, which are
𝑗 = 0, 1, 2, … , 𝑁 2 − 1, on the 𝑁 by 𝑁 square’s cells as
follows (Stark, 1978):
Let 𝑁, 𝑎, 𝑏, 𝑐, 𝑑, 𝑒, and 𝑓 be integers.
0, 1, 2, … , 𝑁 2 − 1 will be placed on the squares and
coordinates of the integers will be given by indices
(𝑥𝑗 , 𝑦𝑗 ) which will be deﬁned by the following linear
equations,
𝑗
𝑥𝑗 ≡ 𝑎 + 𝑐𝑗 + 𝑒 ⌊ ⌋ (𝑚𝑜𝑑𝑁)
𝑁
𝑗
𝑦𝑗 ≡ 𝑏 + 𝑑𝑗 + 𝑓 ⌊ ⌋ (𝑚𝑜𝑑𝑁)
𝑁

(1)

where ⌊< 𝑛𝑢𝑚𝑏𝑒𝑟 >⌋ (the ﬂoor function) results in
the greatest integer number which is equal to or less
than < 𝑛𝑢𝑚𝑏𝑒𝑟 >.
Mathematica is capable of using symbolic
language to define any equation in mathematical form.
In Fig. 1, the Mathematica code of equation 1, which
includes floor function, is defined in its mathematical
form.

Fig. 4: Mathematica code for Uniform Step Method

For illustration purposes, 𝑁 = 5, 𝑎 = 1, 𝑏 =
1, 𝑐 = 3, 𝑑 = 4, 𝑒 = 4, 𝑓 = 3 are the given values. For
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the placing of integers, the previous formulations will
be used as follows:
𝑗
𝑥𝑗 ≡ 1 + 3𝑗 + 4 ⌊ ⌋ (𝑚𝑜𝑑 5)
5
𝑗
𝑦𝑗 ≡ 1 + 4𝑗 + 3 ⌊ ⌋ (𝑚𝑜𝑑 5)
5

(2)

This magic square is displayed in Fig. 3. The
coordinates of the integer 22 are given by:
22
𝑥22 ≡ 1 + 3 × 22 + 4 ⌊ ⌋ (𝑚𝑜𝑑 5) ≡ 3
5
22
𝑦22 ≡ 1 + 4 × 22 + 3 ⌊ ⌋ (𝑚𝑜𝑑 5) ≡ 1
5

(3)

The uniform step method does not ﬁll individual
cells uniformly for all values, leaving some of the cells
empty. In Fig. 6, there is a square created by 𝑁 =
5, 𝑎 = 1, 𝑏 = 1, 𝑐 = 3, 𝑑 = 2, 𝑒 = 2,
𝑓 = 3. One quarter of the square is ﬁlled with
numbers, but the other cells of the square are empty. If
the 𝑁 integer numbers are distinctly placed on 𝑁 by 𝑁
square, the Uniform Step Method is called ﬁlled.

Fig. 5: Test whether Uniform Step Method can fill every
cell by Mathematica.

0

1

3

For instance, 𝐺𝐶𝐷(9 − 16, 5) = 1 for Fig. 3.
Therefore, we can conclude that the Uniform Step
Method fills the square. However, in Fig. 6, 𝐺𝐶𝐷(9 −
4, 5) = 5, the Uniform Step Method does not ﬁll the
square. The Mathematica code is shown in Fig. 5.
Theorem 2: Suppose that the integer numbers
0, 1, 2, … , 𝑁 2 − 1 are placed on the 𝑁 by 𝑁 square by
using the Uniform Step Method.
•

If 𝐺𝐶𝐷(𝑐, 𝑁) = 𝐺𝐶𝐷(𝑒, 𝑁) = 1, then the
square is column magic.

•

If 𝐺𝐶𝐷(𝑑, 𝑁) = 𝐺𝐶𝐷(𝑓, 𝑁) = 1, then the
square is row magic.

•

If 𝐺𝐶𝐷(𝑐, 𝑁) = 𝐺𝐶𝐷(𝑑, 𝑁) = 𝐺𝐶𝐷(𝑒, 𝑁) =
𝐺𝐶𝐷(𝑓, 𝑁) = 1, then the square is a magic
square.

Fig. 3 illustrates a square which is generated by
using the Uniform Step Method with 𝑁 = 5, 𝑎 =
1, 𝑏 = 1, 𝑐 = 3, 𝑑 = 4, 𝑒 = 4, 𝑓 = 3. The Uniform
Step Method ﬁlls the square, which is column magic,
and the sum of each column is 60, since GCD(3,5) =
GCD(4,5) = 1. Additionally, the sum of each row
is 60 since GCD(4,5) = GCD(3,5) = 1. Thus, it is a
magic square. For testing different values, general
testing script could be written as shown in Fig. 7.

0,6,12,
18,24

1
3,9,10,
16,22

1,7,13,
19,20

3
4

4

Theorem 1: Suppose that the integer numbers
0, 1, 2, … , 𝑁 2 − 1 are placed in an 𝑁 by 𝑁 square by
using the Uniform Step Method. The Uniform Step
Method ﬁlls an 𝑁 by 𝑁 square if and only
if 𝐺𝐶𝐷(𝑐𝑓 − 𝑑𝑒, 𝑁) = 1.

2,8,14,
15,21

0

2

2

The three theorems introduced in (Stark, 1978)
can be used to determine the values of 𝑁, 𝑎, 𝑏, 𝑐, 𝑑, 𝑒,
and 𝑓 that produce ﬁlled diabolic magic squares.
These three theorems are given below without
providing proof; the proofs of these theorems are
given in (Stark, 1978).

4,5,11,
17,23

Fig. 6: Squares are not filled by using Uniform Step
Method with following values: 𝑵 = 𝟓, 𝒂 = 𝟏, 𝒃 = 𝟏, 𝒄 =
𝟑, 𝒅 = 𝟐, 𝒆 = 𝟐, 𝒇 = 𝟑
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Fig. 7: If condition is easily applicable and readable in
Mathematica.

Theorem 3: Suppose that the integer numbers
0, 1, 2, . . . , 𝑁 2 – 1 are placed on an N × N square by
using the Uniform Step Method.
• If 𝐺𝐶𝐷(𝑐 + 𝑑, 𝑁) = 𝐺𝐶𝐷(𝑒 + 𝑓, 𝑁) = 1, then the
square is magic in positive diagonals.

Fig. 8: This script checks diabolic condition. It also
demonstrates that another beneficial feature of
Mathematica is that text and code can be written
together.

• If 𝐺𝐶𝐷(𝑐 − 𝑑, 𝑁) = 𝐺𝐶𝐷(𝑒 − 𝑓, 𝑁) = 1, then the
square is magic in negative diagonals.

Constructing Magic Squares with Orthogonal
Latin Squares

• If 𝐺𝐶𝐷(𝑐 + 𝑑, 𝑁) = 𝐺𝐶𝐷(𝑐 − 𝑑, 𝑁) = 𝐺𝐶𝐷(𝑒 +
𝑓, 𝑁) = 𝐺𝐶𝐷(𝑒 − 𝑓, 𝑁) = 1, then it is diabolic.

Another method of constructing magic squares is
by the use of orthogonal Latin squares. Assume a
matrix named L is 𝑁 by 𝑁 and each element of the
matrix is an integer from 0 to 𝑁 − 1. If each of these
integers is placed exactly once for individual rows and
columns of L, then L is called a Latin square of order
𝑁 (Gilbert, 1976). A Latin square of order 5 is
illustrated in Fig. 9 which is obtained by applying a
𝑚𝑜𝑑 5 operation to the magic square shown in Fig. 3.

The diabolic magic square shown in Fig. 3 was
generated using the Uniform Step Method with 𝑁 =
5, 𝑎 = 1, 𝑏 = 1, 𝑐 = 3, 𝑑 = 4, 𝑒 = 4, 𝑓 = 3
since GCD(7,5) = GCD(−1,5) = GCD(7,5) =
GCD(1,5) = 1. This is demonstrated in Fig. 8.
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Fig. 9: A Latin square of Order 5.

Assume L1 and L2 are two Latin squares of order
𝑁. Also assume that 𝑀 - which is a Latin square of
order 𝑁 - is a square formed by the superimposition1
of L1 and L2. If each element of L1 occurs exactly once

1

Superimposition is writing together the numbers placed in the same
coordinated in the Latin squares (in this case, L1 and L2) with respect
to the order.
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with the appropriate element of L2 in 𝑀, then L1 and
L2 will be called orthogonal Latin squares.
Two orthogonal Latin squares of order 5 are
shown in Fig. 10. Two orthogonal Latin squares, like
L1 and L2, are able to be superimposed to form a
square, like M (see Fig. 11.a), by placing into each cell
of M a number, 22, in base 5 whose ﬁrst digit, 2, is
copied from the corresponding cell, (1, 1), in L1, and
whose second digit, 2, is copied for the corresponding
cell, (1, 1) in L2. The contents of each cell of square M
could be converted to base 10 by multiplying the ﬁrst
digit by 5 and then adding it to the second digit (see
Fig. 11.b). This technique is named Euler’s method
(Gilbert, 1976).
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Fig. 10: Orthogonal Latin squares of Order 5.

In Fig. 11.b, the square M is constructed by using
Euler’s Method. The Latin squares L1 and L2 are
shown in Fig. 10. The two theorems that are given
below show how a diabolic magic square can be
constructed using two orthogonal Latin squares and
Euler’s Method. Proofs of these theorems are given in
(Gilbert, 1976).
Theorem 4: Assume that the square M is constructed
using Euler’s Method, so that M forms a magic square.
Theorem 5: L1 and L2 are two orthogonal Latin
squares of order N, and the sum of each of the
diagonals in both L1 and L2 are

(𝑁−1)(𝑁−2)
2

, so Euler’s

Method constructs a diabolic magic square.
A pair of orthogonal Latin squares whose sum of
the diagonals of each of these Latin squares is 10 of
order 5 are shown in Fig. 10. Superimposing these
squares using Euler’s Method produces the diabolic
magic square as shown in Fig. 11.
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a) Magic square in base 5.
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b) Magic square, M, in base
10.

Fig. 11: The Magic squares produced by superimposition
and Euler's Method.

Constructing Orthogonal Magic Squares with
Decomposition Step Method
A magic square that is constructed by using the
uniform step method can be decomposed into two
orthogonal Latin squares. Let a, b, c, d, e and f be the
integers. The coordinates (𝑥𝑗 , 𝑦𝑗 ) of the integers,
placed in the Latin square L1, are given by the
following equations for the ﬁrst Latin square L1 and
every 𝑘 = 0, 1, 2, . . . , 𝑁 − 1.
𝑥𝑗 ≡ 𝑎 + 𝑐𝑘 + 𝑒𝑗 (𝑚𝑜𝑑 𝑁)

(4)

𝑦𝑗 ≡ 𝑏 + 𝑑𝑘 + 𝑓𝑗 (𝑚𝑜𝑑 𝑁)

For the second Latin square L2, the coordinates
(𝑥𝑗 , 𝑦𝑗 ) of the integers are placed in the Latin square
L2, and are given by the following equations, for
every 𝑘 = 0, 1, 2, . . . , 𝑁 – 1.
𝑥𝑗 ≡ 𝑎 + 𝑐𝑗 + 𝑒𝑘 (𝑚𝑜𝑑 𝑁)
𝑦𝑗 ≡ 𝑏 + 𝑑𝑗 + 𝑓𝑘 (𝑚𝑜𝑑 𝑁)

(5)

For illustration purposes, the magic square is
constructed by using 𝑁 = 5, 𝑎 = 1, 𝑏 = 1, 𝑐 = 3, 𝑑 =
4, 𝑒 = 4, 𝑓 = 3 and the Uniform Step Method, is
shown in Fig. 3. Latin squares L1 and L2 are
constructed by using the decomposition method
previously explained, and are shown in Fig. 10. In Fig.
10.a, the coordinates of the integer numbers occupy
the cells of Latin square L1, and are given by:
𝑥𝑗 ≡ 1 + 3𝑘 + 4𝑗 (𝑚𝑜𝑑 5)

(6)

𝑦𝑗 ≡ 1 + 4𝑘 + 3𝑗 (𝑚𝑜𝑑 5)

The coordinates of the cells of Latin square L2,
which are shown in Fig. 10.b, are given by;
𝑥𝑗 ≡ 1 + 3𝑗 + 4𝑘 (𝑚𝑜𝑑 5)

(7)

𝑦𝑗 ≡ 1 + 4𝑗 + 3𝑘 (𝑚𝑜𝑑 5)
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where k = 0, 1, 2,…, 6. In Fig. 12, Mathematica
application is shown.

Similarly, the coordinates of t are given by
𝑥𝑡 ≡ 𝑎 + 𝑐𝑡 + 𝑒𝑘 (𝑚𝑜𝑑𝑁)
𝑦𝑡 ≡ 𝑏 + 𝑑𝑡 + 𝑓𝑘 (𝑚𝑜𝑑𝑁)
So that 𝑘 = 𝑠, 𝑥𝑡 = 𝑥𝑗 , 𝑦𝑡 = 𝑦𝑗 .
THE N-QUEENS PROBLEM
The N-Queens problem is solved by placing N
queens on a 𝑁 × 𝑁 chessboard, so that there are no
queens attacking each other. Fig. 13, the chessboard
configuration, shows one of the solutions of 8-Queens.

Fig. 12: Decomposition Method to obtain orthogonal
Latin squares.

Following theorem provides information about
the validity of the decomposition method.
Theorem 6: Let M be a magic square constructed by
using the uniform step method. The decomposition
method decomposes M into two orthogonal Latin
squares L1 and L2 such that if Euler’s Method is
applied to L1 and L2, the same magic square M is
generated.
Proof: Assume M is a 𝑁 × 𝑁 magic squares
constructed by using the Uniform Step Method. Also,
L1 and L2 are the orthogonal Latin squares which can
generate the magic square M if they are used for
Euler’s Method.
Let j, s, and t be the entries for the M, L1, and L2,
respectively.0 ≤ 𝑗 ≤ 𝑁 2 − 1, and 0 ≤ 𝑠, 𝑡 ≤ 𝑁 − 1
by deiﬁnition. Proof of the theorem is possible by
showing that if 𝑗 = 𝑠𝑁 + 𝑡, then the coordinates
of 𝑗, 𝑠, and 𝑡 are the same.
Let 𝑗 = 𝑠𝑁 + 𝑡, then the coordinates of j are given by
𝑗
𝑥𝑗 ≡ 𝑎 + 𝑐𝑗 + ⌊ ⌋ (𝑚𝑜𝑑 𝑁)
𝑁
𝑠𝑁 + 𝑡
≡ 𝑎 + 𝑐(𝑠𝑁 + 𝑡) + 𝑒 ⌊
⌋ (𝑚𝑜𝑑 𝑁)
𝑁
≡ 𝑎 + 𝑐𝑡 + 𝑒𝑠 (𝑚𝑜𝑑 𝑁)
𝑗
𝑦𝑗 ≡ 𝑏 + 𝑑𝑗 + 𝑓 ⌊ ⌋ (𝑚𝑜𝑑 𝑁)
𝑁
(𝑠𝑁 + 𝑡)
≡ 𝑏 + 𝑑(𝑠𝑁 + 𝑡) + 𝑓 ⌊
⌋ (𝑚𝑜𝑑 𝑁),
𝑁
≡ 𝑏 + 𝑑𝑡 + 𝑓𝑠 (𝑚𝑜𝑑 𝑁),
the coordinates of s are given by:
𝑥𝑠 ≡ 𝑎 + 𝑐𝑘 + 𝑒𝑠 (𝑚𝑜𝑑 𝑁),
𝑦𝑠 ≡ 𝑏 + 𝑑𝑘 + 𝑓𝑠 (𝑚𝑜𝑑 𝑁).
So that 𝑘 = 𝑡, 𝑥𝑠 = 𝑥𝑗 , 𝑦𝑠 = 𝑦𝑗 .
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Fig. 13: One of the 8-Queens problem solutions

Every cell of the chess board could be indexed as
shown for 𝑁 = 5 in Fig. 1. As previously defined for
construction of the magic square, each position on the
chess board is called a cell, and each cell is named by
its column (x) and row (y) coordinates.
A 𝑁 × 𝑁 chess board has 2𝑁 − 1 positive and
2𝑁 − 1 negative diagonals, as shown in Fig. 2. The
positive diagonals are given by the equations 𝑦 ≡ 𝑥 +
𝑘 (𝑚𝑜𝑑 𝑁), and the negative diagonals are deﬁned by
the equations 𝑦 + 𝑥 ≡ 𝑘(𝑚𝑜𝑑 𝑁) (Erbas C. , NQueens Problem and its Applications in Computer
Science, 1992). Coordinates of the cell are necessary
for defining the 𝑘. For instance, for a cell located at (3,
0), its positive diagonals (red lines) will be represented
by the equation𝑦 = 𝑥 + 3 (𝑀𝑜𝑑 5), and its negative
diagonals (blue lines) by 𝑦 + 𝑥 = 3 (𝑀𝑜𝑑 5):

Let L be either of two Latin squares decomposed
from a square M that was constructed using the
Uniform Step Method. Assume that P, Q, R, S, and T
are entries in L with coordinates (𝑥, 𝑦), (𝑥, 𝑦 +
1 (𝑀𝑜𝑑 𝑁)), (𝑥 + 1(𝑀𝑜𝑑 𝑁), 𝑦) , (𝑥 +
1 (𝑀𝑜𝑑 𝑁), 𝑦 + 1 (𝑀𝑜𝑑 𝑁)), (𝑥 − 1 (𝑚𝑜𝑑 𝑁), 𝑦 −
1 (𝑚𝑜𝑑 𝑁)), respectively. Then:





P-Q (mod N) is said to be the column difference of L,
P-R (mod N) is said to be the row difference of L,
P-S (mod N) is said to be the positive diagonal difference of L,
P-T (mod N) is said to be the negative diagonal difference of L.

Fig. 14: Negative and Positive diagonal of the cell is
located at (3, 0)

The following procedure establishes congruence
equations for each of these difference relationships.

Permutation notation is another way to write NQueens solutions for purposes of analytic reasoning.
The general form could be written as follows:

Let M be a magic square of order N that was
constructed using the Uniform Step Method, and let
L1 and L2 be the Latin squares obtained by
decomposing M. Then:

0
[
𝑥0

1
𝑥1

2
𝑥2

⋯
⋯

𝑁−1
]
𝑥𝑁−1

The first row represents row numbers on the chess
board, and the second row represents the column
numbers of the queen placed on the predeﬁned
column. For example, in the ﬁrst column, the ﬁrst
queen is placed in the row numbered 𝑥0 .
Permutation representation of Fig. 13 is as
follows;
[

0 1 2 3 4 5 6 7
]
5 1 6 0 2 4 7 3

MAGIC SQUARES AND THE N-QUEENS
PROBLEM
The observation about the relationship between
historical N-Queens and Magic Square problems is
relatively new and was originally published by Tanik
and his students and reviewed in (Tanik & Ertas,
1997). Magic squares and N-Queens are discussed in
the previous sections. Representations of N-Queens
problems, the generation of magic squares by using the
uniform step method, and the decomposing of the
created Latin square into two orthogonal Latin squares
are described. In this section, the connection between
orthogonal Latin squares and the N-Queens problem
will be introduced.
In Fig. 9, a diabolic magic square was constructed
using the Uniform Step Method as described
previously, Fig. 10 shows a pair of orthogonal Latin
squares generated by applying the decomposition
method to the magic square in Fig. 9.

1.

the column difference of L1 is given by the
solution of the congruence equation: (𝑑𝑒 −
𝑐𝑓)𝑥 ≡ 𝑐 (𝑚𝑜𝑑 𝑁)

2.

the column difference of L2 is given by the
solution of the congruence equation: (𝑐𝑓 −
𝑑𝑒)𝑥 ≡ 𝑒 (𝑚𝑜𝑑 𝑁)

3.

the row difference of L1 is given by the
solution of the congruence equation: (𝑐𝑓 −
𝑑𝑒)𝑥 ≡ 𝑑 (𝑚𝑜𝑑 𝑁)

4.

the row difference of L2 is given by the
solution of the congruence equation: (𝑑𝑒 −
𝑐𝑓)𝑥 ≡ 𝑓 (𝑚𝑜𝑑 𝑁)

5.

the positive diagonal difference of L1 is
given by the solution of the congruence
equation: (𝑑𝑒 − 𝑐𝑓)𝑥 ≡ 𝑐 − 𝑑 (𝑚𝑜𝑑 𝑁)

6.

the positive diagonal difference of L2 is
given by the solution of the congruence
equation: (𝑐𝑓 − 𝑑𝑒)𝑥 ≡ 𝑒 − 𝑓 (𝑚𝑜𝑑 𝑁)

7.

the negative diagonal difference of L1 is
given by the solution of the congruence
equation: (𝑑𝑒 − 𝑐𝑓)𝑥 ≡ 𝑐 + 𝑑 (𝑚𝑜𝑑 𝑁)

8.

the negative diagonal difference of L2 is
given by the solution of the congruence
equation: (𝑐𝑓 − 𝑑𝑒) ≡ 𝑒 + 𝑓 (𝑚𝑜𝑑 𝑁)

where c, d, e, and f are as deﬁned in the previous
discussion of magic squares and x is the column
coordinate of a cell in L1.
For example, consider the orthogonal Latin
squares L1 and L2 as shown in Fig. 10. The column,
row and diagonal differences for these squares can be
calculated as follows:
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column difference of L1: (5 − 6)x ≡ (mod7), x = 2
row difference of L1: (5 − 6)x ≡ 3(mod7),x = 4
positive diagonal difference of L1: (5 −6)x ≡ 8(mod7),x = 6
negative diagonal difference of L1: (5 −6)x ≡ 2(mod7),x = 5
column difference of L2: (5 − 6)x ≡ 2(mod7),x = 5
row difference of L2: (5 − 6)x ≡ 1(mod7),x = 6
positive diagonal difference of L2: (5 −6)x ≡ 3(mod7),x = 4
negative diagonal difference of L2: (5 −6)x ≡ 1(mod7),x = 6

In order to demonstrate the connection between
orthogonal Latin squares and solutions to the NQueens
problem,
the
set
of
integers
𝐼(𝑁), 𝐽(𝑁), 𝐾(𝑁), 𝐿(𝑁will be introduced by the
following deﬁnitions:
𝐼(𝑁) = {𝑖 | 𝑖 ≥ 2 𝑎𝑛𝑑 𝑖 ≤ (𝑁 − 2)},
𝐾(𝑁) = {𝑘 | 𝑘
∈ 𝐼(𝑁) 𝑎𝑛𝑑 𝑘 𝑎𝑛𝑑 𝑁 ℎ𝑎𝑣𝑒 𝑎 𝑐𝑜𝑚𝑚𝑜𝑛 𝑑𝑖𝑣𝑖𝑠𝑜𝑟},
𝐽(𝑁) = {𝑗 | 𝑗 ∈ 𝐼(𝑁) 𝑎𝑛𝑑 (𝑗 + 1) ∈ 𝐾(𝑁)},
𝐻(𝑁) = {ℎ | ℎ ∈ 𝐼(𝑁) 𝑎𝑛𝑑 (ℎ − 1) ∈ 𝐾(𝑁)}.
The set of integers 𝑆(𝑁) is then deﬁned as
follows:
𝑆(𝑁) = 𝐼(𝑁) − (𝐽(𝑁) ∪ 𝐾(𝑁) ∪ 𝐻(𝑁)),
As an example, assume N=35. Then the sets
𝐼(𝑁), 𝐽(𝑁), 𝐾(𝑁), and 𝐻(𝑁) are deﬁned as follows:
𝐼(35) = {2, 3, 4, . . . , 31, 32, 33}
𝐾(35) = {5, 7, 10, 14, 15, 20, 21, 25, 28, 30}
𝐽(35) = {4, 6, 9, 13, 14, 19, 20, 24, 27, 29}
𝐻(35) = {6, 8, 11, 15, 16, 21, 22, 26, 29, 31}
𝑆(𝑁) deﬁned as:
𝑆(35) = 𝐼(35) − (𝐾(35) ∪ 𝐽(35) ∪ 𝐻(35))
= (2, 3, 12, 17, 18, 23, 32, 33)
These sets of integers are used in the lemmas
given below, and in the theorem that follows, to prove
that solutions to the N-Queens problem can be
generated by treating the rows, columns, and diagonals
of orthogonal Latin squares as permutations. Proofs
can be found in reference 20, which are nor replicated
here.
Lemma 1: Let π be a permutation of the form:
0 1 2 ⋯ 𝑁−1
𝜋 =[
]
𝑥0 𝑥1 𝑥2 ⋯ 𝑥𝑁−1
where
𝑥1 ≡ 𝑥0 + 𝑘(𝑚𝑜𝑑𝑁),
𝑥2 ≡ 𝑥0 + 2𝑘(𝑚𝑜𝑑𝑁),
𝑥3 ≡ 𝑥0 + 3𝑘(𝑚𝑜𝑑 𝑁),
…,
𝑥𝑁−1 ≡ 𝑥0 + (𝑁 − 1)𝑘(𝑚𝑜𝑑 𝑁)
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Then, for all 𝑘 ∈ 𝐾(𝑁), the permutation π does
not provide a solution to the N-Queens problem.
Lemma 2: Let π be a permutation of the form:
0
𝜋=[
𝑥0

1
𝑥1

2
𝑥2

⋯ 𝑁−1
]
⋯ 𝑥𝑁−1

where 𝑥1 ≡ 𝑥0 + 𝑗 (𝑚𝑜𝑑 𝑁), 𝑥2 ≡ 𝑥0 +
2𝑗 (𝑚𝑜𝑑 𝑁), 𝑥3 ≡ 𝑥0 + 3𝑗(𝑚𝑜𝑑 𝑁), … , 𝑥𝑁−1 ≡ 𝑥0 +
(𝑁 − 1)𝑗(𝑚𝑜𝑑 𝑁). Then, for all 𝑗 ∈ 𝐽(𝑁), the
permutation π does not provide a solution to the NQueens problem.
Lemma 3: Let π be a permutation of the form:
0
𝜋=[
𝑥0

1
𝑥1

2
𝑥2

⋯ 𝑁−1
]
⋯ 𝑥𝑁−1

where 𝑥1 ≡ 𝑥0 ℎ(𝑚𝑜𝑑𝑁), 𝑥2 ≡ 𝑥0 + 2ℎ (𝑚𝑜𝑑 𝑁),
𝑥3 ≡ 𝑥0 + 3ℎ (𝑚𝑜𝑑 𝑁),…,
𝑥𝑁−1 ≡ 𝑥0 + (𝑁 −
1)ℎ(𝑚𝑜𝑑 𝑁). Then, for all ℎ ∈ 𝐻(𝑁), the
permutation π does not provide a solution to the NQueens problem.
Lemma 4: Let π be a permutation of the form:
0
𝜋=[
𝑥0

1
𝑥1

2
𝑥2

⋯ 𝑁−1
]
⋯ 𝑥𝑁−1

where 𝑥1 ≡ 𝑥0 + 𝑠(𝑚𝑜𝑑 𝑁), 𝑥2 ≡ 𝑥0 + 2𝑠 (𝑚𝑜𝑑 𝑁),
𝑥3 ≡ 𝑥0 + 3𝑠(𝑚𝑜𝑑 𝑁), … ,𝑥𝑁−1 ≡ 𝑥0 + (𝑁 −
1)𝑠(𝑚𝑜𝑑 𝑁).
Then, if s is relative prime to N, the permutation
π does not place any two queens on the same row.
If 𝑠 + 1 is relatively prime to 𝑁, the permutation
π does not place any two queens on the same positive
diagonal.
If 𝑠 − 1 is also relatively prime, the permutation
π does not place any two queens on the same negative
diagonal.

Theorem: Let π be a permutation of the form:
0
𝜋=[
𝑥0

1
𝑥1

2
𝑥2

⋯ 𝑁−1
]
⋯ 𝑥𝑁−1

where 𝑥1 ≡ 𝑥0 + 𝑠 (𝑚𝑜𝑑 𝑁), 𝑥2 ≡ 𝑥0 + 2𝑠(𝑚𝑜𝑑 𝑁),
𝑥3 ≡ 𝑥0 + 3𝑠(𝑚𝑜𝑑 𝑁),
…,
𝑥𝑁−1 ≡ 𝑥0 + (𝑁 −
1)𝑠(𝑚𝑜𝑑 𝑁). Then, for all 𝑠 ∈ 𝑆(𝑁), the permutation
π provides a solution to the N-Queens problem.
The result of this theorem is used in the following
corollary to relate the rows, columns and diagonals of
orthogonal Latin squares, obtained using the

decomposition method to permutations that generate
solutions, to the N-Queens problem:
Corollary 13. Let M be a magic square of order N,
constructed using the uniform step method, and let L1
and L2 be the Latin squares obtained by decomposing
M.


If the column difference of L1 (or L2) ∈ S(N), then
each column of L1 (or L2) provides a solution to
the N-Queens problem.



If the row difference of L1 (or L2) ∈ S(N), then
each row of L1 (or L2) provides a solution to the
N-Queens problem.





If the positive diagonal difference of L1 (or L2) ∈
S(N), then each positive diagonal of L1 (or L2)
provides a solution to the N-Queens problem.
If the negative diagonal differences of L1 (or L2)
∈ S(N), then each negative diagonal of L1 (or L2)
provides a solution to the N-Queens problem.

To generate solutions for an instance of the NQueens problem, each row, column, and diagonal of
L1 (or L2) is to be treated as a permutation. Any
chessboard conﬁguration that corresponds to one of
these permutations will give a solution to the NQueens problem.
Consider, for example, the magic square given in
Fig. 9. Since the column difference of L1 is 2, and is
thus an element of the set S(7), each column of the
square L1 provides a solution to the 7-Queens problem
in permutation form. Similarly, each row of L1
provides a solution to the 7-Queens problem.
CONCLUSION:
N-Queens and Magic Squares are historic
problems of combinatorics with applications to
various engineering problems. We demonstrated that
these two problems are related. This relationship is
included in the review and given in (Tanik & Ertas,
1997). In this paper we took an educational approach,
and implemented our earlier algorithms in
Mathematica for purposes of STEM educations. In the
process, we gained deeper insight into this relationship
for other applications.
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ABSTRACT
Based on the need for defining configurable interaction
options among components, the XCOSEML language is
extended with connector variability support. Extended
metamodel and grammar are provided. An example system is
presented for the demonstration of the extended version of
the language. This research is conducted to partially enhance
the default decomposition view of the Component Oriented
Software Engineering Modeling Language (COSEML)
towards application construction capabilities.
INTRODUCTION
Component-based software systems are composed of
components that interact with each other. While components
represent the structure and functionality in a software system,
connectors are responsible for interactions among
components. Connectors play an important role for
determining the characteristics of the system by defining
especially non-functional properties such as efficiency,
complexity, and scalability (Mehta, et al., 2000). Considering
their importance in software systems, connectors must be
considered as first-class citizens.
Variability modeling and management approaches are
emerging to provide efficient reuse of software artifacts.
Feature models have been proposed by Kang (Kang, et al.,
1998) to be used in Software Product Lines. Orthogonal
Variability Model (OVM) (Pohl, et al., 2005) and Covamof
(Sinnema, et al., 2004) are other major approaches for
variability modeling. Some component-based approaches
deal with variability using these techniques. Bencomo et al.
(2008), and Razavian and Khosravi (2008) use OVM as the
variability modeling technique. Also, Weber and Gomaa
uses UML extensions in (Weber, & Gomaa, 2004) to model
variability for component-based systems. However, a limited
number of approaches treat connectors as variable constructs.
The main idea behind Component-Based Software
Engineering (CBSE) is to develop a system using pre-built
components instead of coding from scratch. Component
Oriented Software Engineering (COSE) approach was
proposed in (Dogru, & Tanik, 2003) with the same purpose
and to enable the advantages of exploiting the component
concept throughout all development phases. The COSE
process begins with a structural decomposition of system
specifications into different modules. Then, the process
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continues with the location of existing components for each
module. If it is not possible, existing component
decomposition is modified to match existing ones. Creating a
new component is deferred as a last option.
COSEML is a graphical modeling language for COSE
approach. XCOSEML (Kaya, et al., 2014) is a text-based
extension of COSEML. It brings advantages of the
component technology and variability support together. The
language uses a combination of some of the basic variability
principles of OVM and Covamof. Variability support in
XCOSEML can be applied for components, interfaces, and
composition. Considering the importance of connectors in a
software system, it is necessary to select the appropriate
connector, or a desired interaction feature inside a connector.
In this work, the XCOSEML language enhanced by
connector variability support. By extending the grammar of
the language, an abstract model of the connectors is obtained.
Then, variability constructs of the language are mapped to
the connector definition. This allows developers to select a
desired option among different operations or adaptations to
take place between two components.
The rest of the paper includes a background section that
provides some basic concepts and related work, followed by
the proposed language extension, and a case study that
demonstrates the new abilities of the language. After a
discussion part, the paper ends with a conclusion that also
includes ideas for future work.
BACKGROUND
As software systems are getting bigger, interactions
between heterogeneous components become more complex
and harder to deal with. Software connectors are architectural
elements that execute interactions among components. These
interactions are abstracted in the notion of software
connectors. Mehta et al. (2000) presented a classification and
taxonomy of software connectors through analyzing existing
component interactions. Interaction services which are
provided by connectors are classified into four categories;
communication, conversion, coordination, and facilitation.
These service categories can be described as follows:
Communication: This kind of connectors are responsible
for data transmission among components. They can be used
for passing messages, exchanging data to be processed, and
communicating results of computations.
Coordination: These connectors support control transfer
among components. Interaction among components are done

by passing the thread of execution to each other. Method
invocations and function calls can be regarded as examples.
Conversion: Conversion connectors handle the
interactions between heterogeneous components. They
transform the interaction across components.
Facilitation: These connectors help in seamless
operation of the outcome of the integration of components.
They provide mechanisms for facilitating and optimizing
interactions between heterogeneous components.
Mehta et al., also define eight connector types according
to their roles based on the interactions. Connector types and
their potential corresponding services are:
 procedure call (communication, coordination)
 event (communication, coordination)
 data access (communication, conversion),
 linkage (facilitation),
 stream (communication),
 arbitrator (facilitation, coordination),
 adaptor (conversion), and
 distributer (facilitation).
Oussalah et al. (2004) explain the importance of having
an explicit definition of connectors at a correct level of
abstraction. Their Component-Object based Software
Architecture (COSA) approach has a detailed model of
connectors. The model also supports four connector service
categories. However, this approach does not support
variability.
Razavian and Khosravi (2008) propose an approach to
model variability of components and connectors based on
OVM using UML annotations. In this approach, configuring
a connector with different options (e.g. different protocols on
a network) is possible. However, connectors are defined in
an abstract level and do not contain sufficient detail to
describe a connector category, type, or behavior. Similarly,
although Haber et al.’s work (2011) has a hierarchical
variability approach that is also mapped on connectors, it
does not specify connectors in detail. Guendouz and
Bennouar (2014) report a coarsely defined modeling for
connector variability.
Unfortunately, there has not been comparable work
toward incorporating components, connectors, and
variability. COSEML has been an early work on graphical
representation for Component Based Systems (CBS)
especially to support Component Orientation: A top down
decomposition is emphasized that is in-line with the more
recent “Decomposition view” in the field of Software
Architecture. While there is no peer to compare the
XCOSEML especially after the inclusion of connector
variability, COSEML as its predecessor and its included
capability, can be compared to some familiar environments:
UML, providing graphical modeling for a variety of concerns
supporting the code development in object orientation, and
architectural design languages. On the onset of its
introduction, COSEML enjoyed its unique support for
hierarchical decomposition in graphical modeling. With the
enhancements, this capability is expanded to variability. It
can be claimed that within the Component Orientation

perspective, XCOSEML is both easier owing to the simple
emphasis to the decomposition view and more expressive as
no other languages have started to consider variability, than
others.
XCOSEML AND CONNECTOR VARIABILITY
XCOSEML Metamodel
XCOSEML extends COSEML by adding dynamic and
variability constructs to static constructs. A metamodel is
defined for this new language in (Kaya, et al., 2014). In this
metamodel, to separate concerns; static and dynamic views
of the language, and variability specifications are handled
differently. Then, variability specifications are mapped to
language constructs. An overview of XCOSEML metamodel
is provided in Figure 1. Detailed documentation of the
metamodel and the grammar of the language can be found in
(Kaya, 2015).
XCOSEML and its predecessor COSEML define and
show connectors as first-class entities. However, this
definition is abstract and does not provide details for
connectors. The connector definition is elaborated by adding
“connector message” and “message operation” paradigms.
While messages specified in a connector indicate the
interaction among component interfaces, the message
operation performs the connector’s task for that interaction.
If the interaction only constitutes the propagating of a
message or an event call, no further processing may be
required due to the compatibility of the components.
Therefore, every message does not require a connector
operation.
Variability constructs are also mapped to the connector
definition. Figure 2 describes the updated part of the
XCOSEML metamodel according to this research.

Fig. 1 Overview of XCOSEML Metamodel

Extended Grammar
The XCOSEML grammar is developed using Xtext
(Xtext, 2012). Xtext provides an environment for domain
specific language development. It can be used with Eclipse
IDE integration.
A connector definition starts with the name of the
connector. Then, service type and connector type follows and
a construct that is referred to as “connector message”, are
defined. A connector message represents an interaction
between two component interfaces. The message contains the
requester and responder interfaces, and their caller and callee
methods. Here, the calling method is representing merely a
point in the code where a function call is made. In an
interface, such caller and callee methods provide the
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capability to express the dependencies in two ways, just like
the “required” and “provided” interface concepts used in
UML. Finally, the operation that the connector performs for
that interaction is added to the message specification in the
connector. Operation is optional for a message. Constructs
like simple method or event messages do not need further
task than relaying the message call. However, some other
connectors are designed to perform a certain operation. For
example, in the conversion category, adaptor connectors do
type transformations for two components that require
different types of data. This transformation is represented by
the operation term in the connector definition.
In the previous version of XCOSEML, communicating
interfaces and their methods were explicitly shown in a
composition specification. By adding the connector
definition, we simplify the complexity of the composition;
interaction concerns are managed in connector definitions
where seems to be a more proper location to do so.
Moreover, the notation is simpler than the previous version.
Important updates of the grammar are provided in Table
1. At the highest-level, variability is applied to process
(corresponding to the composition of components) in
XCOSEML. Then variability propagates to other language
constructs: components, interfaces, and now connectors.
Between lines 20-27, the message construct is shown that
corresponds to the “Message” box in the dynamic view box
of the metamodel given in Figure 2. Each message can have
a variability tag. The messages without variability tags will
be included to the final composition certainly. If the tag
exists and a variant taking place in that tag is selected, that
message is also included. Otherwise, it is excluded from the
final composition. Interacting components must be shown in
the message by adding an arrow that represents the direction
of the communication. The connector and connector message
are shown separated by a dot character for that interaction.
Table 2 contains an example connector definition and Table
3 shows an excerpt from a composition file in XCOSEML to
exemplify the usage of connectors.
CASE STUDY
Smart Home System
A smart home system is used as a case study to
demonstrate the benefits of the extended grammar. Aim of
the smart home system is to provide a set of utilities which
can be controlled remotely via a smartphone or a Web
application for home residents. These utilities allow users to
control their home environment such as for adjusting
temperature, controlling audio devices, video consoles,
cameras and wearables. The smart home system is divided
into some sub-domains according to domain related
functionalities such as security, safety, energy management,
entertainment, telecare, and hobby garden. The security
subsystem controls video surveillance, door locks,
authorization related functionalities, and activates
notification mechanism in case of an emergency. Safety
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deals with management structure for monitoring devices,
anomaly detection, and lighting control. Telecare is used for
checking home resident’s health status with various
wearables such as smart watches and wrist bands. It also
provides alert mechanism for fall detection and medicine
reminding. Entertainment takes care of controlling audio and
other media devices. Energy management deals with the
reporting, control, and monitoring of energy resources of all
facilities. Hobby garden controls monitoring of needs and
changes in plants and soil due to temperature and humidity.
Functionalities of these sub-domains may vary depending on
resident’s needs and alternatives provided by smart home
system.
Table 1 Connector definition and usage parts of the XCOSEML
grammar
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
26
27

Connector:
"Connector" name = QualifiedName
("ServiceType" stype = SERVICETYPE)
("ConnectorType" ctype = CONNECTORTYPE)
(connMess += ConnMessage)+
;
ConnMessage:
"ConnectorMessage" name = QualifiedName "{"
(("RequesterInterface" (intreq =
[Interface]))
("MethodOut" (mout = [MethodOut]))
("ResponderInterface" (intres =
[Interface]))
(("MethodIn" (min = [MethodIn]))
("Operation" (connop = Operation))?)) "}"
;
…
Message:
(va = VariabilityAttachment)?
("guard(" guard = IntConditionSet")")?
comp1 = [Component] (type = "->" | "<-")
"{" (comp2 += [Component] )+ "}"
con = [Connector] "." conmes= [ConnMessage]
(comp +=CompComputation)*
;

Smart home system itself is considered as a package in
XCOSEML. Sub-domains of the smart home system are
mapped to components in the design. To keep the example
simple, we show a specific connector (MultimediaConverter)
which binds the “Safety” and “Security” components and
their chosen interfaces. The graphical COSEML
representation for the connector and other related constructs
are shown in Figure 3.
As can be seen in Figure 3, a connector
(MultimediaConverter) is inserted between the Security and
the Safety components.
The converter provides the
additional support for the two components to work together.
Otherwise, the functionality provided in the connector does
not belong any of these components, cohesion wise. Also,
this adaptation would be depending on the kind of
components to orchestrate, resulting in an inherent variability
capability.

Fig. 3 COSEML representation of system constructs
used in Table 2 and Table 3
In Table 2, an adaptor connector is defined for the smart
home system. The connector has the operations for adjusting
the resolution of an image for different devices and
compressing video.
Table 2 A connector definition in XCOSEML
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Connector MultimediaConverter
ServiceType conversion
ConnectorType adaptor
ConnectorMessage message1{
RequesterInterface I_Safety
MethodOut getSurveillancePictures
ResponderInterface I_Security
MethodIn captureSurveillancePictures
Operation ResolutionAdjuster }
ConnectorMessage message2{
RequesterInterface I_Safety
MethodOut getSurveillanceVideo
ResponderInterface I_Security
MethodIn captureSurveillanceVideo
Operation CompressVideo }

Table 3 Variability mapping to connectors in a composition
1
2
3
4
5
6
7
8

Safety <- Homeresident
{HomeCommunication.message1}
#vp functionalities ifSelected(telecare)#
Homeresident -> EHealth
{HomeCommunication.message2}
#vp functionalities ifSelected(safehome)#
Safety -> Security
{MultimediaConverter.message1}

Service category and connector type are defined for
better classification of existing connectors. They help to
decide which type of connector to use especially for complex
systems. For example, a user or developer can query the type
of the desired connector from a connector library. Also, they
ease the process of developing new and better connectors.
In our case study the “Safety” component needs
surveillance pictures from the “Security” component.
Besides simple transmission of these pictures, transmissions
that require some operations, such as resolution adjusting, are

handled via connectors. If the operations like the adjustment
are done by components, they will be shown as methods in
the interfaces. Also, it may be an issue to accommodate this
operation in the Safety component or the Security
component. However, the adjustment operation should not be
a duty of either of these two components considering their
definitions and their functionality in the system. It is a better
choice to define the resolution adjustment operation in a
connector. We can show the required operations on data
explicitly in this way. Also, the same components may
require transmission of video between them. This
transmission requires a video compression operation. By
using another message of “MultimediaConverter” connector,
this transmission also can be handled easily.
Table 3 provides an excerpt from the smart home system
composition. In lines 6-8, if the “functionalities” variation
point is bound with the “safehome” variant, the “Safety”
component requests a security image from the “Security”
component through “message1” message of the
“MultimediaConverter” connector. The definition of the
message1 is listed in Table 2, lines 4-9. Here, the requester
component’s interface is “I_Safety” and its (required)
method is “getSurveillancePictures”. The responder
component
uses
its
“I_Security”
interface
and
“captureSurveillancePictures” (provided) method. The size
of the image can be an issue especially when the requester
side is a mobile device. Therefore, we have the
“ResolutionAdjuster” operation in the connector message. If
an anomaly is detected after processing the security image, to
understand the situation in detail a video can be requested
from the security component. If the video needs to be
compressed, the “CompressVideo” operation can be used as
shown in line 16 of Table 2.
DISCUSSION
This work was conducted in an effort to support the
component oriented development environments with
automated construction capabilities. The ultimate goal is to
allow developers to specify only the variation decisions and
the application should be produced automatically. This study
provides the ability to express the variability related with the
connectors in a textual format. Also, expected to be
supported by graphical tools, such entry will be converted to
this textual representation by the tool – to be completed as
future work.
XCOSEML is introduced to ease the process of
developing complex systems by using variability in both
structural and dynamic modeling. The language is designed
considering current technologies and approaches as much as
possible, such as separation of concerns and variability
propagation. Although we have not conducted surveys on
the required learning process for it, it uses a basic textual
modeling notation with which a big majority of developers is
familiar. However, while its predecessor COSEML uses
graphical notation, integration of XCOSEML to a graphical
tool is still an ongoing work.
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In previous work (Altintas & Dogru, 2001; Salman &
Dogru, 2003) however, sufficient case studies were
conducted to provide a feeling about the usability and hence,
the learning curve for the COSEML based environments.
Although variability concerns were missing, in such earlier
work essential system development with the logical and
physical representation of component oriented systems were
addressed in a simplistic approach. Such case studies have
yielded a short learning requirement comparable to that for
UML. The experiments were conducted in academic
settings, with graduate students, in some cases who also
work in the industry.
Although yet primitive, the current status of the research
has been encouraging as a proof of concept: Not studied
sufficiently before, the connector variability was enabled to
be incorporated into a component oriented development
environment.
Fundamental
capabilities
are
thus
demonstrated; however, bigger and industrial level
applications will prove useful in further verification and even
validation of our approach.
Most of the current work in related fields concentrate on
the component concept. However, to enable reaching
executability, connectors are recently emphasized as the
means to integrated component-based applications. Our
vision to propagate variability specifications from high-level
representations to lower-level constructs thus require the
resolution of variability in both components and connectors.
This research is an important beginning step towards
practical incorporation of connectors in the variabilitycentered development.
Another important aspect related with enhanced
connector handling is the connectors’ roles in developing
Cyber-Physical Systems. The scale and heterogeneity of a
wide array of technologies to be connected, inevitably
require more capable connectors. Hyper-connectivity and
handling of non-functional properties in the componentbased integration of such systems also justify this emphasis.
CONCLUSION
The XCOSEML language is enhanced to accommodate
connector variability in component based or oriented
software development environments. The language was
proposed before, lacking this capability. Specifications
written with this language with its new version can be parsed
with the provided tool support. A demonstrative example
has been included in this article.
Future work will include the configuration capabilities
that exist for the connector concept that does not foresee a
specific language. The connector variability as specified in
XCOSEML language is now parsed and recognized but
configuration for such enhancements is left for near future
work.
The important missing capabilities to be supported in the
future are model checking and the corresponding
verification. Also, industry level case studies will further
verify the approach.

124

REFERENCES
Altintas, I. & Dogru, A.H., (2001). Case Studies Using
Course Projects for Component Oriented Modeling,
Integrated Design and Process Technology
Workshop on Global Transdisciplinary Education
Research and Training, June 10-13, 2001, Pasadena,
California,
Bencomo, N., Blair, G., Flores, C. & Sawyer, P. (2008).
Reflective Component-based Technologies to
Support Dynamic Variability. In VaMoS’08: 2nd
Int. Workshop on Variability Modeling Softwareintensive Systems
Dogru, A.H. & Tanik, M.M. (2003). A process Model for
Component-Oriented
Software
Engineering.
Software, IEEE, Vol. 20, PP: 34-41.
Guendouz, A. & Bennouar, D. (2014). Component-Based
Specification
of
Software
Product
Line
Architecture. In ACAASE, pages 100-107.
Haber, A., Rendel, H., Rumpe, B., Schaefer, I. & van der
Linen, F. (2011).
In Software Product Line
Conference (SPLC), 2011 15th International, pages
150-159.
Kang, K. C., Kim S., Lee J., Kim K., Shin E., & Huh M.
(1998). FORM: A feature-oriented reuse method
with domain-specifc reference architectures. Ann.
Softw. Eng. 5, 143-168.
Kaya, M. Ç. (2015). Modeling Variability in Component
Oriented Software Engineering. MSc Thesis,
Middle East Technical University.
Kaya, M. Ç., Suloglu, S. & Dogru, A. H. (2014). Variability
Modeling
in
Component-Oriented
Sytem
Engineering. In Proceedings of the 2014, Society
for Design and Process Science.
Mehta, N. R., Medvidovic, N., & Phadke, S. (2000).
Towards a taxonomy of software connectors. In
Proceedings of the 22nd international conference on
Software engineering, pages 178-187,ACM.
Oussalah, M., Smeda, A., & Khammaci, T. (2004). An
explicit denition of connectors for component-based
software architecture. In Engineering of ComputerBased Systems, 2004. Proceedings. 11th IEEE
International Conference and Workshop on the,
pages 44-51, IEEE.
Pohl, K., Böckle, G., & van der Linden, F. J.(2005). Software
product line engineering: foundations, principles
and techniques. Springer Science and Business
Media.
Razavian, M., & Khosravi, R. (2008). Modeling variability in
the component and connector view of architecture
using uml. In 2008 IEEE/ACS International
Conference on Computer Systems and Applications,
pages 801-809.
Salman, N. & Dogru, A.H., Design Effort Estimation using
Complexity Metrics, The Seventh World
Conference on Integrated Design and Process

Technology. December 3-6, 2003, pp:387-390,
Austin, Texas.
Sinnema, M., Deelstra, S., Nijhuis, J., & Bosch, J.(2004).
Covamof: A framework for modeling variability in
software product families. In Software product
lines, Springer, 197-213.

Webber, D. L. & Gomaa H. (2004). Modeling Variability in
Software Product Lines with the Variation Point
Model. Science of Computer Programming,
Elsevier, Vol. 53, pp. 305-331.
Xtext,
(2016).
Xtext
2.9.0,
available
at
http://www.eclipse.org/Xtext/.

Fig. 2 The language constructs of the XCOSEML metamodel with connector variability. The boxes at the right-hand
side of the figure (outside of the language constructs) are variability mapping constructs.

125

SDPS-2016
Printed in the United States of America, November, 2016
2016 Society for Design and Process Science

HUMAN CAPITAL CAPACITY AND CAPABILITY FOR BIG DATA
Mr. Keith Sherringham
Consultant, HSBC Sydney, Australia
{ Keith.Sherringham@gmail.com }
and Dr. Bhuvan Unhelkar
Faculty of IT, University of South Florida (Sarasota-Manatee)
{ bhuvan.unhelkar@gmail.com }

ABSTRACT
Like many transformative technologies, the business
integration and realization from Big Data (and the related
analytics and artificial intelligence) requires significant
changes to the management and operation of many areas of
business. Changes to ICT operations include: revised service
and support operations, variations to financial management,
revised vendor management practices, enhancing workload
management and processing, and greater business
engagement. Beyond managing the ICT service transition is
the required organizational change and revision to
knowledge workers that consume the analytic services. The
accumulative momentum from cloud computing, mobile
computing, and automation, combining with big data and real
time decision making is set challenge the capacities and
capabilities of organizations to respond but as ever, it is the
response of people within organizations that determines the
transition outcomes. Using industry examples and proven
business experience, this paper discusses aspects of the
changes in capacities and capabilities within human capital
for big data.
INTRODUCTION
Big Data analytics as services of data matching and
pattern matching are set to change rapidly. Increasingly
disparate data sources and varying data types (including
unstructured) are coming into play. Delivery of complex
products across jurisdictions is becoming the norm. Adopting
extended supply chains and lengthened consumption chains
as offerings are aggregated and repurposed continuously. Big
Data is set to transcend real time decision making stage
(Sherringham and Unhelkar 2008a) and be the information
sources that underpins artificial intelligence. Big Data is
poised to be the building block for the automation of
knowledge worker roles (Sherringham 2005).
Like
any
other
transformative
technologies
(Sherringham and Unhelkar 2011), the challenges lie not in
the Big Data technologies but in the business change,
organizational change, and in the changes in operations to
consume the services of Big Data (Sherringham and
Unhelkar 2016).
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Consider financial regulators using Big Data for real
time analysis of financial trades for detection of suspected
fraud. For both financial institutions and regulators, the
following changes (if not more) are required:
• Audit – Changes to audit processes and the
business integration of these changes.
• Compliance – Changes to legislation and
reporting regimes with all of the required
business changes.
• Security – Revision to security to support the
new business requirements.
• Risk Management – Alterations to the risk
management of a business as a result of the new
operations, e.g. risk reporting.
• ICT – Implementing changes to ICT systems to
support. This may require new systems,
systems upgrades, data migrations, revised
testing regimes, and vendor agreements.
• ICT Operations – Changes to the ongoing
services and support of the ICT systems. The
skilling, training, revised processes, policies
and procedures, changes to Service Level
Agreements (SLAs) and Operational Level
Agreements (OLAs), vendor agreement, data
source management, data quality management,
and operational reporting.
• Business Operations – Similarly, the business
processes are changed, policies and procedures
revised, skilling, training, service agreements,
and customer management are all impacted.
• People – The people management required to
undertake and operate in the new environment.
This one example of a change to business from Big Data
highlights the importance of organizations having the
capacity and capability to undergo the organizational change
to respond to Big Data. Using industry examples from
business and government with proven business experience in
Big Data services, this paper takes a business driven
approach to the people changes required for the management
of Big Data.
CONSIDERATIONS IMPACTING BIG DATA
A range of business (social factors) are set to impact the
implementation of Big Data, Table I.
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Table I. Business Factors Impacting Adoption of Big Data.

Business
Consideration
Cost vs
Opportunity

Customer
Response

Strategic Risk

Operational
Risk

Regulatory

Executive and
Board
Remuneration

Incumbency

Access to the
Required Data

Example and Business Impacts
A cost can be identified now and measures put in place to
reduce, e.g. reduce head count or cut capital expenses.
Whilst CEOs and CFOs know that opportunities may be
being missed because of say, bespoke enterprise architecture,
the profit from these lost opportunities is often unknown.
When a business is trading profitably with CEO bonuses and
shareholder dividends made, the argument for transformation
based on lost opportunities is harder to make.
When Gillette introduced the twin blade razor, it was hoped
that its percentage of overall market share would grow and
that some growth in the overall market size would occur.
Initially, Gillette mainly realized a decline in revenue and
loss of market share in single blade shavers as its own
customers moved to twin blade razors. Eventually, customers
from other shaver companies moved to the twin blade and
Gillette saw market growth until other shaver companies
innovated the twin blade razor.
Whilst Big Data pose Strategic Risk to a business (like
Google and the Internet did to Media) strategic risks often
take a while to be realized and may not align with profit and
remediation cycles. In addition, many organizations are still
developing strategic risk capacities and capabilities
(McConnell 2016).
Undertaking transformation projects are a risk for a business
(McConnell 2015). Costs are incurred in doing the projects
and time is spent away from operations to complete the
work. If the project is not successful (not uncommon with
technology projects) then costs are incurred and service is
disrupted for little or no reward.
Many businesses operate in highly regulated environments,
often meeting diverse regulatory needs in multiple
jurisdictions. Seeking regulatory approval often takes time
and slows the adoption of new technology and speed of
implementation.
Many companies pay executive and boards on share price
and profit at the end of the current financial year. This often
encourages short term decision making, deferral of capital
expenditures to the last minute, and a risk adverse approach
to business transformation.
Whether the example is Microsoft seeking to protect its
Desktop monopoly (missing out on new opportunities) to
resistance from carbon based energy suppliers to renewables;
incumbency is a significant business factor.
A business like Facebook acquires for itself directly much of
the information needed for its Big Data and provides the
Analytics as a Service. Other businesses, e.g. agricultural
information service providers, may be dependent upon third
party suppliers for the data required with the associated
costs, regulatory security, privacy, and reliability of supply
management.

Impacts Upon Big Data Adoption
A compelling business driver needs to exist for businesses
to take up Big Data. Cost savings and business efficiency
alone are unlikely to drive the enterprise wide
transformation required. Once business opportunities are
being lost and others have gained through the
transformation, incumbency will be overridden.

The adoption of Big Data may not result in growth of
overall markets or changes in market share. Indeed,
customers may be recycled only. Such decisions impact
upon the implementation and use of Big Data.

The strategic risk of Big Data to businesses differs and is a
driver in the speed of uptake and business transformation
realized.

The implementation of Big Data is a risk to a business,
leading many businesses to defer and scale back
implementations.

Uber is a user of Big Data that has brought much change to
the highly regulated Taxi industry. The changes brought by
Uber have not lead to a loss of license that may have
resulted in other industries like Aviation and Banking.
Regulatory agreement is an important factor in some
industries slowing the uptake of Big Data.
Having Executives and Boards compensated accordingly
(e.g. return on equity or bonuses in 5 years later based on
share price and/or profitability), would see a different
approach to the take up of Big Data and the related
business transformation.
Incumbency impacts the use of Big Data in different ways:
•
Defer the adoption of Big Data.
•
Selected use of Big Data to support incumbents.
•
Restrictions on data use and access to reduce
innovation and competition.
May restrict the business benefits from Big Data or provide
prohibitive cost or create regulatory issues to reduce uptake
and/or offerings made.
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Capacity – To undergo change, an organization
has to have the capacity to do it. The resources
(budget), the planning ability and the required
processes to develop capacities to undergo the
change. This applies to those managing the
change, those going through the change, and
the customers of the change. A business with a
declining market and profitability may know
they need to change but do not have enough
people or funds to undergo the change.
Each of these areas are addressed as Big Data impacts an
organization. The response, the size, and the nature of the
implementation varies according to a range of business
factors.
•

CAPACITY AND CAPABILITY TO CHANGE
In any organization undergoing change it is the capacity
and capability of the organization to undergo the change that
results in the success of the transition (Sherringham and
Unhelkar 2010a). From an individual project to the larger
transformation in knowledge worker roles that goes with Big
Data, the people factor is of great importance. The ability of
an organization to undergo change is shown in Figure 1.

CHANGING BUSINESS OPERATIONS
The change of organizations and their operations in
response to Big Data is summarized in Figure 2. For internal
operations both business and ICT and for external customers,
changes required include the management of:

Figure 1. Managing organizational change.

This includes:
• Drivers – The Cost, Customers, Markets, and
Legislation that drive change. The example of
regulations impacting financial services
organizations for transaction analysis or the
lower costs of automated trading are examples.
• Executive – The required support and
leadership of Board and Executives. For larger
organizational transformations and alignment to
strategic changes, this provides the leadership
and direction. For smaller projects, an
equivalence is required.
• Risk – Managing the risk of the change and the
risk of not changing.
• Sustainability – The ability to sustain the
organization through the change, i.e. still
deliver operations. Transforming a customer
service for Big Data sees the customer managed
and their needs met whilst the new product
offerings are implemented.
• Capability – From the capability to deliver a
project to the capability to transform a business
around the market disruption of Big Data; the
capability to changes comes from skilling,
training, and communication of the change.
This includes mentoring, support, scenario
exercises, features and benefits selling, and the
consistency and persistency with which the
capability building is undertaken.
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Figure 2. Organizational response to Big Data changes.

Business Drivers
The management of the business drivers including:
• Business Strategy – Knowing the strategy and
business drivers (Sherringham and Unhelkar
2008b) and how the business is managing the
change from Big Data.
• Business Needs – The actual requirements and
business needs for the definition of services and
solutions that are required for Big Data and the
management of the change to support.
• Service Delivery – The establishment and
delivery of the service for Big Data and how
the service changes are managed (Sherringham
and Unhelkar 2016).

•

•

•

Service Support – Supporting the Big Data
service, the improvement of the service, and
managing changes to ongoing operations.
Business Integration – The integration of Big
Data into the business (internal and external)
and the management of the change process.
Security Compliance Audit Risk – The
response of the business to variations in
legislation (say) and how the changes are
implemented. Such legislative changes impact
the business strategy and how the Big Data
related changes are managed.

operations, the nature of the implementation, and a range of
business factors.
RESOURCING THE SERVICE MODEL
One of the challenges for ICT departments in the future
state model for the provision of services so that the transition
can be managed and the required skilling and resourcing
applied. An emerging service model, Figure 3, sees
applications as the tool for delivery of Big Data and are the
knowledge worker assembly line.

Consumption
The changes to the business operation around Big Data
and the services provided, i.e. consumption on a pay per use
model for the charging of the service.
Business Operations
The management of the business operations including:
• Service Management – The management of the
Big Data service, the provision and
management of the service (Sherringham and
Unhelkar 2016). Within an organization,
managing the changes around the consumption
of the Big Data service also apply. When
servicing external customers, the development
of their capacity and capability to consume the
Big Data service is part of the organizational
change required around Big Data.
• Workload Management – In managing the
organizational change around Big Data, the
workload on the organization is to be managed,
i.e. support operations whilst the change is
made. Within the Big Data service, the
workload
around
support,
product
enhancements, service requests are to be
managed.
• Vendor Management – Many services depend
upon vendors (suppliers). In managing any
organizational change around Big Data, vendor
management is required. Often resources within
the organization need to be skilled on managing
vendors and managing the changes to vendors.
• Business Management – The transformation of
the business operations to support Big Data.
This is both the provision of the service and the
consumers of the service. People management
and changes in HR are a very important part of
this change.
• Financial Management – The changes to
financial management and processes to support
Big Data.
The exact changes and operational variations made
varies with the size of an organization, the nature of its

Figure 3. Emerging service model for Big Data.

ICT operations are a business that delivers a service to
customers, requiring the necessary vendor management,
financial management, service management, workload
management, and business management skills. The number
of operational staff in ICT directly are reduced, ICT staff are
embedded in the lines of business, and skilled up with greater
soft skills and business management.
Business areas require assurance of service delivery
form ICT with the requisite account management and vendor
management. The embedding of ICT within the business
empowers the business to integrate Big Data systems
(Systems Integration) to assure the knowledge worker
assembly line. The business transformation and operational
changes (Business Integration) are then driven by the
business for the business. It is expected that soft skills,
analytical problem solving, project management, business
analysis, and service management skilling will increase
within the business. The skill sets of knowledge workers will
become more extensive with a mixture of generalists and
specialists.
A Service Desk (internal and external) leveraging
phones, social media, self-service, email, and consuming Big
Data shall exist. The upskilling of service desk and systems
integration is required. An overall Security, Compliance,
Audit, and Risk function is required with skills embedded at
source.
SKILLS REQUIRED
Transitioning ICT operations to support Big Data as well
as changes to business operations to consume Big Data takes
time to implement within a business. Skills identified and to
be fostered include Table II:

129

Table II. Skill Mixes to Meet Big Data.

Business Activity
Recognizing the signs

Strategic risk management and a
Risk Based approach to business.
Executive and Board role

Cross disciplinary teams

Business Planning

Decentralized Command and
Control
with
Distributed
Operations
Outcomes
and
Management

Behaviors

Implement outside of corporate
structure and then merge

Employees

Management capability
Processes end-to-end

Knowledge worker assembly line
management

Reward
taking

innovation

Customer Focus
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and

risk

Developing the Organizational Capacity and Capability
Part of ongoing enterprise risk management reporting should be the risks to businesses through emergent
technology and actions of competitors. Skilling on risk management, risk management within performance
metrics, and an enterprise risk management framework integrated into the business.
Assessment of technology changes to business strategy as part of strategic risk management across the
enterprise (Sherringham and Unhelkar 2010a). Skilling on risk management, risk management within
performance metrics, and an enterprise risk management framework integrated into the business.
The common example is changing the remuneration of executive and board to a strategic focus and
outcomes. Another example is the capacity and capability of a Board to implement the required change
and this is one of the primary reasons for Dell delisting as a public company. Changes to Board and
Executive performance metrics are required.
Establishment of a series of cross disciplinary teams to track, report, and analyze the impacts. Reporting to
senior and executive management on outcomes and findings. These cross disciplinary teams would be
associated with ongoing communications across the enterprise and support the implementation of
initiatives.
To respond quickly to market changes and realize opportunities, an organization needs to have a plan. The
plan is a framework for people aligned and aiding delivery as well as knowing budget, resources, and
outcomes. Skilling and training across the business on the use and management of business plans as a
dynamic tool rather than an annual burden.
Rapidly changing markets and emerging business needs sees a culture of empowerment to overall
strategies and objectives. Operations are distributed and decide what is best to meet the business needs
rather than centralized decision making. Such changes require revised management frameworks, skilling
of managers, and revised performance management.
The global financial crisis showed how outcomes management alone induced the wrong behaviors. Instill
the right behaviors and staff respond often delivering better results. Implementing an outcomes and
behaviors based approach through the management performance review process is required.
The lean minimal administrative and management overhead required to drive and implement new
innovation is often at cross purposes with mature established operational support required to assure service
delivery in many areas of operation globally. Taking ideas and initiatives outside of “the structure” for
successful setup and implementation and then brining back in can be used to successfully drive Big Data.
Organization move to a lean structure. High value adding permanent staff to support core functions and
drive business transformation and services. This is supplemented by managed Vendors and resource pool
of skilled specialists brought in as required through optimized recruitment process.
Developing the management capability to accommodate ongoing change is required. This ranges from
revision of performance metrics through to professional training and soft skills development.
To realize the transformation from Big Data and Algorithms, processes need to be understood end-to-end
from the view of the customer rather than a given business area in isolation. Automation of call center
operations through algorithms is an example of where the silos in a call center operation need to be
reengineered. End-to-end processing often requires a change in management approach for the benefits to
be realized.
Big Data and Algorithms are the tool for transformation of the knowledge worker assembly line but the
realization of the transformation is the planning, the change management, the implementation
management, integrated testing, the training, the skilling, and the use of scenarios for change. Such change
requires an integrated management approach with effective people risk management (Blacker and
McConnell 2015).
Whilst organization strive for innovation, many management structures are unsupportive because:
•
Failure - Failure is considered undesirable. Failure is a key to experience and lessons learned.
From performance metrics to management structures, changes in approach are often required.
•
Don’t Rock the Boat – Many will resist speaking up. Whilst the ideas for innovation and
improvement often exist within a business, fear of rocking the boat often prevails. Despite high
level management statements to the contrary, the loss of promotion or the fear of loss of job
leads to self-censorship. Skilling of managers and changes in performance metrics are required.
•
Rewards for Innovation – A suitable reward and recognition values framework is required across
the enterprise.
Business areas, including technology, are often internally focused with “people operating around them”. A
move to a more customer centric focus is required (Sherringham and Unhelkar 2010b). Changes in
management frameworks and performance metrics together with an outcomes and behaviors based

Business Activity
Service Model

Management Capacity

Vendor Management

Project Management

Specialist vs Generalist

Developing the Organizational Capacity and Capability
approach.
The service model for technology is less technology centric and more of a pay per user service model,
Figure 3. The tactical hiring of service centric managers to manage complimenting the technologists is
required.
The ability of an area of business to undergo change is often limited by the capacities and capabilities of
management. Translating the big picture from the Board and Executives often depends upon the local
management and ongoing change management is often not part of the local management skill set. Building
the soft skills of management is part of the successful transition of Big Data.
Vendors play a significant role within Big Data, e.g. Vendors managing public and private on which Big
Data operations are managed. Skilling up in vendor management is part of the business change for Big
Data.
Standard project and program management is required. As roles are automated with routine processing
using Big Data, more time is spent on growing the business, business improvement, and managing
customers. Project and program management skills are increasingly a requisite for many knowledge
worker roles.
A combination of generalist and specialist skill sets are required. The generalists bring the silos together
and see end-to-end to assure delivery. The specialists provide the subject matter expertise and specialist
service delivery. Hiring practices to be revised to support both generalists and specialists.

Changes within ICT operations to support Big Data
include Table III.

Business
Activity

Changes for Big Data
•

Table III. Changes within ICT operations to Meet Big Data.

Business
Activity
Vendor
Management

Changes for Big Data
•
•
•
•
•

Service
Management

•
•
•
•
•
•
•

Financial
Management

Business
Management

•
•
•
•
•
•
•
•
•
•
•
•
•

Skilling Service Teams on Vendor
Management.
Greater collaborative Vendor engagement.
End-to-end process integration.
SLAs on quality of handoff.
Manage Vendors instead of doing Vendors
job.
Iterative Vendor agreement
Defined service offerings.
Requests raised once at source.
Standard practices to support standard
services.
Skilling of Service Teams on offerings and
practices.
Soft skills development of Service Teams.
Revised performance metrics including
behaviours
Standard services.
Pay per use model.
Inclusive charges based on application use
and projects.
Transparency on service costings.
Reporting tools.
Procure from shared services as cheaper.
Assets not on business books
Customer engagement.
Technology to transform business.
Business driven Technology.
Business requirements.
Management of knowledge worker
assembly line.
Service Delivery Managers.

Workload
Management

•
•
•
•
•
•
•
•
•

Business
transformation
Technology.
Skilling business resources.
Service level management
Role definitions.
Resource planning.
Prioritisation.
Request management.
Work scheduling.
Change control.
Customer engagement

around

MANAGING THE TRANSITION
While methodologies like ADKAR will play a role in
managing the organizational change but integral to the
changes are the operational adjustments made at all levels of
the organization:
• Be the Change You Wish to See – Act the way
you wish others to behave. It is the line
managers and midlevel managers that have
most impact on organization change. Having
these managers with the required performance
metrics and soft skill development is part of
successful Big Data implementations.
• How Do You Want to be Treated – Treating
others as you would wish to be treated.
Similarly, it is the line managers and midlevel
managers with the required performance
metrics and soft skill development that lead
change in Big Data implementations.
• Target to Own – Presenting people with a blank
piece of paper and having them design is time
consuming, whilst presenting them with a fait a
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•

•

•

•

•

•

•

complete causes a lack of ownership. Adopting
an agile approach of presenting a series of
“targets” that are good enough to get ideas
across and allowing ownership of, often gets
the buy in and quicker change. Adopting this
agile approach with the required stakeholders is
part of the business transition around Big Data.
Organizational Squeeze – Executive support
and “coalface” buy in together drives out the
organization change. Having key stakeholders
at the top and lower levels of the organisation
with required performance metrics and training
facilitates organizational change.
Momentum – Start with a small group, keep
building momentum and extending out the
changes. Skill up small teams to be the agents
of change and have them lead the transition by
progressively skilling and getting more and
more champions on board.
Networks – Provide the tools, service and
support for growth of the network that does the
work for you because they benefit. Those
people of influence that have a positive
experience take on the role of mentors and
champions. Discussion groups, mentoring, and
peer recognition all assist in the take up of Big
Data. Implementing the required networks for
change is important in implementing Big Data.
Benefit – The benefits are sold that are relevant
to the role so that the change is understood.
This is part of the ADKAR approach to overall
change but also tied to management
performance metrics.
Motivation – Understanding the motivation
people whether they are seeking to change or
move away from the change. Can be done
through performance reviews.
Tactical Hiring – Key hiring of staff in critical
operational areas to realise organizational
change. Rather than trying to get large areas of
the organization to move as part of a large
organizational
transformation
program,
implementing a hiring program of strategic
staff replacement so that the new culture is
implemented.
Opportunity – Provide the opportunity to
change. Ensure skilling with the provision of
tools and processes. Then if people not take the
opportunities, management can act.

BIG DATA IN HUMAN CAPITAL MANAGEMENT
Big Data will change the processes and operations of
Human Resource (HR) departments as well as HR being
involved in the wider organizational changes as discussed
previously. Examples include:
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Performance Metrics – Implementation of the
right performance regime and metrics.
• Recruiting Process – Changes to the
recruitment process coming from Big Data.
• Outcomes and Behaviours - The adoption and
changes to Outcomes and Behaviours for and
resulting from Big Data.
• Soft Skills Development – Enhancement and
extending the soft skills (professional skills) for
Big Data.
• Role Transition – Changes to roles and the
management of role transitions around Big
Data.
• New Roles – The new roles emerging as a
result of Big Data.
Each of these are considered as follows:
•

Performance Metrics
Big Data is set to transform the management of
performance metrics. With Big Data enabling different data
sources can combined and a series of innovative performance
metrics can be developed to shape outcomes and behaviors,
and skill development. The traditional measures like profit
and loss and customer feedback can be related to service
consumption and to reported job satisfaction. Aggregated
profiles of performance can be derived in real time as well as
identification of top performance. More importantly, under
performance can be identified for skilling and role changes.
Similarly, the performance of HR departments and
people within HR can be reported back to their customers
(employees). Patterns of bias in performance reviews, short
comings in HR processes, delays in recruiting can all be
identified, tracked, and reported to customers. This greater
transparency on HR operations is a leadership by example of
HR through periods of organizational change.
Recruiting Process
Big Data is set to change the recruiting process both for
managers seeking to hire, HR, applicants, and recruitment
agencies. By combining data sources and streamlining
processes significant costs and multiple handoff points can
be taken out of the process including:
• Position Descriptions – Standardization of
position descriptions making it easier to create.
Parsing techniques, automated classification of
terms, with outcomes, criteria, and metrics
matching based on roles.
• Hiring – Once approvals achieved, Big Data
can be used to target select candidates meeting
requirements only. Big Data matching enables
the professionalism and outcomes and
behaviours management to be targeted and
values between applicants and organizations
aligned. Automated formatting of information
with parsing of terms reduces the amount of
rework. Overall, the hand of between hiring

managers, HR, agencies, and candidates are
reduced with quality assurance of outcomes.
• Agencies – Recruitment agencies move to
higher value adding recruitment services
instead of being resume intermediaries.
• Candidates – Candidates get a much better
experience. In addition, those in roles but might
be looking to change but are seeking privacy
can be more readily included within the
process.
• Interviewing – The interviewing process can be
streamlined through Big Data. Much of the
personality
testing,
values
matching,
management styles, and industry certification
testing can all be matched and provided as
value added products accessed real time during
the interview process.
• Hiring – By using Big Data, the hiring process
of the successful candidate can be streamlined
with automated provisioning, simplified
background checks, and easier onboarding
process, e.g. performance metrics ready for
discussion with behaviours management and
training tailored training identified.
These are just some examples of changes to rhe
recruitment process that Big Data can bring.
Outcomes and Behaviors
Taking an organization through significant cultural and
organizational change to support Big Data provides many
challenges. The significance of moving to an outcomes and
behaviors based approach is that cultural change becomes an
ongoing built in activity. New starters share the values as
part of being hired, early adopters within existing staff
transition and nurture the approach enabling it to become
part of an organizations culture and values.
Big Data is used to track the performance and behavioral
metrics of managers and staff with proactive engagement and
follow up. Identification of leading indicators to identify
emerging issues, routine real time reporting, and exceptions
based performance assessment occurring in the line of
business. The consumption of Big Data is embedded in the
lines of business and no longer an ICT function.
Soft Skills Development
Big Data enables individuals, managers, and HR to
identify the soft skills development required, to follow the
skilling and training, track the mentoring and support, and
reward the maturity of operations. The matching of
performance data, service delivery data, quality assurance
data, and cost data against individuals enables the
effectiveness of the skill development to be established. Gaps
in skill development can be readily identified and preemptive
measures with staff undertaken.
Role Transition

The business changes around Big Data sees roles
transitioning from doing to managing exceptions and
intervening when things go wrong. Operations managers will
consume a range of dashboards to report on operations
management with drill downs to enable problem areas to be
identified and proactively managed. Operations managers
will be alerted to issues by exceptions with routine analysis
of workflows occurring by Big Data. The transition is that
Big Data and analytics is a routine business function
undertaken as part of everyday operations.
A series of HR management changes are required to
support this. Skilling, training, refresher training, greater
people skills, strengthening of problem solving skills to
address issues when things go wrong are all required.
Changing ICT Operations
Big Data with the supporting cloud, automation, mobile
computing, social media, and convergence brings changes to
ICT departments that HR will be involved in. The model of
large centralized ICT departments managing infrastructure
across the organization as shared services is changing to
business embedded ICT operations consuming applications
and Big Data. The need for an overall framework for
governance, standards, security, compliance, audit, and risk
is the emerging priority of central ICT departments.
Organizations will see less technical resources within
central ICT departments as well as an overall lowering of
head counts within these central operations. The skill set will
change from systems administration and operation to vendor
management, customer management, project management,
risk management, and operations management. HR
departments will help manage the transition and skill set
changes.
Organizations will see changes in the technical resources
embedded within the lines of business. There will be a
similar skilling up in vendor management, customer
management, project management, risk management, and
operations management. With more Big Data service
consumption, less technical resources are required within the
lines of business but the greater business embedding of ICT
sees more business people with greater ICT skills consuming
applications and Big Data with an increasing awareness of to
take the offerings and develop new products and services.
HR departments will need to manage the changes in skills
and roles.
New Roles
Big Data will create a range of new and innovative roles
that HR will need to recruit for, manage, mature, and
accommodate within business and HR operations. Roles
might include:
• Data Compliance and Regulatory – Managing
the regulatory and compliance around Big Data,
both in the access and use, as well as product
supply across jurisdictions.
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•

•

•

Customer Support – Providing services to
support the consumption of Big Data and
managing problems with the service.
Real Time Decision Remediators – With Big
Data used in real time decision making, errors
are likely to occur. People will be needed to
remediate the business impacts of the decisions
as well as address the ICT issues.
Data Aggregators – Staff that assure the
delivery of data from a range of sources and
that the aggregated data products supplied are
correct. This includes a series of regular and
random checks and testing.

CONCLUSION
Big Data, analytics, real time decision making, and
artificial intelligence are set to transform the roles of
knowledge workers. Undergoing the required organizational
change brings with it many opportunities and challenges for
human capital management. Managing the transition requires
skilling up, places a greater premium on soft skills, drives the
need for skills in problem solving, vendor management,
customer management, project management, and operations
management. The role of security, compliance, audit, and
risk is set to become of increasing significance especially as
Big Data services are set to become more complex with more
data sources and data types (including unstructured) being
used. The delivery across jurisdictions with extended supply
chains and lengthened consumption chains as offerings are
aggregated and repurposed require business embedding of
the skills to assure service delivery and consumption. The
proven business practices to grow and leverage Big Data can
be applied to transition organizations around Big Data.
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ABSTRACT
The popularity of Big Data and Analytics, its availability
on the Cloud, and the ensuing value to individuals and
businesses requires that Big Data be considered as a service.
(Analytics as a Service (AaaS). The establishment,
management, and development of Big Data and its services
requires the embedding of analytics within integrated
business processes coupled with established methodologies
and applied end-to-end across the delivery cycle. Big Data
services are set to become more complex as they ingest wide
ranging data sources and varying data types (including
unstructured); with delivery across jurisdictions; adopting
extended supply chains; considerations of quality of data;
and lengthened consumption chains as offerings are
aggregated and repurposed. Additional impacts to services
include audit, compliance, regulatory, and security issues.
Based on business experimentation and industry examples,
this paper explores Big Data services from a business
perspective with a focus on the integrated end-to-end
offering to realize customer focused business outcomes for
customers of the service.
INTRODUCTION
Big Data and the related Analytics as a Service (AaaS)
can be used for research purposes, or offered on a cost
recovery basis within a large organization, or provided as a
cloud service to small businesses on a pay per use model.
The real time decision making (Sherringham and Unhelkar
2008a) emerging form analytics and the establishment of
artificial intelligence are all part of the AssS that is governed
by the same fundamental business principles that underpin
the provision of services. Big Data is impacted by the laws of
supply and demand. Big Data has regulatory and compliance
obligations. Big Data is established using proven frameworks
for project management and business analysis. Big Data is
developed using methodologies like Agile. Big Data is
managed using service frameworks such as ITIL. The
benefits of Big Data are marketed. Customers of Big Data
are educated on how to use Big Data.
The
development,
establishment,
management,
operation, growth, and maturity of Big Data is the end-to-end
lifecycle management of a service. These principles will
become of increasing importance as Big Data services

become more complex. With more data sources and more
data types (including unstructured) being used; with delivery
across jurisdictions; with the adoption of extended supply
chains; and lengthened consumption chains as offerings are
aggregated and repurposed, and Big Data in knowledge
worker standardization (Sherringham 2005); the demand for
assured service delivery from Big Data increases.
To assure service delivery, proven business processes,
management principles, and frameworks are applied end-toend to meet the needs of customers. Using industry examples
from business and government with proven business
experience in Big Data services, this paper takes a business
driven operational approach to the management of Big Data.
BIG DATA SERVICE
The elements of a Big Data providing AaaS are shown
Figure 1 with each area of Big Data service coming together
to deliver the overall assurance of the service:
• Service Support – The day to day management
of the service. This includes project
management, operations (ITIL - reference),
financial
management,
data
source
management, and vendor management.
• Application Support – The day to day
development and management of Big Data
applications (Agile – Unhelkar, B., 2013),
including data source integration.
• Service Improvement – The ongoing revision
and improvement of the service. Includes
process management, continuous improvement,
training, change management (ADKAR), and
business integration.
• Service Development – The development of the
service and new products, growth of markets,
strategy, emergent technologies.

Figure 1. Elements of a Big Data Service.
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Within each of these areas, a range of methodologies,
tools, processes, and business practices are required to
deliver the Big Data Service.
WHY BIG DATA AND THE SERVICE
A recurring theme within Big Data should be why Big
Data and what is the service? Whilst there will always be an
aspect of “build it and they will come”, successful Big Data
based business processes exist to meet specific needs. A
carefully construed strategic approach to Big data adoption is
a must for its success and for risk reduction in businesses
(Unhelkar, B., 2015). Just because data can be collected and
matched, it does not mean that it should be done. Other
considerations include:
• Meaningful – Is it meaningful to match the
datasets.
• Cost – The cost to establish and operate.
• Risk – The risks incurred in managing the
service, establishing the service, and the risk in
not transitioning to Big Data.
• Business Benefit – The business benefit and the
ROI.
• Customers – Do people want the service and
can they access the service.
• Displacement – Will the Big Data service
displace an existing service or will it be run
alongside, i.e. increased cost.
Consider the case of a Government Agency that wanted
to report in real time on open support cases in schools. An
existing report was used as the basis for a real time
dashboard reporting requiring the aggregation of data from
HR and ticket systems. Then:
• Meaningful – Datasets could be readily
matched and purposeful results easily
delivered.
• Cost – The cost to develop and implement was
small (comparative to other projects) and ICT
infrastructure changes were contained. The
service could be supplied as an internal service
as part of existing recoveries processes.
• Business Benefit – From school principals to
field technicians, the better access to
information improves operations.
• Customers – Clearly identified customers
existed with a need and customers indicated the
desire and readiness for the service.
• Displacement – Existing service to be run
alongside for an extended period until full
implementation completed.
Due to network constraints and security issues, the
service would only be made available to those accessing
information on the schools’ Wide Area Network. Whilst a
field technician attending schools could access the Big Data
service at a school, they could not access information offsite
using a free Wi-Fi spot. Therefore, key intended beneficiaries
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of the service were not able to effectively utilize the service
and existing service had to continue for an extended period.
Figure 2 shows the range of principal business functions
and methodologies required for Big Data services. Example
standards that may apply within areas of Big Data include:
• Technology Management - COBIT v5
• Operations / Service Management - ITIL
• Architecture – TOGAF or Zachman\
• IT Governance – ISO 38500
• ITG Governance Framework – ITG
• Security – ISO 2700
• Risk Management – ISO 3100

Figure 2. Methodologies within Big Data service.
PROJECT MANAGEMENT
Many of the activities in establishing and managing Big
Data services are a series of projects (programs) managed to
existing project (program) management methodologies. The
blending of methodologies for all aspects of the service
(from Agile for development through to ADKAR for
business change, ITIL for operations management as well as
Risk, Audit, and Compliance frameworks) within the project
(program, portfolio) management is part of service assurance
for Big Data.
VENDOR MANAGEMENT
With many businesses having areas of their ICT
operations outsourced, including software development, Big
Data brings changes to vendor relationships. The aggregation
of information from different systems requires data feeds
from different systems that may be managed by different
vendors. New service contracts implemented or revisions to
existing service contracts.
REQUIREMENTS
A range of requirements need to be identified using
proven Business Analysis processes and methodologies,
including agile. In the example of a Government Agency
providing Big Data service to schools, requirements required
included:

•

•
•

•
•
•
•
•
•

•
•
•
•
•

•

Stakeholders
–
Requirements
of the
stakeholders, e.g. field technicians on a mobile
device whilst Minister requires on screen
display in office.
Data Requirements – Requirements were taken
from an existing report and revised accordingly.
Data Availability – Requirements for
restrictions, access, permissions, and refresh
details for accessing the data from required
systems.
Device Compatibility – Requirements around
devices to be supported.
User Numbers – Requirements around number
of users, concurrent access, and loading.
Authentication – Authentication requirements
for login to private systems.
Systems Availability – Availability of the
systems covering access, security, and privacy.
Infrastructure
–
Requirements
around
infrastructure including bandwidth, security,
policies, and related requirements.
Risk Assessment – Requirements for
completion of risk assessment for new products
and services (Sherringham and Unhelkar
2010a).
Accessibility – Requirements for accessibility,
e.g. vision impaired.
Compliance – Requirements for compliance.
Audit – Requirements for audit in both
establishment and ongoing support of the
service.
Service – Requirements for establishing and
managing the service, e.g. account provisioning
or service desk changes.
Capacity – Expected capacity requirements
over a 6-month take up period to manage
infrastructure as well as impacting solution
design.
Testing – The testing requirements (Load,
Performance,
Penetration,
Accessibility,
Usability, Business Continuity, Network,
Security) as well as the supporting service and
process testing were identified, test cases
developed, and test plans implemented.

DEVELOPMENT USING COMPOSITE AGILE
METHOD AND STRATEGY
Application development can be managed using agile
based methodologies. For other aspects of the service,
development follows a range of methodologies according to
what is being developed. Examples for development include:
• Networks – Standard change control for
changes to production and other networks, e.g.
firewall rule changes.

•

Servers – Implemented with methodology for
automation and Dev/Ops model (Dev/Ops is
the model where by virtual machines with
operating system, database, applications, load
balancers and virtual firewalls are automatically
created and destroyed) or the traditional change
control of physical infrastructure. Applies for
production, development, testing, training, and
recovery environments.
• Operating Systems – The installation of the
operating system onto the server for respective
environments. Alignment with organizational
standard Operating Environments (SOE).
• Compute – The installation of supporting
applications within the SOE, e.g. alert and
monitoring tools. These tools were integrated
into existing services and support.
• Databases – The installation of the required
databases for data aggregation, matching, and
calculation.
Development may also be required for:
• Request Management – Processes for request
management.
• Testing – Processes for testing all aspects of the
solution
(application,
infrastructure,
or
operational support for a new service).
• Incident Management – Integration of new
service and infrastructure into existing Incident
Management processes.
• Service Desk – Changes to service desk
processes and tools to support new customers
and new applications.
• Operational Support – Changes to operational
support models to support a new application
and service.
• Business Change – Development of the
business change to support the service.
CONTINUOUS TESTING
Testing is a key component of service assurance for Big
Data. Beyond the more traditional testing tools and methods
is the adoption of continuous testing from agile
methodologies for the ongoing testing of the data sources,
testing the data matching, testing the data aggregation,
testing the data calculations, assuring the supply of data, and
testing the continuity of data supply. A coherent and
repeatable test strategy is required.
In the implementation of a Big Data service within a
financial services organization, an extensive User
Acceptance Testing regime, with extensive documentation
for regulators was required. In addition, the testing of service
and support processes, end-to-end integrated testing with
vendors was required for audit and compliance purposes as
well as for routine business operations.
For certain Big Data services, with additional
requirements around accessibility, the final User Acceptance
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Testing can be extensive. As with the standing up of any new
service, testing requires:
• Test Strategy – An integrated end-to-end test
strategy. This may include:
o Functional Testing.
o Load Testing.
o Performance Testing.
o Penetration Testing.
o Data matching and calculation testing.
o Accessibility Testing.
o Usability Testing.
o Business Continuity Testing.
o Security Testing.
o Privacy Testing.
o Process Testing.
o Financial Testing.
o User Acceptance Testing.
o Operational Acceptance Testing.
• Standard Approach – A standard approach to
testing. This includes standard scripts to use for
repeat testing.
• Library – A library of test cases for recycling.
• Test Tool – Adopt a standard test tool for test
plans, test cases, and results tracking.
• Test Plan Creation – A standard process for the
creation of test plans and test cases.
• Test Result Tracking – Tools and processes for
tracking test results and tracking back to
requirements and release versions.
• Test Approvals – Processes and tools for
tracking test approvals and tracking back to
releases and authorizations for releases.
• Processes – The required processes, knowledge
base, training, and support.
SERVICE SUPPORT USING ITIL
The ITIL framework is part of ICT service delivery in
many organizations, Figure 3. Related to the areas of ITIL
are the organization and service specific policies, standards,
and procedures required, and then the specific work
instructions or request. Even with the use of virtual
machines, virtual load balancers, automation and the use of
Dev/Ops models, ITIL is a cornerstone of Big Data service
management.

Figure 3. ITIL Framework.

138

Service Desk
Any Big Data services will require the skilling and use
of a service desk. From technical support, to account queries,
to billing queries, to incident management, to feedback, and
general point of escalation around the service; a service desk
function is required. The processes around the services need
to be implemented and/or revised, staff skilled, knowledge
bases updated, and Service Level Agreements (SLA) or
Operational Level Agreements (OLA) applied. Where
service desks are outsourced, vendor management comes is
also required.
Service Desks are no longer just phone calls. Self-help
tools, online training, online provisioning, and social media
are all supported.
Configuration Management
According to the size and maturity of organization, the
following need to be tracked and utilized in the service
provision: network assets, servers, software, databases,
licensing, location details, operating systems, and other core
configuration management. Both traditional infrastructure
management and Dev/Ops based operations require some
level of Configuration Management.
Incident Management
The management of incidents is part of the service
management for Big Data. Whether using vendors, public
cloud or private cloud incidents need to be managed. With
either the Dev/Ops model with automation and virtual
machines or the traditional physical infrastructure used in the
service, incidents need to be managed. Existing Incident
Management processes are revised to support the service or
new Incident Management processes are established. These
processes need to be designed, tested, and implemented.
Training and refresher training provided and process
reviewed as required. SLAs or OLAs to be reviewed and
applied, and penalty clauses may also be revised. Incident
models, incident severity levels, contact details, knowledge
bases, and vendor agreements may all need to be revised.
The provision of news products and services often sees
changes to be made to incident ticketing systems.
The use of Dev/Ops with virtual machines and
automation within Big Data often changes the nature of
Incident Management. Low level incidents tend to occur less
often. The occurrence of high level incidents is also reduced,
but when they do occur, they are often more severe.
With more data sources and more data types (including
unstructured) being used, with delivery across jurisdictions,
and adopting extended supply chains, Incident Management
becomes more complex. Likewise, an incident impacting
lengthened consumption chains as offerings are aggregated
and repurposed, changes the Incident Management process
and the stakeholder management required
The compliance and regulatory issues from incidents can
be complex for Big Data because of the different data supply
chains and the business impacts as businesses become more
reliant on Big Data.

Problem Management
Similar to Incident Management, is Problem
Management (root cause analysis and remediation). All
aspects of the problem management process are revised or
implemented to support the Big Data service.
Change Management
Although many Big Data services are making increasing
use of Dev/Ops models and virtual infrastructure, Change
Management is still required. Application integration, data
feed management, and supplying data to supporting
operations all required some level of Change Management.
From managing outages to advising customers, through to
vendor management; Change Management applies and is
part of a Big Data service.
Where the traditional physical infrastructure is still part
of a Big Data service, variations to existing Change
Management processes are to be applied to support a new
service. Again, the similar themes of training, refresher
training, process review, vendor management, knowledge
bases, updated, and SLA and OLA applied.
Release Management
Managing the releases of upgrades and version control,
apply to the applications, supporting software, servers,
operating systems, databases, and the data sources.
Organizations of different sizes and types have different
regimes and processes for release management. Similar to
other parts of the ITIL framework discussion, variations are
made to release management to support the service. The
recurring themes of vendor management, training, and
process changes also apply.
Availability Management
Managing the availability of the service is part of the
service offering. The performance management of the
supporting and related services is addressed subsequently.
The availability of the software and data to performance
metrics (SLAs and OLAs) are often required. These OLAs
and SLAs may be required for the supporting network and
related infrastructure provision, as well as for data
provisioning and other dependencies for the management of
the service.
Capacity Management
Part of successful service delivery is Capacity
Management. This covers the supporting infrastructure and
networks, the related servers, and the capacity of data
sources to support the expected demands. Capacity
management is usually against a trend with agreed capacity
overhead. A range of tools, processes, and methodologies are
applied according to the service. The revisions to processes,
training, OLAs and SLAs, vendors, and knowledge bases
apply.
Part of Capacity Management is the technical side
mentioned. The capacity of the service to support requests,

and other customer service is part of the capacity of a service
and is discussed subsequently.
The non-technical side of Capacity Management is the
conversion of Capacity Management information into easily
understood business information, e.g. pay per use models. In
these scenarios, customers just consume the service based on
a certain expectation of capacity (availability and
performance) being met and are charged accordingly.
Specifically, Capacity Management is transparent to
consumers of a service.
The complexity of Capacity Management depends upon
factors including the nature of the service offered, public
cloud vs private cloud, in-house vs vendor management.
Service Continuity Management
Disaster Recovery and Business Continuity are part of
the service to assure delivery. This part of an overall
resilience approach to service delivery. With more Big Data
being delivered by Dev/Ops and with greater automation, the
requirements and solution for service continuity changes.
Assurance of service continuity from suppliers of data in the
Big Data supply chain is also required.
Service Level Management
The overall governance and management of the service
is a key function that is often overlooked or is just assumed
to occur. Key elements include:
• Service Definition – A clear and easily
measurable definition of the service. This
includes the overall offering, the components of
the services, and addresses support, operations,
and technical solution.
• Governance – The overall governance and
management of the service and product
offerings. Like a Steering Committee to
implement programs of work, a Service Review
Committee is tasked with the assurance and
maturity of service offerings requires a similar
function. Responsible for the overall provision
of the service, a requirement to cut across
impacted areas to ensure delivery exists. This
will include an overall owner, technical
representation, customer representation, and
impacted business areas.
• Service Performance - Review of key areas of
performance,
metrics,
and
remediation
required. This includes SLAs, OLAs, and
vendor agreements.
• Service Lifecycle - Review of the Service and
its life cycle including:
o Enhancements and Defects.
o Service development plans.
o Service changes.
o Operational improvement (Continuous
Service Improvement).
o Identification of value-adding services
for establishment.
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•

o Controls.
Service Team – The overall team that delivers
the service with a manager that reporting to
those that oversee the implementation. The
Service Team is responsible for ensuring
delivery from dependencies and other parties
for service assurance.

Financial Management
The financial component of a Big Data service can have
several areas to address:
• Pay per Use – The charging for the
consumption of Big Data services on a pay per
use model. Whether this is external charges or
internal recoveries, this pay per use model
encompasses the full cost of service provision
and management.
• Service Costing – The costing of the service is
a key element. Several methods and models
exist but the most common method is to take a
parts management approach. Manufacturing
shows us how to cost parts and as the parts are
used to make products, the costs flow through.
This enables effective inventory management
which can be used for resource management,
capacity management, and identification of
efficiencies.
• Consumption Tracking – Whether Big Data
services are charged monthly by invoice for
fixed services, pay per use models, service
packages, aggregation services, or given away
for free; tracking of the consumption is
required. Solutions for Consumption Tracking
linked to billing often need to be established.
The processes and operations around
Consumption Tracking with the required OLAs
and SLAs, vendor agreements, knowledge
bases, training, and retraining are required.
• Monetized Service – The Consumption
Tracking of Big Data needs to be converted
into billing with the required invoicing,
payments, purchase orders, and core financial
management functions. Integration with
existing financial processes is required.
Security, Compliance, Audit, Risk
In heavily regulated industries like aviation or financial
services, the Compliance, Audit, and Risk requirements of
Big Data services can be complex. For industries like
aviation, continuous logging of data and extended storage
periods apply. For Government services, the compliance
requirements can be extensive. In addition, there are risks in
the provision of Big Data services, especially from the
extended supply chains and in provision to the lengthened
consumption chains. Risk is also prevalent in aggregated
services and the re-provisioning of Big Data in derived
products.

140

Security considerations, from cyber attack to user
permissions, to encrypted transfer and role based access, is
an extensive topic within Big Data.
According to the regulatory, jurisdictional, industry
specific, and individual business needs; Security,
Compliance, Audit, and Risk are significant requirement of
Big Data services.
SERVICE MANAGEMENT
Beyond ITIL are some other areas of service
management that are part of the Big Data service:
Request Management
Managing a Big Data service requires the management
of Requests. The existing Request Management processes to
be revised to support a new service or processes and
operations are established. Requests may include:
• Accounts and Permissions – Request for new
accounts, closed accounts, and permission
changes.
• Projects – New development to be managed as
a project. Development that requires complex
management, multiple stakeholder engagement,
and taking typically more than 5-business days
of work. May have own release cycle or
released as part of other releases.
• Enhancements – Additions, extensions, and
enhancements that can be done in typically less
than 5-business days. This work is clearly
defined, easily accomplished, and simple
testing overhead. Enhancements are mainly
released as part of a planned cycle but may be
released out of cycle.
• Defects – May be remediated as part of
Incident Management or within Problem
Management. Defects may take more than 5days to remediate and may require project
management. Defects are mainly released as
part of a planned cycle but may be released out
of cycle. Defects are mainly managed as
Incidents.
For a Request to be processed, the service may need to
adopt Actionable (all required information) and Authorised
(from the correct party), especially when working with
vendors and outsourced operations. Use of proven ticket
management life cycles with roles and responsibilities,
validation, response times, statements of work, minimum
information sets, and related financial management; is all
part of a Big Data service.
Application Management
The cornerstone of Big Data is the applications that
customers use in which the data are provided as a range of
value added products. Standard software development
methodologies and release management processes apply.
Considerations include:

•
•
•

•

•

•

•

SSL Certificate Management – Processes for
tracking SSL certificate details and review and
renewal details.
Log Files – Capturing, storage, management,
and analysis of the required log files for service
assurance.
Database Management – Management of the
databases used by Big Data, e.g. merged data
used for calculation of derived values. This
includes the account management, permissions
management, database indexing, and log file
management.
Testing – The importance of an integrated test
strategy and overall approach, with the required
Functional Testing, User Acceptance Testing
(UAT), Penetration Testing, Accessibility
Testing, Load Testing, and Operational
Acceptance Testing (OAT).
Environments – Manage the operation, support,
and standards for the operating environments,
including environmental refreshes to current
production standards for:
o Development.
o Testing.
o Training.
o Production.
Development Operations - To stand-up
development operations, including: tools,
processes, OLAs and alignment with other
operational processes:
o Code Source – Storing and versioning
of the code.
o Image Source - Storing and versioning
of the compiled images for execution
o Defects – Tracking and managing a
list of defects.
o Enhancements – Tracking and
managing a list of enhancements.
o Projects – Tracking and managing a
list of projects and the resulting work.
o Issues – Tracking of issues arising
during development and testing.
o Decisions – Tracking of design and
implementation issues.
o Risks – Tracking of risks and
acceptance within designs and
workload management.
o Resources – Management of resources
against schedule and tracking of
resources.
o Timesheets – Recording of time
against work.
o Stakeholders – Tracking stakeholders
and roles for different pieces of work.
Process Improvement - As the Service matures,
the need for process improvement will arise. A

monthly review forum can exist where
improvements are discussed and approved.
Data Management
Data management, data quality, data consistency, data
access, data continuity, data completeness, data permissions,
are often an issue within projects and services offered. This
is particularly true of Big Data projects and the services
provided. A range of standard tools, techniques,
methodologies, standards, procedures, and processes exist
and are widely documented elsewhere.
The data management principles and the data centric
nature of Big Data brings changes to enterprise architecture.
Methodologies like TOGAF still apply but the resulting
solutions requiring authoritative single sourced matching
varies the solution of the more traditional less integrated
architectures current within many enterprises (Sherringham
and Unhelkar 2008b).
Assurance of Big Data services requires the aspects of
data management be applied.
Customer Management
The growth and development of a Big Data service is
about servicing the needs of customers. Established business
practices around sales, solution selling, marketing, branding,
customer relationship management, account management,
service support, and customer retention apply (Sherringham
and Unhelkar 2008c).
SERVICE DEVELOPMENT AND AGILE
The rapid changes in Big Data technology and the
resulting impacts on services and products places a premium
on the service being agile and the delivery of minimal viable
products. Agile and similar principles apply to Big Data
service development for both internal services and external
services and considerations include:
Self Service vs Managed Service
The type of service offered impacts upon the support and
costs. The type of service may vary over time and a mixed
approach may be required. The two main types are:
• Self Service – This is mainly where the data
products are provided as a service. Others
undertake use these products to undertake
analysis and value-adding processing. Self
Service is often easier to establish, maintain,
and cheaper to run. Self Service is often
popular with more technologically experienced
and those who consume the service as a major
part of their job.
• Managed Service – This is where the service
undertakes much of the analysis and valueadding processing on behalf of others. Managed
Services often require more effort to establish,
maintain, and may incur higher costs. Managed
Service is often popular with those who just
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want a valued added product for decision
making and do not have the time for Self
Service.
Self Service verses Managed Service is often a key in
the implementation of Big Data services within an
organization as well as being a path way to adoption. When
establishing a Big Data service within a Government
transport management agency, concerns around jobs was a
prominent theme. To implement the service, the agency
started with a selected product offering (an extension of
familiar report rendered in real time with selected
enhancements) to key stakeholders. As the service becomes
valued, funding was secured, and a range of effective easy to
use products were offered. As the comfort level with the
products increased and demand for services increased, more
advanced analytics services were supplied.
Self Service was found to be popular with more
technically aware people at a desk in back-office roles whose
job it was to utilize data. A greater range of products were
provided with a Self Service tool but some level of support
was still provided. Those with a greater awareness of
technology and in back-office roles were more accepting of
minimal viable products and more frequent upgrades and
iterations.
In contrast, front line staff or those travelling around
more preferred a Managed Service where by highly refined
products were provided and the processing was completed
for them. Front line staff also preferred consistency and
uniformity of products and showed greater frustration with
more agile product releases.
As Big Data grows in maturity and the data analytics
capacities and capabilities increase, more of the value-added
analysis will be automated. This is especially the case where
data are automatically analyzed as part of artificial
intelligence, i.e. many Big Data services provided will be
used by computers rather than people directly.
Positive Experience
Whether in a Government Agency, a financial services
organization, or a Fast Marketed Consumer Goods business;
the development of Big Data services is tied to a positive
experience of the service. Key stakeholders have good
experience they reduce your workload and do the work for
you. Consider a prominent Australian retailer that
implemented a customer based analytics service in the
revamp of their rewards scheme. Initial adoption of the
service was not well received by customers and internal staff
for a range of reasons but one of the most cited was the
Service Desk experience.
• Internal Service Desk – Repeated requests to
the Service Desk for supporting staff on how to
use the system, where to go for advice, or how
to get errors resolved, were met by a Service
Desk that did not know the answers. Whilst
staff were frustrated, it was more challenging
for the service that had to manage an increase
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in dissatisfied customers causing operational
issues within the Service Desk.
• External Service Desk – The Service Desk
supporting external customers was better
prepared but was still missing key elements of
support and service management.
Post implementation review showed that if the Service
Desk had enjoyed a positive experience of the Big Data
service, many of the perceptions of internal staff and
customers would have been different. This would have
created a very different impression of the service overall.
Feedback from the service desk staff showed support for
agile and iterative releases of minimal viable products so
long as they were properly skilled and engaged.
Organic Networks
Provide the tools, service and support for growth of the
network that does the work for you because they benefit. The
nature of Big Data services with its customised consumption
of specialist information blends itself to the use organic
networks to grow the service. The use of social media as well
as traditional email and phone calls are all part of the organic
network. Those people of influence that have a positive
experience take on the role of mentors and champions.
Discussion groups, mentoring, and peer recognition all assist
in the take up of Big Data.
Organic networks were critical to an agile approach with
minimal viable product releases. Those personalities that
naturally embraced change would champion releases and the
benefits if they were skilled on the changes and gained from
the iterative releases.
Capacity and Capability Building
Part of service assurance is the development of
capacities and capabilities around Big Data (Sherringham
and Unhelkar 2010b):
• Capability – The skilling, training, and
communication of Big Data to those managing
the service and those consuming the service.
This includes mentoring, support, scenario
exercises, features and benefits selling, and the
consistency and persistency with which the
capability building is undertaken.
• Capacity – The resources (budget), the planning
ability and the required processes to develop
capacities in Big Data. This applies to those
managing the service as well as those
consuming the Big Data services.
Business Integration
The success and uptake of Big Data services depends
upon the business integration (the consumption of the
service). The business integration is for both the managers of
the service so that an assured service is provided as well as
the consumers of Big Data so that they can realize the
benefits and consume an assure service. The use of change
management methodologies such as ADKAR is part of the

business integration and part of the Big Data service
(Sherringham and Unhelkar 2016).
Market Development

Society for Design and Process Science Conference
2016.
Unhelkar, B., (2015), Big Data Strategies for Agile Business,
Proceedings of SDPS2015, Dallas, TX, USA.

The market development for Big Data services is seen in
two main areas: assurance delivery of service for existing
products (as discussed in this paper) and the emergence of
new products with supporting services. The existing business
practices and principles for market development are part of a
Big Data service.
CONCLUSION
Similar to other rapidly emerging technologies with
major business transformational impacts, Big Data services
are in the early days. Big Data services are set to become
more complex with more data sources and more data types
(including unstructured) being used; with delivery across
jurisdictions; adopting extended supply chains; and
lengthened consumption chains as offerings are aggregated
and repurposed. The proven business practices to grow and
leverage Big Data can be applied to move Big Data from
routine application of datasets to existing operational areas to
real time decision making and artificial intelligence
consumption of Big Data services.
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ABSTRACT
This paper presents a smart parking system to guide a
driver to an empty parking spot. This work focuses on to
develop a mobile platform for the users to view the dynamic
map of a parking lot to find the desired parking spot. We
have worked on an arbitrary parking lot image, identified the
separate parking spots and the status of the spots (occupied
or empty). We have also realized our algorithm using a lowcost embedded system Raspberry Pi, Pi camera, stepper
motor to increase the camera coverage and a model parking
lot.
INTRODUCTION
We can think of the beginning of a busy working day.
Students, faculties, staff, and visitors are coming to the
campus. It's the eleventh hour and the first class is about to
start. All the parking spots are already occupied; a few
people are leaving. Everybody is looking anxiously for a
parking spot and who will be that lucky to find one? Cars are
running on and on aimlessly to find a precious parking spot.
Who would know there is an empty spot on the other side of
the parking lot. This aimless hunting for parking spots in a
busy hour is not very uncommon, but unfortunately there is
very little or no effort to provide a user friendly information
bearing platform to guide the person, in this case the driver,
to the desired spot. We are living in a world of technological
breakthroughs in several areas ranging from low-cost microsensor to micro-computer with enhanced computational
ability, widespread wireless networking, etc. Our project
motivation is therefore to utilize the micro-sensors and
Pole mounted
setup

micro-computer interfaced with the wireless communication
technology to develop a low-cost user friendly platform.
Recently, Vehicle Ad Hoc Networks (VANETs) based
parking lot management schemes has been proposed by
several groups (Peng, Y., Abichar, Z., & Chang, J. M.
(2006). Roadside-aided routing (RAR) in vehicular networks.
Proc. IEEE ICC 2006, 8, PP: 3602-3607, Istanbul, Turkey.,
Hubaux, J. P., Capkun, S., & Luo, J. (2004). The security and
privacy of smart vehicles. IEEE Security and Privacy
Magazine, 2(3), PP. 4955.,
Xu, Q., Mak, T., Ko, J., & Sengupta, R. (2007). Medium
access control protocol design for vehicle-vehicle safety
messages. IEEE Transaction on Vehicular Technology,
56(2), PP: 499-518.
Panayappan, R., Trivedi, J., Studer, A., & Perrig, A. (2007).
VANET-based approach for parking space availability. Proc.
of the Fourth ACM International Workshop on Vehicular Ad
Hoc Networks (VANET 2007), PP: 75-76, Montr´eal,
Qu´ebec, Canada.
Lu, R., Lin, X., Zhu, H., & (Sherman) Shen, X. (2009).
SPARK: A New VANET-based Smart Parking Scheme for
Large Parking Lots. Proceedings of IEEE Infocom, PP: 1413
- 1421.). Each car equipped with the On Board Unit (OBU)
communication device allows different cars to communicate
with each other as well as roadside infrastructure or units in
order to improve road safety and better driving experience.
Lu et al. has proposed a VANET based smart parking
(SPARK) scheme to provide real-time parking navigation (
Lu, R., Lin, X., Zhu, H., & (Sherman) Shen, X. (2009).
SPARK: A New VANET-based Smart Parking Scheme for
Large Parking Lots. Proceedings of IEEE Infocom, PP: 1413

Image
Preprocessing

Region-of-Interest
Selection

Parking Spot
Address
Coordinates

Address Counter

Decision
Making

Thresholding

Histogram
Analysis

Image Capture

Send parking spot
info to driver

Fig. 1. Functional block diagram of the proposed system.
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Bin Count

- 1421.The drivers can ﬁnd the vacant parking space quickly
reducing the gasoline and time wasted in search of vacant
parking space. The SPARK scheme also provides VANETbased intelligent anti-theft protection service and friendly
parking information dissemination service to the moving
vehicles so that the drivers can conveniently and quickly
choose their preferred parking lots close to their destinations.
However, the scheme requires each car the registration and
hardware installation associated with the VANET. Lee
proposed wireless sensor networks (WSN) based (
Lee, S., Yoon, D., & Ghosh, A. (2008). Intelligent Parking
Lot Application Using Wireless Sensor Networks.
International Symposium on Collaborative Technologies and
Systems (CTS).) intelligent parking system using a
combination of ultrasonic and magnetic sensors. Though the
main goal was to count the number of vehicles on each ﬂoor
and provide a cheap and accurate solution, their work
restricts itself primarily to vehicle detection using WSN than
providing a smarter parking management solution. Iris-Net (
Deshpande, A., Nath S., Gibbons, P. & Seshan, S. (2003).
IRIS: Internet-scale Resource-Intensive Sensor Network
Services. http://www.intel-iris.net) proposed a wide-area
sensor network architecture using video cameras,
microphones, and motion detectors. These sensing devices
were used to detect the availability of parking spaces and
through the web applications, clients were able to acquire
real time parking information. Wang et al. presented a
reservation based smart parking system (
Wang, H., & He, W. (2011). A Reservation-based Smart
Parking System. The First International Workshop on CyberPhysical Networking Systems, PP: 701 - 706.) where the
drivers can reserve the empty parking spaces in advance
based on the parking lot information available from deployed
sensor network and wireless technology, and displayed on
their personal devices. This scheme avoids traffic congestion
due to multiple drivers targeting a single empty parking spot.
If the accurate detection of vehicles fails, the traffic
congestion becomes worse. In this work, we focus on a
simpler technique for the detection of vehicles/empty parking
spots in a parking lot. Our architecture comprises of a lowcost computing node/processor with a sensing camera to
extract empty parking spots from the parking lot images.
In section II, we first describe our approach for the
implementation of the system to identify the empty parking
spots. The main components include a Raspberry Pi 2 and a
Pi camera. In section III, we describe our parking lot
algorithm to identify an empty parking spot implemented
using Wolfram Mathematica. The algorithm is tested on a
toy-car parking lot model and with an arbitrary parking lot.
In conclusion, we summarize our work.

installation. The functional elements of the parking spot
searching scheme will manifest image capture, image preprocessing, region-of-interest (ROI) selection, histogram
analysis and finally thresholding to make a prompt decision
regarding the presence of any large object occupying the
parking spot. The functional flow diagram of the proposed
scheme is shown in Fig. 1. A short overview of the
functional blocks is given here and the detailed descriptions
of the hardware blocks and the software code fragments are
enlisted in sections III and IV.
In the proposed scheme as is seen in Fig. 1 camera units
with embedded hardware platforms will be mounted on a
series of parking lot lamp posts. Each and every camera unit
will cover a portion of the parking lot. A prior visualization
and assessment will be performed for indexing the distinct
parking spots under each camera coverage. The image
coordinates of each parking spot from individual camera
view will also be extracted a priori and stored in an address
counter for image processing and evaluation of the
occupancy of the specific parking spots.
As depicted in Fig. 1, the captured image of the parking
spots will be first preprocessed. The image preprocessing
will include edge detection of the parking spots which will
reduce the data volume and offer faster image processing in
the later stages. From the preprocessed image the individual
parking spot location will be cropped by following the prestored parking spot coordinates and the cropped image will
then be passed to the next level processing. Sequentially the
cropped images of all the parking spots will go through the
next level image analysis for decision making. For image
analysis of the individual parking spot, a simple histogram
analysis will be performed and the corresponding probability
distribution and the frequency count will be listed. The
frequency count or the bin count data of each parking spot
will be compared with histogram bin count data of an empty
parking spot. A higher bin count data will indicate the
presence of a large object (i.e. car, van, trailer, etc.) in that
specific parking spot. Once the occupancy of individual
parking spot is evaluated the corresponding data will be
wirelessly relayed through GSM network to a remote data
center where the information from all the camera and
embedded platform units will be combined to make a
comprehensive list of all the parking spots and their
corresponding occupancy status. The information regarding
the parking spots will be broadcasted to all the drivers within
the parking lot area and a mobile phone App will show a map
of the parking spots with the available parking spot locations.

SYSTEM OVERVIEW
The core focus of this work is to find a computationally
efficient image processing and low-cost hardware level
implementation for widespread deployment of the proposed
scheme without being constrained by the new and expensive

Fig. 2. A low-cost Raspberry Pi 2 and Pi camera board
setup
(https://www.adafruit.com/images/1200x900/136707.jpg) for local processing of parking lot 145
images.

Fig. 4. A toy-car parking lot model.

HARDWARE PLATFORM

IV 3D graphics core. The Raspberry Pi Camera Module is a
custom designed add-on for Raspberry Pi. The sensor itself
has a native resolution of 5 megapixel, and has a fixed focus
lens onboard. In terms of still images, the camera is capable
of 2592 x 1944 pixel static images, and also supports
1080p30, 720p60 and 640x480p60/90 video and frame rate
implemented
max
90fps
(https://www.raspberrypi.org/documentation/hardware/camer
a.md, https://www.adafruit.com/products/1367). The camera
is supported in the latest version of Raspbian, Raspberry Pi's
preferred
operating
system
(https://www.adafruit.com/products/1367).
Fig. 3 shows a setup using a model parking lot for the
toy cars. The Raspberry Pi 2 and Pi camera assembly is
positioned on the blue-top box (Fig. 3) to have the parking
lot view. The images are captured and processed using
Wolfram Mathematica in the Raspberry Pi. The local
processing of image data generates a map of vacant and
occupied parking spots which can be wirelessly transferred
and viewed by the incoming drivers through a mobile app.
PARKING SPOT SEARCH ALGORITHM

For the implementation of the proposed scheme we have
taken resort of a low-cost Raspberry Pi 2 and Pi camera
module as shown in Fig. 2. Raspberry Pi is a low-cost credit
card sized computer. Raspberry Pi 2 includes a 900MHz
quad-core ARM Cortex-A7 CPU and 1GB of RAM and is
capable of doing everything a desktop computer would be
expected to do. Raspberry Pi is a capable little device that
enables to program in languages like Scratch, Python,
Wolfram Language and Mathematica. The Pi has VideoCore

Our goal is to identify empty parking spots from a
periodic snapshot of the parking lot image. To capture image
using Raspberry Pi camera, we use Wolfram built-in function
for the connected device "RaspiCam". Fig. 4 shows an image
of a toy parking lot image. In the following the detail
description of all the functional elements are described.
Image Preprocessing: For the first step of image
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Fig. 5. Model parking lot image after edge detection. Indices
are shown
forlot
each
parking
lot.
Fig. 3. A model
parking
setup,
image
capture and
processing using Raspberry Pi 2 and Pi camera board.
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Fig. 6. Individual parking space indexing.

Parking
Space

Histogram Distribution
Probability Distribution
Function (PDF) values

Decision

#17

0.0165572

Empty

#18

0.0181122

Empty

#21

0.04821

#22

0.0403291

Empty

#23

0.0930533

Occupied

#24

0.0794789

Occupied

#25

0.0537940

Occupied

#26

0.0297297

Empty

#27

0.0886066

Occupied

Occupied

Fig. 7. Parking lot space occupancy identification.

processing, we apply edge detection technique to the image.
Edge detection is an image processing technique for finding
the boundaries of objects within images. It works by
detecting discontinuities in brightness. Common edge
detection algorithms include Sobel, Canny, Prewitt, Roberts,
and fuzzy logic methods. Mathematica 'EdgeDetect' function
generates a binary image of the model parking lot as shown
in Fig. 5.
Region-of-Interest Selection: Next we identify and set
index to each parking space from the image. We read the row
and the column index of each parking space and generate the
individual frame as shown in Fig. 6. For this current
approach of parking space separation, we assume the indices
of the individual parking spots will remain constant for a
fixed camera position.
Histogram Analysis: For each parking space we conduct
histogram analysis. A histogram is the most commonly used
graph to show frequency distributions i.e., how often each
different value in a set of data occurs. In an image processing
context, the histogram of an image normally refers to a
histogram of the pixel intensity values. Therefore image
histogram is a graph showing the number of pixels in an
image at each different intensity value found in that image.
In our case, the pixel intensity values are 0 and 1 for the
binary image shown in Fig. 6. We calculate probability
density function (PDF) of the histogram distribution on the
binary image of each parking space as shown in Fig. 6.
Table 1. Output for Each Parking Spot
Parking
Space

Histogram Distribution
Probability Distribution
Function (PDF) values

Decision

#11

0.0137736

Empty

#12

0.0200168

Empty

#13

0.0216702

Empty

#14

0.0214849

Empty

#15

0.0732212

Occupied

#16

0.0359198

Empty

Thresholding and Decision Making: We choose a
threshold examining the PDF values for each parking space.
If the PDF for data value '1' i.e., white is higher than 0.045,
the corresponding space is occupied. Table I shows the PDF
values for empty and occupied parking spaces.
Fig. 7 shows verification of our algorithm on an
arbitrary real parking lot image.
CONCLUSION
This paper presents a smart system for finding vacant
parking spots in a busy parking lot. The system comprises of
low-cost Raspberry Pi based embedded computer, Pi camera
and a software platform Wolfram Mathematica. Simple
image processing algorithm has been developed to identify
empty parking spots from the parking lot images. Relatively
simple architecture and local processing of image data
captured by the Pi camera make it feasible to realize the
system in a low-cost hardware platform. Our proposed
scheme also ensures reduced data volume for continuous
real-time operation through wireless network. The prototype
will facilitate an excellent hardware-software platform for
STEM education and hands-on engineering skill
development.
FUTURE WORK
The present scheme for searching empty parking spots is
a standalone unit. Our future work includes the integration of
the proposed scheme with the existing wireless
communication network and Cloud system for a real-time
guidance platform on a mobile device. Further study will be
conducted on sensing modalities with various environmental
conditions, low-level image processing for high-speed
execution with the Raspberry Pi processor, high speed
imaging and reliability, data volume and security.
Implementation of the scheme in a busy parking lot will
demonstrate an innovative real-life application of STEM
field and branches of electrical and computer engineering
research.
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ABSTRACT
Computing has been viewed as a basic activity and
should be studied starting in preschool. This work
investigates (1) the ability of children attending preschool (3
to 6 years old) to compute with a playful model of
computation and (2) whether there is a correlation between
the ability to compute and the performance of children in
preschool. The playful computing model, specially designed
for children, is proposed and used in experiments with 41
children attending preschool. The results indicate that the
ability to use the proposed model to compute varies with the
age of the child and that there is a correlation between this
ability and the school performance of the child.
INTRODUCTION
Similar to reading, writing, and performing arithmetic
operations, the ability to compute has been considered as a
basic, fundamental, and essential ability of people (Wing,
2006). Assuming the principle of the fundamental nature of
the activity of computing, studies have been proposed to
understand what it means and to analyze the practices
derived from it (Hu, 2011).
The term Computational Thinking (CT) has been
associated with studies reporting experiments that examine
the educational advantages of using computational tools and
concepts to think about various domains of knowledge. CT
has also been associated with studies not necessarily directed
toward formal education but to all people, encompassing
ideas and tools, such as CS Unplugged, LEGO Mindstorms,
SCRATCH and APP Inventor (Imberman, Sturm, & Azhar,
2014) (Turbak, Pokress, & Sherman, 2014). In general,
studies on CT employ an intuitive notion of computation and
aim to export to other domains of knowledge artifacts well
known and studied in the field of Computer Science:
problem solving, programming, simulation, modeling, game
design etc.
Since CT is associated with many contexts and activities
the term CT needs to be defined to avoid possible
misunderstandings regarding the sense in which we use it. In
this study CT refers to the mental activities required to deal
with a model of computation. As will be seen in Section 4
these activities involve abstraction, calculation, design and
reading.
This study develops and uses a playful model of
computation, called World of the Treasure, consisting of
characters, scenarios and objects. Objects in the model of

computation World of the Treasure cause transformations in
characters. These transformations are understood as
functions in the sense of mathematical functions. A child
computes something in World of the Treasure operating with
functions. The model of computation World of the Treasure
is designed in a way that the child deals with mathematical
functions, but need not be aware of the mathematical
formalities and procedures of functions.
The aims of this study are (1) to investigate the
computing ability of children attending preschool (3 to 6
years old) and (2) to verify whether there is a correlation
between the computing ability on the proposed model and
the performance of children in preschool.
The remainder of this paper is organized as follows.
Section 2 describes the elements that comprise the model of
computation, World of the Treasure. Section 3 shows the
relation between World of the Treasure, mathematical
functions and possible computational activities to be
performed. Section 4 shows what ability a child should have
to use the proposed model to compute. The conducted
experiment to test the child’s ability to use the model to
compute is detailed in Section 5. Section 6 presents the
results, and Section 7 describes related works. Section 8
highlights the main conclusions, summarizes a few of our
views on the work performed and notes directions for further
research.
METHODOLOGY
Model of Computation: World of the Treasure
World of the Treasure (WT) was inspired by the Mario
video games of the Japanese company Nintendo. WT
consists of characters, objects and scenarios and is
represented in two ways: (1) printed on paper, as illustrated
in Figure 4(a–b) and (2) more concretely, as in theater, with
scenarios, real objects and actors playing characters, as
illustrated in Figure 6(a).
Characters in WT can perform actions such as jump,
walk, run, rotate, and increase and decrease in size. Objects
can cause changes in the characters or can be captured by
them. Scenario items are used in WT to compose an
“atmosphere” for the environment. For example, Figures
4(a–b) shows the character Joe, a mushroom and a thorn
object in a countryside scenario. The character Joe performs
the action of running. When passing by the mushroom
object, the object causes a transformation that increases the
character’s size. When passing by the thorn object, the object
causes a transformation that reduces the character size.
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Figure 6(a) shows an actor playing the character Joe, a
scenario consisting of a checkerboard carpet and objects that
are chocolate coins. The character can walk on the carpet and
capture chocolate coins.
Functions, World of the Treasure and Computational
Activities
Objects in WT can cause transformations in the
characters. These transformations can be seen as
mathematical functions. In general, an object can induce a
function f : P → P, where P is the set of characters. Thus, for
example, the mushroom induces a function f that takes a
character of the set P (domain) and produces a larger
character in the set P (image). Similarly, the thorn induces a
function g that takes a character of the set P and produces a
smaller character in the set P. Figures 1(a) and 1(b) use Venn
diagrams to illustrate the functions f and g. Figure 1(c) shows
the Venn diagram corresponding to the composite function
g(f(p)) for p ∈ P.
Several types of computing activities can be performed
in WT, among which we highlight the following:
• Type 1 Activity: The child must infer what a function
does based on elements of the domain and their
corresponding images. For example, observing the size
of the character Joe before he passes by the mushroom
(domain element) and the increase in the size of the
character Joe after he passes by the mushroom (image),
the activity consists of inferring what is the
transformation that the mushroom produces (function)
(Figure 2(a)).
• Type 2 Activity: The child must calculate the value of a
function (image) based on an element of the domain and
the knowledge of what the function does. For example,
the child must calculate what will happen to the
character Joe after he passes by the mushroom. This

Fig. 1. Transformations produced by objects in WT can be
seen as mathematical functions, represented here by Venn
diagrams. The ellipsis (...) indicate the presence of other
elements in the set P that are not shown here due to a lack of
space
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calculation can be made based on (1) the transformation
made by the mushroom and (2) who and how is the
character before he passes the object mushroom
(domain) (Figure 2 (b)).
Type 3 Activity: Another type of computing activity that
can be performed in WT is the designing
(“programming”) of a function for an actor to perform a
task (or transformation) in a concrete scenario. For
example, consider the concrete scenario consisting of a
checkerboard carpet with quadrants of different colors,
with one actor playing the character Joe and being
initially placed at the center front quadrant, and
chocolate coins in the treasure chest near the right rear
quadrant (Figure 3(a)). A map printed on paper (Figure
3(b)) shows the initial position of the character and
quadrants containing “bombs”. If the character occupies
a quadrant containing a bomb, he dies. Having the
ability to give verbal instructions to an actor (“turn”,
“move to the quadrant of the color <color name>”), a
task to be designed is to develop a trajectory that makes
the character pass, quadrant by quadrant, from its initial
position to the position where the treasure chest of
chocolate coins is. The child should read the map and
give verbal instructions to an actor

Ability that a Child Should Have to Compute in the
World of the Treasure
Different types of activities in WT demand different
abilities in a child. Four abilities can be highlighted:
• Abstraction: This ability is mainly required in Type 1
activities. The process of analyzing the domain and the
image of a function, discovering regularities, and
generalizing to infer what a function does demands the
ability to abstract.
• Calculation: This ability is mainly required in Type 2
activities. Type 2 activities require calculating the value
of a known function, also having knowledge of an
element of the domain of the function.
• Designing (“programming”) and Verbalization: This
ability is mainly required in Type 3 activities. The
activity that leads to a description of how a task should
be performed requires the ability to design. In WT, the
task description is not written but is spoken; hence, the
ability to verbalize is also required.
• Reading: Type 1, 2 and 3 activities require the abilities
of reading. This occurs because to perform an activity,

Fig. 2 Type 1 and Type 2 computational activities in WT: (a)
Type 1 − Infer what a function does; (b) Type 2 − Calculate
the image of a function

Fig. 3 Type 3 computational activity in WT: (a) the concrete
scenario and (b) a map

•

the child must read and understand the elements of WT,
printed on paper or represented concretely.

MATERIALS AND METHODS
Test of Child’s Ability to Compute
We developed a test based on the WT activities to
measure a child’s ability to compute. The test was previously
validated in a pilot experiment applied to five children who
did not participate in the final experiment. Small problems
were fixed in the test, and it was improved. The test consists
of eight questions and is divided into three parts. Parts 1 and
2 have questions concerning WT printed on paper, and Part 3
has questions concerning WT represented concretely.
Part 1 (questions 1–3) mainly evaluates the child’s
ability to abstract and to calculate. Each question in this part
has one or two Type 1 activities followed by a Type 2
activity. Figure 4 illustrates a question in this part of the test.
Analyzing Figures 4(a) and 4(b), the child must be able to
abstract what the mushroom and thorn objects do to the
character Joe (Type 1 activity). Considering what has been
abstracted and the situation proposed in Figure 4(c), the child
has to calculate the transformation of the character Joe after
he passes, in sequence, by the mushroom and thorn objects
(Type 2 activity). The answer is given by the choice of a card
among five possible alternatives. The card chosen as the

Fig. 4 Example of a question from Part 1 of the Test

answer should be pasted in the space reserved for the
response (Figure 4(c)).
Part 2 (questions 4–5) mainly evaluates the child’s
ability to design and verbalize (Type 3 activities). Each
question in this part involves the design and verbalization of
instructions to make the character Joe perform a route in a
maze, deviating from obstacles, to achieve the goal of
arriving at the castle. Figure 5 illustrates a question in this
part of the test. The child must design and verbalize a
sequence of instructions (run, jump, and squat) to make the
character Joe move through the maze, deviating from
obstacles, to reach the goal of arriving at the castle. The
experimenter should note the child’s answer.
Part 3 (questions 6–8) also evaluates the child’s ability
to design and verbalize. While the questions in Part 2
referred to WT printed on paper, the questions in this part
refer to WT concretely represented. Each question in this part
involves the concrete scenario, consisting of checkerboard
carpet with different colors, one actor playing the character
Joe, and a map containing quadrants that are empty or that
contain objects, such as a “bomb” or a chocolate coin. The
child must design and verbalize instructions (“turn”, “move
to the quadrant of color <color name>”, “get a chocolate
coin”, “drop a chocolate coin”) that make the character walk
quadrant by quadrant, deviating from “bombs” and collecting
chocolate coins along the way.
The task of questions 6 and 7 is to develop a trajectory
that makes the character come out of its initial position,
deviating from “bombs”, and achieve the goal of reaching a
treasure chest of chocolate coins. The trajectory of Question
6 is simpler than the trajectory of Question 7, and these
questions can each be answered by a single block sequence
of instructions. Question 8, illustrated in Figure 6, is slightly
more complicated than questions 6 and 7 because it imposes
the design of the repetition of three blocks of instruction
sequences. The child should instruct the character to obtain
chocolate coins on the carpet and to bring them to the
treasure chest. However, there is the restriction that the
character must take one coin at a time, which requires the
child to think and design three blocks of instruction
sequences, one for each chocolate coin. Figure 6 illustrates
question 8 where the child must design and verbalize a
sequence of instructions (“turn”, “move to the quadrant of
color <color name>”, “get a chocolate coin”, and “drop a

Fig. 5 Example of a question from Part 2 of the Test
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an experimenter described the question and requested a
response from the child. The other experimenter observed the
interaction of the child and noted the answers. (3) The
experimenters performed a debriefing and offered chocolate
coins as a gift for the child.
Aiming to minimize interference in the routine of the
children and of the school, the experimental sessions took
place over three weeks in the summer of 2014.
RESULTS

Fig. 6 Example of the question from Part 3 of the Test

chocolate coin”) to repeat the action to collect chocolate
coins and to bring it to the treasure chest one coin at a time.
Subjects
A total of 41 children attending a preschool participated
in the survey. Table 1 shows the profile of participants
organized into two groups by age. The number of
participants represented 13% of the preschool population of
the school surveyed. The participants were randomly selected
among children whose parents expressed written consent for
them to participate in the experiment.
Table 1 Profile of the experiment participants. Ages are shown
in decimal notation (e.g., 4.5 represents the age of four years
and six months)

Group
I
II

Gender, n (%)
Female
Male
12 (55) 10 (45)
10 (53) 09 (47)

Age, years
Range
Mean Median
3.0 ├ 4.5
3.9
3.9
4.5 ├ 6.0
5.4
5.2

Experimental Setup
One room was specially prepared for the experiment to
be conducted in. The children, one by one, took part in the
experiment in individual sessions designed to avoid bias
caused by communication between children. Additionally, to
avoid bias caused by the fatigue of the child, the
experimental sessions were conducted in two phases, one
involving the questions in Parts 1 and 2 and the other phase
involving the questions in Part 3. Two experimenters
attended all experimental sessions. Each experimental
session was performed in approximately 5 minutes and
followed the procedure outlined below: (1) the experimenters
welcomed the child into the room, dedicating time for the
child to integrate with the environment and to be motivated
to compute in the WT. Concrete objects and dolls were used
to assist in the setting and in the motivation of the child. (2)
The questions were submitted one by one. For each question,
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A score from 0 (completely wrong) to 8 (completely
correct) was assigned as result of the test done by a child.
Table 2 shows the mean and standard deviation obtained by
the groups of children aged 3 (inclusive) up to 4.5 years old
and 4.5 (inclusive) up to 6 years old.
Student’s t-test at 1% significance was used as a
statistical measure of the significance of the difference
between of the means obtained by the two groups. For the
population studied, the t-test suggests that there is a
significant difference between the means obtained by the two
groups (t (39) = 2.75, p-value ≤ 0.01). In this case, the mean
obtained by the older age group (Group II) were significantly
higher than the mean obtained by the younger age group
(Group I).
Table 2 Mean (0−8) and standard deviation of the results
obtained by the two groups of children

Group

Range (age)

n

Mean (0−8) ± SD

I

3.0 ├ 4.5

22

6.20 ± 1.20

II

4.5 ├ 6.0

19

7.20 ± 1.12

A score to the academic performance of the child was
assigned by teachers of the preschool. The scores were
described in the Likert scale, having been assigned 2 (very
weak), 4 (weak), 6 (regular), 8 (good) and 10 (very good). A
correlation analysis was performed between the test score
and performance of children in the preschool. As a statistical
measure for correlation, it was used the Pearson productmoment correlation coefficient, also known as Pearson’s r.
This coefficient is a measure of the linear correlation
between two variables. For the population studied the t-test at
1% significance, used as a statistical measure of significance
for Pearson's r, suggests a strong positive correlation
between the academic performance of the children and the
score obtained by them in the test. Table 3 lists values of
Pearson’s r in each group for correlations between the
academic scores and the test scores and Figure 7 shows the
scatter plots of the obtained correlations.
Table 3 Pearson’s r coefficient for correlation between
academic scores and test scores

Group

Pairs

Pearson’s r

t

p-value

I

22

0.86 (strong)

7.44

0.0001

II

19

0.74 (strong)

4.51

0.0003

CONCLUSION

Fig. 7 Scatter plot of the correlation between academic
scores and test scores. The numbers indicate the amount of
coincident points

Finally, we highlight the following result. We observed
a statistically significant difference in the percentage of
correct answers in the World of the Treasure printed on paper
(questions 1−5, mean = 78%, SD = 19%) and the World of
the Treasure concretely represented (questions 6−8, mean =
91%, SD = 22%) (t (39 ) = 2.82, p-value ≤ 0.01).
RELATED WORK
The idea that computers and various computational
artifacts can be used as a tool for thinking about noncomputational domains is old and has roots in the work of
Papert (Papert, 1993). The term Computational Thinking
(CT), first used by Wing (Wing, 2006), has been used in this
sense today. Research in this field has been intense and
include studies to investigate what CT is and what we can do
with it (Hu, 2011), analyze students’ pre-instructional ability
to develop algorithms (Dwyer, Hill, Carpenter, Harlow &
Franklin, 2014), investigate CT in elementary (Feaster, Ali,
Zhai & Hallstrom, 2014) (Hill, 2014) (Touretzky, Marghitu,
Ludi, Bernstein & Ni, 2013), middle (Werner, Denner,
Campe & Kawamoto, 2012) (Yadav, Mayfield, Zhou,
Hambrusch & Korb, 2014) and high schools (Settle, Franke,
Hansen, Spaltro, Jurisson, Rennert-May & Wildeman, 2012).
A review of the state of the art of CT in K-12 is presented in
(Grover & Pea, 2013). This work differs from previous ones
by the fact of using a model of computation to explicit and to
delimit what is understood by CT in context of this study.
Two works are closely related to this study. It is reported
in (Oliveira, 2012) a statistical evidence of a correlation
between mental ability to compute and student performance
in four undergraduate courses at a university. It is reported in
(Oliveira, Nicoletti & Cura, 2014) an experimental study that
shows a significant correlation between the student’s ability
to compute and his/her academic performance in a primary
school. The main difference of this work to (Oliveira, 2012)
and (Oliveira, Nicoletti & Cura, 2014) is the type of model of
computation used. While (Oliveira, 2012) and (Oliveira,
Nicoletti & Cura, 2014) use a model of computation based
on Turing Machines, this study presents a playful model of
computation in which computing activities are activities
involving computation of mathematical functions, without
that the children are aware that they are dealing with
mathematical functions.

The World of the Treasure, employed in this study, is an
enjoyable environment that invites the child to work with
functions to calculate, reason to infer meanings and solve
problems. The agenda of preschool education covers various
subjects and areas such as Language, Mathematics,
Movement, Nature, Society, perception of identity, and the
notion of autonomy. The development of a learning method
that exercises the computational aspects present in various
subjects has the potential to improve preschool education.
The percentage of correct answers in the test, 77% for
the younger group and 90% for the older group, indicates
that the child from the preschool has good ability to compute
with computing models like World of the Treasure, which
has a certain level of abstraction. Even in activities
considered more complex, as the repetition of blocks of
instruction sequences, the younger group had a good
percentage of correct answers (81%).
The highest percentage of correct answers in World of
the Treasure concretely represented than in the World of the
Treasure in paper, and the finding that the ability to compute
on the proposed model vary with the age of the child reflect
the Cognitive Theory of Piaget (Piaget & Inhelder, 1972).
These results should be taken into consideration when
designing approaches that make explicit the computational
perspective on learning subjects from the preschool agenda.
There exist a significant correlation between the ability
to compute on the proposed model and the performance of
child in a preschool. Future studies are needed to determine
the cause of this correlation and to verify if teaching-learning
methods that make explicit the computational perspective
can improve the performance of children in preschool. The
research demonstrates that children of this age can do
conceptual computational work. Also, demonstrates that
children of this age understand better the concrete version of
the computation activity.
Finally, we observe that this paper presents statistical
evidence regarding the population studied. The results
presented motivate check whether they remain valid for other
groups of children attending preschool.
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ABSTRACT
The number of older adults in the USA is projected to
continue growing, thus driving the demand for orthopedic
surgery due to diseases like Osteoporosis and related bone
fractures. To manage the healthcare costs, there has been
increased interest in introducing predictive analytics for the
assessment of bone quality and properties. Bone has been
described as a nanocomposite with unique mechanical
properties, governed by its structural organization and
chemical composition. To develop predictive analytics in
relation to bone health, there is a need to understand why
cortical bone is so resistant to crack propagation and how it
ultimately succumbs to fracture. Moreover, bone has a
hierarchical structure through multiple length scales in which
the variability of the properties at each length scale affects the
overall mechanical properties. Since there is no
comprehensive model to capture the mechanics of fracture,
there is a need to develop a stochastic model incorporating
uncertainty in the multiscale of the bone hierarchy.
For this study the research question was: Can multiscale
probabilistic techniques used in composites be applied to
bones? To answer this question, the following specific aims
were constructed: survey probabilistic analysis for bones,
survey probabilistic analysis for composites, and present
probabilistic multiscale techniques for composites that can be
transferred to bones. As a methodology, a critical review was
conducted on the probabilistic modeling of bone and
composite materials. The uncertainties at the different scales
were reviewed for bone and composites. An assessment was
conducted whether multiscale probabilistic techniques used in
composites can be applied to bones.
It was shown that there are several studies of
deterministically modeling of bone at different scales. It was
shown that several probabilistic multiscale models of
composites exist. An argument was made that the probabilistic
multiscale models of composites may be extended and
modified for application in bone. It was argued and shown that
multiscale probabilistic techniques used in composites may be
extended and modified to apply to bone. The contribution of
this work is proposing a predictive analytic method for the
assessment of bone quality and properties. The predictive
analytics is anchored in probabilistic models for bone adopted
and extended from models for composites.
*

INTRODUCTION
Background
The number of older adults in the USA is projected to
continue growing (Ortman, Velkoff, and Hogan 2014); thus
there will be a rising demand for orthopedic surgery due to
diseases like Osteoporosis. In their review on virtual testing,
Okereke et al. (Okereke, Akpoyomare, and Bingley 2014)
suggested that determining relevant length scales is important
in predicting the properties of heterogeneous materials like
bones. Current experimental techniques cannot provide
accurate information about the morphology, spatial
arrangement and mechanical behavior of bone constituents
(Dong et al. 2010; Sansalone et al. 2016; Sansalone, Naili, and
Desceliers 2014) due to the lack of experiments which would
provide accurate in vivo experimental measurements. Ural et
al. (Mischinski and Ural 2011; Ural and Mischinski 2013) by
performing finite element modeling (FEM) show that bone
microstructure (osteons and strength of cement lines) can
affect bone crack propagation path and thus the resulting
fracture strength of bone. Sabet et al. (Sabet, Najafi, and Ham
2016) in their review on multiscale modeling in bone,
concluded that there a very few studies on bone multiscale
studies and the studies available did not consider all the length
scales simultaneously; rather, the outputs of the lower scales
were used as inputs for the higher scales. Hamed and Jasiuk
(Hamed and Jasiuk 2013), with their multiscale models,
performed deterministic studies using cohesive FEM (CFEM)
but proposed that future models should include the stochastic
nature of the material properties in order to get more reliable
bone strength predictions.
According to Wan (Wan 1995), metrics to asses and
monitor healthcare outcomes are one of the factors germane to
success of healthcare system resources. Probabilistic analysis
methods can provide unique metrics to assess bone properties
and quality. Predictive analytics like probabilistic techniques
need to be applied more in healthcare systems to optimize its
resources.
Motivations
This work is motivated by a need for probabilistic
multiscale modeling of bone considering uncertainties in bone
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properties at all length scales to accurately predict fracture
risk:
• There is a need to consider all the length scales
(Okereke, Akpoyomare, and Bingley 2014) and the
uncertainty in model parameters (Sansalone et al.
2016) when determining the properties of
heterogeneous materials like bone.
• The underlying mechanisms of bone microstructure
which control bone crack growth is not clearly
understood (Mischinski and Ural 2011)
• More studies are needed on the effects of scale and
boundary conditions on the properties of bone
considering the randomness in its microstructure
(Sabet, Najafi, and Ham 2016).
• More research is needed to address the two issues of
the hierarchical structure of bone and the uncertainty
existing in the properties at the different length scales
simultaneously (Sansalone et al. 2016).
• There is a need to apply the stochastic modelling
techniques which are commonly used for laminate
composites to bones (Hamed and Jasiuk 2013).
• It has been shown that reliable and accurate
prediction of the failure of composites is linked to the
incorporation of uncertainty at the pertinent length
scales (Bogdanor, Oskay, and Clay 2015).
The reasons above serve as motivations for our research
question.
Research Question
The research question developed for this study is: Can
multiscale probabilistic techniques used in composites be
applied to bones? The three specific aims constructed to aid in
answering the research are: (a) survey probabilistic analysis
for bones, (b) survey probabilistic analysis for composites, and
(c) present probabilistic multiscale techniques for composites
that can be transferred to bones.
PROBABILISTIC ANALYSIS OF BONE
Bone Biology
Bone is a mineralized tissue of the human body with three
major components, namely, about 20–30% mass/mass of
organic matrix, about 60–70% mass/mass of calcium
phosphate mineral, and 10% of water (Beniash 2011). Bone
tissue derives its structural properties based on its composition
and the properties of this composition. It is a dynamic material
which can self-repair and constantly changes with age. A
unique aspect of bone is its hierarchical arrangement structure
(Weiner and Wagner 1998).
We commonly separate bone into two types Cortical and
trabecular bone. Trabecular bone usually has a porosity of
about 50–95% while cortical bone has that of about 5–10%
(Doblaré, García, and Gómez 2004). Cortical bone consists of
cylindrical structures known as osteons or Haversian system
with a diameter of about 200 µm formed by cylindrical
lamellae surrounding the Haversian canal. The boundary
between the osteon and the surrounding bone is known as the
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cement line. Cortical bone, that is comprised of the osteon and
the interstitial lamellae, accounts for about 80% of the weight
of the human skeleton (Mohsin, O’Brien, and Lee 2006).
Cortical bone is found in the shaft of most long bones like the
femur and is more commonly studied compared to the
trabecular bone.
They are four types of bone cells which are responsible
for the modeling and remodeling of bone; (a) osteoblasts: the
cells that produce bone; (b) osteoclasts: remove bone,
demineralizing it with acid and dissolving collagen with
enzymes; (c) Bone lining cells: inactive osteoblasts that
remain on the surface when bone formation stops and can be
reactivated in response to chemical and/or mechanical stimuli;
(d) Osteocytes: former osteoblasts that are buried in the bone
matrix and are believed to control bone remodeling (Doblaré,
García, and Gómez 2004).
Experiments
The probabilistic techniques used to predict bone
mechanical response, rely on bone mechanical property
relationships which are derived from experiments.
Establishing reliable mathematical relationships between
experimental data and mechanical properties is important to
accurately predict fracture risk. Much work has been done on
the femur with the use Young’s modulus and density (E-ρ)
relationships developed by either Keller (Keller 1994) or
Morgan et al. (Morgan, Bayraktar, and Keaveny 2003). Wille
et al. (Wille, Rank, and Yosibash 2012) contend that the use
of these two studies is inadequate to characterize E-ρ
relationships because of the presence of large scatter in the
data. Also, the ash density gotten from these experiments (ρash)
do not have a relationship for when ρash is greater than
1.25g/cm3 and most of the femur’s volume is above this value.
Current in vivo experimental techniques are limited in the
amount of accurate information they can provide for example
information on orientation of collagen and the shape and size
of mineral is still not clear (Sansalone et al. 2016). Data from
experiments are commonly used to develop probabilistic
models (Laz and Browne 2010) as information from data is
commonly used to determine the input parameter distributions
for the probabilistic analysis. Experiments are important to
validate bone model predictions (Helgason et al. 2008)
therefore, lack of experiments would mean no platform to
validate analytical predictions. This means, we need
improvements in technology and, the performance of
experiments should be done following a common standard
protocol to help reduce the amount of scatter in current bone
studies experimental data.
The need to better understand and predict the properties
of heterogenous smart materials like bones has led to the
emergence of virtual testing frameworks (Okereke,
Akpoyomare, and Bingley 2014). These techniques are
commonplace in the aerospace industry where information
from coupon-level experiments are used to predict failure of
structural components. Similarly, in bone the challenges in
performing experiments on the small collagen and mineral
particles at the nanoscale have led to the use of virtual testing

frameworks to understand the effect of microstructural
changes on macrostructural predictions (Dong et al. 2009; Luo
et al. 2011). Virtual testing used in bone studies refers mostly
to the use of computational methods to understand bone
mechanics.
Uncertainties of Properties
Bone properties are very uncertain and can vary from one
individual to another. Age introduces uncertainties into bone
properties like toughness (Ritchie 2010). The anatomical
location of the bone (Ritchie et al. 2006) also causes variation
in bone properties. Due to the anisotropic nature of bone, its
toughness is influenced by the direction in which the crack
occurs (Ritchie 2010) and it has been suggested that, because
of the orientation-dependence, bone is much more difficult to
break than to split. The above factors alongside others
contribute to the uncertainty in bone material properties.
Recently, probabilistic techniques have been used to quantify
some of these uncertainties (Laz and Browne 2010).
Probabilistic Techniques
Several studies have applied probabilistic techniques to
study fracture in bone especially on the femur. Probabilistic
techniques can be used in biomechanics because it helps in
overcoming the difficulties associated with uncertainties in
such structures (Ekwaro-Osire and Jang 2011).
By using a novel probabilistic based framework called
polynomial chaos Wille et al. (Wille et al. 2016) quantified
uncertainty in bone. The study quantified the uncertainty
introduced by both the stochastic E-ρ relationship and the hip
peak contact force and directions in the prediction of principal
strains at different locations of the entire femur. The E-ρ
relationship was found to have the greatest influence on the
principal strains. A probabilistic FE-based framework applied
to a representative analysis of bone has also been used (Laz et
al. 2007) to assess the effects of incorporating the variability
in converting computed tomography (CT) data to bone
material properties on stress distributions and fracture risk. It
was found that incorporating variability in both modulus and
strength results in a wider fracture risk envelope. A random
field approach was used to characterize the spatial variation of
elastic modulus in bone at nanoscopic scales (Dong et al.
2010). It was demonstrated that this approach may be effective
in quantifying the spatial variation of other tissue properties of
bone. A two-dimensional probabilistic FEM was also used to
investigate the influence of ultrastructural properties of bone
on microdamage progression (Luo et al. 2011). Dong et al.
(Dong et al. 2009) studied the effect of mineral-collagen
interface and showed that this interface can affect the
mechanical behavior of bone. Most of the FE models used for
bone probabilistic studies are generated from CT data. Taddei
et al. (Taddei et al. 2006) evaluated the uncertainties
introduced to the bone mechanical properties due to geometric
modeling and material properties assignments on finite
element models developed from CT data by using sensitivity
analysis based on a Monte Carlo simulations (MCS).
Probabilistic analysis is also being done on orthopedic

components like implants and prosthesis. A probabilistic tool
which could incorporate dimensional variability in a complex
geometry to facilitate probabilistic analysis of orthopedic
components was developed (Easley et al. 2007). Nicolella et
al. (Nicolella et al. 2006) also developed a three-dimensional
shape model of an implanted cemented hip stem and
performed a probabilistic study were variability in material
properties and loading were considered to predict probability
of failure of the hip prosthesis. Recently, a stochastic method
based on asymptotic homogenization theory was proposed to
take into account the uncertainties caused by image-based
modeling and trabecular stiffness orientation in predicting the
elastic moduli of trabecular bone (Basaruddin, Takano, and
Nakano 2013). The studies above, did not consider the
multiscale nature of bone and most of their analysis were
performed at one scale only (macro or nanoscale).
Multiscale Modeling
To accurately determine bone properties, proper
modeling and testing of bone should be done considering
bone’s multiscale properties.
Molecular dynamics (MD) simulations method is
performed on collagen and mineral interfaces (Dubey and
Tomar 2008; Lau, Büyüköztürk, and Buehler 2012). Dubey et
al. used the simulation results to get strength values which
acted as input parameters for CFEM to study bone fracture and
it was concluded that bone fracture was dependent on its
architecture. Similarly, Lau et al. (Lau, Büyüköztürk, and
Buehler 2012) coupled MD with metadynamics to predict
intrinsic strength between organic and inorganic materials at
the nanoscale. This strength is used in CFEM to predict
strength at the macroscopic length scale. Fritsch et al. (Fritsch,
Hellmich, and Dormieux 2009) used a multiscale
micromechanics model in which the elastic properties gotten
from the analysis of the collagen-mineral layer were upscaled.
The model is shown to be able to satisfactorily predict the
strength characteristics of different bones from different
species.
In considering more than one scale, Ural et al. (Ural and
Mischinski 2013) used CFEM to perform bone fracture
multiscale analysis on the micro and macroscale. The results
showed that changes in material properties at the microscale,
are related to fracture toughening mechanisms at the
macroscale. Also using CFEM, Hamed et al. (Hamed and
Jasiuk 2013) take into account the dominant damage
mechanisms at three length scales (nanoscale, sub-microscale,
microscale) to predict overall bone strength. They considered
only dominant damage mechanisms ignoring all other damage
and toughening mechanisms. The Young modulus values
gotten in this study compare well with other experimental and
theoretical values which never consider uncertainties.
Proper characterization of bone mechanical properties
would consider both the hierarchical nature of bone and the
uncertainty in its material properties. Only a few studies have
addressed these two issues together. A stochastic multiscale
method based on the micromechanics continuum theory
whereby the elastic properties of bone were treated as

157

stochastic variables was proposed (Sansalone, Naili, and
Desceliers 2014). Recently, as an extension of that study,
Sansalone et al. (Sansalone et al. 2016) developed another
model to predict the elastic properties of bone incorporating
this time the uncertainties in bone composition. Their
stochastic model was shown to provide reliable results of bone
properties at the tissue level.
BONE AS COMPOSITE MATERIAL
Hierarchical Structure of Bone
Bone is known to have a hierarchical structure (Hamed,
Lee, and Jasiuk 2010; Rho, Kuhn-Spearing, and Zioupos
1998; Weiner and Wagner 1998) spanning several length
scales. The hierarchical structural scales in bone are arranged
as (see Fig. 1): (a) the sub-nanostructure (below a few hundred
nanometers): molecular structure of constituent elements,
such as mineral, collagen, and non-collagenous organic
proteins: (b) the nanostructure (from a few hundred
nanometers to 1 µm): fibrillar collagen and embedded mineral
also known as the mineralized collagen fibril; (c) the submicrostructure (1–10 µm): plates of mineralized collagen fiber
which form the lamellae; (d) the microstructure (from 10 to
500 µm): Lamellae aligned concentrically around a vascular
canal forming structures known as Haversian systems or
osteons; (e) Mesoscale (500 µm to 10 mm) : the bone tissue
composed of the dense cortical bone and the spongy trabecular
bone. The cortical bone consists of osteons embedded in an
interstitial bone and surrounded by a circumferential bone, and
the trabecular bone is made of a porous network of trabeculae;
and (f) the macrostructure (10 mm to 1 m): whole bone.

Macroscale
Mesoscale
Microscale
(f) Femoral
bone

Sub-microscale
(e) Cortical
bone

Nanoscale
(d) Single
osteon

Sub-nanoscale
(c) Single
lamella
(b) mineralized
collagen fibrils
(a) collagen molecule,
mineral crystal

Fig. 1 Hierarchical structure of Bone (a) Crystal, Molecule, (b)
Collagen Fibril, (c) Lamella, (d) Osteon, (e) Cortical Bone, and
(f) Femoral Bone

Bone as Composite Material
Bone was defined as a hierarchical structural composite
decades ago by Katz (Katz 1971). And since then, the
modeling of bone as a composite has been based on the
combination of the properties of their constituent phases
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(Lucchinetti 2001; Piekarski 1973). Bone is described as a
nanocomposite with unique mechanical properties, governed
by its structural organization and chemical composition
(Beniash 2011).
Osteonal cortical bone, thought to resemble a fiberceramic composite at the microstructural level, was modeled
by Raeisi Najafi et al. (Raeisi Najafi et al. 2007, 2009) as a 2dimensional fiber-ceramic matrix composite. Testing the
hypothesis of bone’s behavior as a composite, O’Brien et al.
(O’Brien, Taylor, and Clive Lee 2007) found similar crack
accumulation characteristics in bone as are found in
composites like fiberglass. Secondary compact bone, that
predominantly results from the resorption of existing bone and
its replacement by new lamellar, may be compared to a fiber
composite material (Mohsin, O’Brien, and Lee 2006).
Modeling bone as a composite, Baptista et al. (Baptista,
Almeida, and Infante 2016) developed a model for crack
initiations and propagation in the neighborhood of one or
multiple osteons.
Bone has also been modeled as hierarchical
nanocomposite structure (Beniash 2011) and some studies
have shown that a nanocomposite can be used as a bone
substitute (Wu et al. 2012). Hydroxyapatite reinforced fibers
are discussed as substitutes to replace bone (Bonfield and
Charnley 1988) because it is analogous to natural bone tissue.
The bone property of constant remodeling led Melnikova et al.
(Melnikova et al. 2014) to introduce a bioresorbable
composite as a bone substitute. The above studies confirm that
bone is indeed a composite structure.
Hierarchical Structure of Composites
Commercial engineering composite, such as glass fiber
and carbon fiber reinforced polymer (FRP), are multiphase
materials manufactured through the combination of different
materials in order to obtain desired properties that the
individual components by themselves cannot attain (Chung
2010). As well as in bones, engineering composites also
present a complex hierarchical/multiscale architecture. Due to
the high variety of classes of composites, it is difficult to find
a precise hierarchical classification of the composite structural
scales. Grujicic et al. (Grujicic et al. 2013), for instance,
established a set of eight length scales for fiber-reinforced
composite materials: (a) Laminate (length scale with no
discernable microstructural features), (b) Stacked-lamina
(presence of discretely stacked laminae, in which the material
within the lamina is kept homogenized), (c) Single-lamina
(length scale of the microstructure of the reinforcement and
matrix phases), (d) Fabric unit-cell (length scale of the woven
fabric), (e) Yarn (length scale of the internal structure of each
yarn), (f) Fiber (length scale of the aligned long-chain
molecules of the fibers), (g) Fibril (length scale of the
crystalline molecular structure of the fibrils) and (h) Molecular
chain (length scale of the individual molecules). On the other
hand, Piat and Schnack (Piat and Schnack 2003) suggested a
hierarchical model that consists of only four scales for long
fiber carbon/carbon composites: nano (length scale of part of
the pyrolytic carbon layer), micro (length-scale of a long

carbon fiber with pyrolytic carbon coating), meso (length
scale of large number of unidirectional, long carbon fibers
with pyrolytic carbon coating) and macro (length scale of
macroscopic element of the composite) scales.
PROBABILISTIC ANALYSIS OF COMPOSITES
Uncertainties of Properties
The stochasticity in composite material behavior arises
from two main sources: the material heterogeneities due the
arbitrary microstructural phase morphologies and the
variations of local properties from specimen to specimen
(Tomar and Zhou 2005). In general terms, the uncertainties in
composites range from the statistical nature of the material
properties of constituent ingredients (fibers and resin) to the
randomness in the fabrication and manufacturing processes
(Pawar 2011).
The introduction of statistical methods for stochastic
modeling of the uncertainties of the design parameters of
composite materials influences almost every aspect of
structural design. For this purpose, probabilistic numerical and
analytical techniques may be used during the design of load
carrying structures by incorporating the material stochastic
properties for a reliability-based prediction of structural
failure (Lekou and Philippidis 2008).
Probabilistic Techniques
The influence of uncertainties on the characterization of
materials properties and reliability of composites has gained
substantial attention of researchers in the past few years.
Gayathri et al. (Gayathri, Umesh, and Ganguli 2010), for
example, proposed a MCS-FEM coupling method to
investigate the importance of composite material uncertainties
in damage detection of a composite plate. Mehrez et al.
(Mehrez et al. 2012) developed a stochastic approach to
reconstruct a random field characterizing the Young’s
modulus of composite materials from experimental
measurements of the component length scale. Their proposed
approach has two main features: (a) no prior form for the
probability density function of the Young’s modulus random
field was assumed and (b) the uncertainty associated with the
limited size experimental data was quantified. Piovan et al.
(Piovan, Ramirez, and Sampaio 2013) analyzed the influence
of uncertainty propagation of elastic properties and the
laminate orientation angles on the dynamic response of fiber
reinforcement thin-walled composite beams. The Maximum
Entropy Principle was used to derive the probability density
functions of each random variable.
Some recent works also attempted to do damage
modeling considering the uncertainties at different scales of
composite materials. Two relevant works on this area were
performed by Chiachío et al. (J. Chiachío et al. 2015; M.
Chiachío et al. 2014). On the first work, Chiachío et al. (M.
Chiachío et al. 2014) presented a full Bayesian methodology
to predict the fatigue degradation in composite materials
considering the uncertainty quantification associated with the
model parameters and with the model chosen to represent the

damage behavior. Extending their Bayesian methodology to
an application of fatigue damage characterization in
composites, Chiachío et al. (J. Chiachío et al. 2015) proposed
a model-based prognostics framework to predict the
remaining useful life as a probability from the time-dependent
reliability. The proposed framework was validated using
fatigue experimental measurements for the matrix-crack
density and the stiffness reduction in a cross-ply carbon ﬁber
reinforced polymer (CFRP) laminate. Despite the good
predictability of the framework, the authors highlight the
necessity to extend its application to component level under
operational fatigue loads.
Probabilistic Multiscale Modeling
Since there is a strong concern about the reliability of the
composite mechanical properties for several engineering
applications, probabilistic multiscale modeling techniques for
composite has been extensively explored in the literature. In
fact, composites naturally exhibit uncertainties at various
scales, such as in the fiber volume fraction and matrix porosity
(Zhou et al. 2016). The uncertainties in these parameters can
affect the overall properties and the structural damage
response of composite materials (Chandrashekhar and
Ganguli 2016).
For practical purposes, the literature reports that
uncertainties in composite materials is generally modeled
considering two main scales: one covering the constituent
length scale (microscale), e.g., fiber (or inclusions) and
matrix, and other considering the uncertainties in the
coupon/component length scale (macroscale). Furthermore,
some researchers have suggested that uncertainty
quantification at the ply/lamina length scale, (mesoscale)
would be advantageous in some analysis (Sriramula and
Chryssanthopoulos 2009).
On the two-scales probabilistic approaches, for example,
Hiriyur et al. (Hiriyur, Waisman, and Deodatis 2011) and
Savvas et al. (Savvas et al. 2014) proposed extended FEM
(XFEM) coupled with MCS to propagate uncertainties from
the geometric parameters of the composite microstructural
inclusions in the matrix (microscale) to the component
effective elastic properties (macroscale). Akula (Akula 2014),
on the other hand, studied the influence of the randomness in
the laminate properties at micro and macroscales on the
structural damage response of a composite stiffened panel
using FEM combined with MCS.
MCS are also used in combination with multiscale
analytical solutions by several authors (Bogdanor, Oskay, and
Clay 2015; Mustafa, Suleman, and Crawford 2015; Shaw et
al. 2010) to estimate the effective properties of composites.
Shaw et al. (Shaw et al. 2010) developed an analytical micromechanics probabilistic approach considering the micro and
macroscales to estimate the variability of the stiffness and
strength properties of fiber reinforced plastic composites,
validating their results with experiments. Similarly, Bogdanor
et al. (Bogdanor, Oskay, and Clay 2015) developed a
probabilistic multiscale methodology to connect the
uncertainty of the material properties at the microscale to the
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macroscale and predict the variability the strength of carbon
fiber reinforced laminates by applying a Bayesian statistical
analysis with Markov chain Monte Carlo sampling method. In
an attempt to predict the variability of the macroscale stiffness
of composite laminates used in wind turbine blades, Mustafa
et al. (Mustafa, Suleman, and Crawford 2015) presented a
probabilistic approach bringing a micro-mechanics model
coupled with a MCS method.
Some authors, however, explored the capabilities of other
stochastic methods on probabilistic multiscale techniques. For
example, Tootkaboni and Graham-Brady (Tootkaboni and
Graham-Brady 2010) proposed a spectral approximation
method in conjunction with Galerkin scheme combined with
a FEM approach to propagate the uncertainties associated with
the material elastic properties from micro to macro scale.
Sakata et al. (Sakata et al. 2008) formulated a methodology in
which a stochastic perturbation theory-based asymptotic
expansion was coupled to a 3D FEM approach in order to
evaluate the influence of the random variation of the
microstructure properties on the macroscopic elastic
properties of composites. More recently, Zhou et al. (Zhou et
al. 2016) developed a stochastic method by combining a
perturbation-based stochastic FEM (SFEM) with a multiscale
homogenization technique to allow the micro-to-macro
uncertainties propagation in order to estimate composite
effective elasticity properties.
Concerning a three-scale probabilistic approach, few
works have been done, however. Amongst these, we highlight
a work presented by Spanos and Kontsos (Spanos and Kontsos
2008) who presented a MCS-FEM simulation approach to
determine the reliably of elastic properties in the macroscale
of polymer nanocomposites. The methodology was based on
the uncertainty propagation of the geometric parameters of the
micro/nano inclusions (micro/nano scale) through the volume
fraction of inclusions in a determined finite element
(mesoscale). Toft et al. (Toft et al. 2012) also considered the
uncertainty propagation through micro and mesoscales in an
approach which combines MCS and a micro-mechanical
analysis to predict the macroscale stiffness and strength
variations of a glass fiber composite.
MIGRATION OF PROBABILISTIC MULTISCALE
TECHNIQUES
Table 1 summarizes research on multiscale studies in
bone. These studies were grouped per analytical methods;
namely, deterministic multiscale techniques and probabilistic
multiscale techniques. Bone multiscale studies have been
done considering up to four scales. This is so because of the
lack of sufficient information on all the 5 to 7 length scales of
bone. Moreover, the limitations considering a detailed
description of the hierarchical structure of bone are that the
experimental data needed for input parameters is hardly
available at some of the scales. The nanoscale and microscale
seem to be the two scales commonly modeled in multiscale
studies. Most early studies on bone were done only at the
macroscale, and only recently have researchers considered
bone multiscale studies (Sabet, Najafi, and Ham 2016). Some
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recent studies modeled one scale (nanoscale) and up scaled the
results to get macroscale properties (Dubey and Tomar 2008;
Lau, Büyüköztürk, and Buehler 2012). Hierarchical structure
of bones constitutes of different length scales and the
interaction across these different length scales is responsible
for forming its complex architecture. Thus, multiscale studies
are needed to accurately predict bone mechanical properties;
also, there is variability in bone from one individual to another
and equally across different portions of the same bone tissue.
This means that not only multiscale studies are needed,
but that probabilistic multiscale studies which account for
uncertainties and variabilities in bone are also needed.
However, Table 1 makes it clear that such studies are lacking
as the only multiscale stochastic models in bone have recently
been done by just one research group.
Once the lack of probabilistic multiscale studies in bones
was identified from the results of Table 1, some suggestions
to fill this gap on bones can be taken from composite
materials. Table 2 shows a summary of the probabilistic
multiscale models for composites that were reviewed on this
paper. They are categorized per the technique used, the
number of scales and the considered random variables in each
scale. It can be clearly seen that probabilistic multiscale
techniques, which couples MCS and some sort of FEM or
analytical method (e.g. micro-mechanics) are the most used in
composite modelling. Specially regarding the coupling with
FEM, the main advantage of MCS compared to other
stochastic techniques, such as the perturbation (Sakata et al.
2008; Zhou et al. 2016) and spectral (Tootkaboni and GrahamBrady 2010) methods, lies in the fact that the MCS does not
require modifications of the deterministic formulation of the
finite elements problem (Spanos and Kontsos 2008). Despite
MCS generally involve higher computational costs especially
in the case of using a large number of samples (Sakata et al.
2008), its easiness to implement and the special coupling
features with FEM also should be taken into account on
probabilistic multiscale analysis of bones. Two different ways
to do this technique migration, however, are suggested here.
The first one is by implementing Monte Carlo probabilistic
method in the existing bone FEM deterministic multiscale
models. The second way would be by implementing FEM
approaches in the existing Monte Carlo probabilistic
multiscale models for bones.
Table 2 also depicts a general trend for probabilistic
multiscale models considering two scales (micro and macro)
rather than three-scale models. This opens a discussion that, at
least for most part of composites of interest in engineering
applications, uncertainties at the mesoscale are assumed not to
significantly influence the effective properties. Probabilistic
multiscale approaches can obviously improve predictions
accuracy, however, modeling as much scales as possible can
bring extra analytical and computational complexities which
should be considered. This discussion also should be extended
to probabilistic multiscale analysis of bones considering two
key aspects: (i) which scales would influence effective bone
properties and (ii) the difficulty to obtain accurate uncertainty
quantification in some scale lengths (generally nanoscale and

microscale) due to complexities raised by experiments and
instrumentation constraints. Lastly, it has been identified that
most probabilistic multiscale techniques for composites were
focused on the propagation of uncertainties from the
microscale random variables (geometric aspects and elastic
properties of at the fiber and matrix level) to the response of
macroscale random variables (component level elastic
properties).
Based on the critical review of the information in Tables
1 and 2, it is proposed that a migration of the above reviewed
techniques on probabilistic multiscale for composites should
be applied to the modeling of bones. Figure 2 shows how the
probabilistic analysis can be performed on bone converting it
from a deterministic problem to a probabilistic one accounting
for uncertainties in every bone length scale.
Macromodeling

(a)
Mesomodeling

REFERENCES

n-scale
modeling
Femoral
bone

n-scale
Cortical
bone

Macroscale

σ < σcrit

Define Region
n-scale
constituent

Damage
Models

σ’

σn

σ

ε

Macromodeling

(b)
Mesomodeling
n-scale
modeling

Macroscale

pf < pcrit

n-scale

Femoral
bone

pf

Cortical
bone

Damage
Models

σ

pdf

Define Region
n-scale
constituent

σn

bone is a natural composite with a hierarchical arrangement
spanning several length scales like that of man-made/artificial
composites. Moreover, very few studies attempted to use this
unique composite-like characteristic of bone to account for
uncertainty in its properties despite the enormous amount of
studies already doing this for different composite materials.
To this effect, we proposed that a transfer of methods used
traditionally in multiscale probabilistic studies of composites,
to bones.
Modeling and predicting fracture risk are challenging
problems mainly because of the uncertainty in bone
properties. The main contribution of this paper is in proposing
a method of better predicting bone fracture risk. This method
involves, using techniques commonly applied in composites
which account for the uncertainties in its properties at all
length scales (probabilistic multiscale modeling) to bone. This
study can serve as a starting point for the future of more
detailed stochastic multiscale studies of bone.

σ’
ε

Fig. 2 Migration of Techniques on Probabilistic Multiscale for
Composites to the Modeling of Bones (a) Multiscale Analysis,
and (b) Probabilistic Multiscale Analysis

CONCLUSIONS
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Table 1: Multiscale Techniques for Bone

Techniques

FEM
(Deterministic)

Continuum
Micromechanics
(Deterministic)

Refs.

1

2 Scales
Parameters

Refs.

3 Scales
Parameters

2

Nanoscale: mineralized collagen
fibril
Sub-microscale: single lamella
Microscale: osteon

3

Sub-nanoscale: mineralized
collagen microfibril
Nanoscale: mineralized collagen
fibril
Sub-microscale: mineralized
collagen fiber

Microscale: osteon
Macroscale: distal
forearm (radius
bone)

Refs.

4

4 Scales
Parameters

Nanoscale:
mineralized
collagen fibril
Submicroscale:
single lamella
Microscale: osteon
Mesoscale: cortical
bone

Nanoscale: mineral foam
Microscale: ultrastructure
5
Mesoscale: cortical tissue
Young moduli, Poisson ratio, and
Monte Carlo
bulk modulus as random variables
and Continuum
Nanoscale: mineral foam
Micromechanics
Microscale: bone Ultrastructure
6
Mesoscale: cortical tissue
Bone component volume
fractions as random variables
1
(Ural and Mischinski 2013), 2(Hamed and Jasiuk 2013), 3(Barkaoui et al. 2016), 4(Hamed, Lee, and Jasiuk 2010),
5
(Sansalone, Naili, and Desceliers 2014), 6(Sansalone et al. 2016)
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Table 2: Probabilistic Multiscale Techniques for Composites

Probabilistic
Techniques

Refs.

2 Scales
Random Variables
Microscale: Geometric parameters of the
inclusions

Refs.

Nano/microscale: Geometric
parameters of the inclusions

1, 2
Macroscale: Component elastic modulus and
Poison ratio
Microscale: Fiber and matrix elastic and shear
moduli, fiber Poisson ratio and volume fraction

Monte Carlo
Simulations and
FEM

4

5, 6

Macroscale: Ply thickness and orientation
angles, panel geometry
Microscale: Plate thickness, fiber and matrix
Young’s moduli, Poisson ratio, shear moduli
and failure strength, fiber volume and void
fractions
Macroscale: Component Young’s and shear
moduli, Poisson ratio, fiber strengths
Microscale: Fiber and matrix elastic moduli
and Poisson ratio, fiber shear modulus

7

Stochastic
Techniques and
FEM

Macroscale: Component longitudinal failure
stress and strain
Microscale: Fiber and matrix Young’s moduli,
Poisson’s ratio, fiber shear modulus
9, 10,
11

Mesoscale: Volume fraction of the
inclusions
Macroscale: Component Young’s
modulus, Poisson ratio and strength

3

Monte Carlo
Simulations and
Analytical
Solutions

3 Scales
Random Variables

Microscale: Fiber and matrix elastic
moduli, Poisson ratio, ultimate
strength, fiber volume fraction
misalignment angle
8

Mesoscale: Laminate elastic and shear
moduli, Poisson ratio and strengths
Macroscale: Failure stresses of in
between the laminates

Macroscale: Component Young’s modulus (or
effective elasticity tensor), Poisson ratio and
strength

1

(Hiriyur, Waisman, and Deodatis 2011), 2(Savvas et al. 2014), 3(Akula 2014), 4(Spanos and Kontsos 2008), 5(Shaw et al. 2010),
(Mustafa, Suleman, and Crawford 2015), 7(Bogdanor, Oskay, and Clay 2015), 8(Toft et al. 2012), 9(Sakata et al. 2008), 10(Tootkaboni
and Graham-Brady 2010), 11(Zhou et al. 2016)
6
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ABSTRACT
A key differentiator of Big Data Analytics from the
traditional Data Analysis is the degree of granularity of
Analysis. Big Data Analytics can span a spectrum of coarse to
fine granularity analysis generating information and insights
that can enhance both macro as well as micro decision making.
The desired “fineness” of granularity levels depends on the
context and on the decision problem at hand. Finer granularity
analytics, of course, comes at a cost. Even though the analytics
tools are capable of very fine granularity analysis, beyond a
certain point the fineness of granularity may not be useful and
may even prove to be counterproductive because of
information overload. So there is an optimum level of
granularity which is context driven that must be sought when
applying big data analytics. In this paper we explore this
problem of determining this optimal level of granularity to
maximize the usefulness of big data analytics.

analysis approaches were coarse granular - geared towards
finding patterns in the aggregate data and summary data.
GRANULARITY
The modern analytics approaches go beyond finding
summary and aggregate data and explore small pockets of
patterns found in large quantities of data. For example, in a
data file containing a million records, there might be ten or so
records hidden somewhere wherein a strong pattern may be
found. Using fine granularity analysis, hundreds of such
hidden patterns or insights may be extracted.
While a coarse data analysis may provide a big picture,
which has value for macro decisions at a high level, finer data
analysis may be useful for tactical and operational or micro
decisions in organizations.
Figure 1 shows data entering an organization with
velocity, volume and variety. The more this data gets
processed, the more, its granularity becomes finer.

INTRODUCTION TO BIG DATA & ANALYTICS
The term “big data” encompasses a wide variety of topics,
such as big data analytics and big data technologies. Big data
analytics include descriptive (Visualization and Infographics),
predictive and prescriptive analytics. Big data technologies
include distributed processing and distributed storage
technologies such as Hadoop/HDFS, Spark, and NoSQL
databases. From a business viewpoint, however, big data
analytics command greater interest as they enable
identification of patterns, facilitate predictions, and also
provide prescriptive advice for better decision making
(Unhelkar, 2016). As organizations collect increasing
volumes of data, both structured and unstructured, from a
variety of sources, they face the challenge of how best to
extract useful information and insights hidden in these vast
quantities of data. Descriptive and predictive analytics tools
and techniques are used to analyse data to extract useful
information and insights. How is this different from traditional
data analysis which has been done for decades? The key
differentiator of Big Data Analytics from the traditional data
analysis is the degree of granularity of analysis. Traditional
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Figure 1: Granularity of data and context

Granularity can be ascertained depending on the context
(Nair and Lan, 2016). The business value (V) can be
considered as a function of the granularity level (GL) as shown
below:

One could argue that the finer the granularity the better
the potential decision making opportunities. However, finer

granularity analysis comes at a cost. Not only is it more
expensive and time consuming to do finer analysis, it also
becomes difficult to comprehend or use.
So, the utility or the business value of finer granularity
analytics increases to a certain point, beyond which it may
have diminishing returns. Therefore, it is important to
determine an optimal granularity level (OGL). This OGL is a
business decision and it depends on business factors. OGL is
shown in Figure 2 as a decision that determines how fine the
analytics should be.
Of course the most desired level of granularity depends
on the problem at hand. For example, for a very high level
estimate of sales forecasting, a back-of-the-envelope analysis
which is very coarse is more suitable than a fine granular
analysis which breaks down sales forecast by store, product,
week etc. For purposes of this paper, we define the term
Optimal Granularity Level (OGL) for a given problem as “the
granularity level at which the business value is maximized.”
Coarser or finer analytics outside of this OGL will provide
diminishing value to business (see Figure 2).

GL may not be a continuous variable, but can be approximated
as a continuous variable by having arbitrarily large number of
discrete values. Although a closed form value function may be
difficult to obtain, an empirical function may be obtained by
fitting a scatter plot of value (V) and GL values using a
quadratic (or some other functional) regression plot.
In the above analysis we have not assumed any
constraints. There might be some constraints, such as budget
or technology or expertise constraints which prevent us from
achieving the OGL. For example, the Value maximizing
function may be as follows:

s.t.
<
Where C is a cost function for various levels of
Granularity and B is the budget. This type of problem can be
solved using a non-linear optimization problem. If the
problem is too complex, such as NP hard, then appropriate
heuristics or metaheuristics can be used to solve the problem
(Agarwal et. al. 2015).

Business Value

FACTORS IMPACTING THE GRANULARITY OF
ANALYTICS

Optimal
Granularity
Level

Granularity Level (Coarse to Fine

)

Figure 2: Optimum Granularity Level (OGL)

CONDITIONS FOR OPTIMAL GRANULARITY
LEVEL
For the function:
, the optimal granularity
level happens when the first derivative of the value function is
zero and the second derivative is negative.

0
and

The factors impacting the granularity of analytics vary –
depending on the context and the desired outcome. Typically,
but not always, the context can be ascertained
comprehensively by answers to some or all of what we call
“the four W’s”: Where, When, Who, and What. (Agarwal et.
al. 2016). For example, if the context is retail inventory
planning and the desired outcome is optimal shelf inventory
over time, then the factors might be country, city, retail
branch, product category, product SKU, time of the year,
quantity, local demographics, local customs etc. Or, if the
context is targeting instant coupon and the desired outcome is
to send instant coupons to customers through mobile phones,
based on their current purchasing behavior, the factors might
be current time, current location of customer by store, by aisle,
by time spent at a particular product etc. However, if the
context is linear regression analysis where the desired
outcome is to minimize the least squared deviation, then the
factors are the number of pieces in piecewise linear regression.
It is hard to generalize the factors impacting granularity. But
in general, as we move from traditional data to big data, finer
granularity data and analytics becomes increasingly feasible.
The aforementioned context factors need to be
incorporated by the business owners/strategists in a balanced
manner in ascertaining the granularity levels. Granularity can
be applied to any aspect of the context of a data point (e.g.
time and location). Granularity can also be applied to business
functions and processes (e.g. replenish an inventory item or
directing a cooling tower). Thus, granularity applies at input,
storage and process levels.

<0
This is of course a theoretical concept and it assumes that
both V and GL are continuous variables. In reality, however,

An Example of Finer Granularity Problem:
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Suppose we are trying to fit a least squared regression line
for a simple linear model. The desired outcome is to minimize
the sum of the squared deviation. When we have more data,
we can translate this problem of finding a single linear
regression equation to several piecewise linear equations over
the range of all independent variable values – in essence
obtaining a finer granularity regression model. The sum of the
squared errors can be reduced significantly using this finer
granularity analysis.

uncertainty. Probabilistic decision making is based on
quantitative behavioral performance of the operation.
Probabilistic models for decision making are more finely
granular than deterministic. They apply more readily to
individual business operation rather than to the entire
organization. As mentioned above, fine granular decisions
drill down to the capabilities of a business process itself. The
attributes feeding into probabilistic decision making enable
creation of “what if” scenarios. Therefore, instead of
analyzing vast amount of static, historical data to arrive at
macro-level insights, finer granularity in probabilistic decision
making allows for instantaneous results based on transactional
and current, incoming data.
More examples of applications of OGL

y

x
Figure 3: Piecewise linear regression segments of Finer
Granularity

In this example (see Figure 3), the business value is
embedded in the R-square value (higher the better) and the
granularity is in terms of the number of piecewise linear
regression segments (higher implies finer granular). The value
curve will show a negative second derivative since the Rsquare value will increase at a decreasing rate. If we assume a
certain cost of computing for more piecewise regression
values, we can plot a value vs. granularity level and find the
optimal granularity level (as was shown in Figure 2).
In terms of business value, a higher value R-square model
can be translated to better expected prediction value, which
results in lower risk which can be translated to an appropriate
business value.
When big data is used in concert with the traditional
(relational) data warehouse, organizations can enrich their
customer interaction data with increasingly finer granularity.
Such finer granular analytics can include metadata and
demographics to identify best customers, create instantaneous
personalized messages and offers, and increase response rates.
Varying the OGL suitably can help uncover marketing stimuli,
characteristics influencing the consumer decision process, as
well as consumer response trends hidden in data to develop
more effective product, pricing, sales, and service strategies.
Decision-making challenges can arise from an
overreliance on deterministic analysis methods that incur
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We envisage the Optimum Granularity Level (OGL) as
an agile lever that can be moved around by the business
decision maker to suit their purpose. Following are some of
the factors that impact the OGL decision:
• Business outcome – the purpose of a particular
analytics within a business process. For example,
instantaneous coupons for a customer browsing. It is
worth noting that the strategic decision making
related to major new products or services may not
benefit as much with finer granularity as micro-level
decisions.
• Organizational structure – a decentralized and agile
organizational structure will enable individual staff
to make smaller, micro-level decisions which are
most suitable for finer granularity
• Decision times (or currency of decisions) – decisions
that benefit the business only when they are taken
instantaneously derive greater value with fine
granular analytics as compared to long-term
decisions.
• Technical capabilities – the type of Cloud-based
hosting and the underlying databases (e.g. NoSQL,
In-memory) impact the ability of the analytical
algorithms to undertake finer granularity
• Structure of data. Structured data in rows and
columns is easier to analyze as compared to the
unstructured data from wikis, blogs and emails.
Micro level decision making requires integration
between both structured and unstructured data
• Velocity of data – faster the incoming speed of data
(e.g. from mobile or IoT devices) faster should be the
analysis in order to be of value within a given time
period. Needs for finer granularity need to be
complimented by technical capabilities to handle the
data velocity.
• Performance (response rate) – immediate or reactive
response requires higher processing power (e.g. inmemory databases) that is on standby (as the time
when the analytics are required is not known)
User skills –of a user to set and make use of finer
granularity analytics – especially in self-serve analytics
scenarios (Sherringham and Unhelkar, 2016). Breadth of

focus. This factor examines the sources of data, their variety
and veracity to understand the impact of granularity on its
analytics.
CONCLUSIONS & FUTURE DIRECTIONS
In this paper we propose the idea of determining the
optimal granularity level in analytics to maximize the business
value. We propose both unconstrained and constrained
formulations and show conditions for maximizing business
value. Following are the future directions of this research
initiative:
• Ascertaining the business value based on granularity
levels
• Ascertaining the dynamicity in setting the OGL (i.e. is the
OGL moved from coarser to finer on a daily basis, hourly
basis or not at all?)
• Cost of OGL movement based on the costs associated
with finer granular analytics
• Person (role) responsible for OGL movement and their
desired skill levels
• Feedback loop for OGL? And possibilities of Automation
in setting OGL
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ABSTRACT

comparison should develop improved understanding of these
databases that will also help understand their underlying
architectures based on the CAP theorem (Brewer, E.).

NoSQL (Not Only Structured Query Language) databases
are more suitable for Big Data because of their ability to store
large and unstructured data. Four different types of NoSQL
databases are prevalent – Key-Value, Document, Columnar
and Graphic. These four types of NoSQL database have
specific nuances that apply to specific situations in practice. A
comparison of the four NoSQL databases provides an
opportunity to understand these nuances, their pros and cons.
In this paper we explore and compare the commonality and
differences amongst these four NoSQL databases. We also
explore how the CAP theorem applies to these databases.
INTRODUCTION
NoSQL (Not only SQL) databases represent storage and
management mechanisms in the world of Big Data. These
NoSQL databases are ideal for storing large volume and
variety of data. Four different types of NoSQL databases are
prevalent – Key-Value, Document, Columnar and Graphic
(Sadalge and Fowler, 2012). NoSQL databases offer
horizontal scalability which is data distributed over additional
smaller sized nodes. Traditional relational databases can’t
handle unstructured data and they are also not easily scalable.
Combined with the large volume and velocity, the
NoSQL databases handle a highly complicated and federated
database structure that spans organizational boundaries and
usually resides in the Cloud. The federated database structure
of NoSQL databases can also be understood as a distributed
database architecture. Such a distributed architecture is the
basis for HDFS (Hadoop Distributed File System) (Apache
Foundation). Figure 1 shows the fundamentals of such a
distributed database architecture (Unhelkar, 2017). The data is
located on ‘Clusters’ that are distributed across the network.
Note also how the data is replicated across clusters – resulting
in redundancy of data and enhanced ability to process that
data.
Distributed architectures are also subjected to the
parameters of Consistency, Availability and Partitiontolerance (CAP). The CAP theorem states that only two out of
the aforementioned three parameters can be satisfied by a
NoSQL database. In this paper we explore and compare the
commonality and differences amongst these four NoSQL
databases (viz., Key-Value, Document, Columnar and
Graphic) with reference to their architectures. This
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Figure 1: Fundamentals of a Distributed Data Storage
architecture starts with CLUSTERING; followed by
DISTRIBUTION: Dividing and Spreading the large Volume
Data over many, many Nodes

COMPARING NOSQL DATABASES
To start with, we have listed the characteristics of the four
NoSQL database types in terms of their pros and cons in
practice. These NoSQL characteristics are followed by a
comparison of the four database types. The factors used in this
comparison are the basic functionality of the database, their
comparative performance when in operation, their scalability,
their flexibility in design and their ability to handle
complexity. Typical usage and product examples are also
included. Table 1 lists the comparison based on the
aforementioned factors.
KEY-VALUE PAIRS:
These key-value pairs (KVP) are very basic types of
NoSQL databases. KVP are good to understand the way semiand un-structured data can be stored and retrieved. As their
name suggests, these type of NoSQL databases store data as
pairs of Key and Value. The key is the descriptor or the
attribute and the value represents the contents associated with
the key. Although initially a Key-Value pair appears like a
relational structure, the main difference is that the value can
be of any size and format. The value does not have a schema
or a structure.
Pro:

•
•
•

Key-Value pairs support simple queries very efficiently
These follow a very simple, easy to understand, datamodeling pattern
Easily extensible by adding more attributes to describe an
existing entity

Cons:
•
•
•

Lacks real-time reporting
Only document level atomicity – no multi-document
transactions (consistency issue)
Lack JOINS, no ACID transactions

Con:
•
•
•
•
•
•
•

Only the simple, one-row-at-a-time type queries are
efficient
Not everyone sees Key-Value pairs as a data model since
there is no association between an entity’s attributes
Hard to use most ordinary SQL operations such as JOIN
or GROUP BY.
Can't choose an appropriate SQL data type for the value.
Can't use many SQL constraints such as FOREIGN KEY
or NOT NULL.
Pivoting the result to resemble a conventional result (one
column per attribute) is a complex and expensive query.
Have to write a lot more application code to reassemble
collections of Key-Value pairs into objects.

DOCUMENT
Document-Centric (or just Document) databases expand
on the concept of Key-Value stores. Documents inside a
document-oriented database are the equivalent of “value” in
the previously discussed Key-Value pairs. The value in a
document, however, is highly complex and searchable. This
document can take in a variety of data types including strings
and arrays. Each document can be further made up of keys and
documents – resulting in a nested structure.
The document itself has a unique identifier (or key),
which is used to retrieve the document. "Document databases
can store data for real-time analytics; since parts of the
document can be updated, it is very easy to store page views
or unique visitors, and new metrics can be easily added
without schema changes" (Sadalge and Fowler, 2012). The
reason why a Document database would work well in this usecase is because it acts like a Key-Value database with the
change that the value is the document.
Following are the important characteristics, pros and
cons, of Document-centered NoSQL databases:
Pros:
•
•
•
•
•
•
•

They are a collection of keys and documents which
comprise the values.
Data can be accessed with the keys and Documents are
searchable.
Documents are flexible and easy to change as they do not
have a schema and can contain additional nested
documents.
Store massive amount of semi-structured or unstructured
logs, blogs and machine or sensor generated data.
Documents are independent units – horizontally scaled
Being schema free, costly migrations are avoided
Easier to write application logic (JSON)

COLUMNAR
Instead of storing data in rows, these databases are
designed for storing data tables as sections of columns of data.
Column store databases store data in a distributed architecture.
This architecture was created to store and process data
distributed over many machines. Keys in column store
databases point to multiple columns – allowing for quick and
efficient aggregation of data based on those columns. All
columns are treated individually and values of single column
are stored together. Having stored data in wide-column stores
offers very high performance and a highly scalable
architecture. Column stored can greatly improve the
performance of the queries that require small number of
columns as they will have to fetch data for those columns and
combine them together to show the result set.
Following are the key characteristics of columnar NoSQL
databases:
• Column-oriented databases primarily work on columns
and every column is treated individually
• Values of a single column are stored contiguously
• Column stores data in column specific files
• In Column stores, query processors work on columns too
• All data within each column data-file have the same type
which makes it ideal for compression Column stores can
improve the performance of queries as it can access
specific column data
• High performance on aggregation queries (e.g. COUNT,
SUM, AVG, MIN, MAX)
• Works on data warehouses and business intelligence,
customer relationship management (CRM), Library card
catalogs etc.
Pros:
•
•
•
•

Strengths include horizontal/vertical partitioning, high
availability
Queries involve only a few columns, hence very fast
Rapid aggregation queries against vast amounts of
column-wise organized data
Column-wise compression

Cons:
•
•
•

Incremental data loading
Online Transaction Processing (OLTP) usage
Queries work in a limited way against only a few rows as
against large number of columns

GRAPH
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Based on graph theory, these databases are designed to
explore relations or connections among different nodes. These
databases use edges and nodes to represent and store the data.
Nodes are represented as objects and Edges act as relations
among these nodes. Every node and edge can store additional
properties in form of --Value pairs. It is not optimal to store
the connected data in RDBMS as they struggle while
traversing through all connected data. Graph Data model is
efficient for traversing massive amount of data quickly and
efficiently. Graph database provides schema-less and efficient
storage of semi-structured data.
Following are the characteristics of Graph NoSQL
databases:
• Data and its links are stored in a graph structure
• Represents data with growing links
• Is effectively a collection of nodes and edges that are
easily accessible
• The node represents an entity and the edge represents a
relationship between two nodes enabling further
relationships with adjacent nodes.

•
•
•

A unique identifier defines each node and edge
Nodes are indexed for searches and queries
As the number of nodes increases, the cost of a local step
(or hop) remains the same

Pros:
•
•
•
•
•
•
•

Strengths include fast deep traversals and fast searching
Some have very small footprint and allow very fast
execution of complex pattern matching queries
Most are transactional in nature
Cons:
It will take few years for this growing technology to
mature
Have to use APIs for lack of capability to optimize
queries
Many lack native implementations for different platforms

Table 1: Four popular NoSQL databases and comparison of their key characteristics (with Examples mentioned within the table)

NoSQL
Database

Basic Functionality
of the Database

Comparative
Performance in
Operation

Scalability in
Operation

Flexibility of
Design

Ability to Handle
Complexity

Key-Value
- Some
examples:
Memcache
Riak
DynamoDB

- Simple, sequential
data storage system
- Pair key and values
with no restriction on
the key or value
- Typical usage: Stores
strings, images,
objects

High speed

High: main reason
to use Key-Value
pairs

Medium:
- Use Key-Value
model for schema
flexibility
– Does not require
a fixed data model
so formatting can
be quite informal
– Code is simple
and clean.
- Documents can
be retrieved based
on their contents.

Document
- Some
examples:
MongoDB
CouchDB
MarkLogic

- Hierarchical data
structures
- Values are visible
and searchable within
documents
- Documents can be
nested within
documents with
additional keys.

Medium:
High write/read
throughput, low
latency access

Medium

Medium:
- Operates on
diverse data sets,
can do complex
queries.
- Not appropriate
for complex
transactions (lack
ability to perform
ACID transactions

Low:
– Elimination of JOIN
operations requires all
data to be the “value”
for consistency.
- Major drawback: to
retrieve any piece of
information the entire
value has to be
retrieved.
- Same with writes
– Each write must
complete writing to all
nodes for consistency. Computations, simple
or complex, require all
data to be shipped to
the code – slow and
expensive.
Medium:
- Document databases,
include richer data
models for more
powerful abstractions
(for ease in modelling
simple and complex
domains).
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- Huge data storage
flexibility
- Typical Usage:
Document, search;
Web contents;
Publishing

Columnar
- Some
examples:
Apache Hbase
Apache
Cassandra

- A matrix that can use
Column for access (in
addition to row)
- Minimal usage
- Generally used when
reporting is more
important than data
updates
- Typical usage:
Aggregation; Web
crawler results

Graph
- Some
examples:
Neo4j (ACID);
Big Data
(RDF-flexible
data)

- Based on Graph
Theory
- Designed to explore
relations or
connections (edges)
among different nodes
- Networks and
relationship intense
situations
- Typical usage: Social
networks; Fraud
detection;
Myriad relationships

over multiple
pieces of data)
and generating
reports.
- Can be a bit
unstable and lose
data on node
failure.
High:
- Often an order of
magnitude faster
than row based
databasesAlthough data
loading occurs in
parallel across
nodes, queries
using fewer data
are much faster
than queries with
multiple data.
- Much slower for
write operations
- Tend to be used
in OLAP while
row-based is used
in OLTP situations
Variable:
- Efficient
traversing of
massive amount of
data in Graph
databases.
- Provides schemaless, efficient
storage of semistructured data - Some graph
databases are
ACID complaint

Moderate:
- Like all NoSQL
databases,
Columnar
databases
designed to scale
“out” using
distributed
clusters of lowcost hardware
- Increased
throughput.

Low:
- Columnar
databases are best
suited to
analyzing huge
datasets

High :
– nodes and edges
can be added
without increasing
cost of local hops

High:
– Nodes easily
accessible via
unique identifiers,
also indexed for
searches and
queries.

- Because of increased
data coupling, scaling
to size is impacted.

- Graph databases have
richer data models for
nodes enabling more
powerful abstractions
for ease in modelling
simple and complex
domains.
- Because of increased
data coupling, scaling
to size is impacted.

THE CAP THEOREM IN NOSQL
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COMPARISONS AND CONTRAST IN NOSQL
DESIGNS

Figure 2: The CAP Theorem: A Database (NoSQL) can satisfy
Only 2 of out 3 characteristics (Consistency – Availability –
Partition Tolerance)

Figure 2 (Unhelkar, 2017) shows three important
characteristics of any distributed database architecture
(NoSQL database is the context of this discussion). These are:
Consistency - This means that the data in the database
remains consistent after the execution of an operation. For
example, after an update operation all clients see the same
data.
Availability - This means that the system is always on
(service guarantee availability), no downtime.
Partition Tolerance - This means that the system
continues to function even if communication among the
servers is unreliable, i.e. the servers may be partitioned into
multiple groups that cannot communicate with one another.
The CAP theorem (Brewer, E) states that a distributed
computer system cannot guarantee all three properties of
Consistency, Availability and Partition tolerance at the same
time. Instead, only two of three properties of a distributed data
store can be satisfied at any given time. The relationship
between these three features needs to be understood when
developing solutions based on a distributed architecture. Since
it is impossible to fulfil all 3 requirements, CAP provides the
basic requirements for a distributed system to follow 2 of the
3 requirements. Therefore, depending on its application in
practice, a NoSQL database can end up with a certain
weakness. NoSQL database designs adhere to the
combinations shown in Figure 2. As shown, RDBMS
implementations tend to concentrate on Availability and
Consistency while NoSQL implementations favor
Consistency and Partition Tolerance (Burd, 2011). Each has
its advantages in a given situation with excellent performance
of both in structured and unstructured scenarios.

NoSQL databases listed earlier can be explored,
compared and contrasted in the context of the CAP theorem.
Some databases are ideal for the Consistency-Availability,
others for Consistency-Partition tolerance and some others for
Availability-Partition tolerance. So how does all this relate to
NoSQL systems?
One of the primary goals of NoSQL systems is to bolster
horizontal scalability. To scale horizontally, you need strong
network partition tolerance which requires giving up either
consistency or availability. NoSQL systems typically
accomplish this by relaxing relational abilities and/or
loosening transactional semantics.
In addition to CAP configurations, another significant
way data management systems vary is by the data model they
use: relational, key-value, column-oriented, documentoriented, or graph.
Following is a brief discussion on each of the pairs from
CAP and corresponding database behaviours:
Consistency Availability – A typical example of this is
the single site cluster, where all nodes are always in contact.
When a partition occurs, the system blocks or is declared outof-service. Also relational structures have trouble with
partitioning and typically deal with it with replication.
Examples of CA systems include: Traditional RDBMSs
(MySQL) and column-oriented systems (Vertica). Note:
Vertica has also been classified as Consistency Partition
Tolerance by some since it sacrifices Availability to ensure
Consistency when encountering failures
Consistency Partition Tolerance - Some data may not
be accessible, but the rest is still consistent/accurate. These
systems have trouble with availability while keeping data
consistent across partitioned nodes. Examples of Consistency
Partition Tolerance systems include: key-value (Redis),
document-oriented (MongoDB), column-oriented/tabular
systems (HBase), and graph systems (Neo4j). In case anyone
is wondering why Neo4j is mentioned here, its because Neo4j
locks nodes and edges until commit.
Availability Partition Tolerance - System is still available
under partitioning, but some of the data returned may be
inaccurate. Highly available and partition tolerant, these
systems achieve "eventual consistency" through replication
and verification. Examples include: key-value (Dynamo),
document-oriented (CouchDB) and column-oriented/tabular
(Cassandra).

Table 2: Impact of CAP THEOREM on NoSQL database designs
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NoSQL Database Type
Key-Value systems treat the data as a
single opaque collection with different
fields for every record, offering
flexibility, far less memory usage, and
large performance gains
Document stores are a subclass of the
Key-Value store, differing in a nonopaque internal structure to extract
metadata for further optimization.
Columnar databases are optimized
for reading/writing columns of data –
not rows. This facilitates analytic
query performance by drastically
reducing disk I/O requirements
Graph databases store data
relationships explicitly resulting in
higher flexibility for adding new
nodes and relationships, fewer
disconnects between evolving schema
and actual databases, efficient query
speeds even for deep and complex
queries.

Consistency

Availability

Partition Tolerance

Replication approach

Not good enough
Availability support

Replication approach

Replication approach

Not good enough
Availability support

Replication approach

Eventual Consistency

Replication approach

Replication approach

Only if nodes and edges
are locked until commit

Good but no consensus
on approach

Good but no consensus on
approach

DISCUSSION
It can be argued that a Key-Value model is akin to the
Columnar model with two columns. If the value in the KeyValue model is not opaque then it is like the Document model
and the document is searchable. Other Documents can be
nested inside Documents (Sullivan, 2015). Hence, we can
conclude (from a different perspective), Key-Value and
Document models are Consistency Partition Tolerant, Since
these are not Available all the time, they are not appropriate
for mission-critical situations. Along the same lines, we can
surmise that Columnar Databases are always Available, given
their likeness to a single table, and are more close to RDBMS
databases. These can be split into partitions and satisfying two
of the three CAP criteria these, by definition, are not
Consistent. Finally, we can aver that the Graph model of nodes
and multiple links is Available and partition Tolerant, but not
Consistent.
Arguments for the above statements need to be supported
by further research to validate our hypotheses.
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CONCLUSIONS & FUTURE DIRECTIONS
In this paper, we have identified the core characteristics
of each type of NoSQL database. We then compared these
characteristics and have put forth hypothetical reasons for
their behavior. Our future work will be to research and
supporting, and perhaps not supporting, the proposed
hypotheses.
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ABSTRACT
The industry demand for Big Data-related skills has
been growing in recent years. To meet this demand, many
universities have started offering new programs in Big Data
related fields such as data science, Big Data management and
analytics, Hadoop, NoSQL, “R”, business analytics, and so
on. Most of these programs are graduate level programs
offered by universities and commercial training institutes.
This paper examines and compares the curricula of the
aforementioned programs with the view of ascertaining
whether they are closing the gap in demand for the skills.
Based on this comparative analysis we make
recommendation for desired curriculum for these courses.
At this point, this is an exploratory study based on
curriculum data gathered from university websites. The next
step is to collect survey data from students, faculty, and
managers to identify the current and future demand and
supply of Big Data-related skills.
Keywords: Big Data, Curriculum Development, Academics,
Universities, Business Analytics, Pedagogy
INTRODUCTION
The growth of digitization in general and the emergence
of data-intensive Internet companies such as Google,
Facebook, Amazon, Verizon, AT&T, Yahoo, Apple, etc., the
concept of Big Data has emerged (Manyika et al., 2011). Big
Data is defined as the data that exceeds in volume the
practical limits of the traditional database management
systems (Zikopoulos, 2011). Big Data is also characterized
by the variety of data types such as text data, image data,
audio and video data. Storing and processing such Big Data
presents new technological challenges including learning,
understanding and using Hadoop Clusters, NoSQL databases
and corresponding programming with languages such as R
and Python. Finding utility in Big Data also presents new
challenges regarding necessary algorithms to extract hidden
patterns. (McAfee et al., 2012). Since most of these
technologies for Big Data are relatively new, there is
obviously a gap in the supply and demand for these skills. A
search using the search term “Analytics” showed up over
60,000 jobs on LinkedIn and 115,000 jobs on Indeed.com (as
of Nov. 10th 2016). A similar search on the term “Big Data”
revealed over 18,000 jobs on LinkedIn and 48,000 jobs on
Indeed.com. According to McKinsey report titled, Big Data:
The next frontier for competition,
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“The United States alone faces a shortage of 140,000 to
190,000 people with analyticabil expertise and 1.5 million
managers and analysts with the skills to understand and make
decisions based on the analysis of Big Data.” The Data Point
(2015).
Clearly, universities must gear up to offer courses,
certificates, degrees in Big Data-related skills such as data
science, data analytics, data storage and processing, etc. in
order meeting this growing demand in Big Data-related
skills.
In this paper, we will look at the curricula of Big Data
programs offered by universities and compare them with
each other, find commonalities and differences and also
check to see if they are meeting the market demand in terms
of skills and some graduates. Based on our analysis we will
offer some observations and recommendations.
BIG DATA SKILLS
Skills in Big Data can be broadly divided into three
dimensions:
a) Storage and Access (IT-Hadoop, DBMS-NoSQL)
b) Analytical (Data Science, Descriptive, Predictive,
Prescriptive Analytics)
c) Business Decision Making (Strategy, Monetizing
Insights)
The storage and access issues have to do with storing
Big Data efficiently. Is it better to have bigger capacity
servers or more servers of small size? Is it better to store data
in relational DBMS or some other data model using newer
NoSQL technologies? This dimension of Big Data requires
skills such as Hadoop lusters, MapReduce, Spark, RDBMS
and NoSQL databases.
The analytical dimension involves how best to
understand the data and the patterns or insights hidden in the
data and how to apply these insights. This dimension requires
using tools for describing the data (descriptive analytics),
developing models for extracting insights in the data using
data mining, text mining and statistical techniques (predictive
analytics) and developing optimization models (prescriptive
analytics). This dimension requires data mining skills such as
classification, clustering, association rule mining; statistical
skills such as multivariate analysis techniques; text mining,
image mining, audio and video mining, optimization
techniques, use of tools for data mining and optimization.
The business dimension has to do with how to make a
data-driven business decision, both at the strategic level and
tactical levels. The skills required here include how to use
social media, mobile, and the cloud strategically, and how to
set the optimum granularity levels for analytics in order to

maximize the business value. The curricula for Big Data
must include elements from all these dimensions.
In this paper, the term Data Science refers to processes
methodologies and the techniques for analysis of data, big or
small. The techniques used for analysis can include
statistical/data mining/visualization techniques. The term
Big Data refers to all the dimensions of Big Data including
storage and access technologies, analytical and the business
decision making. In this sense data science is the analytical
dimension of Big Data.

Multilevel Models, Missing Data, and Statistical Consulting
Research Seminar and Internship.
Stern School of Business offers a two-year MBA
program with a specialization in Business Analytics. It
teaches the student how to enhance business decisions by
using Big Data and models. The course covers several
aspects of Big Data analysis like data mining, decision
models, econometrics and forecasting time series data, etc.
(Information Week, 2013)

CURRICULUM OF BIG DATA COURSES OFFERED
BY TOP UNIVERSITIES IN THE US

Further, there are specialized courses in Artificial
Intelligence, such as Computer Vision, Deep Learning,
Natural Language Processing, Heuristic Problem Solving and
Statistical Natural Language processing among other
courses. There are some other related specializations such as
Bioinformatics, Biostatistics, Business, Economics, Large
Scale Computation, Mathematical Finance and Mathematical
Foundations.

This paper compares Big Data and data science related
curriculum at the graduate and undergraduate level in eight
different universities. These universities are amongst the top
50 best value graduate programs in the USA according to
valuecolleges.com.. Some of these universities only offer
Graduate Programs in Data Analytics, Big Data, and data
science. There are fewer universities that offer an
undergraduate degree in data science and Big Data. For the
graduate program, we have compared the curriculum of
following universities: Georgia Tech, New York University,
Carnegie Mellon University, Univesity of Califonia Berkley,
University of Washington, Louisiana University, Penn State
University and the University of Virginia.
For the undergraduate program related to Big Data, we
have compared the curriculum of the following universities:
the University of California Irvine, University of
Washington, Penn State University, University of Virginia,
University of Iowa, University of Connecticut, University of
San Francisco and Virginia Tech.
In the following section, we will explain briefly about
each graduate program.
Georgia Tech Curriculum
Georgia Tech Institute offers an MS program in
Analytics. It is a 36 credit hours program with a focus on
retrieval, storage and value extraction from data. Further, it
also includes generation, analysis, resolution, and elucidation
of complex mathematical models and to integration with
various interdisciplinary skills. The interdisciplinary aspect
includes courses from operations research, statistics, business
and computing. The analytical element is covered courses in
Computational Data Analytics, Business Analytics and Tools
for Analytics. Georgia Tech also offers Analytics track
options in other graduate programs as well.
New York University Curriculum
New York University offers a few analytics realted
programs. They offer an MS in Data Science, which covers
theoretical aspects of Big Data supplemented by applications
to some real world problems. They emphasize developing
complete data solutions for problems.
This MS in Data Science program has numerous
specializations including Applied Statistics that includes
nearly 20 specialized courses from Inference and Regression,

Carnegie Mellon University Curriculum
Carnegie Mellon University is offers a Masters in
Information Technology Strategy. One of its concentrations
is Big Data Analytics which includes courses such as
gigantic Information Systems, Web Mining and Search
Engines, Information Retrieval, Multimedia Databases &
Data Management & Mining. Prerequisites to these courses
include Data Structures, Statistics, Mathematical Modeling,
Solid Programming with C++/Python and DBMS (Database
Management Systems).
University of California, Berkeley’s Curriculum
University of California, Berkeley’s online Big Data
program teaches the techniques and algorithms that are used
for creating and representing Big Data using graphics. The
learner with basic knowledge of Excel and any popular
graphic program like OpenGL and GDI+ can enroll in the
program and get the training of Big Data handling and
analytics technique (Marr, 2015).
University of Washington Curriculum
The University of Washington has also taken a step
forward through introducing data science to the online
learners through Coursera. The course is meant for providing
training to beginners, and it starts with teaching the basic
concepts of MapReduce, Spark, Pig and Hive. The learners
get a grip on performing predictive modeling as well as
graph analytics (Coursera.org).
Louisiana University Curriculum
E.J. Ourso College of Business offers a 12-month fulltime Master of Science degree in analytics that is specially
designed to fulfill the requirements of the professionals to
understand the Big Data and develop the analytics skills for
extracting valuable information from big and complex
datasets. The curriculum focuses on advanced tools and
technique of Big Data analysis and explains its application to
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different business activities like investment portfolio
management, customer retention measures and reducing the
likelihood of frauds (Information Week, 2013).
Penn State University Curriculum
Penn State offers a 30-credit online Master of
Professional Studies in Data Analytics degree. The focus of
teaching is on Big Data and database design processes.
Students can study data management technologies and
techniques for descriptive, prescriptive, and predictive
analytics that are being used to leverage competitive
advantage in a range of various disciplines. This program can
offer the students the knowledge to work in positions that
require the design and maintenance of Big Data and data
analytics systems, as well as: (Penn state online, 2016)
• data mining
• data modeling
• data architecture
• extraction, transformation, loading (ETL) development
• business intelligence (BI) development
University of Virginia Curriculum
The University of Virginia offers The Master of Science
in Data Science (MSDS) which is an 11-month program.
Core program courses are taught by faculty from the
departments of Computer Science, Statistics, and Systems
and Information Engineering. The program culminates in a
capstone project where the students use their knowledge base
to solve a real-world data science problem and present the
results in a public presentation. The program uses the spiral
learning framework, first of all giving the students the base
that they need in languages, computation, and linear
modeling and building upon those skills to move to the
practice and application of data science. They will also lean
about various tools in Big Data (University of Virginia )
TEACHING BIG DATA AT UNIVERSITIES AROUND
THE WORLD
Many universities around the world, besides the US,
offer Big Data related courses and programs. Certificate
programs are more common internationally.
These
certificates can be issues by universities after successful
completion of the courses.
The University of Sydney, in Australia, offers an
M.Com degree in Quantitative Business Analysis that
provides training in three major areas including data
analytics, decision analytics, and operations (University of
Sydney, 2014).
The York University, in Canada offers an MSc degree in
Business Analytics with the aim of enabling the students to
find solutions to everyday business problems with the help of
data analysis skills (York University, 2010). A similar degree
is also being offered by the National University of Singapore
to provide significant data analysis training to students as
well as professionals from different fields. University of
Liverpool, UK offers a one-year full-time MSc. program
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called 'Big Data and High-Performance Computing' that
provides technical support and knowledge of Big Data to the
students and train them to apply the learned concepts to the
business world (University of Liverpool).
It appears from these examples that universities across
the globe are offering analytics related programs, with some
variations.
Some programs
are more focused on
technological and computer science dimensions, whereas
others have taken a quantitative approach and have focus on
statistics and operational research. Some are inclined towards
providing Big Data analyst training from a managerial
perspective.
COMPARISON OF GRADUATE LEVEL CORE
COURSES
It is clear from the description of programs at the various
universities in the US and outside the US, that there are
differences in emphasis and approach. Some specialize in
certain topics whereas others do not. For example, Carnegie
Mellon University's program is more focused on relational
database management systems, whereas New York
University’s program is more focused on data architecture,
and theoretical aspects of different analytical models.
Georgia Tech’s program emphasizes an interdisciplinary
approach and tries to integrate various disciplines into the
data science such as business, computing and biology. The
UC Berkeley’s program is more general in nature with
foundation courses, advanced courses and some synthetic
courses. Table 1 summarizes a comparison for these eight
graduate level programs in Big Data related fields.
Table 1: Comparison of graduate core course requirements in
Big Data

Some similarities and differences can be observed by
examining Table 1. A practicum course is common across all
of eight programs. Courses in statistics courses are also
common in six out of eight programs. Courses common to
four or five universities include Other similarities that are
visible from Table 1 are data visualization, machine
learning, and data mining Table 1 also reveals many
differences – many course are offered by only one or two
programs – such as search engines and web mining, the
decision under risk and business intelligence, multimedia
databases and information retrieval.

courses are common to three out of eight programs. Some
differences can also be seen from Table 2. For example,
some courses are offered in only one program, such as data
science and society.
Courses such as Data Mining, Machine learning and data
visualization, database management systems are common to
both graduate as well as undergraduate programs
Table 3 shows the courses at MIT (MIT, 2009). They
are divided in the dimensions of Data Science and Big Data.
Table 3: Dimension of Big Data and courses

COMPARISON OF UNDERGRADUATE LEVEL
CORE COURSES
In this section, we compare Big Data related courses at
the undergraduate level at eight different universities. Some
of the universities that were offering graduate programs in
Big Data did not have an undergraduate program. Therefore,
other universities are chosen for our study. See Table 2
below for a comparison of undergraduate core courses in
their undergraduate programs at eight various universities.
Table 2: Comparison of undergraduate core course
requirements in Big Data

An examination of the undergraduate and graduate
programs reveals some shortcomings in these programs.
At both the graduate and undergraduate programs many
universities lack courses in Big Data tools and technologies
and tend to be more focused more on statistical concepts and
basic analytics. Only a few had courses in Big Data
processing and advanced analytics. Even some of the Table
4 shows the variance in the graduate programs offered by
various universities.
Table 4: Graduate programs in Big Data field

Some similarities and differences can be observed by
examining Table 2. Capstone course is common to five of the
eight programs. Bayesian data analysis course is common to
four of the eight programs. Other common courses are data
mining, information visualization, database management,
machine learning, privacy and security of data. These
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Table 5 below shows the variance in undergraduate
programs offered in Big Data at various universities.
Table 5: Undergraduate programs in Big Data field

CONCLUSIONS AND DISCUSSION
In this paper, we compare the curricula of various Big
Data related programs in undergraduate as well as a graduate
in various universities in the US and outside the US. We
identify commonalities across the programs and also
differences, and identify some weaknesses in the curricula of
certain universities. In general, we find that many programs
lack adequate coverage of Big Data tools and technologies,
and tend to be more focused on statistical concepts and basic
analytics. It was good to discover that almost all the
graduate programs had a practicum course and many
undergraduate programs had a capstone course. The
programs should focus more on tools and technologies as
well as Big Data processing. Project management is vital for
Big Data courses and knowledge management in the
companies and universities can be managed easier (Rajabion,
Kheirabadi (2012).
According to BIC3 Employer Survey Respondent, the
largest problem that one of the employers see is that with
hiring college students there is the lack of real-world
experience. The employee must compensate by providing
training when they hire them. Universities can better prepare
their students by providing opportunities for them to work in
simulated industry projects instead of just teaching
programming and database skills. (BIC3, 2013).
According to the tech partnership report, One of the key
methods for addressing skills gaps is the provision of
appropriate training courses, and the latest estimates from
ONS suggest that around 24% of tech specialists had
received some form of job-related education or training in
the 13 weeks running up to the third quarter of 2014. (Tech
partnership, 2015). Another interesting fact about this report
is that only 5% of all employers have taken on a tech
apprentice. Which also shows that there needs to be a better
partnership between universities and the industries.
Since the Employers are seeking students with real
world experience. The curriculum for Big Data should focus
more on real world experiences and deliver projects that are
in demand by the industry. All of the eight curricula for Big
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Data offer a capstone course which in that course the student
can work on some real-world project with a real company.
For instance, the students can work with an advertising and
marketing agencies and they can use tools and techniques in
Big Data to track social media to understand responsiveness
to campaigns, and promotions. In a capstone course in Big
Data, students can work with SAP platform and use the SAP
HANA software which can let the students easily prepare
and analyze both Big Data and disparate data sets. These real
world project could also be as part of service learning
initiative in universities as well which can partner with the
industry. Another way that the Big Data curriculum could be
improved is that the focus could be on interdisciplinary,
seminar, and project-based classes, which can offer close
contact between professors and students, and real-world
projects, or research for credit. Effective data science
requires a team of professionals with varying and
complementary skill including Big Data scientists, analysts,
developers, and testers who can handle Big Data
technologies like Hadoop, NoSQL, and in-memory analytic
engines. As Big Data adoption grows, skill gaps and resource
gaps are occurring within the business.
FUTURE RESEARCH
At this point, this is an exploratory study based on
curricula data gathered from university websites. In future
studies, we will collect some survey data from students,
faculty, and managers to identify the current and future
demand and supply of Big Data-related skills.
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ABSTRACT
The term “big data” encompasses a wide variety of topics
led by the two keywords “analytics” and “technologies.”
Technically, big data implies Hadoop/HDFS, Spark, and, at
the back end, NoSQL. From a business viewpoint, however,
big data analytics command greater interest as they enable
identification of patterns, facilitate predictions, and also
provide prescriptive advice for better decision making. When
enterprises want to adopt big data, they need to go through the
rigors of large-scale adoption that includes elements of people,
processes, technologies and economies. Analytics need to be
further coupled with a proper understanding of technological
capabilities provided by enterprise architectures. We thus find
that multiple technical, analytical, and architectural elements
come into play in big data adoption. This paper outlines an
overarching framework that will not only facilitate adoption
of analytics and technologies, but will also provide a solid
foundation for taking a strategic approach to big data. This
framework is called the Big Data Framework for Agile
Business (BDFAB v 2.5). The framework is based on a review
of the relevant literature, experimentation, and practical
applications. The practical business value derived from the
framework is also discussed in this paper.

BIG DATA & ANALYTICS
The term “big data” encompasses a wide variety of topics
led by the two keywords “analytics” and “technologies.
Technically, big data implies Hadoop/HDFS, Spark and, at the
back end, NoSQL. From a business viewpoint, however, big
data analytics command greater interest as they enable
identification of patterns, facilitate predictions, and also
provide prescriptive advise for better decision making. When
medium to large enterprises want to adopt big data, they need
to go through the rigors of large-scale adoption through
people, processes, and technologies. However, analytics need
to be coupled with a proper understanding of technological
capabilities provided by enterprise architectures. We thus find
that there are multiple technical, analytical and architectural
elements that come into play in big data adoption by
organizations. This article argues for an overarching
framework that will not only facilitate adoption of analytics
and technologies but will provide a solid foundation for a
strategic approach to big data. This framework is called the
Big Data Framework for Agile Business (BDFAB v 2.5). The
development of this framework is based on [literature review],
experimentation, and practical application. The key elements
composing this framework include: Agile values for business,
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organizational roles in big data, building blocks of big data
strategies for business (including the role of analytics within
those strategies), key artifacts in big data adoption, business
conditions and limitations, Agile practices, and a compendium
(repository). The building blocks of big data strategies are
themselves are made up of five modules:
1. Business decisions,
2. Data: technology and analytics,
3. User experience: operational excellence,
4. Quality dimensions and
5. People (capabilities)
In addition, this framework is accompanied by a 12-lane
process for big data transformation especially in large
organizations. Exploration of this framework will be of
practical benefit to organizations looking for a sensible
pathway into big data and, at the same time, provide
opportunity for refinement based on further experimentation.
BDFAB OVERVIEW
The Big Data Framework for Agile Business (BDFAB) is
a research-based framework that facilitates a strategic
approach to application of big data to business. Most
contemporary big data approaches focus either on the Hadoop
ecosystem (as a suite of technologies, programming, and
management) or on [the] analytics (based around extensive
statistical techniques such as predictive analytics, net
promoter score [NPS], and so on). This indicates a significant
lacuna in the big data space in terms of a comprehensive and
holistic approach that would formulate a business strategy and
that would synergize the aforementioned technical and
analytical elements. Similar dearth of discussions is also felt
in the Agile space, which is predominantly a methodical
approach to developing a solution. Elsewhere it has been
argued that Agile needs to transcend the solutions space and
move into business strategy. Unhelkar (2013). The businesstechnology domain finds itself amidst the plentiful availability
of data and technology and its potential use to render a
business Agile. Such strategic utilization of data requires
deeper understanding of current state of the business, its
directions, its capabilities (both architectural and people), and
a smarter (including dynamic) risk analysis. As the volume of
data grows, the role of information architecture is changing,
from the passive structuring and managing of data to a
smarter, more active role in ensuring effective use of
information .(Evernden, 2012)
The above arguments further underscore the need to not
limit the keywords “big data” and “Agile” to technologies.
Instead, the BDFAB framework discussed in this paper builds
on the technical and analytical aspects of big data in a holistic

manner to understand and create new opportunities for
business agility. Figure 1 highlights this core philosophy
behind BDFAB — bringing together analytics and
technologies but then going beyond them into the business
strategy and agility space.

development and now plays a major role in business
organizations.[Unhelkar, 2010] Agile is therefore a legitimate
business goal in its own right,[Unhelkar, 2013] and a strategic
approach to big data can go a long way in achieving that goal.
Such an approach aims to make use of structured, semistructured, and un-structured data, and the velocity and
volume of such data to generate [ongoing and significant
amount] of business intelligence that would enable improved
business decision making. In addition to providing the
necessary support in terms of organization of big data through
a reference framework, BDFAB also has a well-defined 12lane adoption process.
CORE ELEMENTS OF BDFAB
Table 1 summarizes the core elements of BDFAB. This
table also shows the fundamentals (through some examples)
behind the core elements of BDFAB as also the key business
considerations in utilizing that particular core element.
Table 1 — Overview of BDFAB v2.5

Figure 1 — Positioning big data strategies: transcending
analytics and technologies. (Source: MethodScience)

BIG DATA AND AGILE BUSINESS LITERATURE
This business strategy space is laced with the ever so
important aspects of agility. Hence, the way which business
can be helped to tap into these agile opportunities (which
range from expansion into new markets, to enhancing
customer satisfaction and/or achieving excellence in
optimizing internal business processes) is by incorporating
vital elements of Agile values, principles, and practices in big
data adoption by business. The translation of these values from
the depths of software development to business processes is
the result of combining the formality of planned approaches
and the flexibility of Agile — resulting in Composite Agile
Method and Strategy (CAMS) (Unhelkar, 2013; Mistry and
Unhelkar, 2015). Further consider what Jeff Jonas writes in
his foreword to Dr. A. Sathi’s book —Big Data Analytics,
IBM, 2012) and observe how it maps to Agility in business:
• Organizations must be able to sense and respond to
transactions in real time (Agility is the ability to be able
to spot the changes coming through — which are
transactions as both micro and macro levels)
• Also must be able to deeply reflect over what has been
observed—to discover relevant weak signal and emerging
patterns (Agility requires ability to take effective
decisions; this effectiveness results from deep reflections,
aided and impacted by big data analytics).
• As this feedback loop gets faster and tighter, it
significantly enhances the discovery (Agility requires
rapid response which, in turn, is based on analytical
insights and leanness of organizational structure)
BDFAB incorporates Agility in this strategic business
context with the assertion that Agile has transcended software

Element
s of
Framew
ork

Fundamentals
(examples only)

Business Consideration

Values

Agility, insights,
collaborations

What does the business aspire
to (to-be state)?

Roles
(people)

Data scientist, user,
analyst, coach,
investor

Who are the people to make it
happen? To benefit?

Building
blocks
(phases)

Business decision
(SWOT),
technology, user
experience, quality,
people

Why do it (business reasons)?
How to do it (phases)?

Artifacts

Plans (financial,
ROI), feedback,
approach, staff,
center of
excellence

What to produce? To use?

Conditio
ns

Type, size of
business (as-is)

Where and when to apply
BDFAB?

Practices
(Agile)

Stand-ups, stories,
showcase

How to undertake agility at the
change level?

Compen
dium
(reposito
ry)

Manifesto, strategy
cube, adoption
process

Guiding change management,
transformation

BDFAB starts with the business organization itself — its
SWOT analysis — and then moves into the vision and the
necessary capabilities required of the organization to satisfy
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that vision. Helping the business identify and exploit the
existing and growing data capabilities (technologies and
analytics) with a continuous focus on business decision
making results in relevant insights. These are the building
blocks that form the key part of BDFAB. The output of this
building block enables decision makers to either modify or
develop new products and services, respond to individual
customer issues, and rapidly change the business processes.
BDFAB helps position the technologies of Hadoop /
MapReduce / Spark in a way that will assist in enhancing
business agility. The decision makers need to see the
correlation between big data (and its analytics) and making the
business “Agile” as a result of those analytics. For example,
statistical analysis of hourly sales of books are used by online
sellers (e.g. Amazon) to recommend additional titles to
readers. Hourly flight booking data is used by airlines to markup (or –down) their fares in a very agile manner. Analytics
thus continue to apply statistical techniques to generate rapid
insights. Technologies of big data, based around the Hadoop
eco-system (including HDFS, NoSQL and MapReduce)
support such rapid analytics by storing, sharing and processing
vast amount of structured and unstructured data.
Furthermore, the analytics themselves are no longer
static; they are themselves changing depending on the
circumstances of an individual customer and/or the context in
which the business finds itself (e.g. political uncertainty,
changing legal structure, global collaborations). Thus, not
only do the analytic processes support business agility, these
analytical processes themselves need to be agile (or, in other
words, continuously changing). The comprehensive
framework for big data adoption (particularly in large
organizations) described here uplifts the capabilities of its
decision makers on an ongoing basis resulting in business
agility in a unique and holistic way.
The key innovative aspect of BDFAB is its focus on
business strategies resulting from a balanced combination of
big data technologies and analytics together with the concepts
of composite agile. This incorporation of composite Agile
(CAMS) in BDFAB is based on the premise that Agile has
transcended software development and now plays a major role
in processes associated with the business
BDFAB MODULES (BUILDING BLOCKS)
While analytics including OLAP cubes, text and data
mining, and dashboards all add to and aid in decision
making,[Kudyba, 2014] what is even more interesting is the
strategy to put this whole process together. How does one get
an organization to reach a stage where these analytics [and the
decision making] they enable becomes a norm? To achieve
that goal, BDFAB comprises five major modules or building
blocks as summarized in Table 2.
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Table 2 — The five major modules (building blocks) of BDFAB
v2.5.

Building Blocks
(Modules) of
BDFAB

Brief Description

Business Decisions

Focuses on existing capabilities,
future vision, and a SWOT
analysis

Data: Technology
and Analytics

Understands and builds on the
technical capabilities of the
Hadoop ecosystem and the [VVV]
of big data

User Experience:
Operational
Excellence

Builds on the value theme;
analytics are performed before the
user comes in contact with the
business and continue well after
that

Quality Dimensions

Examines the technical,
economic, social, and process
dimensions of a business, which
are affected by big data. SocialMobile-Analytics-Cloud (SMACstack) also examined here.

People (Capabilities)

Uses SFIA framework to uplift
the capabilities of
people/individuals of an
organization in the context of big
data

Business Decisions
This module introduces the concept of big data to the
business and starts positioning big data as a basis for business
strategies. Therefore, this module focuses on the
strategic/business value of big data analytics. The activities in
this module start with a SWOT analysis and moves into the
risks, cost advantages, and adoption approaches to big data.
ROI (and cost-benefit analysis) for big data adoption form part
of this module. Agility is introduced in this module to the
organization as a business value. (transcending Agile used in
software development projects).
Data: Technology and Analytics
The second module focuses on data analytics — mapping
volume, variety, and velocity with structured, unstructured,
and semi-structured data types. Each of these characteristics
of big data is invaluable in supporting corresponding business
strategies — if properly formulated. This module
demonstrates the interplay between analysis of data and its
impact on creating business strategies. This module helps the
business understand and incorporate structured, semi-

structured and un-structured data in its analytics and decision
making processes. This module is underpinned by the
technologies of Hadoop (and associated technical ecosystem).
User Experience: Operational Excellence
This module explains how data analytics can render a
business Agile. Understanding customer (user) sentiments
through a User Experience Analysis Framework (UXAF) is
the starting point for this work. Most UXAFs focus on time
T0 to time T1 — when the user is in direct contact with the
business through its systems and interfaces. Substantial data is
generated, however, by the interactions of the user with his/her
social and mobile networks that occur before T0 and after T1.
Exploring the generation and use of this data (based around
SMAC-stack) is part of the discussion in this module. The
“predictive” and “prescriptive” nature of ensuing analytics is
discussed here.
Quality Dimensions and SMAC-Stack
Quality considerations in the big data domain assume
prominence because of the direct impact they have on business
decision making. This module focuses on this crucial quality
aspect in big data solutions: data, information, analytics
(intelligence), processes, usability, and reliability. Uniqueness
of unstructured data and what can be done to enhance and
validate its quality are part of this discussion. The challenges
of contemporary testing (and the role of Agile practices, such
as continuous testing) together with their application to big
data are also explained and implemented in business through
this module.
People (Capability)
Sid Adelman and Larissa Terpeluk Moss (2013) have
discussed the ever growing importance of people and their
capabilities in the big data space. Similarly, the McKinsey
(2011) report on big data goes into the details of existing and
needed capabilities in the big data technologies and analytics
domains. BDFAB incorporates this important people issue in
big data adoption by identifying and enhancing the people
capabilities at both technical and analytical level. The Skills
Framework for Information Age (SFIA) is used as a backdrop
for ascertaining current skill levels and mapping an upskilling
path for the human resources in the organization adopting big
data.
BDFAB IN PRACTICE
When an enterprise adopts big data using the BDFAB, it
reduces its risks and gains following practical advantages:

1

Discussed in detail in The Psychology of Agile:
Fundamentals beyond the Manifesto, Cutter Executive
Report, Dec 2013, Agile Product & Project Management
Practice, Cutter, Boston, USA. Vol 14, No 5

Creating a Business Advantage
The framework is meant to help a business adopt big data
in a way that will result in business agility. The advantage of
this framework results from bringing together of two
important concepts of modern-day technology and business —
Agility and big data. This synergy produces substantial
business advantage as it demonstrates the value of analytics in
rapid business decision making (agility).
CAMS has agile concepts [e.g. Flexibility, Welcoming
Change, Iterative, Collaborative and ready to FailFast] that
provide value to business 1. BDFAB expands on these
concepts to provide business with values of Insights,
Collaborations, Dynamicity, Leanness, Governance and
Environment. These values provide major support in
executive decision making.
Adoption Process
Provisioning a 12-lane adoption process (Please see
Figure 2 at the end of this paper) is a crucial part of BDFAB.
This detailed adoption process provides guidelines in terms of
which aspects of Agility and big data should be adopted first;
how the adoption should iterate; and identification and
overcoming of blockers.
Risk Analysis
There are two aspect of risk analysis. First and most
important is the embedding of business risks considerations in
the framework itself. BDFAB starts with a SWOT analysis
that enables assessment of early business decisions relating to
big data. The business priorities, risks and budgets are
considered in detail in undertaking this risk analysis.
Furthermore, BDFAB provides multiple angles (including
technologies, analytics, user experience, people up-skilling) to
big data adoption that results in risk reduction. Risk analysis
also includes due consideration to different type and size of
businesses (e.g. a medium sized travel business will be more
interested in the Cloud-based analytics and not much upskilling of staff; whereas a large bank will be interested in both
Cloud and people up-skilling). Embedding of the concepts and
values of Agile in applying the framework to real-life
organizations is also helpful in reducing business risks due to
the rapidly iterative nature of agility.
Consumer Dialogue
Consumer dialogue and User experience are integral part
of BDFAB. The second building block (module) of BDFAB
focuses on the user (consumer) experience to ensure its
included as a crucial element of the organization’s big data
strategy. For example, the Net Promoter Score (NPS)
statistical analysis provides a good basis for understanding
what the consumer wants - and that NPS is embedded in the
And The Psychology of Agile: Group Dynamics and
Organizational Adoption, Cutter Executive Report, Oct 2015,
Boston, USA. Vol 16, No 4
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business processes of the organization. Similarly, in
optimizing internal business processes with big data–driven
insights (e.g., anticipated production levels in a manufacturing
plant and medical inventories in a hospital), BDFAB ensures
continuous focus on the ongoing consumer dialogue.
CONCLUSIONS AND FUTURE DIRECTIONS
This article reports a framework (BDFAB) for adoption
of big data by business. This comprehensive framework also
ensures the end result of big data adoption is agile business.
BDFAB v2.5 is unique] in the sense that it elevates the
current industry focus from technologies and analytics to
business strategies. These strategies include due
considerations to the five modules listed earlier in Table 2.
The 12 lined adoption process provides basis for risk reduction
in big data adoption. BDFAB also covers resourcing (upskilling, training, recruitment and coaching — derived from
the application of agility) and people-focus. This module can
lead to formation of centers of excellence around big data and
related disciplines.
In due course, BDFAB needs to be accompanied with a
corresponding process tool that will help big data adoption in
large organizations; such tool will not only help formulate
organization-specific strategy but also enable monitoring,
tracking, reporting and optimizing the process of big data
adoption for business agility.
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ABSTRACT
Considering the increasing use of data in process
improvement, this research considers random forest for
service lifecycle management of reusable medical
equipment. The objective is to analyze the trends and cost of
repair and reprocessing of the equipment. Unstructured
legacy data from a non-profit medical hospital are carefully
cleansed, curated, and standardized to support a scalable data
analysis and insight development. The total cost and total
repair cost models are developed in this research. The
random forest models are used to predict the total cost and
total repair cost from the data sets. The prediction results are
reported in this paper and the accuracy results are promising.
INTRODUCTION
Though the reusable medical equipment (RME) emerge
as the cost-effective and sustainable options comparing to
disposable equipment, reuse involves reprocessing and
maintenance of equipment that can be costly affairs. Better
management of these costs associated with RME may result
in maintaining an economical and safe alternative in
healthcare organizations. In order to achieve such a goal,
identifying the associated costs is crucial. However, many of
these cost factors are hidden and data are often spread out in
databases formed over the years the device has been used.
Effective management of RME adds value in the
perspective of cost, service quality, and safety of a patient.
Shimoda et al. (2012) review the proper reprocessing of
RME at a government healthcare organization. Consistency
with manufacturer instructions, employee training, follow-up
of employee performance is considered for their experiment.
The costs involved in these processes are often ignored,
which might be an essential component in the service lifecycle management of the equipment. Rizzo et al. (2000)
compare the reusable and disposable endoscopic biopsy
forceps based on performance, safety, and cost.
Although RME is an emerging research area, limited
research works have explored the area from the life-cycle
cost perspective. To that end, we study different types of
RME focusing on scopes (e.g., microscope, fiberscope, and
endoscope) for which repair data are spread over more than
two decades in a non-profit hospital. A random forest-based
approach is used to predict total cost and total repair cost
from the legacy datasets. The additional use of the random

forest model in the perspective of RME service lifecycle
management is also discussed.
BACKGROUND: DECISION SUPPORT SYSTEMS IN
HEALTHCARE
Over the past decade, decision support system (DSS) has
become a common way of using data and extracting useful
knowledge to support decision making in healthcare. It often
involves building intelligent models using the legacy data of
patient history, treatment, diagnosis reports, etc. The
engineering and information technology have delivered a
large number of effective research and tools to overcome a
variety of issues in healthcare systems. As a service industry,
healthcare strives to constantly improve the quality of the
services and processes involved to support its products.
Integration of healthcare and other fields has resulted in
significant benefits throughout different domains in an
organization.
Idanza et al. (2016) classify DSSs in healthcare into two
areas, which is referred to as clinical and non-clinical DSSs,
respectively. Clinical DSS supports the decision making
related to patients, treatment, and finance, whereas a nonclinical DSS can suggest service improvements for cutting
edge facility development. Also, there is discrimination
based on levels, which include lower and higher level
decision-making systems. The shareholders that play an
important role in lower level decision making includes
doctors and nurses (Rajalakshmi et al., 2011). Kilsdonk et
al. (2016) design a clinical DSS for the medical practitioners
to help make better decisions analyzing the guidelines
regarding patient consults, which provides a dictionary of
health problems to the clinicians or by displaying
background information about specific patients. Isabel
diagnosis reminder system (IDRS) is a web-based system,
which is popular in this domain. Coupled with Isabel
knowledge mobilizing system (IKMS), it can provide the
likely list of diagnoses for given symptoms and test results.
The majority of the DSS supports the clinical activities, drug
validations, cancer or other disease prognosis using various
data mining approaches (Jothi et al., 2015). Healthcare
expenditures are also an area of concern, high-cost patient
and disparity in the coverage for the people in the USA are
studied by (Delen et al. 2009) and (Izad et al., 2014).
Managing expenditure is important from the hospital
perspective. Medical equipment is a significant source of
healthcare expenditure. However, we found less related
research available for efforts to support decisions regarding
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medical equipment. To that end, RME is a potential area of
research due to several factors associated with the
reprocessing of the equipment, such as patient safety,
equipment durability, and costs involved.

RANDOM FOREST MODEL
Random Forest (RF) is an ensemble learning method,
which trains a multitude of decision trees (Breiman, 2001),
developed to improve the classification and regression trees
(CART). In random forest regression, each tree is built using
a deterministic algorithm by selecting a random set of
variables and a random sample from the training dataset. RF
implements a bootstrap aggregating (bagging) method. The
bagging method produces an ensemble of n decision trees
constructed from N subsets of the training data, where each
subset is randomly sampled with replacement with a fixed
size. This means randomly choosing a fixed number of data
with an equal probability from the original dataset with
replacement, so that some data may be chosen more than
once or not at all.
We reviewed the literature about multiple machine
learning algorithms for their strengths and weaknesses in
handling mixed attribute data. Moreover, we aim to derive
the patterns from the data, which can relate the cost factors
involved. Since it is a mixed attribute data, we chose to use
RF, which can handle this kind of data effectively according
to (Breiman, 2001). Using RF, decision rules can be
extracted from the ensemble model to analyze the variable
patterns.
Table 1 Category Aggregation

New categories
Supporting
devices
Colposcope
Supporting
devices
Microscope
Endoscope
Endoscope
Endoscope
Endoscope

Old categories
Cleaner-endoscope
Colposcope
Disinfectors: liquid germicide:
flexible scope
Electron microscope
Endoscopes
Endoscopes: gi: lower tract
Endoscopes: gi: upper tract
Endoscopes: gi: upper tract:
video/ultrasound

We use the legacy data consisting of medical device
repair records to build a regression model of prediction for
total life-cycle and repair costs. We clean, curate, and
standardize this unstructured data to support scalable data
modeling and analysis. The original data extracted from a
large repository had around 110 variables and more than
24,000 entries. Through the data exploration and evaluation,
we select the variables that are relevant to life-cycle stages of
an equipment. R packages and functions are used for the

188

initial cleaning of data and missing value imputation. Using
SQL scripts, the data has been standardized and extracted for
further model building. We obtain the final dataset with 20
variables and 908 observations. Each observation provides
the details about equipment procurement, usage, repair, and
end-of-life.
The data essentially describes the history of repair,
inventory, and work order for different types of RME
including Endoscope, Microscope, and Fiberscope. Some
variables are aggregated to calculate the total repair and
maintenance costs, repair hours, the number of work orders
for each device. Similarly, some variables are manipulated to
quantify the durations from dates to months; for example
acquisition, repair and turn-in dates are converted to months
to represent how many months the device had been used
before turning-in.
Due to the limitation of the algorithm in the R package,
we combine some categories to its main class as shown in
Table 1, which not only reduce the number of different
categories but also help the easier decision tree building. For
example, in the case of Endoscope, there are Endoscopes,
that are Endoscopes: gi: lower tract, Endoscopes: gi: upper
tract, and Endoscopes: gi: upper tract: video/ultrasound.
Instead of treating them separately, we consider them under
the main family of the group as Endoscope. If there is no
sub-category involved, no changes are made. Cleaners,
testers, disinfectors are considered as Supporting Devices.
The decision tree is built by permuting the variables to
determine the split node. There are 2N – 2 combinations are
possible to select the variable, where N is levels of
categories. The RF is an ensemble of the decision trees. An
RF algorithm in the R package cannot handle more than 32
different levels of categories.
Finally, all numerical variables in the dataset represent
different types of costs and life-cycle stages of RME. For
example, the data consists of cost variables including total
cost, total asset value, total repair cost, service contract cost,
lease cost, and total material cost. Categorical variables help
to describe the decision rules, how a particular equipment
can perform based on costs involved as well as the attributes
of procurement, usage, and end-of-life of the equipment.
The construction of RF is described in the following steps:
Input: Training data T with 10-fold cross validation,
λ = number random selection parameters (mtry),
ntree = number of trees (n),
Select data D,
RF = random forest algorithm
For f = 1 to 10
Tf = cross-validated sample from T
Fy = RF (Tf, λ, n)
For each tree,
λ = a number of random variables selected from
p variables in D.
For Tf, final prediction Y,

To compute the prediction for unseen data, the RF
model takes an average of predictions from individual trees
in case of regression models. To estimate the prediction error
of the bagged ensemble, predictions for each tree are
computed on its out-of-bag (OOB) observations, which is
validation sample data. They are averaged over the entire
ensemble for each observation. Then, the predicted OOB
response is compared with the true value at this observation.
The mathematical representation of how prediction is
carried out by RF is given below.
𝑌𝑌� = 𝑟𝑟̅(𝑋𝑋𝑡𝑡 ) = 𝔼𝔼𝛾𝛾 [𝑟𝑟(𝑋𝑋𝑡𝑡 , 𝛾𝛾, 𝐷𝐷)]

(1)

, where 𝑌𝑌� = final predicted value. 𝑋𝑋𝑡𝑡 is the observation from
the test set taken from total dataset D or this could be unseen
data. 𝛾𝛾 is a random parameter of partition, which is taken as
any m variables from the total number of variables from the
test set denoted as p. It is the number of predictors sampled
for splitting at each node when the decision tree is being
formed.
We build the models using the package called
‘randomForest’ in R (Andy & Matthew, 2002). For the RF
regression model in R, the value of m is by default n/3. 𝔼𝔼γ is
the expected value of aggregation of prediction for each tree.
The ensemble output of these expected values is given as the
final predicted value. Y in our case is a predicted value of
each 𝑋𝑋𝑡𝑡 . The regression function 𝑟𝑟(𝑋𝑋𝑡𝑡 , 𝜆𝜆, 𝐷𝐷) builds a tree
from the prediction of the values for Random Forest model.
RME LIFECYCLE COST PREDICTION WITH
RANDOM FOREST
This work performed a study for a non-profit healthcare
organization using legacy data consisting of repair work
order and inventory for different types of reusable medical
equipment (RME). The main focus is on a variety of scopes
used at the facility including endoscopes, microscopes, and
oscilloscopes.
Tuned
Parameters
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Data

Imputation

Cross
Validated
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Random Forest
Regression Model

Evaluation

Cost Predictions

Fig. 1 Overall Methodology

Total Cost Prediction Correlation
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Actual Total Cost

Output: Random forest predictor EY.

Figure 1 represents the overall process from data
acquisition to validation of the RF models. Data cleaning and
imputation, exploration, RF model formulation. We consider
the entire process from the procurement of the equipment,
usage, repair history, and reentry of the equipment in the
facility to prepare the dataset.
We build regression models for total repair cost (TRC)
and total cost (TC). The final data set consists of 908
observations. All 20 variables were used for building TC
model and 7 variables are used for TRC model. Only a few
input variables are used for TRC model as all variables are
not related to the repair of an equipment.
To build an accurate RF model, RF requires the number
of trees (ntree) and the number of random split parameters
(mtry) as input. We focused on tuning them for improved
model performance. The parameter mtry is the number,
which is very small compared to the number of variables
involved in the model. By default, it is a square root of the
total number of input variables. We tune these two
parameters such that the highest accuracy is achieved.
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Fig. 2 Prediction Accuracy for TC Model = 97.70%
Total Repair Cost Prediction Correlation
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Y = EY (Tf) = Avg (yn ∈ Fy) → MSE ↓
where, yn = Prediction for each tree
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Fig. 3 Prediction Accuracy for TRC Model = 95.54%

We perform ten-fold cross-validation with 20 repeats to
avoid overfitting the models to training data. Total data is
divided into ten equal sizes (908/10). Out of which 90% data
is used as a training set in the RF model. Hence for each
repetition, training data is run down the 10% validation
sample to compute the predictions for out of bag (OOB) data.
Finally, the outputs are aggregated keeping the minimum
error resulting in the final prediction. Root mean squared
error (RMSE) is a measure used for model selection.
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For TRC model, we selected the model constructed with
ntree = 1500 and mtry = 2, and for TC model, ntree = 2500
and mtry = 4 are selected. Correlation between the predicted
and actual values for the two models with tuned parameters
is 95.54% and 97.70% respectively. These correlation values
are shown in Figures 2 and 3. The actual and prediction
values are represented on the y and x-axis respectively.
DISCUSSION: OTHER USAGES OF RANDOM
FOREST
Along with the cost prediction results, there are other
useful outputs that we obtain from the RF model. In order to
analyze the life-cycle cost of the reusable medical
equipment, we can estimate TC and TRC for further
considerations. RF provides multiple tools to support
analysis of data and variables used in the model.
The importance of input variables to the target variable
can be identified using an RF model (Breiman, 2001). This is
one of the most valuable outputs of RF, which provides
information about which variables will contribute
significantly towards prediction results.
The importance measure is applicable in research fields
related to variable selection (Gregorutti et al., 2013). An
iterative RF model built using the most important variables
from each iteration result in improved performance of the
model. Similarly, these measures are useful in building a
decision tree and split node selection. The higher importance
measure, the higher the position of the variable as a node in
the decision tree. In our case, for TC model, total asset value,
total material cost, vendor service cost, total repair cost and
service contract cost can be recognized highly important to
predict TC. Similarly, for TRC model, the total hours spent
for maintenance, the number of work order, and equipment
category variables are identified as important ones. These
results will be reported in a future article.
CONCLUSIONS
As an effort to better analyze the life-cycle cost of RME,
we considered RME repair data in this study. From the
unstructured data of repair history, we built an RF regression
model for total cost and total repair cost. The prediction
accuracy for both models is promising. This paper also
discussed how random forest can support in building the
more precise model and further analyzing the importance of
input variables used in the model using the variable
importance measure.
As future works, we will investigate how these models
can be further utilized. Decision rules can be extracted to
generate knowledge useful for hidden cost factor analysis
and to assist strategic decision making. The RF-based cost
prediction will be compared with other prediction algorithms
and will be reported as a separate article.
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ABSTRACT
We have investigated the feasibility of using mobile and
wireless hardware and software technologies for estimating
the severity of Parkinson’s disease symptoms in order to
administer medication according to individual patient needs.
Our idea is to take the measurement of pressures of patient’s
finger on the screen of a mobile device. This pressure,
translated into analogue voltage and digital bits, with the help
of Complex Programming Logic Device (CPLD) is sent to a
smart phone and taken by an App in the Android
environment, which calculates the correct dosage of
medication, at the time when the measurement is taken. In
this paper, we illustrate the way we created a ParMes mobile
device, which will both measure the pressure of the patient’s
finger and display the correct medication dosage. Our
ParMes enables a high level of personalization of PD
treatments, which is essential in the management of the
disease.
INTRODUCTION
In this paper, we describe the development of a mobile
and wireless device named ParMes, which can be used for
measuring the rigidity of muscles of patients suffering from
Parkinson’s Disease (PD) (Parkinson, 1817) (Thomas &
Beal, 2007). These measurements become the basis for
administering drugs for each individual patient and
consequently contributing towards personalized treatment of
the disease.
The motivation for developing ParMes is primarily based
on the long-term problem of drug administration for patients
suffering from PD which has not been resolved for decades
for many reasons (Hacisalihzade, Mansour, & Albani, 1989;
Jankovic, 2008; Olanow et al., 2004; Schneider, Novak, &
Jech, 2015; Thanvi, Lo, & Robinson, 2007; Yokochi, 2009).
PD treatments should be based on a particular patient’s
manifestation of PD symptoms which may vary from
moment to moment throughout the day. This means that we
should personalize PD drug administration at any moment
when drug administration is required. Furthermore, we
expect that modern healthcare delivery to be supported by
smart phones and numerous Apps we run on them (Harrison
& Lee, 2006; Milano et al., 2013; Parra et al., 2013) . PD
patients expect and possibly require, a new generation of
hardware and software solutions in order to address their
most urgent problem, which is personalized drug
administration. Therefore, we should look at new ways of
resolving the problem of optimal treatments of PD symptoms
using new technologies, which may bring new solutions to

old problems. If we focus solely on the PD drug
administration, then we should find a method of
(a) collecting information about PD symptoms a patient
may have at any moment throughout the day
(b) advising the patient on the best possible drug
administration at that moment when the information is
collected.
Therefore, PD drug administration will vary from one
moment to another throughout the day, because PD
symptoms change.
The work in this paper is a continuation of our earlier
publication (Bravhar & Juric, 2017) which focuses on
developing a software application which would enable the
collection of automated measurements of the rigidity of
patient’s muscles and calculations of the correct dosage of
medications. In this paper, we focus solely on the hardware
development of ParMes device.
This paper is organized as follows.
In the section which follows we describe the essential
preparation for developing ParMes in terms of defining
exactly how the main PD symptoms Bradykinesia
(Berardelli, Rothwell, Thompson, & Hallett, 2001) and
Tremor (Hacisalihzade et al., 1989) can be estimated. Our
ParMes consists of analog and digital part and therefore we
have two separate sections which describes both: preparing
the environment for the design of ParMes parts and the
design itself. In conclusions, we evaluate ParMes and give
guidelines for the future development and use of ParMes in
real life applications.
PARKINSON’S DISEASE
Parkinson's disease (PD) is a degenerative disorder of
the central nervous system mainly affecting the motor
systems (Kim, Allen, Canning, & Fung, 2013; Parkinson,
1817; Thomas & Beal, 2007). It is a chronic and progressive
movement disorder, meaning that symptoms continue and
worsen with the time. Most common motor signs for PD are
tremor, rigidity, bradykinesia and postural instability (Tan,
2013).
PD is connected with death of nerve cells in substantia
nigra (because of low production of dopamine). Dopamine is
a chemical that sends a message to the part of the brain for
coordination and movement.
A cure for PD patients doesn’t exist (Tan, 2013),
however there are some treatments which can alleviate the
symptoms. The two most popular treatments are Deep Brain
Stimulation (Patel et al., 2006), which is stimulation of
dopamine production with electrical pulses, and Dopamine
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Treatment (Thanvi et al., 2007), called also Levodopa
Treatment. The latter attracted our attention.

where n is a sample number and
sample.

is the value of the nth

Dopamine Treatment
Dopamine Treatment replaces missing dopamine with
drugs (Smith et al., 2015). The most common and widely
used drug is Levodopa and its mixture with other substances.
Dosage of Levodopa is based on the wellbeing of a patient
and severity of the symptoms (Godwin-Austen, Frears, &
Bergmann, 1971). Levodopa has side effects such as
vomiting, dizziness, hallucinations, but Dyskinesia, which is
manifested with involuntary movements (Olanow et al.,
2004) is one of the most disturbing side effect. Dyskinesia
becomes worse with the increased Levodopa dosage
(Goldenberg, 2008)). Therefore our goal is to reduce the
severity of the side effect of Levodopa and extend the
Dopamine Treatment at the same time. Therefore the
personalization of Levodopa treatment might be the answer.
PREPARATION FOR DEVELOPING PARMESS
The ParMes device has a complex role in the
measurements of the rigidity of the muscles of a PD patient.
This is directly connected with individual symptoms a PD
may have, which are very often related to tremor and
bradykinesia. Therefore we must explain exactly how these
are calculated and how a correct dosage of medication is
determined. In the next three subsections, we describe our
process of estimation of tremor and bradykinesia and
calculation of medication for the estimated values of PD
symptoms.

Fig. 1 Power Spectrum Density (PSD) of patient with
tremor symptoms

Estimating Bradykinesia
Bradykinesia or slow movement is measured with the
help of applied pressure on the screen of ParMes. When
stimulus appears, the ParMes device will start tracking and
measuring pressure. From obtained measurement data, we
have to extract reaction and movement time (Hacisalihzade
et al., 1989; Touge et al., 2013). We also have to find a
highest value of applied pressure and based on this value it
calculates following values as shown in Fig. 2:
(Eq. 5) is measured as the time (
• Reaction time –
when stimulus changes its state and the measured signal
will reach threshold point
which is 10% of the
measured sample with the highest value.

(5)
•

Estimating Tremor
Level of dopamine and tremor's frequency are in
negative correlation (Matsumoto, Shindo, Sakakibara,
Tamura, & Fukumoto, 1996), which means, when a patient
has a low dopamine level, tremor will be higher. A tremor's
frequency occurs between 4-8 Hz (Matsumoto et al., 1996).
From obtained measures, which were taken for time period T
and with sample frequency 256 Hz, we should calculate the
Power Spectrum Density (PSD) (Eq. 1, 2, 3, 4) (Heida,
Wentink, & Marani, 2013) for every frequency in band pass
between 4-8 Hz and then normalized the values, which is
illustrated in Fig 1.

Movement time (Eq. 6) is measured as the time
between the end of reaction time and when signal passes
threshold 90%
of the measured sample with the
highest value.

(6)

(1)

(2)

(3)
(4)
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Fig. 2 Response and Movement time of patient with
Bradykinesia

Drug Administration Calculation
Even mathematics has taken place in the optimization of
Levodopa treatment. In the pharmaceutical industry,
manufacturers of Levodopa developed transfer function of
the second order with drug administration as input. The
output is medicine concentration in blood (Eq. 7), as given
by (Hacisalihzade et al., 1989):

(7)
The values of K, T1, T2 were determined by measuring
the concentration of Levodopa in blood, several times after
the patient was administrated 125mg of Levodopa. These
measurements were repeated four hours after the
administration of the drug. It was noticed that the drug starts
working 10-15 min after administration. When the effect of
drugs reaches an optimum level, the PD symptom stays
suppressed for 2-2.5 hours, after which the effect of the drug
starts fading out. After 4 hours the effect of the drug
disappears. Because the drug has 10-15 minutes delay after
administration, the authors in (Hacisalihzade et al. 1989)
added another variable in order to transfer function (Eq. 8) of
the second order
where t is delay time. The equation
from (7) changes into (8) as advised in (Hacisalizade,
Mansour, & Albanit, 1986):

(8)
The equation above models the pharmacodynamics of
the drug and describes the relation of administered drug and
effect of the drug, i.e. its amount in blood. Doctors predict
that 1500mg/L (Haeri, Sarbaz, & Gharibzadeh, 2005) of the
medicine in blood is enough to suppress the PD symptoms.
The level of the dopamine and severity of the symptoms are
in negative linear coloration (Matsumoto et al., 1996) and
from that, we can calculate the difference between the
current and desired amount of medicine in the blood. With
this difference, we can determine the required dosage of
medicine, which won't harm the wellbeing of patients and
will suppress symptoms.
Cost function (Eq. 9) of medicine usage is the solution
for reducing amount of administrated drug, where
represents dosage of the medicine and T time between two
sessions of drug administrations (Haeri et al., 2005):

(9)
In order to reduce cost function F, we have to decrease
or increase T. is an impulse which determines the relation
between medicine administration and plasma level in blood
and it is a response of a transfer function second-order
system with time lag. The amplitude of the impulse is the

amount of prescribed drug. If we know the first applied
dosage, which initiated the system, amplitude of impulse is
the amount of the second dosage, then the time response (Eq.
10) of the system will be:
(10)
Where in Eq. 10, A stands for
and B
is
. However, we are interested in the
amount of prescribe at any time in a day. From equation
(11) we extracted and the final equation for administration
of drugs has the following form:
(11)
T is determined as time between previous and current
administrations. Y(t) is the desired level of drug in blood,
and is calculation id based on the ratio between the
symptom’s severity of the PD patent, and a healthy person in
same measurement range:
I.
Tremor: The affected limb oscillates with a
frequency between 4-8 Hz and to calculate the
desired level of drug (Eq. 12) in blood, we estimate
the severity of tremor on average PSD (Eq. 4) in
bandpass from 4-8 Hz. The ratio is calculated from
the average PSD of PD patient and healthy person
and the desired level of drug in blood is calculated
as in (12):
(12)
II.

Bradykinesia: the desired level of drug in the blood
for patients with Bradykinesia is calculated as in
(Eq. 16) and based on reaction and movement time.
To evaluate the correct amount of drug, we added
reaction (Eq. 5) and movement (Eq. 6) time of PD
patient and healthy person. Based on the ratio
between these additions, we calculated the desired
level of drug in blood as in (13):

(13)

PROPOSING PARMES: DISCUSSING OPTIONS
We propose to develop a ParMes from two main
components:
• An analogue part which measures voltage resulting after
applying finger pressure and
• A digital part which transforms these measurements into
digital streams and manages ParMes.
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There are two important issues to be addressed before
ParMes was designed, which have been discussed earlier
(Bravhar & Juric, 2017): Firstly, the time between the
beginning and the end of the measurement of a pressure
caused by a human finger with ParMes is 10 seconds, in
which ParMes sends 256 samples of applied force per
second. Secondly, we will have to design hardware, which
will meet special requirements: it has to be small enough to
be convenient to use. ParMes includes some basic analogue
components such as an operational amplifier, switches and
elements with resistive and capacitive properties and digital
logical operators such as AND, OR, NOR, NAND, XOR,
MUX and D-Flipflops. They are essential for creating
hardware parts of ParMes. They will naturally convert into
electrical circuits which would constitute the analogue and
digital parts of ParMes.
The main purpose of ParMes is to measure applied
pressure of a human finger on its screen. It is important to
note that we have two options. We can either:
• attach ParMes on the back of a smart phone, in which
case ParMes becomes a ”slave” or
• create a completely new device which would not need a
smart phone and would perform all: measurements, their
calculation and interaction with a PD patient.
If we chose option 1, we would be able to use parts and
functionalities of smart phones and take advantage of
numerous software solutions, which exist on smart phones, in
order to deliver services expected by a PD patient.
If we chose option 2 we would need more time and
resources in order to deliver both: create hardware parts for
ParMes (including screens) and design software which does
not necessarily offer as attractive operating environments as
our smart phones do.
Obviously, option 1 appeared to be the only way
forward in this research and our choice will be evaluated in a
separate section. Consequently, “the screen”, which we refer
to in this research, is a screen of a smart phone and therefore
ParMes should behave as a slave device. When ParMes
receives a request to measure a pressure caused by a PD
patient’s finger, it starts measuring applied force on the
screen and sends the results of the measuring to a master
device, which is always a smart phone. Therefore, smart
phones are here to manipulate the measurements of a
pressure caused by a human finger. ParMes is attached to a
smart phone and, in order to save power in its battery,
ParMes is consuming power only when measurement is
required.
It is important to note that the design of Software
Application, which uses data generated by ParMes is covered
in our separate publication (Bravhar & Juric, 2017). It will
require a completely different design environment in order to
model software architectural solutions for the generation of
software application, which will in turn deliver services to
PD patients based on ParMes. Therefore, our ParMes should
be considered as a wireless and mobile solution for the
personalisation of PD treatments, in association with an
Android App which can run on smart phones.
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In the next section, we describe how the preparation for
hardware design of ParMes was carried out.
ENVIRONMENT FOR HARDWARE DESIGN
Before we manufactured the Printed Circuit Board
(PCB) shown in Fig. 3, we used development kits to isolate
designing errors made by the designer. This development kit
is a tool for developing and testing ideas for different project
and usually it has peripherals units for preforming various
tasks. The Kit was provided by Altera (development tool
DE1) (Altera Corporation, 2012). It was used to test if
Boolean logic of the digital part works as attended and if
communication with software solution (Klemen and Juric,
2017) and ADC work according to the protocol.
Before we correctly designed a PCB board of an
analogue part and CPLD’s combination logic of a digital
part, we performed simulations which proved that our ideas
are feasible to implement. However, for simulating the
analogue and digital parts we used two different programs.
TINA simulation software (Texsas Instruments, 2008) was
used for simulating the analogue part, while ModelSim
(Mentor Graphics Corporation, 2012) was used for perform
simulations on the combination logic of the digital part.
Altium Designer (Altium, 2016) is an electronic design
automation software package for printed circuit board, FPGA
(Field – Programing Gate Array) and embedded software
design. In this research it was used for developing a PCB. It
also supports importing new component libraries and
schematic capture and 3D PCB design. The same software
was used for designing our circuit model.
DEVELOPING PARMES: ANALOG PART
The ParMes analogue part contains element such as
resistors (R), capacitators (C) and operation amplifiers
(AMP-OP). These components have their own voltage,
current and frequency properties/dependence and by making
different combinations between them, the PCB circuit can
provide different output functionalities. We used components
for:
Low Pass Filters: filtering out unnecessary frequencies
(frequencies above 50Hz are not interesting for us)The filter
is a passive structure and it contains R and C components
and with setting correct values of R and C, we ensure that
cut-off frequency is at 50Hz. We set up R and C with
mathematical equations (eq1), and then simulate a frequency
dependency of R and C combination with the calculated
values. At the time of manufacturing ParMes it was not
possible to buy elements R and C with calculated values, and
therefore we look for R and C with the best approximation
values. These values were entered into our simulation
environment, and the checking, if the cut-off frequency is
still around 50Hz, was also done. Our simulation showed
that the cut-off frequency drifted down to 48Hz and it did not
affect the measurements.
Differential Amplifier: subtracts two voltages.
Differential Amplifier contains AMP-OP (provided by Texas

Instruments) and R. We tested the voltage dependency and
amplifying stages. The amplifying stage was determined by
R values, which were calculated in advance. A simulation
environment for Differential Amplifier tested the circuit in
order to find out if Differential Amplifier can meet boundary
conditions. If a boundary condition was reached the AMPOP was in saturation area: we could adjust Rs to avoid that
AMP-OP ends in the saturation area. This secured that the
Differential Amplifier meets boundary conditions.
The TINA software was used for simulating the
analogue part of the PBC circuit, because we needed to
simulate different combinations of analogue components,
provided by TI.

capacitator C15 and second RC filter has resistor R21 and
capacitator C16.
Both outputs of filters are relieved with voltage
followers. Voltage follower (Fig. 5, IC2A or IC2B) is a
component where output voltage follows the input voltage
and relieves voltage divider. In IC2A, output 1 follows input
3 while input 2 is connected as a loopback in order to follow
input 3. The same happens with IC2B: output is 7 and inputs
are 5 and 6. Outputs of the voltage followers (UA and UB)
are outputs voltage of Wheatstone bridge. In Fig. 5 FSR are
marked as P1, P2, P3 and P4.

Fig. 3 PCB Hardware Design of ParMes

Force resistive sensor
Force resistive sensor (FSR) is pictured in Fig. 4. It
translates the applied pressure of a PD patient finger into
resistance of FSR (InterLink, 2016). The resistance and
pressure are in negative linear correlation, which means
when an applied force of a finger increases, the resistance of
sensor is decreased. FSR can measure pressure from 20g to
2000g (InterLink, 2016) and it is designed for applications
where small changes in the pressure are expected. To
measure each pressure accurately, ParMes has four FSR
sensors at every corner of the smart phone, between the rear
side of the smart phone and solid base on which FSR sensors
are attached.

Fig. 4 Force Sensing Resistor (FSR)

Wheatstone Bridge
Wheatstone bridge (WB)
(Hoffmann, 1986) is
illustrated in Fig. 5: Wheatstone Bridge. It shows the
measuring of small resistance changes in FSRs. The output
voltage from WS is the difference between voltage ratios of
and
(Hoffmann 1986). In other words, the voltage difference is
calculated between point UA and UB in Fig. 5. Every ratio
branch is treated as a separated voltage divider. Divided
voltage is filtered with low pass RC filter, with the cut-off
frequency 48Hz. The cut-off frequency, in relation to PD is
designed to cut-off all undesired noise. There are two RC
filters in Fig. 5: first RC filter consists of resistor R20 and

Fig. 5 Wheatstone Bridge

Differential Operator
A differential operator (DOP) is shown in Fig. 6. Its task
is to find a voltage difference between outputs UA and UB of
the Wheatstone bridge. There are two DOP due to the lack of
negative supply voltage in the circuit. For example, if we are
subtracting UA – UB and UB is grater then UA, we will
respectively receive negative voltage on its output and thus
will receive 0 on output of DOP: the lowest voltage is 0V
and DOP can not go under this voltage. To bypass this
problem, we use two DOP, where DOPA subtracts UA-UB
and DOPB subtracts UB-UA. Output of DOFs (DOPA and
DOPB) are then fed into a comparator and a switcher.
Comparator compares DOPA and DOPB voltages and
generates logic ‘1’ or ‘0’ on its output. If DOPA is greater
than DOPB, comparator generates ‘1’, otherwise we have
‘0’. When the comparator sends commands, a switcher,
chooses between DOPA and DOPB. Logical ‘1’ will give
DOPA voltage on switcher’s output and in case of logical
‘0’, DOPB value will appear on output of switch. In Fig. 6:
differential operator (DOP) – DOPA (IC2D) is on the lower
part of the figure and DOPB(IC2C) is in the upper part.
IC1A is a comparator for switching between DOPA and
DOPB outputs. IC3A is a switch between DOPA and
DOPB.
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Fig. 6 Differential operator (DOP) - DOPA(IC2D) is in the
lower part and DOPB(IC2C) is the upper part.

Analogue to Digital Converter
Fig. 7. shows an Analogue to Digital Converter (ADC)
(Fig. 7., component: IC4 - Integrated Circuit Type :
ADS8317 (Texsas Instruments, 2009)). This component
translates analogue voltage from the switcher’s output (Fig.
7, component: IC3A) into a stream of digital bits. Voltage
followers in Fig. 7 are: IC1C, IC1D) for constant voltage and
for reference voltage (Fig. 7, component: IC4, pin1 VREF)
and common mode voltage (Fig. 7, component: IC4, pin3 IN). Changes in the output voltage of voltage followers (Fig.
7, components: IC1C and IC2D) has to be almost zero or
zero to provide accurate measurements. Based on the
reference voltage, ADC evaluates input voltage (Texsas
Instruments 2009). Common mode voltage is "common" to
both positive as well as negative inputs. Digital inputs and
outputs are connected to CPLD with signals CS, DOUT and
DCLOCK. Through them CPLD and ADC communicate
between each other. When CPLD sends command through
signal CS, ADC responses with serial stream of 16 bits on
signal DOUT.

Fig. 7 Analog to Digital Conversion ADC with voltage
followers

ENVIRONMENT FOR DESIGNING DIGITAL PART
OF PARMES
Altera Quartus II is a software environment provided by
Altera (Altera, 2016), which enables the creation of solutions
for all phases of FPGA (Field-Programmable Gate Array)
and CPLD (Complex Programmable Logic Device) projects.
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It offers a range of facilities when designing models in
VHDL, Verilog HDL and Altera Hardware Description
Language (AHDL). With different compiling toll such as
Analysis and Synthesis with Partition Merg, Place&Route,
Assembler, TimeQuest TimeAnalysis, Design Assistant,
EDA Netlist Writer and HardCopy Netlist Writerhelp helps
designers in all the steps of the hardware design.
For each phase of ParMes hardware design, we could
utilize Quartus II and its either graphical user interface or
command-line interface. For project simulation Quartus II
uses another tool called ModelSim. It (Mentor Graphics
Corporation, 2012) is a simulation environment for a quick
debug of the root cause of design failures. Debug flow tool is
using waveforms and graphical dataflow for designing
connectivity. Waveform is used for determining failures or
viewing and analyzing memories. ModelSim is used for
verifying FPGA, CPLD or ASIC project (Mentor Graphics
Corporation, 2012) through different waveforms and
dataflow.
For illustrating digital parts of ParMes and drawing
block diagrams of them, the MS Visio 2010 was used.
DEVELOPING PARMES: DIGITAL PART
The digital part was designed differently, compared to
the analogue part.
Firstly, we drew a data flow on paper and constructed a
Boolean logic for our device. Only basic Boolean operators
such as OR, AND, NOR, NAND, XOR, XNOR, D-Flipflop
and MUX were used. From them we made simple and more
complex components (up and down counters, FSM and
comparators). These components were described with help
of VHDL hardware language. Digital part was divided on
smaller subcomponents which were separately coded in
VHDL language and latter simulated. Simulation was
performed to ensure that our coded subcomponents work as
we predicted in our data flow. After subcomponents were
described and coded in VHDL, we connected them between
each other and then we made a simulation with boundary
conditions over the digital part. When the simulations were
accepted by our specifications from data flow, we compiled
code of the digital part with compiling tool Quartus, provided
by Altera. Compiled files were later uploaded on CPLD on
which our digital part ran during operation.
All of these Boolean operators can be uploaded onto
CPLD or FPGA integrated circuits. Before we upload our
combination logic on CPLD or FPGA we tested and
simulated if our design meets all required specifications.
FTDI and CPLD
FTDI (FTDI, 2013) is an integrated circuit for USB
connectivity. It bridges multiple communication technology
(RS232, I2C, SPI, UART, etc.). In our research, we used
FT230X (Limited, 2015) type from the set of FTDI
integrated circuit as translator from USB to UART and
UART to USB. It has additional role as a power supply for
3.3V.

Complex Programmable Logic Device – CPLD
(Integrated Circuit type of : 5M160ZE64C5N (Altera, 2011)
by Altera Manufacture) is a programmable device, where
microcells (Altera, 2011) are basics blocks. It preforms a
multitude of logic function and is an essential part of
ParMes. It has three separate tasks to do: Communication
with smart phone App, communication with Analog to
Digital Convertor and controlling the digital logic and power
consumption on the circuit (LBC).
Low Battery Consumption - LBC
Low battery consumption (LBC) ensures power supply
to analogue section when measurement is required. This is
important for two reasons:
• saving battery energy while no measurement isn't
requested
• electrical circuit is limited with the maximum current of
50mA and if all components will turn off at the same
time, the current consumption will exceed current
limitation (at power up CPLD needs 40mA and ADC
needs 20mA, currents in all other devices are
insignificant).
To resolve this problem, ParMes is powering up in
stages. At the first stage, CPLD powers up with consumption
of 40mA and after it reaches stable and operation state, i.e. it
consumes less current, at around 10μA. While CPLD is
powering up, all other sections are powered down except
FTDI. To power up rest of the components, they have to
meet two conditions:
• CPLD has to be in a stable power-up state
• Request for Measurement has to occur at stand-by state.
While digital part of ParMes is in stand-by state, the
logic in CPLD is waiting on falling edge on RX bus. After
logic detects falling edge of the start bit, it changes the state
of the switch form off to on, which starts powering up
analogue part of the ParMes. However, LBC needs to ensure
the synchronization between CPLD logic and analogue part
of ParMes due to propagation delay of powering up the
analogue part of ParMes. Therefore, the logic starts
executing measurement command after 10μs of the received
start bit and at that time analogue section is stable. When
ParMes preforms 2560 pressure measurements, LBC logic
puts analogue part of ParMes back into power-off,
deactivates switch and preforms reset on CPLD logic until
new measurement request is send. LBC is made from four
parts Fig. 8:

Measurement Execution
The measurement Execution of ParMes digital part
connects CPLD with Analog to Digital Converter through
signal CS, DOUT and DCLOCK. The first sample
acquisition starts when LBC detects falling edge on the RX
signal. After first pressure sample acquisition, the same
procedure is repeated for 2559 by digital logic. To execute
all 2560 pressure sample acquisition, it needs 10 seconds to
conclude one measurement for PD symptom estimation.
Sample acquisition executes every 4 milliseconds.

Fig. 9 Block diagram for Measurement Execution

UART Communication
UART connection sends all captured sample
acquisitions from Analog to Digital Converter to the master
device. Signal “done” tells UART logic that the sample
acquisition was preformed and sample data are ready for
transition to the master device. Because the sample consists
of 16 bit, the UART frame (frame consists one start bit (‘0’),
8 bits of data (streams of ‘1’ and ‘0’), and stop bit (‘1’)) can
send 8bits at once. The UART section divides the sample
into two frames, each of them consisting of 8bits.
Consequently every separate sample acquisition is sanded in
two frames.

Fig. 10 Block Diagram of the TX UART communication
with smart phone App

PARMES: CASE MAKING

Fig. 8 Block diagram for power management and
controlling measurement of Low Battery Consumption – LBC

In order to place the FSRs (Force Sensitive Resistors) on
a firm base, a special case was developed. Because of the
software solutions in the form of an App, which runs on an
Android operating system (Bravhar and Juric, 2017) we
choose an HTC One A9 smart phone for our development
environment. Based on the dimensions of this smart phone,
we drew and designed a case for it in Adobe Illustrator CC
software drawing tool, which is useful for drawing different
vector pictures, background pictures, icons and complex
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designs such as 3D models. This tool allowed us to draw and
design a case and meet our demands. We designed a case just
the right size to fit dimensions of the smartphone, make an
opening for PCB board (Fig. 11 (1)) and USB connector
(Fig. 11 (2)) and base cylinders (Fig. 11 (3)) for installation
of FSRs. The next step was to chose 3D printing technology
to produce our case. Therefore out case form Figure 11 was
produced by a 3D printer. We installed FSRs on base
cylinders and connected them on the PCB board.

Fig. 11: Case picture taken from Adobe Illustrator CC

CONCLUSIONS
This paper has to be read in conjunction to our earlier
publication (Bravhar and Juric, 2017) in which we described
a software application running on the ParMes device. The
application calculate the correct dosage of drugs for PD
patients, which was described in this paper. However, this
calculation is performed at the time when the measurements
for tremor and bradykinesia was done, which makes the drug
administration personalised to the current severity of PD
symptoms a patient may have. In this paper we focus on the
Hardware development of ParMes, but the discussions on its
future as a separate device has been addressed on (Bravhat
and Juric, 2017).
In terms of addressing the development of ParMes, there
are a few issues, which appeared during the course of this
research and which should be noted here.
During development, simulation and contraction, we
have experienced different technical problems:
• Incorrect measurements can be the results of the
changing temperature (properties of ParMes components
can vary because of the changes in temperature), the
noise from the antennas (WiFi, NFC, GMS) and of
incorrect ParMes elements.
• Power consumption of ParMes contributes to shorter
battery life of a smart phone to which it is attached.
Although ParMes is designed to consume energy, the
problem could be solved with the ASIC integrated
circuit.
• The Size of ParMes might be a problem: It is big, due to
components it contains. In future, an ASIC integrated
circuit should be designed.
• The performance of the ParMes: we cannot change any
parameters within the model and the duration of the
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measurements are always the same. We used CPLD
which doesn't have big number of microcells and
consequently we could not implement more digital logic
into CPLD.
• When calculating parameters, any mistake in the
measurements might result in ParMes inability to
calculate correct parameters for severity of the PD
• Position of the sensors are not optimal, due to uneven
surface of the rear side surface of the smart phone.
Some sensors will perform better connection with these
surfaces then the others.
• Price of the device: all elements and production of
ParMes cost around 50€. (cost is calculated based on
retailer prices).
In this paper, we have two innovation. The first one is
obviously ParMes shown in (Fig.12). However, one of the
potential hidden innovation for the reader is the way we
calculated mathematical equations in (Eq. 12, 13). The
purpose of the ParMes is to measure PD symptoms and send
these raw measurement data to the smart phone where these
data is treated with Eq. 1,2,3,4,5,6. With the help of these
equations results, we are able to calculate correct medicine
dosage for PD patients and amount of dosage is calculated
from Eq. 12, 13. Our equations are unique and are NOT
used by pharmaceutical.

Fig. 12: Final prototype of PARMES proposal

REFERENCES
Altera. (2011). MAX V Device Handbook.
Altera. (2016). Altera Quartus II. Retrieved from
https://www.altera.com/products/design-software/overview.html

Altera Corporation. (2012). DE1 Development and Education
Board DE1 Board Features University and College Courses
Examples of Advanced Applications, 1–4.
Altium. (2016). Altium Designer. Retrieved from
http://www.altium.com/
Berardelli, A., Rothwell, J. C., Thompson, P. D., & Hallett, M.
(2001). Pathophysiology of bradykinesia in Parkinson’s disease.
Brain : A Journal of Neurology, 124(Pt 11), 2131–2146.
http://doi.org/10.1093/brain/124.11.2131
Bravhar, K., & Juric, R. (2017). Personalizing Drug
Administration to Patients with Parkinson’s Disease: Manipulating
Sensor Generated Data in Android Environments. To appear in
Proceedigns of the 50th Internaitonal Conferenc eon System
Science, HICSS 50, Bog Osland, Hi, January 2017.
FTDI, F. T. D. I. (2013). Java D2xx for Android API User
Manual, 44(0).
Godwin-Austen, Frears, & Bergmann. (1971). Incidence of
side effects from levodopa during the introduction of treatment.
British Medical Journal, 1(5743), 267–268. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/5100498
Goldenberg, M. M. (2008). Medical management of
Parkinson’s disease. P & T : A Peer-Reviewed Journal for
Formulary Management, 33(10), 590–606. Retrieved from
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=273078
5&tool=pmcentrez&rendertype=abstract
Hacisalihzade, Mansour, M., & Albani, C. (1989).
Optimization of symptomatic therapy in Parkinson’s disease. IEEE
Transactions on Bio-Medical Engineering, 36(3), 363–372.
http://doi.org/10.1109/10.19857
Hacisalizade, S. S., Mansour, M., & Albanit, and C. (1986). A
Second Order Model of the Tracking Behaviour of Parkinsonian
Patients. Zurich.
Haeri, M., Sarbaz, Y., & Gharibzadeh, S. (2005). Modeling the
Parkinson’s tremor and its treatments. Journal of Theoretical
Biology, 236(3), 311–322. http://doi.org/10.1016/j.jtbi.2005.03.014
Harrison, J. P., & Lee, A. (2006). The Role of E-Health in the
Changing Health Care. NURSING ECONOMIC, 24(6), 283–288.
Heida, T., Wentink, E. C., & Marani, E. (2013). Power spectral
density analysis of physiological, rest and action tremor in
Parkinson’s disease patients treated with deep brain stimulation.
Journal of Neuroengineering and Rehabilitation, 10(1), 70.
http://doi.org/10.1186/1743-0003-10-70
Hoffmann, K. (1986). Applaying the Wheaastone Bridge
Circuit.
InterLink. (2016). FSR Force Sensing Resistor.
Jankovic, J. (2008). Current approaches to the treatment of
Parkinson ’ s disease, 4(4), 743–757.
Kim, S. D., Allen, N. E., Canning, C. G., & Fung, V. S. C.
(2013). Postural instability in patients with Parkinson’s disease:
Epidemiology, pathophysiology and management. CNS Drugs,
27(2), 97–112. http://doi.org/10.1007/s40263-012-0012-3
Limited, F. T. D. I. (2015). Future Technology Devices
International FT230X ( USB to BASIC UART IC ).
Matsumoto, Y., Shindo, K., Sakakibara, M., Tamura, M., &
Fukumoto, I. (1996). Study on the 8Hz tremor frequency related to
dopamine level in Parkinsonian patients. Annual International
Conference of the IEEE Engineering in Medicine and Biology Proceedings,
4,
1771–1772.
Retrieved
from
http://www.scopus.com/inward/record.url?eid=2-s2.00030313726&partnerID=tZOtx3y1

Mentor Graphics Corporation. (2012). ModelSim User ’ s
Manual.
Milano, P., Parra, V., Figueras, G., Huerta, M., Member, I.,
Marzinotto, A., … Alvizu, R. (2013). A Smartphone Application
for Parkinson Tremor Detection A Smartphone Application for
Parkinson
Tremor
Detection,
(November).
http://doi.org/10.13140/2.1.3418.2405
Olanow, C. W., Agid, Y., Mizuno, Y., Albanese, A.,
Bonucelli, U., Damier, P., … Stocchi, F. (2004). Levodopa in the
treatment of Parkinson’s disease: Current controversies. Movement
Disorders, 19(9), 997–1005. http://doi.org/10.1002/mds.20243
Parkinson, J. (1817). An essay on the shaking palsy. 1817. The
Journal of Neuropsychiatry and Clinical Neurosciences, 14(2),
223–236;
discussion
222.
http://doi.org/10.1176/appi.neuropsych.14.2.223
Parra, V., Milano, P., Figueras, G., Huerta, M., Member, I.,
Marzinotto, A., … Alvizu, R. (2013). A Smartphone Application
for Parkinson Tremor Detection A Smartphone Application for
Parkinson
Tremor
Detection,
(November).
http://doi.org/10.13140/2.1.3418.2405
Patel, S., Hester, T., Hughes, R., Huggins, N., Standaert, D.,
Flaherty, A., & Bonato, P. (2006). Using wearable sensors to
enhance DBS parameter adjustment for Parkinson’s disease patients
through measures of motor response. Proceedings of the 3rd IEEEEMBS International Summer School and Symposium on Medical
Devices and Biosensors, ISSS-MDBS 2006, 141–144.
http://doi.org/10.1109/ISSMDBS.2006.360119
Schneider, J., Novak, D., & Jech, R. (2015). Optimization of
Parkinson Disease treatment combining anti-Parkinson drugs and
deep brain stimulation using patient diaries. Conference
Proceedings : ... Annual International Conference of the IEEE
Engineering in Medicine and Biology Society. IEEE Engineering in
Medicine and Biology Society. Annual Conference, 2015, 3444–7.
http://doi.org/10.1109/EMBC.2015.7319133
Smith, S. L., Lones, M. A., Bedder, M., Alty, J. E., Cosgrove,
J., Maguire, R. J., … Elliott, C. J. H. (2015). Computational
approaches for understanding the diagnosis and treatment of
Parkinson’s disease.
IET
Systems
Biology, 9, 1–8.
http://doi.org/10.1049/iet-syb.2015.0030
Tan, L. C. S. (2013). Epidemiology of parkinson’s disease.
Neurology Asia, 18(3), 231–238. http://doi.org/10.1016/S10163190(10)60044-4
Texsas Instruments. (2008). Getting Started with TINA-TI.
Texsas Instruments. (2009). ADS8317 ANALOG-TODIGITAL CONVERTER.
Thanvi, B., Lo, N., & Robinson, T. (2007). Levodopa-induced
dyskinesia in Parkinson’s disease: clinical features, pathogenesis,
prevention and treatment. Postgraduate Medical Journal, 83(980),
384–388. http://doi.org/10.1136/pgmj.2006.054759
Thomas, B., & Beal, M. F. (2007). Parkinson ’ s disease, 16(2),
183–194. http://doi.org/10.1093/hmg/ddm159
Touge, T., Tsutsui, K., Kume, K., Ikeda, K., Deguchi, K.,
Nakamura, Y., … Hospital, S. (2013). Measuring the Maximum
Pinching Force is a Good Procedure to Evaluate Bradykinesia in
Patients with Parkinson ’ s Disease. Complex Medical Engineering
(CME), 2011, 192–194.
Yokochi, M. (2009). Reevaluation of levodopa therapy for the
treatment of advanced Parkinson ’ s disease. Parkinsonism and
Realted Disorders, 15, S25–S30. http://doi.org/10.1016/S13538020(09)70008-2

199

200

SDPS-2016
Printed in the United States of America, November, 2016
2016 Society for Design and Process Science

ASKING SMART QUESTIONS ABOUT YOUR BIG DATA
Hemalatha Panneerselvam, Radmila Juric, Joseph Desire Fotso
HSN, University College of South East Norway
Faculty of Technology and Maritime Sciences, Kongsberg, Norway
{ hemalatha.panneerselvam@student.hbv.no rju@hbv.no
joseph.fotso@student.hbv.no }
ABSTRACT
Big Data hype has been around for years and more and
more companies are relying on Big Data technologies to
answer business questions they may have. These questions
range from resolving company strategic management to
decision making in their everyday operations. In this paper
we look at a particular problem of running SQL like queries
upon data stored in Hadoop’s storage system HDFS, through
the HIVE engine. We investigate if we can draw a corelation between business questions we try to answer with
Hadoop, and the structure of SQL queries, which should give
answers to these questions. We illustrate our experiments by
connecting HDFS with live twitter data, collected through
Flume. This type of live and user generated data has been
used to help us to answer important questions in the domain
of protecting public health and addressing chronic diseases of
population. Examples of questions are: “Could twitter data
influence the way we (1) treat and reverse diabetes 2 and
address increasing prevalence in our population (2) manage
infectious diseases such as the spread of the ZIKA virus in
2016”. Our experiments may be of interest to both: public
and private health organizations and Hadoop’s current users.
INTRODUCTION
The motivation for this paper is twofold.
Firstly, our previous experiments of comparing the
efficiency of performing SQL like queries in Hadoop
highlighted that its powerful MapReduce algorithm and a
versatile storage of HDFS could be a good combination for
running SQL like queries upon non structured data (Juric et
al., 2017). We have also compared the results of running
SQL like queries with our manual content analysis of the
same pool of live and user generated data, such as tweets.
We experienced good performance results from our Hadoop
application.
However, one of the prerequisites for the efficiency of
SQL like queries was our formulation of the business
question which is expected to be answered by the Hadoop
application. These questions are often posed by data
scientist (Cortana Intelligence and ML Blog Team, 2016),
(Littlefield, 2016) and they might be of a similar nature:
“Can we predict which customers will leave us in the next 6
months and why?” or “Are we offering the right products to
the right people?, or “what should be our next step in
addressing the pricing of our products?. In order to address
them, data scientists use statistical and analytic tools upon
Big Data (Bacardit et al., 2014), (Bradley, 2013), (Raden,
2012). However, there are situations in Big Data processing

which enable us to answer these questions without using Big
Data analytics (Sruthika and Tajunisha, 2015) (Juric et al.,
2017). This paper focuses on the latter.
In this research the formulation of the business question
was done intuitively. It was based on business needs of an
organization, which wanted to use Big Data technology and
Hadoop in particular. During the course of our earlier
research, we became aware that “asking the correct
question” might be a crucial moment in the use of the
technology such as Hadoop, because Big Data applications
can process excessive amounts of data, in a short period of
time, for the purpose of answering such questions. If
companies do not have a question to ask, if they are not
aware that they have to have one, or if they do not know how
to formulate it, then it might have been pointless to use a
technology such as Hadoop!
Secondly, Big Data hype has been built upon the
velocity, volume and veracity of data (Gudivada et al., 2015),
(Kaisler et al., 2012) (Manu and Anandakumar, 2015) (Patel
et al., 2012), (Lin et al., 2012), (Dede et al., 2012). We
should anticipate that it is very likely that companies will be
either accessing and storing heterogeneous data, which do
not have a structured format or would depend on non SQL
repositories. If in such situations we could run SQL like
queries, which produce exact results upon non-SQL
repositories, then it is worthwhile looking how to secure that
the questions organizations may have, are answered this
way. Again, the focus is on the questions and we assumes
that we have at least one. However, we have to add another
dimension to the problem: if we do not understand exactly
upon which data and which type of data we will impose these
questions, Hadoop applications will not be able to help: SQL
like queries will either not run or produce inadequate results
(DeAngelis, 2015), (Rajpurohit, 2013).
There is no related work, which would help us in the
formulation of the question. There are a few illustrative
attempts in white papers, which mention that the queries we
ask through Big Data technologies should be “aligned”
(Raden, 2016) with the type of data we store in repositories
such as HDFS. What this would mean is not clear, but the
message is there:
“do not ask any question if you do not know
anything about the data you have to process with
Hadoop and expect to have the question answered by
Hadoop applications”.
The lack of academic research in the field is
understandable. There are numerous algorithms and
analytical tools which could be used for processing live and
user generated data, which may be able to answer many
questions through predictions (Hu et al., 2014). However,
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we are here interested in something very different, which is
outside the field of making predictions through Big Data
processing. We would still like to answer the same business
questions but we wish to exploit the power of MapReduce
and its “counting”, which happens in Hadoop naturally, and
the possibility of invoking counting by running SQL like
queries.
Therefore our Big Data processing will not produce a
prediction but an exact NUMBER, or DATA, as a result of
running SQL like query, which should answer the business
question.
This idea will succeed only if we never forget that we
are dependent on how the question is formulated and how
we can itemize it into smaller questions in order to perform a
set of SQL like queries. Therefore we
• strictly focus on the question,
• have to understand which data is available
• have to use the power of Hadoop’s counting with
MapReduce and SQL like queries for answering the
question.
Therefore we have to focus on the way each question is
itemized into smaller questions and how SQL was
formulated. We must look at the results of these queries and
debate any co-relation between the itemized question and
SQL queries.
There are two experiments shown in this paper. They
are both from the healthcare field and outlined in the abstract
under (a) and (b). One of them looks at twitter data and
investigates if it contains information, which will help health
professionals to address the rising problem of diabetes 2 and
its possibility to reverse it. The second experiment is in the
domain of Public Health Organizations (PHO) in which
twitter data could help them to make informed decisions on
managing the spread of the ZIKA virus in summer 2016.
DO WE HAVE A QUESTION TO ASK?
Before we formulate any question, we have to be aware
that SQL like queries are very limited in terms of their
computational power. It is common knowledge that SQL can
answer queries like:
• “ How many… “,
• “What is an average value... “,
• “List the data which satisfies a particular condition ..”,
• “List data which do NOT satisfy a particular
condition….”,
• “What is Max and Min value ….”,
• “List data which will NEVER satisfy a condition…”,
which brought our traditional database and transactional
processing to its perfection in the late 80s and early 90s. In
the last 35 years we developed numerous types of database
applications with SQL as its core programming solution.
Therefore if we can apply similar queries, which would
answers the questions in the bullets above on non-SQL data,
we are pretty sure that these queries will bring results when
running a Hadoop application and answer a business
question we may have.
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However, not all questions, which we expect to be
answered through Hadoop applications, can be formulated
like the questions in the bullets above. If we look at the
questions in (1) and (2) from the abstract, we could not see
immediately how they could be answered through SQL like
queries. Therefore we either reformulate the question to fit
the bullets above, or itemize the same question into smaller
questions which will then fit at least one of the bullets above.
WE exercise the latter and perform the itemization of
each question we may have.
THE PROCESS OF ANSWERING QUESTIONS IN
HADOOP
The process of using Hadoop in terms of its
configuration, connecting it with the live data source and
then running SQL queries is straightforward. We describe
our Process in steps 1.6 below. We assume that the choice of
Hadoop commercial distributor has been made earlier. In this
Process we have to:
1) Have a question formulated by business needs of a
company, which has to be answered through Hadoop.
This question determines the way we will configure
Hadoop and will play an important role in finding which
execution of SQL queries will bring the answer to it.
2) Find out where the source of data, which will help us to
answer the question, is coming from. We must know
the origins of the data and the way we wish to connect to
the source of data. These two will then determine how
many and which Hadoop components will be used. For
example, if we wish to start collecting live data from
Twitter accounts, we will need FLUME in addition to a
standard Hadoop configuration.
3) Configure FLUME, which consists of separate and
numerous steps available in Hadoop’s documentation.
The environment within a Hadoop distributor should be
ready for the execution of SQL like queries which will
answer the question.
4) Connect Flume with Twitter live data, which will
include filtering of data relevant to the question. This is
the beginning of Big Data processing.
5) Copy collected and filtered live tweets through FLUME
into HDFS.
6) Prepare HIVE Schema which fits the live data stored in
HDFS.
7) Run SQL queries upon the live data stored in HDFS
using the HIVE engine.
In the next two subsections we describe our experiments.
For each experiment we give the business question, which is
expected to be answered by our Hadoop application. We also
show how we itemize these questions into smaller questions
to make sure that they can be answered with SQL like
queries.

EXPERIMENT 1
Defining a Question for Experiment 1
Does the Twitter platform have the power to educate or
inform people that Diabetes 2 may be reversible through
life style changes and diet in particular.
How do we answer the question in Experiment 1?
If we wished to know “if the Twitter platform had the
power to educate or inform people that diabetes 2 may be
reversible”, we have to see how many tweets “talk” about
reversing diabetes 2. If we wish to find out if in these tweets
life style changes and diets are mentioned, then we will
know, through the number of such tweets if Twitter is being
used for educating people and patients on the possibilities of
addressing the problems with this chronic disease. It is
obvious that a careful itemization of the question above
could bring its answer through SQL like queries.
Itemizing the Question in Experiment 1
The itemization of the question will start by formulating
a simple query (Q1), which will be searching for tweets
where the following words appear: reversing diabetes 2,
lifestyle changes, diet. These are our keywords, which can
signal that people are tweeting about the possibility of
reversing diabetes 2. This might give an indication if
Twitter, a as platform, can be used for informing and
educating people and patients.
However, at the same time we have to find out if the
owner(s) of such tweets are individuals, patients,
professional organizations, or healthcare professionals. This
is important for many reasons. If professional organization
are tweeting more than individuals, it could signal that there
is an initiative within professional bodies or even
governments or public health organizations to address the
reversibility of diabetes 2. Therefore our next SQL like
query (Q2) will answer the following sub-question: LIST the
owner of Tweets from the results of running a query (Q1).
We would also like to know who was RETWEETED the
most, i.e. who was the owner(s) of such tweets (Q3)? Again,
we have to look at tweets which were selected through Q1.
We must not forget that all these tweets should contain
important words “reversing diabetes 2, lifestyle changes,
diet”. This result can give more clear indication if the public
is responding to tweets posted by individuals and
professional organizations.
Before we started with the last question Q4, it is
important to note that we will have to verify all the tweets,
which have been selected through Q1. Not all tweets are
trustworthy, some tweets might misuse keywords reversing
diabetes 2, lifestyle changes, diet” in order to draw our
attention to a completely different cause (Petai et al., 2015)
(Juric et al., 2015). The way to verify tweets might be by
• checking them manually, in which case Hadoop will not
help;
• using some other indicators which can indicate if the
information in the tweet is verifiable and trustworthy.

We have numerous options here, which have been exploited
in our earlier works and proved to give good results:
a) If the tweet is overcrowded with URLs then it is
probably full of FACTS, which can be trusted and might
guide us through the way we may reverse diabetes 2!
b) If the tweet forwards us to another tweet(s) then we can
also assume that valuable information might be
verifiable within that tweet.
c) If the tweet’s owner is a very well known body
(government organizations, public health organizations,
healthcare systems, WHO, …..) then we should consider
the information to be reliable and truthful.
d) If the twitter owner is a patient or patient group(s),
which place their experiences in fighting diabetes 2 on
Twitter and disseminate information across the world, it
is important to take their views into account and
consider these tweets as FACTS.
Therefore for each of a)-d) above we will have one SQL
query (Q4). Results of each query Q1-Q4 must be analyzed
before we can claim that we have answered our question.
SQL like queries for Experiment 1
In Experiment 1, SQL like queries are relatively simple
and self-explanatory. Comments in a) and d) could have
been used in the SQL like queries below when answering
(Q4), as in (Juric et al., 2017). They also become important
in the interpretation of the results of these queries. Due to
space limitation we omit them in this paper.
(Q1)
Select text from ktweets23 where lower(text) like
‘%reversing diabetes 2%’ or lower(text) like ‘%lifestyle
changes%’ or lower(text) like ‘%diet%’;
(Q2)
Select user from ktweets23 where lower(text) like
‘%reversing diabetes 2%’ or lower(text) like ‘%lifestyle
changes%’ or lower(text) like ‘%diet%’;
SQL like query for (Q1) and (Q2) is very similar. The
only difference is an attribute, which is being retrieved (text
versus user).
(Q3.1)
Select user from ktweets23 where lower(text) like ‘reversing
diabetes 2’ and text like ‘%RT%’;
(Q3.2)
Select user from ktweets23 where lower(text) like ‘%lifestyle
changes%’ and text like ‘%RT%’;
(Q3.3)
Select user from ktweets23 where lower(text) like ‘%diet%’
and text like ‘%RT%’;
These three SQL like queries above search individually
for tweet owners who were interested in the main keywords
which were originally used in tweet filtering through
FLUME: reversing diabetes 2, lifestyle changes, diet.
(Q4)
Select text from ktweets23 where text = (select text from
ktweets23 where text like ‘%http%’) and count (text)>=3;
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This SQL like query takes into account only option a)
above, but we could have easily written more queries which
would fit all other options.
EXPERIMENT 2
The process of running SQL like queries in Hadoop in
experiment 2 is the same as in experiment 1. It consists of 7
steps which we collated here in three parts.
(1) The first part collates steps 1) and 2) from the Process of
answering the question and itemizes it into a selection of
smaller questions in order to find out if any of these smaller
questions could be answered by running SQL like commands
in Hadoop. It is important to note that in experiment 2, our
itemization is hierarchical: we itemize the question into Q1
and Q2 and then each of them is itemized further.
(2) The second part collates steps 3)-6) from the same
Process and deals with the preparation of Hadoop, and
collection of twitter data, which have been collected and
filtered through FLUME. The data must be prepared for
running SQL like queries by defining an EXTERNAL
schema for each experiment.
(3) The third part contains only step 7) from the Process and
executes a set of SQL queries, which answer itemized
questions Q1 and Q2.
As in experiment 1, we show only parts (1) and (3). The
preparation of Hadoop and its HDFS for running SQL like
queries through HIVE and the definition of an EXTERNAL
table (schema) is given in (Panneerselvam and Juric, 2016).
Defining a Question for Experiment 2

The rational behind this itemization can be found in the
literature and previous works (Juric et al., 2014), (Juric et al,
2015), (Petai et al., 2015), ((Panneerselvam and Juric, 2016),
(Juric et al., 2017).
It is important to note two important issues.
Firstly, this itemization is not the only way of answering
the main question. In future works we should explore
possible categorization of tweets and keywords used in tweet
filtering, as elaborated in (Juric et al., 2014) and (Juric et al.,
2017), if we wish to avoid the itemization of questions.
Secondly, the content of tweets is difficult to predict.
Even if the whole world worries about the spread of infection
diseases, we do not know who will tweet and what the
content of these tweets would be. Consequently, any
analysis of collected tweets, using any technology should be
influenced by a brief inspection of the trends in tweeting.
This can be done either through analytical tools or by
performing sentiment analysis. More research has to be done
to evaluate the power of sentiment analysis in situations
relevant to this research.
Table 1: Itemization of the question from experiment 2
Questions Q1 and Q2
Could we find out of
the
exchange
of
information exchange
on the ZIKA virus
helped
in
the
management of the
spread of the virus?

“We wanted to know if the processing of live social
media data, and twitter data in particular, can help any
PHO to make better decisions on the management of
the spread of the ZIKA virus”.
Itemizing the Question in Experiment 2 into Q1 and Q2
The process of itemizing our big question consists of
two parts. We initially itemize the question above into Q1
and Q2 and then each of them is further itemized in more
sub-questions. Therefore
Q1 is formulated as:
Could we find out if people are tweeting about ZIKA
and what would be the purpose of these tweets?
Q2 is formulated as:
Could we find out of the exchange of information on
the ZIKA virus helped in the management of the spread of
the virus?
The reader should see the difference in itemizing
questions between these two experiments. The question of
addressing the management of the spread of the ZIKA virus
required to have question Q2 separated from Q1. However,
Q1 in this experiment was answered by performing the
itemization similar to the question from experiment 1.
Table 1 illustrates the way questions Q1 and Q2,
positioned in the left most column of the table, have been
itemized into smaller questions Q1.1-Q1.9 and Q2.1-Q2.5.
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To
find
out
if
information exchange
on ZIKA Virus helped
in the management of
spread of the virus

Itemized Questions
How many professional bodies or
individuals were tweeted about
ZIKA?
How many tweets by professional
bodies were Retweeted?
Which professional bodies were
Retweeted the most? (sorted by total
number of professional bodies which
were Retweeted)
How many tweets by individuals
were Retweeted?
Which individual tweet were
Retweeted the most? (sorted by total
number of individual tweets which
were Retweeted)
Which word(s) are used the most
among the entire tweets except
"Zika" or "Zika virus"
What are other hashtags used except
ZIKA or ZIKA VIRUS?
How many tweets give FACTS about
ZIKA
How many tweets give OPINION
about ZIKA
How many tweets talk about possible
locations where ZIKA virus appear
or will appear
How many tweets talk about possible
SYMPTOM on ZIKA
How many tweets talk about possible
TREATMET on ZIKA
How many tweets talk about possible
PREVENTION on ZIKA
How many tweets talk about VIRUS
ALERT on ZIKA

Q#
Q1.1

Q1.2
Q1.3

Q1.4
Q1.5

Q1.6

Q1.7
Q1.8
Q1.9
Q2.1

Q2.2
Q2.3
Q2.4
Q2.5

Running SQL like Queries upon Twitter Data for Q1
We list below SQL like queries which were numbered in
the right most column of Table 1. Each itemized question
from Q1 has one SQL query. However, we should not
expect 1:1 mapping between the questions which resulted
from itemization of Q1 and Q2 the SQL like statements.
Some questions could be answered with one and some
needed many SQL like statements. We also had had one
question for which we could not construct an SQL like
query.
Q1.1.
Select owner, count(twbody) group by owner, twbody;
Q1.2.
Select Count (owner), owner from zikatweet where owner
like ‘%UNICEF%’ or owner like ‘%unicef%
Select Count (owner), owner from zikatweet where owner
like ‘%NEW%’ or owner like ‘%new%’ or owner like
‘%noticias%’ or owner like ‘%notícia %‘ or owner like
‘%news%’
Select Count (owner), owner from zikatweet where owner
like ‘%U.S%’ or owner like ‘%US%’ or owner like
‘%UnitedStates%’ or owner like ‘%United States%’
Select Count (owner), owner from zikatweet where owner
like ‘%Travel%’ or owner like ‘%travel%’ or owner like
‘%viagem %’ or owner like ‘%Viagem%’ owner like
‘%viajar %’ or owner like ‘%Viajar%’;
Select Count (owner), owner from zikatweet where owner
like ‘%Public%’ or owner like ‘%public%’ or owner like
‘%health%’
or owner like ‘%Health%’ owner like
‘%público %’ or owner like ‘%Público%’ owner like
‘%salud %’ owner like ‘%Salud %’ owner like ‘%saúde %’
owner like ‘%Saúde%
Select Count (owner), owner from zikatweet where owner
like ‘%Public%’ or owner like ‘%public%’ or owner like
‘%health%’
or owner like ‘%Health%’ owner like
‘%público %’ or owner like ‘%Público%’ owner like
‘%salud %’ owner like ‘%Salud %’ owner like ‘%saúde %’
owner like ‘%Saúde%’
Select Count (owner), owner from zikatweet where owner
like ‘%Global pharma news%’ or owner like
‘%Pharma_global%’;
In our SQL like queries above (for Q1.2) we show our
selection of keywords in the SELECT command which
would calculate the number of tweets created by professional
bodies. These tweet owners have been chosen either through
our common knowledge on PHO or through the tweet listing
created through another SELECT command. Therefore our
SELECT commands for answering Q1.2. is just an
illustration on how to construct relevant SQL like queries.

For answering Q1.3. Q1.4. we needed only one SELECT
command:
Q1.3.
Select retweetowner, count(retweetowner) as pcount from
zikatweet group by retweetowner order by pcount desc
Q1.4.
Select retweetowner,count(twbody) from zikatweet where
retweetowner not like ‘%UNICEF%’ or retweetowner not
like ‘%noticias%’ not like ‘%news%’ not like ‘%News%’
not like ‘%US %’ not like ‘%United States %’ not like
‘%U.S%’ not like ‘%Unitedstates%’ not like ‘%Public%’ not
like ‘%Health%’ not like ‘%Travel%’ not like ‘%public%’
not like ‘%health%’ not like ‘%travel%’ group by
retweetowner,twbody;
The SELECT command above is self explanatory, but it
has an unusual format for many reasons. The most important
one is that we could not list in SQL the names of twitter
owners who are NOT professional bodies, because it is not
practical. It is also common in SQL that we use NOT logical
operators in order to add to the clarity of SQL commands.
Q1.5.
Select twbody,count(twbody) from zikatweet where twbody
like %RT @ % group by twbody orderby twbody desc
In the SELECT command above we used the LIKE
operator in order to pick the tweets which have the RT
symbol at a certain position in the tweet body.
Q1.6
We could not create a SELECT command.
Q1.7.
Select twbody from zikatweeet where twbody like’%#%’
and twbody not like ’%# Zika%’ and twbody not like ’%#
zika%’ and twbody not like ’%# Zika virus%’
Q1.8.
Select count(twbody) from zikatweet where twbody = (select
twbody from zikatweet where twbody like ‘%http%’) and
count( twbody )>=3
Q1.9
Select count(twbody) from zikatweet where twbody = (select
twbody from zikatweet where twbody like ‘#’) and
count(twbody )>=4
SELECT commands for Q1.8 and Q1.9 are interesting.
Firstly, for understanding the meaning of the terms FACT
and OPINION in the analysis of the tweet content, we refer
the reader to the publications which explained categorization
of tweets for answering certain questions (Juric et al., 2017)
(Pettai et al, 2015), (Juric et al., 2015). The SQL like queries
were written according to certain syntax of SQL, which has
been described in the SQL standard. However these two
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commands did not run in HIVE. By the time of writing this
paper we were not able to find the exact reason for that.
More research should be done in order to analyze the
deficiency of running all types SQL like queries in HIVE.
Running SQL like Queries upon Twitter Data for Q2
When answering itemized question Q2 we had to
exercise a different type of SQL queries. The lack of
precision which is a consequence of using only a selection of
literal values in these queries, does not necessarily mean that
we did not obtain answers to these questions. On the
contrary. the processing of enormous amounts of twitter data
through Hadoop ensures that these queries will give answers
with significance and could signal very quickly which types
of information are available on Twitter.
Q2.1.
Select twbody,count(twbody) as pcount from zikatweet
where twbody like ‘%Brazil%’ or twbody like ‘%United
States%’ or twbody like ‘%Florida%’ or twbody like
‘%chile%’ or twbody like ‘%Florida%’ or twbody like
‘%new york%’ group by twbody order by pcount desc
The command above illustrates that we just picked a few
locations in the world where the ZIKA virus may have
appeared, but the query can be changed with more locations
added, if necessary.
For reasons of brevity we show Tables 2 and 3 which
contain answers to Q2.2 and Q2.5. Tables for Q2.3 and Q2.4
are not shown.
Table 2 has to be read in a particular manner. Select
statements have to be read in groups of TWO when starting
from the top of the table. The first Select statement lists
tweets which satisfy the criteria in the statement, and the
second gives a COUNT or the number of such tweets. The
criteria for selecting tweets in Table 2 are keywords which
relate to potential symptoms one may have when affected by
the ZIKA virus. These symptoms have been extracted from
the documentation of the World Health Organization.
Q2.3 and Q2.4 are answered similarly. We had to find
keywords relevant to the treatment and prevention of the
ZIKA virus and run very similar queries as for Q2.2.
The reader should note that in our examples we have
listed most of the keywords in English, Spanish and
Portuguese, because at that time of the year, almost 70% of
tweets were in Portuguese or Spanish. Select command
could accommodate any combination of keywords specified
as literal values and therefore different languages could not
represent a barrier if we operate on an individual key word
matching level.
Table 3 shows which SELECT command is used for
finding out how many tweets were issuing ALERTS on the
Zika virus.
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Table 2 SQL like query for Question Q2.2
How many tweets talk about possible SYMPTOM on ZIKA
List tweets which mention ‘’mild
Select * from zikatweet where
fever’’ in English,Spanish and
twbody like ‘%mild fever%’ or
portugese.
twbody like ‘%fiebre leve %’ Or
twbody like ‘%febre baixa%’;
Count total number of tweets
Select count(twbody) from zikatweet
which mention ‘’mild fever’’ in
where twbody like ‘%mild fever%’
English,Spanish and portugese.
or twbody like ‘%fiebre leve %’ or
twbody like ‘%febre baixa%’;
List tweets which mention ‘‘Skin
Select * from zikatweet where
Rash’’ in English,Spanish and
twbody like ‘%skin rash%’ or
portugese.
twbody like ‘%erupción cutánea‘%
or twbody like ‘%erupção cutânea
%’;
Count total number of tweets
Select count(twbody) from zikatweet
which mention ‘’mild fever’’ in
where twbody like ‘%skin rash%’ or
English,Spanish and portugese.
twbody like ‘%erupción cutánea‘%
or twbody like ‘%erupção cutânea
%’;
List tweets which mention ‘’
Select * from zikatweet where
conjunctivitis’’ in English,Spanish
twbody like ‘%conjunctivitis%’ or
and portugese.
twbody like ‘%conjuntivite%’ or
twbody like ‘%conjuntivitis%’ ;
Count total number of tweets
Select count(twbody) from zikatweet
which mention ‘’ conjunctivitis’’ in where twbody like
English,Spanish and portugese.
‘%conjunctivitis%’ or twbody like
‘%conjuntivite%’ or twbody like
‘%conjuntivitis%’ ;
List tweets which mention ‘’muscle Select * from zikatweet where
and join pain’’ in English,Spanish
twbody like ‘%muscle and join
and portugese.
pain%’ or twbody like ‘%muscular y
dolor de unirse%’ or twbody like
‘%muscular e junte-se a dor%’ ;
Count total number of tweets
Select count(twbody) from zikatweet
which mention ‘’ muscle and join
where twbody like ‘%muscle and
pain’’ in English,Spanish and
join pain%’ or twbody like
‘%muscular y dolor de unirse%’ or
portugese.
twbody like ‘%muscular e junte-se a
dor%’ ;
List tweets which mention ‘’
Select * from zikatweet where
malaise’’ in English,Spanish and
twbody like ‘%malaise%’ twbody
portugese.
like ‘%Mal-estar%’ twbody like
‘%malestar%’ ;
Count total number of tweets
Select count(twbody) from zikatweet
which mention ‘’ malaise’’ in
where twbody like ‘%malaise%’
English,Spanish and portugese.
twbody like ‘%Mal-estar%’ twbody
like ‘%malestar%’ ;
List tweets which mention ‘’
Select * from zikatweet where
headache’’ in English,Spanish and
twbody like ‘%headache%’ twbody
portugese.
like ‘%dolor de cabeza%’ twbody
like ‘%dor de cabeça%’
Count total number of tweets
Select count(twbody) from zikatweet
which mention ‘’headache’’ in
where twbody like ‘%headache%’
English,Spanish and portugese
twbody like ‘%dolor de cabeza%’
twbody like ‘%dor de cabeça%’ ;
List tweets which mention ‘’
Select * from zikatweet where
Symptom’’ in English,Spanish and
twbody like ‘%Symptom%’ or
portugese
twbody like ‘%sintoma
%’ or twbody like ‘%síntoma%’;
Count total number of tweets
Select count(twbody) from zikatweet
which mention ‘’ Symptom’’ in
where twbody like ‘%Symptom%’ or
English,Spanish and portugese
twbody like ‘%sintoma%’ or twbody
like ‘%síntoma%’;

Table 3 SQL like query for Question Q2.5
How many tweets talk about ALERT on the ZIKA Virus
List tweets which mention ‘’alert’’ Select * from zikatweet where
or ‘’alarm’’ in English,Spanish and twbody like ‘%ALERT%’ or
portugese
twbody like ‘%alert%’ or twbody
like ‘%alerta%’ or twbody like
‘%ALARM%’ or twbody like
‘%alarm%’;
Count total number of tweets which Select
count(twbody)
from
mention ‘’ alert’’ or ‘’alarm’’ in zikatweet where twbody like
English,Spanish and portugese
‘%ALERT%’ or twbody like
‘%alert%’
or
twbody
like
‘%alerta%’
or
twbody
like
‘%ALARM%’ or twbody like
‘%alarm%’;

RESULTS: HAVE WE ANSWERED THE QUESTION
THROUGH SQL LIKE QUERIES?
Results of running SQL like queries in experiment 1
were somehow disappointing. One of the reasons is the
small number of collected tweets. All our SQL like queries
for Q1 ran successfully and produced correct results, but the
low number of collected tweets might not be sufficient for
having conclusive answers to the question. We looked again
at the way we filtered tweets and concluded that
(i)
We might not have used very precise keywords
which selected tweets in the first place and therefore
advice from healthcare professionals, who can guide
us on possible keywords which can be used by a
wider population, to address “life style changes, diet
and similar” is necessary.
(ii)
The interest in reversing diabetes 2 can not be
compared to the urgency of managing the spread of
the ZIKA virus in summer 2016, just before the
Olympics in Brazil. We should have left the
process of collecting and filtering tweets for a much
longer period (at least one week).
Therefore in experiment 1 we could have answered the
question if we paid more attention to the keywords which
filtered the tweets. However, Hadoop and HIVE functioned
perfectly well and in this particular case, where only 250
tweets were collected. We checked the result of running all
SQL like queries with the manual analysis of collected
tweets.
Answering the question in experiment 2 produced
interesting results.
Readers interested in a detailed
explanation of the results of SQL like queries, can consult
our earlier publications (Juric et al., 2007) and
(Panneerselvam, H., 2016). In this paper we summarize that:
• The number of tweets which would disseminated
information on the ZIKA virus prevention and
symptoms are extremely low. It is slightly better with
TREATMENTS or issued ALERTS, but in general there
is not enough information on Twitter that could be
passed to the population in order to educate us how to
prevent the spread of the disease.
• When answering Q2 we could have used a combination
of words such as DRUG, TREATMENT, MEDICINE,

FIGHT, VACCINE connected with the OR logical
operator in order to get tweets which could give us a
clearer picture on what is disseminated across Twitter.
However, in total these percentages will be very low
within the data set we collected in June 2016.
On the other side, the number of tweets with a minimum
of one URL in the body of a tweet and the number of tweets
with at least one extra # in addition to #zika was significant.
The purpose of these SQL queries was to find out if the
contents of such tweets is verifiable and therefore they might
be FACTS instead of OPINIONS. This would mean that, if
the content of the tweet is verifiable, it is very likely that it
delivers a truthful information. 55% of tweets collected in
our experiments did use URLs for adding more information
to the content of the tweets which was an unexpected
outcome. More details on the efficiency of such queries when
answering questions on the trustworthiness of tweets is
available at (Pettai et al., 2015) (Juric et al., 2017).
In our experiments, it was a straight forward task for
Hadoop to obtain counts of various parts of the contents of
selected tweets, if the SQL like command in HIVE supported
it. In other words, the basic SQL-like queries supported by
SQL in HIVE did run smoothly and produced the same
results as in our manual analysis of tweets which was
performed in earlier works. Therefore we were able to count
quickly the number of tweets and retweets and answer almost
all itemized questions..
CONCLUSIONS
During the course of these experiments, it became
obvious that we would be able to answer all but a few small
sub-questions for obvious reasons:
A) Hadoop is able to count tweets extremely quickly if we
were in a position to issue an SQL like query which
would trigger the counting!
B) Using SQL like queries will give good results if we can
pinpoint which “keywords” entered in these queries will
be successfully matched with the contents of the tweets.
C) The division of the main question Q into Q1 and Q2 as
in experiment 2, and their itemization in smaller
questions, which will then be answered with an SQL
statement, is successful. Therefore Hadoop will be
extremely efficient in answering ANY QUESTION
organizations may have, if we can itemize it.
However, the itemization of questions into smaller
questions will always depend on the manual assessment
tweets (live user generated data) and the needs of any
company. This is not a straightforward task and it is
currently difficult to see how this can be automated. In our
experiments we used the experience from and deployed the
rules of performing a manual content analysis upon tweets in
order to manage the itemization of our questions. This
appears to be one of the most important tasks when trying to
use Big Data technologies for the analysis of live data, in our
epxeriments.
There are different ways of managing the content of live
and user generated data in Hadoop, such as analytical tools
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and techniques and machine learning, as examples. They are
outside the scope of this paper and should be addressed in
our future works.
Our claim from the abstract that we were searching for
any type of co-relation between the question and SQL like
queries appears not to be answered. Knowing that Hadoop
relies on MapReduce and its counting, the only co-relations
we can talk about is the one dictated by the technology: if we
can itemize all our questions to fit the nature of SQL like
queries, then we will get answers to any question we may
have. The issue of HIVE not supporting standardized SQL
like queries is outside the scope of this paper. This is the
only obstacle which could be seen as a barrier to using
Hadoop and MapReduce when running SQL like queries on
NON-SQL repositories.
Finally this paper should be read in conjunction with our
work on the evaluation of the efficiency of Hadoop in
answering questions PHO may have (Panneerselvam et al.,
2016). With this paper, we can add to the results of Hadoop
evaluation and say: YES, Hadoop can be efficient when
processing enormous amounts of live and user generated data
and can answer any questions we may have. The only
problem is to know how to formulate these questions. Our
itemization of the questions for matching them with SQL like
queries is only one of many solution to the problem.
Our future work includes exploring various possibilities
of automatic itemization of questions and generation of SQL
like queries, which can answer them.
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ABSTRACT
Deep Learning frameworks and algorithms are showing
phenomenal success in pattern recognition and classification.
Convolution Neural Networks (CNN), frequently used as deep
learning tools are gaining prominent importance in the area of
image recognition. They consist of an input layer, several
convolutional and pooling layers, followed by fully connected
layers and an output layer. Owing to the lack of precise theory,
the architecture of CNN – the exact number of layers, the
number of units in each layer and host of other parameters
crucial to the classification accuracy of the CNN - are left to
the individual judgement of researchers. This paper shows the
results of an extensive experimental study conducted on
datasets to determine the size and depth of the CNN that
optimize its image recognition capability. Our optimized
results show 99% classification accuracy in the MNIST
dataset and 76.9% in the CFAR-10 dataset.

INTRODUCTION
Multi Layer Perceptrons (MLP) learning algorithms have
made great strides, and have solved many engineering
problems. However, the fact that MLP employ too few hidden
layers make their learning rather shallow. The Machine
Learning community has recently turned its attention to
another branch of learning called Deep Learning. This type of
learning takes place at different levels of representation,
corresponding to a hierarchy of features or concepts, where
the higher level features or concepts are defined from the
lower ones. Learning multiple levels of representation and
abstraction demonstrates its efficacy in the classification of
large-scale text, audio and image data. The scaling problem of
shallow learning when applied to large and complex datasets
is to a great extent solved by Deep Learning.
Convolutional Neural Networks (CNN) are modeled after
the image processing activity in the visual cortex of the
mammalian brain. Preservation of spatial relationships in the
data, simple structure, shared weights, fewer learning
parameters, and adaptability are some of the factors that make
CNNs suitable in image and voice recognition applications. In
MLPs, the flattening of the 2D pixel information of the image
into a 1D vector loses most of the spatial information. The
CNNs preserve the spatial relationship between the pixels,
since the 2D pixel information is directly fed into their input
layer. Secondly, the feature extraction process in MLP is not
automated. This hand-tuned feature extraction has several

disadvantages – it needs expert knowledge, is laborious and
time-consuming, and does not generalize to other domains.
Deep Learning is a rapidly growing research area
concerned with the design of intelligent systems for learning
from large complex datasets. Convolution Neural Network
(CNN) has become the standard for implementing Deep
Learning. CNN can recognize patterns with extreme
variability (such as handwritten characters), and with
robustness to distortions and simple geometric
transformations.
As datasets get larger and more complex, researchers tend
to stretch the size and depth of the CNNs for learning features
and reducing the classification errors. However, owing to the
lack of precise theory for determining the appropriate size and
depth of the CNN, most of the CNN applications are ad hoc.
In this study, we propose the optimal size and depth of CNN
for image classification in medium-sized datasets. We have
used the MNIST dataset containing hand-written digits and the
CIFAR-10 dataset containing several classes of colored
images to determine the optimum size and depth of the CNN
structure.
CNN learning programs are often executed on Graphic
Processing Units (GPU). However, GPU hardware comes at a
very high cost; besides, they take several weeks and months to
produce appreciable accuracy in learning. An optimized CNN
structure is of great help in reducing the cost and time of
executing the learning algorithms.

LITERATURE REVIEW
One of the earliest applications of CNN in the
classification of images and speech is found in the work of
LeCun and Bengio (LeCun & Bengio, 1995). However, the
principal application of CNN is in learning to classify images,
because it can be directly used in computer vision. Here, the
greatest advantage of deep learning CNN over the shallow
learning MLP is that it recognizes visual patterns directly from
pixel images with minimal preprocessing (Krizhevsky,
Sutskever, & Hinton, 2012). Face recognition is another handy
application of CNN (Lawrence, Giles, Tsoi, & Back, 1997; Li,
Lin, Shen,
Brandt, & Hua, 2015). Gender and age
classification from face images is another variation on the
same theme. This has great applications in developing a fullyfunctional automated system that has to interact with children,
men, women, and the elderly (van de Wolfshaar, Karaaba, &
Wiering, 2015; Levi, & Hassncer, 2015). Another notable
application is the filtering of not suitable for work (NSFW)
images, such as violent, provocative, offensive and adult
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images (Moradi & Yousefzadeh, 2015). CNNs are also used
for document image classification and retrieval. (Kang,
Kumar, Li, & Doerman, 2014; Harley, Ufkes, & Derpanis,
2015). The major application of content-based analysis of
document images is in the digital libraries, where documents
are stored as images before they are processed by an optical
character recognition system.
Fingerprint recognition for automated border control and
other high-security applications (Sousedik & Busch, 2014;
Marasco, Wild, & Cukic, 2016), as well as natural language
processing for sentence classification (Kim, 2014; Wang, Xu,
Xu, Liu, Zhang, Wang, & Hao, 2015) are also some of the
other promising areas of CNN applicaions.
Convolutional neural networks (CNNs) are well known
for producing state-of-the-art recognizers. However, they can
be difficult to implement and are usually slower than
traditional Multi-Layer Perceptrons (MLPs). Unrolling
convolution is one of the techniques used to reduce the
computation. Unrolled convolution converts the processing in
each convolutional layer (both forward-propagation and backpropagation) into a matrix-matrix product. The matrix-matrix
product representation of CNNs makes their implementation
as easy as MLPs (Chellapilla, Puri, & Simard, 2006).
Over-fitting is another major problem in MLPs and CNNs.
This issue is addressed by systematically dropping some units
in the CNNs along with their connections (Srivastava &
Hinton, 2014).
Finally, a variety of architectures for the implementation
of CNNs has

also been proposed in the literature (Collobert, Kavukcuoglu,
& Farabet, 2011; Jia, Shelhamer, Donahue, Karayev, Long,
Girshick, & Darrell, 2014).

Fig. 1 Convolution layer

Fig. 2 CNN of 1-Convolution layer architecture

CNN ARCHITECTURE
In a standard CNN architecture, there exist several
convolutional, pooling and fully-connected layers between the
input and the output layers. The structure of each of these
layers is explained in the following sub-sections.
Convolution Layer(s)
The convolutional layer is an important block in the
architecture of the CNN. The parameters of the layer are a set
of learnable filters. During the forward pass, each filter is
convolved across the width and height of the 2D image input
data. Computing the dot product between the entries of the
filter and the input produces a 2D activation map of that filter
(Fig.1).

Fig. 3 CNN of 3-Convolution layers architecture

CNNs can have any number of convolution layers
ranging from 1 to n, shown in Fig.1 ~ Fig.5. Stacking the
activation maps for all the filters along the depth dimension
forms the full output volume of the convolution layer.
Fig. 4 CNN of 5-Convolution layer architecture
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MINST () (#images，1，28，28)
CIFAR10 (#images，3，32，32)
Step 2
Input image is given as an input to the convolutional layer.
𝐾−1 𝐻−1 𝐻−1
(𝑙−1)

𝑢𝑖𝑗𝑚 = ∑ ∑ ∑ 𝑧𝑖+𝑝,𝑗+𝑞 ℎ𝑝𝑞𝑘𝑚 + 𝑏𝑖𝑚

(1)

𝑘=0 𝑝=0 𝑞=0

(z =input image, i =image row，j = image column，m =unit,
h=filter, b=bias).
The activation function is rectified linear function as follows:
𝑧 = 𝑓(𝑢) = {

0, 𝑢 < 0
𝑢, 𝑢 ≥ 0

(2)

Fig. 5 CNN of 2n(n=1,2,3)-Convolution layer architecture

Pooling Layer(s)
The pooling layer acts as a signal attenuator. In max pooling
layer only the maximum output of a filter is taken into consideration.

Step 3
The output of the convolutional layer is fed into the pooling
layer.
𝑢𝑖𝑗𝑘 = max 𝑧𝑝𝑞𝑘
(3)
(𝑝,𝑞)∈𝑃

(P=pooling square)
Step 4
Repeat steps 2~3 for all the convolution & pooling layers.
Step 5
The output from step 4 is given to the fully connected layer.
𝐼

𝑢𝑗 = ∑ 𝑤𝑗𝑖 𝑧𝑖 +𝑏𝑗

(4)

𝑖=1

Fig. 6 Max pooling (2x2 filter and stride=2)

Fully-connected Layer(s)
After several convolutional and pooling layers, the highlevel reasoning in the neural network is done via fully
connected layers. The neurons in a fully connected layer have
full connections to all activations in the previous layer, as seen
in regular Neural Networks (MLP). Their activations can
hence be computed with a matrix multiplication followed by a
bias offset. The convolutional layer is an important block of
CNN. The layer's parameters are a set of learnable filter.
Through the forward pass, filter is convolved with the input
data, computing the dot product between the entries of the
filter and the input and producing a 2-dimensional activation
map of that filter.

(z = input to the fully connected layer, i = input units ，
j = output units, b = bias).
This is followed by the softmax activation function:
𝑦𝑗 =

exp(𝑢𝑗)

(5)

∑𝐽𝑘=1 exp(𝑢𝑘 )

(J = output units)
Backward pass
Step 6
The accuracy of the network output y is computed as follows:
𝑁

𝐾
𝑑

Acc = ∏ ∏ 𝑦𝑘 𝑛𝑘

(6)

𝑛=1 𝑘=1

CNN LEARNING ALGORITHM
Forward Pass
Step 1
Input image file (#images，#channels，height in pixels，
width in pixels) is converted into a 4 dimensional tensor.

(d stands for the correctly classified label. For example, if the
first image belongs to class 3 and the second image to class 5,
then, d1 = [0,0,0,1,0,0,0,0,0,0], d2 = [0,0,0,0,0,1,0,0,0,0]).
Step 7
The “loss” or cross entropy is computed as:
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𝑁

Cross entropy = 𝐸𝑛 (𝒘) = − ∑ 𝑑𝑛𝑘 log 𝑦𝑘

(7)

𝑁=1

(w is some parameter)
The loss is computed for each batch.
𝐸𝑛 (𝒘) =

1
𝑁𝑡

∑𝑛∈𝐷 𝐸𝑛 (𝒘)

(8)

D is the batch
𝑁𝑡 = |𝐷|(batch size)

Fig. 7 MNIST dataset

Step 8
Gradient of loss is given by:
∇𝐸 =

(back propagation)

𝜕𝐸𝑛
(𝑙)

𝜕𝑤𝑗𝑖

(𝑙) (𝑙−1)

= 𝛿𝑗 𝑧𝑖

(9)

(l=layer, z = output, i =unit in l-1layer，j = unit in layer l
(𝑙)

𝛿𝑗

(𝑙)

(𝑙+1)

= ∑ 𝛿𝑖 (𝑤𝑖𝑗

𝑓′(𝑢𝑗𝑙 ))

(10)

𝑖
(𝐿)

𝛿𝑗

=

∂𝐸𝑛 (𝐰)
(𝑳)

∂𝑢𝒋

(11)

(𝐿 = 𝑜𝑢𝑡𝑝𝑢𝑡 𝑙𝑎𝑦𝑒𝑟)
Step 9
parameter update
𝒘(𝑡+1) = 𝒘(𝑡) − 𝜖∇𝐸(𝐰)

In our second experiment, we used the CIFAR-10 dataset.
It consists of 32x32 pixels color images manually classified
into 10 mutually exclusive classes. The class labels are:
airplane, automobile, bird, cat, deer, dog, frog, horse, ship, and
truck (Fig. 7). There are 6,000 images in each class. The
dataset is divided into a training set containing 50,000 images
and a test set containing the remaining 10,000 images.
The dataset is divided into five training batches and one
test batch, each with 10, 000 images. The test batch contains
exactly 1,000 randomly-selected images from each class. The
training batches contain the remaining images in random order,
but some training batches may contain more images from one
class than another. Between them, the training batches contain
exactly 5,000 images from each class.
Here are the classes in the dataset, as well as 10 random
images from each class.

(12)

(ϵ = learning rate)
Step 10
Repeat step1~ step8 for all samples
for (int i=0 ; i<Number of training data ; i+=batch size){
step 1 ~ step 8}
Step11
Repeat step 1 ~ step 9 for all training epochs
for (int j=0 ; j<epochs ; j++){
step1 ~ step 9}

EXPERIMENTAL RESULTS
In our first experiment, we used the MNIST dataset (Fig.
7). This dataset contains hand-written digits, some of which
are difficult to decipher even for humans.
Fig. 8 The CIFAR-10 dataset for image recognition
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The parameters to determine the structure and depth of
the CNN, as well as the learning parameters are shown in
Table 1.
Table 1 Input variables

Parameters
Feature map
Stride length
Padding
Pooling
Convolution
layers
Learning rate

THE MNIST
3x3
1
1
max
1~6

CFAR-10
3x3
1
1
max
1~6

0.1

0.1

For a fixed set of performance parameters shown in Table 1, the
optimization procedure varies the number of convolution layers in
the CNN structure. In the case of the MNIST dataset, the training and
test accuracies are very high (99%) irrespective of the number of
convolution layers. Hence, just one convolution layer is sufficient to
achieve good results. In the case of the CIFAR-10 dataset, on the
other hand, the performance slowly rises and peaks when the number
of convolution layers is 5; beyond that the classification accuracy
gradually decreases.

Fig. 10 The MNIST dataset’s test accuracy

Fig. 11 THE CIFAR-10 dataset’s training accuracy

Fig. 9 The MNIST dataset’s training accuracy

Fig. 12 THE CIFAR-10 dataset’s test accuracy
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Table 2 Final accuracy of MNIST dataset

Train

Test

conv1

0.99

0.99

conv2

0.991

0.992

conv3

0.991

0.99

con4

0.992

0.992

conv5

0.99

0.991

conv6

0.992

0.992

FC

0.976

0.98

Table 3 Final accuracy of CIFAR-10 dataset

Train

Test

conv1

0.704

0.651

conv2

0.925

0.7213

conv3

0.901

0.7251

con4

0.918

0.7458

conv5

0.869

0.7695

conv6

0.868

0.7574

FC

0.3

0.3248

CONCLUSION
In this paper, we have outlined a systematic way of
determining an optimized convolutional network architecture
by systematically controlling the number of convolutional
layers in the hidden layer. Although computationally intensive,
the optimized CNN is able to classify the two experimental
datasets with an accuracy of 99% and 76.9%. As future work,
we plan to use a meta-heuristic algorithm like the Genetic
Algorithm and other Swarm Intelligence techniques to
automate and further improve the CNN optimization process.
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ABSTRACT
Medical imaging is a well-established tool in clinical
practice, and has been experiencing significant developments
in recent years. This revolution has been made possible
owing to the development of many powerful signal
processing techniques and methods that have inspired the
design of computer-aided tools of many sorts for automatic
diagnosis of several kinds of diseases. Examples of these
tools are convolutional neural networks and support vector
machine which have been successfully applied for
shape/geometric information extraction and texture-color
feature analysis and classification. This paper presents an
overview on these several state-of-the-art medical image
processing techniques and a discussion on how they can be
used for automatic detection of polyps in endoscopy and
colonoscopy videos. Polyps are known as possible colorectal
cancer precursors, and its early detection is very important,
but highly challenging from an image processing standpoint.
The aim is to lay out a framework for a high performance
scalable computer-aided diagnosis (CAD) system for
automatic polyp detection, which can easily be extended to
include other types of diseases that can be automatically
detected using signal processing techniques.

esophagus, stomach, and small intestines; and Colonoscopy,
performed by inserting the endoscope via the anus to
examine the large intestine, colon, and rectum.
Wireless capsule endoscopy
Wireless (video) capsule endoscopy (WCE/VCE) is a
noninvasive technology designed primarily to provide
diagnostic imaging of the small intestine in a less invasive
manner. Wireless capsule endoscopes have also been
developed for the esophagus and colon, but their use in those
areas is not yet as popular (Valdastri, Simi, & Webster,
2012). The capsule measures 26 by 11 mm, the size of a
large vitamin pill, and is propelled through the small bowel
by peristalsis. Owing to great advancements over the last
decade, WCE has established itself as the gold standard for
diagnosis of suspected diseases of the small intestine, such as
GI bleeding, Crohn’s disease, celiac disease, polyposis, and
tumors. Over one million capsules have been deployed
clinically so far.

INTRODUCTION
Colorectal cancer is the third most common type of
cancer in men and women in the United States of America
and also the second highest cause of cancer deaths (Society,
2016). Early detection of polyps, protrusions from the colon
surface, is vital to the prevention of colorectal cancers, since
colorectal cancer is highly curable when it is detected early
enough. It often begins as a benign growth as a polyp of the
tissue lining the colon or rectum and, without proper
treatment at early stage, will develop into a cancer
eventually. Therefore, one of the major goals of endoscopy
and colonoscopy is early detection of polyps and cancers.
Conventional endoscopy and colonoscopy
The conventional endoscopy performs a visual
inspection of the gastro-intestinal (GI) track (see Figure 1)
using a lighted, flexible tube with a tiny video camera at its
tip (endoscope). There are two basic types of endoscopy:
upper endoscopy carried out by inserting a flexible
endoscope through the mouth to collect images from the
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Fig. 1 Gastro-Intestinal Track Diagram
(Image from Wikimedia Commons)

Computer-aided automated polyp detection
Polyps appear in many different shapes, ranging from
flat to pedunculated forms, and in different size and scales,
depending on the distance from the camera. They also appear
in different shades and colors, even for the same polyp,
caused by the moving source of light. Figure 2 shows some
examples of images of polyps extracted from endoscopy
videos.

Their great variety in shape, size, color, texture, and
scale of polyps in colonoscopy videos pose great challenges
in the polyp detection process. Although human perception
can easily identify and locate polyps, it has some limitations
that have to do with issues like physicians’ fatigue that leads
to insufficient attentiveness during long time viewing
process, and back to back procedures. The process can be
automatized using computer-aided methodologies, but such
tools demands great level of sophistication to be able to cope
with so many challenging factors such as the complex
structure of GI tract, similar color and texture among polyps
and non-polyp regions, poor quality of frames, appearance
variations frequently caused by camera viewpoint changes.
However, a large number of state-of-the-art image
processing techniques have been developed in recent years,
and extensively studied in the context of automated detection
of polyps. These methods have the potential to help reducing
the costs and waiting time of conventional endoscopy or
colonoscopy. Other technologies such as capsule endoscopy
and alike have the potential to help improving detection
accuracy, thereby reliability of automatized computer-aided
methodologies, while contributing significantly to decrease
costs and waiting time. Table 1 shows a brief summary of
main features for various polyp detection methods along with
performance comparisons for some of these methods.

them using one or several feature descriptors. Feature
descriptor based methods for polyp detection are divided into
two categories: shaped (geometry) based descriptors; and
texture-color based descriptors (J. Bernal, Sánchez, &
Vilariño, 2012). More recently, however, deep learning has
become state-of-the-art for many image and signal
processing tasks. There is great number of newly published
research papers discussing and exploiting deep learning
architectures applied to polyp detection and classification.
This method is therefore considered in this work and it will
be referred to a D-Learning based method to distinguish it
from the conventional texture and shape based methods.
Nonetheless, some learning algorithms, in principle, can be
categorized as texture based feature extraction method as
well. Table 1 summarizes the main features and principles
behind each of the methods considered in this review.
FEATURE EXTRACTION
The majority of the methods for automated polyp
detection are based on certain feature extraction algorithms
applied to the image or video. These feature extraction based
methods can be divided in two groups: 1) texture (and color)
based; and 2) shape (geometry or appearance) based (Jorge
Bernal et al., 2015).
Texture (and color) -based methods

Fig. 2 Examples of the type of polyp in endoscopy videos
(Images are from CVC-ColonDB)

The reminder of this paper is organized as follows. The
next sections provide a more detailed description and
discussion on some of these methodologies. Then, we lay out
a framework for a high performance scalable computer-aided
diagnosis (CAD) system for automatic polyp detection. This
framework can easily be extended to include other types of
diseases. Main conclusions and suggestions for future works
are provided in the last section.
Detection Classification Methods
The usual approach in context of polyp detection is to
use feature based detection methods to locate the potential
regions of interest (ROIs) in the image and then describe

The early work of Iakovidis et al. (Iakovidis, Maroulis,
Karkanis, & Brokos, 2005), investigated four texture
extraction methods for the discrimination of gastric polyps in
endoscopic videos, namely Color Wavelet Covariance
(CWC), Texture Spectrum Histogram (TSH), Texture
Spectrum and Color Histogram (TSCHS), and Local Binary
Pattern (LBP). Results reported so far support the feasibility
of using texture (and color information) feature analysis for
detection of polyps.
A similar comparative study of Li et al. (Li, Meng, &
Hu, 2012) was published in 2012 where three different color
spaces, namely RBG, Lab, and HIS, were used to examine
the performance. It claims that Lab color space coupled with
CLBP (completed LBP) color features showed the best
experimental results reaching a 77.20% detection rate. Both
cases used the SVM as classifier.
However, texture-color based analysis has two major
limitations (Hwang et al., 2007): it uses a fixed size analysis
window; and relies heavily on an exhaustive training set of
images, which make them very sensitive to parameters
tuning.
Shape (geometry)-based methods
The objective of shape-based methods is to localize
those specific appearances that most polyps commonly have
in endoscopy frames. One method, as Hwang et al. (Hwang
et al., 2007) suggested, is to utilize elliptical shape features to
detect the shots of polyps in colonoscopy videos, assuming
that polyps tend to have an elliptical shape.
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Table 1 Summary of polyp detection methodologies, and available performance data. Here sensitivity = (true positive) / (true positive +
false negative), and specificity = (true negative) / (true negative + false positive).
Study

Category

Method principles

Datasets

Performance

Iakovidis et al. (2005)

Texture

Texture spectrum and color histogram
statistics (TSCHS), local binary pattern
histogram, and color wavelet
covariance (CWC), Gaussian kernelSVM for classification.

1000 representative video
frames at 320*240-pixel
resolution, containing
mostly close-up views of
polyps and normal tissues.

TSCHS and CWC
methods achieved the
best sensitivity
performance at
87.52.1% and
88.62.3% separately.

Li et al. (2012)

Texture

Four textural features, wavelet based,
color wavelet covariance, rotation
invariant uniform local binary pattern
and complete local binary pattern
(CLBP)

100 polyp CE images and
400 normal CE images
from 5 patients’ video data
at 256*256-pixel
resolution.

The best performance
with average 77.20% in
accuracy obtained by
CLBP method.

Hwang et al. (2007)

Shape

Ellipse fitting, filtering by curvature

8621 frames consisting of
815 polyp frames and
7806 normal ones.

Achieved around 83%
accuracy and 96%
sensitivity.

J. Bernal et al. (2012)

Shape

A model of polyp appearance and
sector accumulation depth of valleys
image (SA-DOVA) descriptor. SVM
and many other classifiers.

15 videos with over
27,000 frames at 500*574pixel resolution.

The best precision
results were about 54%
and 72% recall results.

Jorge Bernal et al.
(2015)

Shape

WM-DOVA (window median depth of
valleys accumulation), energy mapping

300 frames annotated and
612 polyp images of size
576*768-pixel resolution.

Best performance with
70.26% accuracy

Hwang and Celebi
(2010)

Shape

Watershed segmentation, Gabor
texture, curvature-based geometric
feature.

128 images containing 64
polyp images and 64
normal ones of 256*256.

Achieving 81%
specificity and 100%
sensitivity.

Romain et al. (2013)

Shape &
Texture

2D-3D geometric feature extraction
plus boosting-based method using
textural features, SVM classification.

1500 images with 300
polyps and 1200 normal
ones.

Best results with 99.5%
sensibility and 95%
specificity.

Karargyris and
Bourbakis (2011)

Shape &
Texture

Gabor filter, Susan Edge detecting, and
geometric feature extraction, SVM
classification.

50 frames with 10 polyps
and 40 normal frames.

The best 97.5%
sensitivity and 97.4
specificity archived.

Mamonov, Figueiredo,
Figueiredo, and Tsai
(2014)

Shape &
Texture

Geometrical and texture analysis, midpass filtering, binary classification.

18,968 frames with 230
polyp frames in original
size of 512*512-pixel.

Attained the best
90.2% specificity and
81.2% sensitivity.

Tajbakhsh, Gurudu,
and Liang (2016)

Shape &
Texture

Hybrid context-shape approach, edge
mapping and classification scheme.

300 images annotated and
other 19,400 frames with
5,200 polyps.

88% sensitivity for 300
annotated images and
48% for rest datasets.

Tajbakhsh, Gurudu,
and Liang (2015)

D-Learning

Convolutional Neural Networks
(CNNs) based feature learning
architecture, 3-way image presentation
method.

Around 35,000 frames
with 7,000 polyps inside.

Attained 0.002 false
positives per frame.

Ribeiro, Uhl, M, and
fner (2016)

D-Learning

CNNs learning architecture, SVM
classifier.

100 colonic polyp images
of size 256*256.

Around 90.6%
accuracy and 95.16%
sensitivity.

Tajbakhsh, Shin, et al.
(2016)

D-Learning

Pre-trained CNNs, Fine-tuned CNNs,
Layer-wise fine-tuning scheme.

Training set: 3,800 polyp
frames and 15,100 normal
ones, testing set: 5,700
polyp frames and 13,200
normal ones.

Fine-tuned AlexNet
achieved overall better
performance based on
different size of
training set.
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Hwang et al. further improved their method in (Hwang
& Celebi, 2010) by involving a watershed segmentation base
on Gabor texture features and K-means clustering, prior to
identifying the polyp candidates by extracting curvaturebased geometric information from the resulting segments.
But the author only tested their method using a small dataset
of 128 images containing 64 polyp shots and 64 non-polyp
images, which make the results (100% sensitivity and over
81% specificity) little convincing, since a small number of
test dataset tend to lead to over tuning that may easily create
an illusion of good performance.
A more sophisticated shape-based method, introduced
by Bernal et al. (J. Bernal et al., 2012), employed valley
information and a region growing approach to find polyps.
Bernal et al. called it Sector Accumulation – Depth of
Valleys Accumulation (SA-DOVA). The method was further
improved and renamed as Window Median DOVA (WMDOVA). Further performance evaluations presented in
(Jorge Bernal et al., 2015) claim to have reduced the number
of false positives around vascular structures and specular
reflections. In principle, WM-DOVA not only exploited
some available methods of low-level image processing such
as valleys or edges analysis, but also first introduced a
searching method for concavity of boundaries and elements
of the scene such as blood vessels and specular highlights
(Jorge Bernal et al., 2015). Nonetheless, shape-based
approaches tend to mislead a polyp detector towards other
polyp-like structures such as fecal content and reflection
spots (Tajbakhsh, Gurudu, et al., 2016).
Combination methods of texture and shape
Both texture-based and shape-based methods have
benefits and drawbacks. For that reason, more recent systems
have considered combining them as an attempt to obtain
improved performance. Mamonov et al. (Mamonov et al.,
2014) presented an algorithm of polyp detection in colon
capsule endoscopy, which is referred to as binary
classification with pre-selection. This algorithm relies on
geometrical analysis and the texture content of the frame.
They assumed the polyps are characterized as protrusions
that are mostly round in shape, and then considered a best fit
ball radius as a decision parameter of the binary classifier. In
addition, the author also introduced a pre-selection procedure
used to discards the frames with too much or too little texture
content, considering that the surface of polyps is often highly
textured. Meanwhile, too much texture tends to imply the
presence of bubbles or trash liquids. Therefore, it makes
sense to discard the frames with both too little and too much
texture information in them.
Although, the above algorithm demonstrated high per
polyp sensitivity (81.2%) and high per patient specificity
(92.2%) by a thorough statistical testing with a rich data set,
there are still some drawbacks and areas of improvement as
listed below:
 It did not detect the actual location of polyp in a
colon. This problem is particularly exacerbated in
capsule colonoscopy.



Its effectiveness lies partially in the use of a preselection criterion; however, the pre-selection
approach proposed was robust in some sense, but not
sophisticated enough. It was less effective in filtering
out frames with bubbles.
 It only utilized texture and geometry information, but
the color content was discarded since the frame had to
be converted to grayscale before processing.
 It just used a binary classifier; however, more
advanced classification techniques such support
vector machines (SVM) may improve its detection
performance.
Another work by Tajbakhsh et al. (Tajbakhsh, Gurudu,
et al., 2016) proposed a hybrid context-shape approach,
which utilizes texture context information to remove nonpolyp structures and shape information to reliably localize
polyps. The proposed system consists of four stages as
follows:
1. Constructing Edge Maps for input images.
2. Refining the edge map using context information.
3. Localizing polyp candidates using shape
information.
4. Placing a band around each polyp candidate.
The suggested system had been tested using two public
polyp database containing 300 unique polyps, and achieved a
sensitivity of 88.0%. However, the author also pointed out
that the suggested system might fail to detect the polyps with
faint gradients around their boundaries, resulting in a polyp
localization failure. In addition, unsuccessful edge classification could also lead to localization failures.
DEEP LEARNING
Deep learning (DL) is a new branch of machine learning
(ML), and is moving ML closer to the one of its original
goals: Artificial Intelligence (AI). It is based on a set of
algorithms to model high level abstractions in data by
extracting multiple processing layers. There are various DL
architectures, such as deep neural networks (DNNs), deep
convolutional neural networks (CNNs), deep belief networks,
and others. CNNs have recently become a very popular DL
method, not only within the field of computer vision, but also
across many other areas like automatic speech recognition
(Abdel-Hamid et al., 2012), and bioinformatics. This section
discusses CNNs based DL methods used in CAD schemes
for detection of polyps in GI images. Figure 3 shows a
common example of CNNs layout that comprises two layers
of convolution and subsampling followed by 2 connection
layers, plus one classifier for output.
With revival of CNNs-based DL architectures, the
medical image processing field has been experiencing a new
generation of CAD systems with superior performance. In
terms of polyp detection, there are several recent works
(Ribeiro et al., 2016; Tajbakhsh et al., 2015; Tajbakhsh,
Shin, et al., 2016) that have exploited CNNs-based method
for automatic detection of polyps in colonoscopy videos.
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The DL approach has the property of extracting a set of
discriminating features at multiple levels of abstraction by
exploiting the input image pixel directly. But it usually
requires a large amount of training dataset that might be quite
rare in some medical imaging fields. Ribeiro et al. (Ribeiro et
al., 2016) proposed a method allowing the use of small
patches to increase the size of the database and classify
different regions in the same image and then train the CNNs.
In yet another work, Tajbakhsh et al. proposed a new
polyp detection method based on unique 3-way image
presentation and CNNs in (Tajbakhsh et al., 2015). The 3way image represents the three major types of polyp features,
namely (1) color and texture clues, (2) temporal features, and
(3) shape in context. This method fully utilizes a variety of
polyp features such as color, texture, shape, and temporal
information in multiple scales, which enable more accurate
polyp detection in (Tajbakhsh et al., 2015).

To train the CNNs, the author first collected all the
generated polyp candidates and grouped them into true and
false detections, then collected the three sets of patches Pc,
Pt, and Ps at multiple scales, translations, and orientations,
and finally, total of 400,000 patches were labeled as positive
or negative and resized to 32x32 pixels for the entire training
dataset. The evaluations based on a large annotated polyp
database showed a superior performance and significantly
reducing polyp detection latency and the number of false
positives (Tajbakhsh et al., 2015). There was one drawback
that this method was not reliant on the future frames and
avoiding the delayed feedback on the locations of polyps.
However, both above methods do need to train a CNNs
from scratch with a large amounts of training database. The
updated work of Tajbakhsh et al. (Tajbakhsh, Shin, et al.,
2016), tried to address the problem by making use of pretrained deep CNNs, with sufficient fin-tuning, to eliminate
the need for training a deep CNN from scratch.

CNNs-based Feature Extraction
Cropped patches
P×P×m

Probability
[0………1]

Convolution +
Subsampling layers

Locally
Connected layers

Classification

Fig. 3 An example of Convolution Neural Networks Layout
Comprising successive layers of convolution maps and subsampling functions and followed by connection layers.

The author considered four distinct medical imaging
applications (polyp detection, pulmonary embolism
detection, colonoscopy frame classification and intima-media
boundary segmentation) in three specialties (radiology,
cardiology, and gastroenterology) involving classification,
detection, and segmentation, and investigated how the
performance of deep CNNs trained from scratch compared
with the pre-trained CNNs fine-tuned in a layer-wise manner.
Their experiments demonstrated that (Tajbakhsh, Shin, et al.,
2016):
 Use of a pre-trained CNN with adequate fine-tuning
outperformed or, in the worst case, performed as well
as a CNN trained from scratch.
 Fine-tuned CNNs were more robust to the size of
training sets than CNNs trained from scratch.
 Neither shallow tuning nor deep tuning was the
optimal choice for a particular application.
 Layer-wise fine-tuning scheme could offer a practical
way to reach the best performance for the application
at hand based on the amount of available data.
These results showed the knowledge transfer from
nature images to medical images is possible and suggested
(Tajbakhsh, Shin, et al., 2016) that the layer-wise fine-tuning
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might offer a practical way to achieve the best performance
for some medical image application based on the amount of
available data.
A SCALABLE CAD FRAMEWORK
Based on the above evaluation on all these state-of-theart techniques, we layout a scalable CAD framework for
automatic polyp detection. The proposed scheme is flexible
and easy to add new types of sensor data, such as acoustic
signal (Hui-Hui, Jia-Ming, Mingyu, & Guo-Zheng, 2015) or
biomedical signal (Santos-Mayo, Jose-Revuelta, & Arribas,
2016) in future as needed. It roughly consists of four stages:
preprocessing, feature extraction, classification and postprocessing as shown in Figure 4.
First of all, preprocessing phase is very import to
properly prepare the data by removing noise or unwanted
parts of the data. The objective of prepressing is to refine the
quality of digital images or signals. It can consist of
subsampling, enhancing, edge detecting, scaling or extracting
research of interest (ROI) patches, and so on. It has a lot of
impact on the following feature extraction and classification
processing.
For feature extraction phase, the focus is on the
extraction of some key characteristics of candidates such as

texture (-color), shape/geometry, or both as discussed in the
previous sections. Recently, as discussed above, D-learning
based (like CNNs) feature extraction methods have been
employed in more and more medical sciences.
In classification stage, many kinds of classifiers are used
to discriminating multiple objects on the base of features
defined and extracted from previous phase. In most cases that
we studied, SVM has been proved to be one of the most
effective classifier in medical image processing. SVM
determines some support vectors from the feature space
which are helpful to determine the optimal hyperplane to
separate a set of objects with maximum margin (Cortes,
1995).
Finally, the post-processing stage is needed to properly
display the results, formulate diagnosis reports, localize and
annotate the diseases for the further evaluations by medical
physicians.
INPUT DATA




Videos
Images
Sensor data

Feature extraction
•
•
•
•

Segmentation
Subsampling
Enhancement
Edge detection

Post-processing
•
•
•
•

Texture spectrum
Color histogram
Geometric
CNNs …

Classification
•
•
•
•

Localization
Annotation
Grading results
Evaluation …

SVM
ANN
Binary
…

Scalable CAD Framework

Preprocessing
•
•
•
•

OUTPUT RESULTS




Results display
Annotation …
Diagnosis report

Fig. 4 A scalable CAD framework for polyp detection which can
be extended to detect other types of diseases based on image or
biomedical signal processing, or a combination of both. Here
red dash line represents the process for training the system.

CONCLUSION
Computer-aided system for automatic polyp detection in
endoscopy or colonoscopy videos has been the subject of
research for over a decade now. Despite significant advances,
there are still many unsolved issues regarding the robustness,

reliability, scalability, and extensibility in different kinds of
methods. In this paper, various polyp detection
methodologies have been discussed and evaluated. Our
discussion was based on a variety of features grouped into
three key categories, namely texture-color based, shape
(geometry) based, and deep learning based methods.
Although it is very difficult to make a comparison among
them due to the lake of a public annotated dataset to test each
methodology, some remarkable performance improvements
can be observed when involving modern deep learning
methods.
As for the future perspectives in computer aided
diagnosis systems for automated polyp detection, and after
having a closer review on the problems related to medical
signal and image auto-classification and auto-detection, it is
clear that major advances are yet to come. The combination
of recent advances in computer vision, signal processing, and
deep learning methodologies have the potential to allow the
design of high performance scalable CAD systems. These
systems can be easily scaled to detect other types of disease
based on either image, or biomedical signals, or a
combination of both. In future works we aim at integrating
and improving the proposed CAD system, while taking
advantage of recent new techniques to provide high
sensitivity and specificity in medical diagnosis for detecting
different types of diseases.
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ABSTRACT
Hospital-Acquired Infections (HAIs) or nosocomial
infections are a major and growing problem for the
healthcare systems. These infections might occur within 2
days of hospital admission and conduct to increase the cost
linked to longer recovery or longer stay in hospital. Recent
studies showed that these infections can be life threatening.
Although hospital have engaged in improving their quality
process such as hand hygiene, cleaning methods process,
new approach for transmission interruption such as usage of
antibiotics and so forth; there is still a high number of
patients contracting an infection. In order to address these
issues, an autonomous robot using ultraviolet light to fight
infections has been developed. This paper presents this
innovative approach; The UV-Disinfection Robot - also
called UV-DR, is an autonomous disinfection robot that can
be used for hospitals, production lines and pharmaceutical
companies.
INTRODUCTION
One of the biggest challenges that hospital environment
is encountering, is the lack of full control of the
Environmental contamination that is recognized as a
significant source of Healthcare-Associated Infection (HAI).
According to the World Health Organization (WHO) report,
hundreds of millions of patients are contaminated by germs;
thus leading to an augmentation of mortality. In addition, the
cost for health systems is drastically increased (World Health
Organisation, 2011). More than 7% of hospitalized people
will acquire at least one HAI infection, although the
strategies put in place in order to alleviate this serious world
health problem. The infections typically occur in connection
with the admission, examination, treatment, care or
rehabilitation. The source of infection can be other patients,
staff, visitors or even equipment and environments. In
general, the infection rates can be prevented if the chain of
infection is broken.
Traditional methods of decontaminations including
cleaning with disinfectants coupled with strict standard
infection control enforcement procedures, showed that it is
not sufficient to prevent the spread of potentially pathogenic
microbial agents (Maclean et al., 2010). Therefore several
others approach to alleviate this problems have been

investigated, tested in hospital environment such as the use
of :
1. hydrogen peroxide allowing sterilization of various
surfaces or medical devices or surgical tools. It
may may be deployed as a vapor (VHP) for room
sterilization (Falagas et al., 2011)
2. chlorine dioxide is a synthetic green-yellowish gas
and is considered to be very effective for the
deactivation of pathogenic microorganisms through
oxidation; however It is less effective for the
deactivation of rotaviruses and E. coli bacteria
(Lenntech, 2009)
3. Ozone is a molecule composed of three atoms of
oxygen that is available in Mother Nature. Recent
studies showed that using Ozone is an effective
disinfectant friendly to both humans and the
environment. Its oxidizing power is 7 time more
powerful than the usage of chlorine (IHI Shibaura,
2007; Medizone International, 2013)
4. UltraViolet or Violet-blue light methods (Fisher &
Seidel, 2013; Maclean et al., 2010)
These methods have been clinically assessed (Michelle
M. Nerandzic et al., 2015) and proved to be quite effective,
however the usage of UV has gained a tremendous interest
due to the possibility to increase the speed of disinfection
process and the large range of destroyed microbial
contaminants. According to (Jinadatha C et al., 2014), the
comparison of manual disinfection plus the use of UV light
show to be more effective by killing more than 90 percent of
the bacteria compared to 70 percent with to manual
disinfection alone.
This paper presents a novel approach to clean in a most
reliable way the inpatient room. The project is a joint
collaboration between a company Blue Ocean Robotics
RoBi-X and leading Scandinavian Universities. The project
aims to develop a new autonomous cost-efficient robot. This
robot, named UV-DR, is intended to reduce the number of
Pathogenic germs by using the Ultraviolet lights methods and
thus decrease the health operational cost and reduce the
mortality at Hospital. This robot can as well be used, not
only in laboratories, surgery rooms, and inpatient rooms but
as well in manufacturing production line, hotel rooms and so
forth. This paper presents the concepts of this robot that was
tested clinically tested in Hospital environment in Denmark.
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The next sections present the basic rational behind the
project. Section 3 presents different devices or solutions
found on the market. Section 4 introduces the concepts and
technical specifications of the UV-DR autonomous mobile
robot.
RATIONAL OF THE STUDY
Odense University Hospital, OUH, came to Blue Ocean
Robotics in 2015 with an enquiry to solve one of the
hospitals biggest problems - the spread of Hospital Acquired
Infections, better known as HAIs. Each year, approximately
50,000 Danes catch an HAI, while an estimated 3,000 people
die from HAI related complications. The source of the
infections can be difficult to identify, as patients, visitors,
and physical objects can be transfer agents. Therefore, a
comprehensive disinfection is necessary to minimize the risk
of transmission and infection (Danish Health Care, 2016).
The European Centre for Disease Prevention and
Control reports an average prevalence of 7.1% in European
countries. The Centre furthermore estimates that 4,131,000
patients are affected by approximately 4,544,100 episodes of
Hospital Acquired Infections every year in Europe (Zarb P et
al., 2012).The estimated incidence rate in the United States
of America (USA) was according to the same source 8.5% in
2013, corresponding to 18.2 infections per 1 000 patient-days
and 3.14 million affected patients.
In order to get an understanding and requirements,
several interviews were conducted with different
stakeholders from the engineering company and hospitals
staff. Some of the outcomes of the meetings are summarized
as follows:
• prolonged and inappropriate use of invasive
devices and antibiotics
• high-risk and sophisticated procedures
• insufficient application of standard and
isolation precautions
• inadequate environmental hygienic conditions
and waste disposal
• understaffing
• poor knowledge and application of basic
infection control measures
• Work stress and heavy overload of the nurses
and medical staff
These listed issues contribute to the requirement
specifications for developing a new solution that could
complement the existing approaches for room’s
disinfections. After a careful analysis methods to address the
problem of killing pathogenic organisms in a most effective
way, the Ultraviolet light method seems quite promising
(Maclean et al., 2010). Developing robot is core business of
the company Blue Ocean Robotics, and therefore it was
natural to investigate how a robot could use UV light to clean
the inpatient room in a most effective way.
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CURRENT SOLUTIONS VS. UV-DISINFECTION
ROBOT
The idea to use UV for disinfection has caught attention
from several solution providers. Most of the solutions are
developed in US. For example, the company Xenex has
developed a device named Pulsed Xenon UV disinfection
system well known on US the market (Vianna P, Dale Jr,
Simmons S, Stibich M, & Licitria C, 2016). Several clinical
tests have proved that Ultraviolet use, has disinfected in a
systematic way any space within a healthcare facility
(Catalanotti, Abbe, Simmons, & Stibich, 2016; Green C,
Pamplin J, Chafin K, Murray C, & Yun H, 2016)
According to the study (Jinadatha C et al., 2014), PPXUV technology proved to be superior to manual cleaning
alone for MRSA and HPC with only 15mn exposure time.
Another study, (Vianna P et al., 2016) was conducted in
a community hospital in Southern Florida. The pulsed xenon
ultraviolet disinfection system was deployed in two manners:
• as an adjunct to traditional cleaning methods on
discharge of select rooms
• and in the intensive care unit (ICU), for disinfecting all
discharges and transfers after standard cleaning and prior
to occupation of the room by the next patient.
Results showed that In non-ICU areas, a significant
reduction was achieved for Clostridium difficile
microorganisms known to be resistant to a number of
antibiotic. It is known as well to survive 5 months on hard
surface (Gerding Dale N, MutoCarlene A, & Owens Robert
C, 2008).
Incorporating 15 minutes of PPX-UV exposure time to
current hospital room cleaning practice can improve the
overall cleanliness of patient rooms with respect to selected
micro-organisms.
Another solution is provided by Tru-D. The UV
disinfection robot kills deadly pathogens and common health
care-associated infection culprits such as Clostridium
difficile (C. diff), Methicillin-resistant Staphylococcus
aureus (MRSA), carbapenem-resistant Enterobacteriaceae
(CRE) and other bacteria (THRU-D, 2015). Another clinical
test, showed that Tru-D SmartUVC reduced the risk of
acquisition and infection caused by target multi-drug
resistant organisms by 10 to 30 percent (sexton, al, 2015)
Other solutions providers, such as, American Ultraviolet,
Artz, Jiangyin Feiyang Instrument FY-30FSI, Cn Light Type
B, Yanex Yanex-2 and Real Wave Pulster demonstrated as
well the benefit of the Ultraviolet light use and thus have
developed their own devices ranging from handheld batterypowered devices to more advanced systems with sensors.
Analysis of these current solutions showed that these
devices are all limited by lack of flexibility, mobility and
ability to autonomously position themselves in the room to
be disinfected. Most of the existing solutions rely on being
carried around meaning; they disrupt the workflow of the
cleaning staff. A constant presence of the staff is therefore
required.

For example, studies show that using Xenex solution has
an average wasting time of about 50 minutes to set up and
transport the unit per disinfection.
Therefore, the goal of the company Blue Ocean Robotics
was to develop a new innovative mobile and autonomous
robot solution with a UV light system that is designed
specifically for disinfection of hospitals. The next section
presents the concepts of the robot called UV-DR.
UV-DISINFECTION ROBOT (UV-DR)
Context of study
UV Disinfection Robot is an innovative robotic solution
for disinfection of patient rooms in hospitals. The robot
works by driving around and disinfect all contact surfaces in
a room. It consists of a self-driving robotic platform (AMR),
vision technology, and a UV-C light system.

different area in the room, ensuring that the disinfection
process is complete without the intervention of the nurse to
position the robot in the various location of the room.
Therefore, medical staff for i.e. nurses can do something else
during the work process of the robot.
In comparison, although it is well recognized that Xenex
and Tru-D are effective in room disinfection, the staff must
move the device around to several different positions in a
room in order to avoid shadows. Both manufacturers
recommend 2-3 different positions depending on room size
and decor. This has a significant impact on the workflow of
the cleaning staff, who therefore have to enter the room and
interact with the solution several times during the
disinfection process (approximately every five minutes). The
figure 2 below illustrates the benefits of an autonomous robot
solution that can drive around in a room to avoid shadows,
thereby achieving optimal disinfection.

Fig. 2: UV-DR actions

Fig. 1: UV-DR

The UV-Disinfection Robot disinfects surfaces by
emitting high-intensity UV-C light from its 360 degrees
lighting system, which breaks down the DNA molecule in
viruses, bacteria and fungal spores, which alter their
reproductive capacity passivated.
This also means the direct exposure of UV-C light
toward humans should be avoided. The robot must always
disinfect in controlled spaces, for example in patient room,
intensive unit care or managed hallways etc., A strict safety
checklist has been specified and needs to be verified before
the robot can start the disinfection process. This is to insure
that no human or animal are in the area during the
disinfection procession. In addition, others sensors have been
deployed in order to insure the safety, for example, if the
door is opened the robot stop immediately to emit the UV
light.
The main advantage compared to existing similar
solutions resides in the ability of the UV_DR robot to move
autonomously in the room. The robot can position itself in

The medical staff launch a remote request to a robot
through a graphical user interface on a smartphone or a
tablet. This can be picked up by the robot over the wifi
network, for example whist it is in it’s docking station in the
Hospital basement.
The UV-DR mobile robot is programmed to navigate
autonomously to the door of the room, or location, to be
disinfected. Today, staff are required to open the door of the
room, however, in the future configuration for new hospital,
the robot will be able to open or close the door without
human intervention. Therefore, compared to previous
solutions, we argue that UV-DR is a more effective solution
by releasing the time of cleaning staff, and room.
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Table 1 : UV-DR specification

Max Speed

5.4 km/hr.

Battery Charging Time

3 hours

Total Weight

140 kg.

Physical Dimensions

Length: 80 cm
Width: 60 cm
Max Height: 200 cm

Operating Time

2 – 2.5 hours (Disinfecting 910 rooms)

Disinfection Coverage

360 degrees

Disinfection Time per

10-15 mins

Room
Connectivity

Wireless (Wi-Fi-based)

Safety

Software & Sensors Based
Emergency Stop Button

UV Wavelength

254 nm (UV-C rays)

Charging Requirements

220-240 VAC, 50 Hz, 6 Amps
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CONCLUSION
The paper presents an innovation autonomous mobile
robot for disinfecting in Hospitals environment. Compared to
existing solutions, such as Xenex and Tru-D that aim as well
to use ultraviolet light methods, our UV-DR uses more
advanced sensor technologies and a mobile platform to move
around autonomously through the Hospital, and in the room
during the disinfection process. The robot has been tested
successfully a hospital environment in Denmark. The
university hospital in Odense focuses on the elimination of
the following germs such as E.coli ATCC, S.aureus and
E.faecalis.
The robot UV Disinfection-Robot (UV-DR) should be
considered as a complement to a traditional cleaning. The
robot will thereby improve patient safety by reducing the
spread of infection and the number of hospital-acquired
infections and subsequent readmissions, extra bed days,
death etc. This also means that the robot will improve the
safety of employees, visitors and other people staying at the
hospital.

226

REFERENCES
Catalanotti, A., Abbe, D., Simmons, S., & Stibich, M.
(2016). Influence of pulsed-xenon ultraviolet lightbased environmental disinfection on surgical site
infections. American Journal of Infection Control,
44(6),
e99-e101.
doi:http://dx.doi.org/10.1016/j.ajic.2015.12.018
Danish Health Care. (2016). Danish robot fights hospital
germs.
Falagas, M. E., Thomaidis, P. C., Kotsantis, I. K., Sgouros,
K., Samonis, G., & Karageorgopoulos, D. E. (2011).
Airborne hydrogen peroxide for disinfection of the
hospital environment and infection control: a
systematic review. Journal of Hospital Infection,
78(3), pp 171-177.
Fisher, J., & Seidel, J. (2013). Adding UV desinfection to
enhance environmental cleaning Infection Control
Theory , Virgo publishing. Retrieved from

Gerding Dale N, MutoCarlene A, & Owens Robert C.
(2008). Measures to Control and Prevent
Clostridium difficile Infection. Clinical Infectious
Diseases, 46(1).
Green C, Pamplin J, Chafin K, Murray C, & Yun H. (2016).
Pulsed-xenon ultraviolet light disinfection in a burn
unit: Impact on environmental bioburden,
multidrug-resistant organism acquisition and
healthcare associated infections. Burns, elsevier,
0(0).
IHI Shibaura, i. (2007). IHI ozone disinfection system.
Retrieved
from
http://www.ihishibaura.com/english/product/ozone/faq.html
Jinadatha C, Quezada R, Huber TW, Williams JB, Zeber JE,
& LA., C. (2014). Evaluation of a pulsed-xenon
ultraviolet room disinfection device for impact on
contamination levels of methicillin-resistant
Staphylococcus aureus. BMC Infectious Diseases.
Lenntech. (2009). Disinfectants Chlorine Dioxide. Retrieved
from
http://www.lenntech.com/processes/disinfection/che
mical/disinfectants-chlorinedioxide.htm#ixzz4TZzpsVuB
Maclean, M., MacGregor, S. J., Anderson, J. G., Woolsey, G.
A., Coia, J. E., Hamilton, K., . . . Gettinby, G.
(2010). Environmental decontamination of a
hospital isolation room using high-intensity narrowspectrum light. Journal of Hospital Infection, 76(3),
247-251.
doi:http://dx.doi.org/10.1016/j.jhin.2010.07.010
Medizone International, I. (2013). New Ozone-Based
Disinfection Technology Eradicates MRSA From
Infected Hospital Rooms – In Less Than 60
Minutes. Investor and Media Relations
Retrieved
from
http://www.medizoneint.com/2013/07/09/mrsabelleville-hospital/
Michelle M. Nerandzic, Priyaleela Thota, Thriveen Sankar
C., Annette Jencson, Jennifer L. Cadnum, Amy J.
Ray, . . . Donskey, C. J. (2015). Evaluation of a
Pulsed Xenon Ultraviolet Disinfection System for
Reduction of Healthcare-Associated Pathogens in
Hospital Rooms. Infection Control & Hospital
Epidemiology, 36(02), 192-197.
THRU-D. (2015). The Benefits of Enhanced Terminal Room
(BETR) Disinfection Study: A Cluster Randomized,
Multicenter Crossover Study with 2x2 Factorial
Design to
Evaluate the Impact of Enhanced Terminal Room
Disinfection on Acquisition and Infection Caused
by Multidrug-Resistant Organisms. Retrieved from
http://tru-d.com/tru-d-selected-for-cdc-study/
Vianna P, Dale Jr, Simmons S, Stibich M, & Licitria C.
(2016). Impact of pulsed xenon ultraviolet light on
hospital-acquired infection rates in a community
hospital
American Journal of Infection Control, 44(3), 299-303.

World Health Organisation, W. (2011). Report on the Burden
of Endemic Health Care-Associated Infection
Worldwide ( 978 92 4 150150 7 ). Retrieved from
http://apps.who.int/iris/bitstream/10665/80135/1/97
89241501507_eng.pdf?ua=1&ua=1
Zarb P, Coignard B, Griskeviciene J, Muller A,
Vankerckhoven V, Weist K, . . . C;, S. (2012). The
European Centre for Disease Prevention and
Control (ECDC) pilot point prevalence survey of
healthcare-associated infections and antimicrobial
use. Eurosurveillance, 16(46). Retrieved from
http://www.eurosurveillance.org/ViewArticle.aspx?
ArticleId=20316

227

SDPS-2016
Printed in the United States of America, November, 2016
2016 Society for Design and Process Science

AN OVERVIEW AND FUTURE PERSPECTIVES ON DATA
TRANSMISSION STRATEGIES FOR UNMANED AERIAL VEHICLES
Zhili Shao, António L. L. Ramos
University College of Southeast Norway (HSN),
Faculty of Technology and Maritime Sciences, Kongsberg, Norway
José A. Apolinário Jr.
Military Institute of Engineering (IME), Rio de Janeiro, Brazil
{ shao.zhili@student.hbv.no antonio.ramos@hbv.no apolin@ime.eb.br }

ABSTRACT
This paper presents a literature review on strategies for
data transmission from small-sized Unmanned Aerial
Vehicles (UAVs). While a preliminary investigation and part
of a research project on data transmission from UAVs, it
outlines a historical perspective and current state on
communication systems for this kind of platforms. We begin
by reviewing basic concepts about UAVs and its applications.
The data available for processing from a UAV is application
dependent and can be dived in three distinct types which are
transmitted through different communication links: radio
control data, telemetry data, and application sensor data. In
this work, we compare several specifications that can be used
for data transmission from UAVs, including the popular
wireless networks such as Wi-Fi, 4G LTE, and Bluetooth.
Inter-UAV communication strategies are also discussed and
the Flying Ad-Hoc Network is introduced. Finally, features
and specifications for relevant communication links are
benchmarked under a UAV data transmission scenario, and a
hypothesis for a unified UAV data transmission link is
raised.
INTRODUCTION
This paper presents a review on the state of the art and future
perspectives on data transmission links for Unmanned Aerial
Vehicles (UAVs). It aims at exploring currently available
data transmission technologies for UAVs, while raising some
pertinent questions that can be used as guidelines for future
research by those who are interested in this topic.
Unmanned Aerial Vehicle, also commonly referred to as
Drone, is an aircraft with no human pilot or passengers.
These vehicles rely on many different sensors, i.e., altimeter,
GPS receiver, cameras, etc., to control the flight through an
onboard computer when a programmed flight plan is
available. The vehicle can also be operated remotely by a
pilot at the ground control station (GCS). Drones can be
powered using jet propulsion, piston engine, or electric
motors. Construction wise, they can be classified as fixedwing, rotary-wing, or multi-rotor.
UAVs are currently being used in military and civilian
applications. Their popularity has grown very fast in the last
decade and new applications are continuously being
developed. Some types of UAVs can be used as attack
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weapons, but there are many other military applications
where drones have been used successfully for several
different purposes. Examples of these are military network
relay (Orfanus et al., 2016) and battlefield circumstance surveillance (Ma'sum et al., 2013). It has even been speculated
that these devices can be used as cyber-power in the future
(Hartmann & Giles, 2016).
For civilian use, fixed-wing UAVs like aviation models
are very popular among amateurs. Fixed-wing UAVs have
also a huge potential in agricultural applications, and are
currently used, among many other purposes, for field mapping. With the rise of multi-copter, more applications are
explored based on its stable, easy control, and high payload.
Examples of applications for these are aerial photography,
disaster victims rescue (Wolfe, Frobe, Shrinivasan, & Hsieh,
2015), cellular network reinforcement (Afonso et al., 2016;
Galkin, Kibilda, & DaSilva, 2016; Merwaday & Guvenc,
2015; Sharma, Sabatini, & Ramasamy, 2016), Wi-Fi internet
access (Gu, Zhou, Fu, & Wan, 2015), video surveillance
(Qazi, Siddiqui, & Wagan, 2015), and sensor network data
collection (Say, Inata, Liu, & Shimamoto, 2016). UAVs have
also been used to deploy sniper localization systems
(Fernandes, Santos, Ramos, & Apolinário, 2015), based on
the processing of acoustic gunshot signals (Ramos, 2015).
Requirements and specifications for suitable communication links for control and data transmission in UAVs are
application dependent and issues such as stability, reliability,
complexity, and costs must be considered. In this work, we
argue that, under certain circumstances, traditional wireless
networks, including 4G cellular networks, can also be used to
support and potentially improve the efficiency of data
transmission links from UAVs. Currently available
technologies encourage this approach, and it is expected that
the proposed 5th generation telecommunication standard (5G)
will bring even greater possibilities for this kind of mobile
application.
This paper is organized as follows. First, we provide an
overview and state of the art on data transmission
technologies for UAVs, followed by a brief description of the
motivation behind the idea of using wireless networks as an
alternative to traditional data transmission technologies in
UAVs applications. Then, details about the three main
classes of data links with focus on the type of data that is to
be transmitted are discussed. Next, a comparison of different
data transmission strategies for UAVs is carried out. On the

next section, three kinds of main stream wireless network
technologies are addressed, and a comparison among them in
the UAV data transmission scenario is conducted. We also
discuss the multi-UAV communication problem, with
emphasis on the Flying Ad-Hoc Network (FANET). The
final section provides main conclusions and suggestions for
future works.
DATA TRANSMISSION METHODS
The most suitable data link for UAV communication in a
given situation is chosen based on specific requirements such
as range, bandwidth, cost, reliability, robustness, etc. The
data transmission is controlled by a link protocol that varies
from case to case.
In (Rochus & ULM, 2000) a UAV data link selection
criteria is introduced, which is based on the UAV application
requirements. Three types of data links are defined: Radio
Control (RC) data link, telemetry data link, and application
data link.

There are various data encoding/decoding protocols for
RC. Pulse Width Modulation (PWM) is a classic protocol
used in early ages; the receivers are used to control the
servos directly with standard PWM signal, providing one
channel for each servo. Pulse Position Modulation (PPM)
needs only one signal wire for several channels. A PPM
signal is basically a series of PWM signals sent on the stream
wire, so it is called “analog signal in time domain”. Pulse
Code Modulation (PCM) needs one signal wire as well, but
its signal is digital, which gives it the potential of signal error
detection and even error correction. Serial protocol of RC is
a group of protocols employed in flight controller using
serial port. They are designed by different radio manufacturers; the widely used serial protocols are SBUS, IBUS,
XBUS, DSM2, etc.
It has been reported in (S. x. Chen & Lv, 2009;
Holubnychyi & Konakhovych, 2013; Yuan Jun, Jian Ming,
& Xing Yun, 2016) that spread spectrum is likely to become
part of the future of RC. On traditional RC systems as
mentioned before, a dedicated frequency is required in order
to avoid interference. A noisy thermostat or electric drill can
often cause massive amounts of electrical interference, which
can be avoided using a 2.4GHz spread spectrum radio
system, for example.
Telemetry data link

Fig. 1. RC data link aviation model.

Radio control data link
Normally, the flight path of a UAV is controlled from
the GCS remotely. The commands, which are used to control
direction, altitude, and flying mode of the UAV, are called
flight control data. A wireless remote control data link for
UAV should be fast, capable of supporting long-rang
communication, complying with radio regulations, etc. Radio
frequency (Figure 1) meets these requirements, reason why it
is so widely used on small to middle-sized UAV remote
controls.
Some frequency bands allocated for RC are country or
region dependent and are usually divided in several channels.
In Europe most countries choose 35MHz as the frequency
band for model aircraft ("Radio Control Frequencies," 2011),
channels 55 to 90. In North America, the frequency band for
model aircraft devices is 72MHz ("Radio Control (R/C)
Radio Service," 2016), channels 11 to 60 with 20KHz
separation. 2.4GHz “Spread Spectrum” technology is a new
technology which can be used globally, and is known for its
interference mitigation capability.

During the flight of a UAV, lots of flight status data are
collected by different sensors in the UAV. These data,
referred to as telemetry data, are very important and are
usually transmitted back to the GCS to help the operator
controlling the vehicle. In UAVs with autopilot controller,
the flight status data is processed locally by the autopilot
software (Or D. Dantsker, 2014). Table 1 illustrates some
typical sensors and corresponding data that can be collected
from an UAV during flight.
Table 1. Sensors and respective data from an UAV
Sensor

Inertial
Measurement Unit

GPS

Data

Unit

Attitude

degree

Acceleration

m/sec2

Rotation Rate

rad/sec

Magnetic Field

arb

Position

m

Ground Speed

m/sec

Velocity

m/sec

Magnetometers

Magnetic Field

arb

Altimeter

Altitude

m

Pitot probe

Airspeed

m/sec

Digital inputs

PWM signal

μsec

Analog inputs

Voltage divider

V
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Industrial, scientific, and medical (ISM) radio bands are
reserved internationally for purposes other than telecommunications. ITU Radio Regulations ("ITU Radio Regulation," 2012) defines radio bands can be used by ISM. ISM
compatible devices bands have to tolerate interference from
other ISM devices. In recent years, ISM bands like 915MHz
(US), 433MHz (EU), and 2.45GHz (International) have been
widely used to transmit telemetry data from UAVs.
Figure 2 shows an integral telemetry data transmission
process. At the beginning, the UAV controller or autopilot
collects data from different sensors. The data is then
formatted following a specific communication protocol and
streamed to the GCS via the RF transmitter. The GCS
consists of an RF receiver and a computer equipped with
necessary telemetry software to decode and display the
telemetry data.

Fig. 2. Telemetry data link.

MAVLink is one the most popular telemetry protocol
available today featuring a very lightweight, header-only
message marshaling library for small size UAV. MAVLink
is open source and has been utilized by most commercial and
open source autopilots and GCS software. It can transmit
control data as well as telemetry sensor data and live video
stream. QControl Ground Station (QGC) is one widely used
open source GCS. It provides full flight control and mission
planning for any MAVLink enabled UAV. QGC can run on
Windows, OSX, Linux, iOS and android devices. On QGC,
there is one flight map display showing telemetry
information from MAVLink capable vehicle.
Application data link
As a floating platform on the sky, many applications,
e.g., live onboard video stream, Wi-Fi access, and cellular
network reinforcement, are implemented on a UAV.
Transmitting application data from UAV has become a hot
topic. Except traditional radio frequency transmission,
package-switch based wireless networks have become the
best solution for small-sized UAV application data
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transmission. Wi-Fi, Bluetooth, Cellular network are options
on this list.
Many regulations should be measured before choosing a
proper data link for a UAV application (Rochus & ULM,
2000). Normally a new data link will be set specially for a
specific application except the RC data link and telemetry
data link. To build an application data link, many
requirements need to be satisfied. The application data link
radio frequencies should be different for RC and telemetry
data link, which would help to avoid interference or even
destruction. Also, range, bandwidth and latency should be
considered. The environment and expense will decide which
strategies should be used for application data transmission.
In applications, such as UAV racing, surveillance (Qazi
et al., 2015), target search (Kingston, Rasmussen, &
Humphrey, 2016), photography (X. Li & Yang, 2012), etc., a
typical function, transmitting live video stream from onboard
camera to ground station is needed. This system is called
first-person view (FPV) (Mhatre et al., 2015). FPV system
contains an onboard camera connected with an analogue
video transmitter, a video receiver like monitor or goggles on
the ground. The signal is totally analog to make sure there is
no latency, so that users can have a truly immersive, firstperson experience. Some applications use Wi-Fi to stream
video, but this leads to latency due to the video compressing
process and the Internet protocol. However, latency can be
acceptable if it is well controlled and, in addition, digital
video streams can be easily stored or processed.
Another popular application of UAV is providing
temporary Internet or cellular network access (Afonso et al.,
2016; Galkin et al., 2016; Gu et al., 2015; Merwaday &
Guvenc, 2015; Sharma et al., 2016). This is very important
for disaster rescue, big even, ceremony, etc.
Since the application data link highly depends on the
data type it translates and there are so many options, it is
very hard to choose a proper data link for a specific
application. As mentioned before, MAVlink is an open
source protocol that can package and transmit telemetry data;
but it can also be extended to other kinds of data, even digital
video stream. Therefore, it is feasible to build a general
platform based on MAVLink protocol. Yet, for time and
bandwidth sensitive applications like live video stream, the
wireless network will be the bottleneck. Next section
discusses other wireless networks that can be used for UAV
data links.
Comparison of different UAV data links
The International Telecommunication Union (ITU),
specifies which parts of the radio spectrum are to be used for
different radio transmission technologies and applications
("ITU Radio Regulation," 2012). However, different
countries and areas may have different regulations regarding
radio frequency allocation. Considering distance and
bandwidth, RC links favor lower frequencies, since it does
not transmit much data (only control signals), whereas
telemetry and application data links use higher frequencies
because they require more bandwidth. As for the radio

transmission range, it is decided by maximum transmission
power, receiver sensitivity, environmental conditions,
antenna length, etc. But, under similar conditions, the lower
the radio frequency, the longer distance that can be reached.
Table 2. UAV data links benchmarking

Frequency

Bandwidth
Distance

RC Data Link

Telemetry
Data Link

35MHz (EU)

433MHz (EU)

72MHz (US)

915MHz (US)

2.4GHz (Global)

2.45GHz
(Global)

Slow

Medium

Fast

Medium

Vary with
solutions

Long

Application
Data Link

See Tab. 3

We made a brief comparison of three types of UAV data
links. Table 2 shows details about this comparison. Three
criteria are measured on this table: frequencies, bandwidth,
and distance. RC data link and telemetry data link are more
mature than application data link; they have been used for a
long time as UAV datalink. Application data link is based on
wireless networks, which provide more options for different
applications.
WIRELESS NETWORKS
Wireless networks can comprise several nodes. There
are a handful of different wireless networks, e.g., WPAN,
WLAN, and WMAN, each with their unique definitions on
both Physical and Data link layers. Wireless networks are
good options for UAV application data transmission. This
section discusses small-sized civilian UAV data transmission
scenarios using Wi-Fi, Bluetooth, and Cellular network.
A WLAN (wireless land area network) connects devices
using a wireless distribution method. It can just cover a
limited area such as a restaurant, a home, or a museum. A
WLAN user can move around inside the coverage area and
keep connecting with network. WLAN can also provide user
accessibility to the Internet.
Most WLANs used today are based on IEEE 802.11
standards and are marketed under the Wi-Fi brand name. It is
a technology that allows electronic devices to connect to a
wireless network, mainly using the 2.4GHz UHF and 5GHz
SHF ISM radio bands. The Wi-Fi family consists of a series
of standards; 802.11b was the first widely accepted one,
followed by 802.11a, 802.11g, 802.11n and 802.11ac.
802.11n can use either the 2.4GHz or the 5GHz band. It
operates at a maximum net data rate from 54Mbit/s to
600Mbit/s. 802.11ac builds on 802.11n and uses only the
5GHz band. It adds more spatial streams, higher-order
modulation, and Multi-user MIMO technology, yielding a
data rate of up to 433.3 Mbit/s per spatial stream, 1300
Mbit/s total. They are the latest two standards, which has
become main stream in the Wi-Fi products market.

Cellular network provides both voice and data
transmission service through the wireless link between base
station and user mobile device. Telecommunication
providers have deployed cellular networks over most urban
and rural area where people live. Cellular network has
experienced 1G-Analogue cellular, 2G-Digital cellular, 3GMobile broadband and 4G-Native IP networks for now. 5G
should be rolled out by 2020 to meet business and consumer
demands.
Long-Term Evolution (LTE) is the most popular 4G
standard used in the word by now. The LTE 4G cellular
network can provide 300 Mbit/s peak downlink rate and 75
Mbit/s uplink peak rates. It can manage high mobility
connection and support multi-cast and broadcast stream. LTE
supports a wide range of carrier bandwidths (1.4MHz to
20MHz) and both frequency division duplexing (FDD) and
time-division duplexing (TDD) spectrum technologies. Its
Evolved Packet Core (EPC) is an IP-based network
architecture, which results in lower cost on operation.
Bluetooth is a wireless communication technology
designed for connecting devices over a certain distance, e.g.
phone and headset, PC and speaker. The Bluetooth Special
Interest Group (SIG) in charge of the development and
licensing of Bluetooth. Bluetooth uses frequency hopping
spread spectrum technology, it is a packet-based
communication protocol based on a master-slave structure. A
master can communicate with up to seven slaves at the same
time.
On June 2016, The Bluetooth Special Interest Group
announced Bluetooth 5. It will provide four times longer
communication range, doubled speed and eight times
increase on broadcast messaging capacity. Extending range
will deliver robust, reliable Internet of Things (IoT)
connections that make full-home and building and outdoor
use cases a reality. Bluetooth 5 supports 50Mbits/s maximum
speed and 800 feet (243.84m) maximum range.
Quality of Service (QoS) is the overall performance of a
telephony or computer network. To compare the performance
of wireless networks, several aspects about QoS should be
considered, such as throughput, latency, bit rate, error rate,
jitter, etc. We focused on WiFi, Bluetooth, and 4G-LTE
specifications, because they are the most commonly used
wireless network today. Table 3 shows a comparison among
them. These wireless networks are very mature and widely
used in our daily life, but all of them have some
disadvantages when it comes to UAV data transmission. WiFi can be the first choice for UAV data transmission, since it
provides a proper link distance, fast speed and medium cost,
but it needs more power to work and the latency is not small
enough. There are still many popular products using
optimized Wi-Fi wireless network. Since Bluetooth is
designed for data transmission between two or devices that
are near each other when speed is not an issue, its designing
requirements are totally different with UAV data
transmission high speed, long distance requirement, so it is
not fit to be used as UAV data link. The 4G cellular network
seems to be the best choice for small-sized UAV data
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transmission. It can provide both high speed and longer
distance for data transmission. Also, the QoS ensures low
latency for time sensitive data transmission. Since cellular
network highly depends on the base station coverage, its
application for UAV data transmission is limited to areas
with available cellular network. Also, the price for equipment
and data access for 4G is higher, as compared to Wi-Fi and
Bluetooth.

Skeele, Soo-Hyun, Yawei, & Hollinger, 2015) developed an
algorithm for multi-UAV systems to maximize the efficiency
when exploring and mapping an unknown environment
under unreliable communication systems with limited battery
life. Chen et al. have also presented a data link design for
GCS and multi-UAVs (J. Chen, Fei, & Geng, 2012).

Table 3. UAV data links benchmarking
802.11n

802.11ac

Bluetooth
4

4G-LTE

Frequency

2.4GHz,
5GHz

5GHz

2.4GHz

2-8GHz

Bandwidth
(theoretical)

150Mbps

450Mbps

25Mbps

1 Gbps

Distance
(max)

250m

250m

60.96m

3-5km

Latency
(average)

200ms

200ms

100ms

5ms

Power
Consumption

High

High

Low

Medium

Security

Medium

Medium

Low

High

MULTI-UAV COMMUNICATION STRATEGIES
The data links introduced on previous sections are in the
scenario of one single UAV communicating with its GCS. In
some scenarios, such as filed mapping (Mahdoui, Natalizio,
& Fremont, 2016), battlefields (Orfanus et al., 2016), and
disasters (Erdelj & Natalizio, 2016), cooperation among
multiple UAVs might be required. They can jointly conduct
missions such as surveying, reconnaissance, monitoring,
detection, search and rescue while enjoying the reduced cost
and increased reliability of multi-UAV communication.
Multi-UAV operations can provide better solutions and will
play an important role in these cases.
In some specific tasks it is more advantageous to
implement a multiple UAV solution rather than a single
powerful one. Multiple UAV solutions are more robust and
fault tolerant owing the multiple redundancies. Moreover, the
execution time of a given task can be significantly reduced,
while enjoying the flexibility of being able to quickly replace
individual faulty vehicles. However, multiple UAV solutions
require sophisticated signal processing, communications, and
control algorithms. These issues as well as power
consumption, range, size, and weight are on the center stage
of current research works being conducted on UAVs.
Numerous research works have been published recently
on communication strategies for UAVs, with application in
different scenarios. Li et al. (B. Li, Jiang, Sun, Cai, & Wen,
2016) developed and tested a two-UAV communication
relay system, which can extend the communication range and
build communication over obstacles; Cesare et al. (Cesare,

232

Fig. 3. A typical FANET of UAVs.

The Flying Ad-Hoc Network, FANET, is basically an ad
hoc network for UAVs (see Figure 3) and has also attracted
some attention (Bekmezci, Sen, & Erkalkan, 2015; Temel &
Bekmezci, 2014). A wireless ad hoc network is a
decentralized wireless network which does not rely on
existing infrastructures such as a router or a base station.
Each node in the network participates in routing by
forwarding data to other nodes. Mobile Ad-Hoc Network
(MANET) and Vehicular Ad-Hoc Network (VANET) are
two popular ad hoc networks for mobile phones and cars.
Traditional communication among UAVs is provided by
the GCS through satellite or infrastructure. But these kinds of
communication architectures restrict coordination and
collaboration of UAVs. FANET is a distributed wireless
network structure that allows communication among nodes
without the need for infrastructure, which can properly solve
these problems.
CONCLUSION
Strategies of data transmission for small-sized
Unmanned Aerial Vehicle (UAV) have been discussed in this
paper. Some basic concepts of UAV from the literature are
presented, and different applications are identified through
surveys on this topic. Through analysis of these applications,
corresponding data link are classified into three distinct
types: RC data link, Telemetry data link, and application data
link. The specifications of different data transmission
strategies are briefly compared. To choose a proper
application data link, features of three most popular wireless
networks (Wi-Fi, 4G LTE and Bluetooth) are considered for
UAV data transmission. An introduction on multi-UAV
communication strategies is also reviewed.

Fig. 4. Unified data link.

Some important trends on UAV data transmission links
are identified. We conclude that RC and Telemetry data links
can be replaced by Application data link if a stable, low
latency data transmission service, even at low speed, can be
support; Application data link as a general data transmission
link could be implemented on a universal data transmission
protocol e.g., TCP/IP, UDP, or MAVLink. The enhanced
Wi-Fi based application data link will be main stream on
market and more 4G or 5G based data links will be used for
time-sensitive, large data flow, long distance applications
using UAVs. A general UAV data transmission framework,
as suggested in Figure 4, that can transmit RC and telemetry
data, as well as general application data should be subject of
future studies. Wi-Fi, cellular network and Bluetooth are
viable options, depending on specific mission.
It should be pointed out that this framework is not meant
to build a UAV data transmission system that fits all airborne
applications, since different applications have their special
requirements, namely costs, range, throughput, interference
etc. It is rather meant as just a framework which is more
flexible regarding data links, using FANETs or not, when
compared to fixed systems. We hope that this framework will
help airborne applications quickly figure out their UAV data
transmission options according to their specific requirements.
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think this approach could drive us to design more efficient
antenna.
Thus, modeling and analysis of such communication
systems using LAP could lead us to figure out better way for
designing antenna as well as more efficient way of coding and
routing information through the network. This will improve the
communication performance through a better understanding to
coding theory and antenna design that could be achieved by
creating a connection with Mathematics.

ABSTRACT

The concept of Least Action Principle (LAP) had been
studied in classical mechanical and information theory. A
system obeys LAP when achieving its goals with the least
amount of resources; on other words, when it shows an optimal
effectiveness. Thus, modeling systems by using such principle
could enable optimal utilization of resources and maintain
system efficiency at the same level if not higher.
Therefore, the objective of this approach is to implement the
LAP in modeling various communication systems and
investigate their performance. In this paper, we claim that the
use of LAP in communication theory can assist in modelling
and analysis of communication systems. Thus, the
communication performance will be improved. Moreover, a
better understanding to coding theory and antenna design could
be achieved.

THE LEAST ACTION PRINCIPLE
In classical physics, LAP states that systems follow the
shortest path that requires the minimal amount of energy with
respect to other possible paths (Gauss & Schumacher, 1865). In
such case, energy is just a kind of resource that is considered
here. When considering time as a resource, the systems should
also use the shortest path possible to save on time. However, it
should be noted that LAP is much more than just using the
shortest path. For instance, there are paths that require less
resources than the shortest path. Such a path is usually the least
action in such a case (Guldal, 2016). The blue line, in Fig. 1,
represents the least action principle between the two points A
and B.

Keywords: Information theory, Least Action Principle,
Wireless systems, System modeling.
INTRODUCTION
Many experts of information technology (IT) believe that
the next big movement in their field will be the Internet of
Things (IoT). The baseline of IoT is communication that
enables the interactions between Things and applications in the
cloud (2016). Such communication is represented in Radio
Frequency Identifications (RFID) and Wireless Sensor
Network (WSN) that is considered as the key enablers of IoT.
Therefore, there is a huge demand to improve performance of
communication particularly in antenna design, multiple
antenna communication links, and the flow of data in WSN.
This research is a continuation of previous work that studied
the concept of LAP in an attempt to simplify the understanding
of such physical phenomena and use it in the information theory
(Guldal, 2016). In this practical approach, we look to study the
implementation of LAP in multiple-input multiple-output
(MIMO) systems in an attempt to improve coding in these
systems such as Space-Time coding (STC). Also, we aim to
increase routing efficiency through LAP modeling of wireless
networks like Wireless Sensor Network (WSN). Moreover, we

Fig. 1 The lease action principle between two points
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LAP OF A GRAPH
Graph is an important tool to model different types of
relations and processes in various systems. In natural sciences,
for instance, graphs representation of the data that has been
gathered are useful to analyze the given system and to deduce
the significance of the given tests and calculations.
Additionally, a description of the system can be obtained
through visualization which allows the researches to predict the
state of the system at any given time. Visualization is mainly
applicable in wireless communication systems in which graph
can be used to represent antennas, networks of
communications, and the flow of data. The given system is first
visualized through the Computer Aided Design software, then
the problem solving procedure begins.
In our research, we will adopt a Maximum Independent Set
(MIS) to visually define the problem then use the graph to
deduce the answer. The MIS is a subset that has the largest
possible size of non-adjacent vertices in a graph. It is equivalent
to the N-Queens solution as Berge says (Berge, 1973). On the
other hand, the N-Queens solution is equivalent to supremum
as studied by Shannon where for 8×8 chessboard there will be
92 solutions, or supremum, as proofs by Lagrange (Berge,
1973; Shannon C. E., 1949). Explaining these correlations will
be out of scope of this paper, but in short we can say that the NQueens solution is corresponding to MIS, supremum, and LAP
as well. These correlations are discussed in details in (Guldal &
Tanik, 2015).
To demonstrate the MIS concept in graph theory, consider
the example in Fig. 2 in which there are 6 vertices that are
connected randomly. In this graph, the MIS is the subset or
known as independent set that have three elements {B, D, E}.
Since there is no independent set that has four elements, the size
of MIS which know as maximum independency number, 𝛼(𝐺),
is 3. One of the maximum independent set of this example is
shown in red in Fig. 3.

Fig. 3 MIS of the graph given in Fig. 2 (See implementation in the
appendix)

ADVANTAGES OF MODELING SYSTEMS BY USING
LAP
The use of LAP to model a system has several advantages.
One of the advantages is that LAP is a valid principle for all
known systems. In fact, the systems that do not follow this
principle are being replaced with ones that follow LAP. This
can be explained using an analogy of plants that survive in the
desert. Cactus survive due to their ability to consume the scarce
water efficiently. On the other hand, other plants cannot survive
in the desert due to their inability to follow the least action
principle which requires efficient consumption of the little
water available (Guldal, 2016).
The other advantage is the ability to model any system
based on LAP provided that it is mapped into a network
problem. As a result, these systems will be very compatible and
can easily adopt mathematical tools and well-developed
techniques across different fields of study.
MODELING TECHNIQUE USING LAP
In this study, we will use the LAP for modeling as its
validity has been empirically substantiated for all known
systems. In classical physics, Isaac Newton proved the LAP
validity in his second law even though it is not known as the
LAP, but Newton’s second law is just a special case of the LAP.
It plays a significant role in Einstein’s theory of special and
general relativity in which he introduced the space-time
concept to redefine the shortest possible path. One shortcoming
of LAP is the limitations by boundaries of classical physics.
Information theory gets rid of these boundaries (Guldal, 2016).

Fig. 2 Graph representation of six vertices connected randomly
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LAP is calculated through integration and differentiation.
The calculus involved is more complex since more parameters
are involved. However, MIS can be used to simply find the
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LAP. Thus, MIS provides a link between Communication
channel theory and the LAP. In graph representation, the nodes
that are not chosen within MIS represent the LAP. This requires
that the system is converted in to a graph. To illustrate this
concept, let us consider the N-Queens solution represented on
chessboard as shown in Fig. 4. This solution can be visualized
by representing it in a graph. First let us consider indexing the
4×4 chessboard in order to show the relation between its cells
(See Fig. 5). The relation between cells where queens are
placed and the threatened cells are shown as links between them
in Fig. 6. Since we converted this relation into a graph, we can
find MIS of the graph. The maximum independence number of
this graph is 12 which represent the vertices heighted in red
color in the graph. The remaining nodes from MIS is the least
action of the system which is the Queens cells in this case.
Thereby, the graph represents the common language of science
for comparability especially when the communication channel
theory is involved (Guldal, 2016).

Fig. 6 A MIS of a 4 by 4 chessboard

WIRELESS COMMUNICATION SYSTEMS

Fig. 4 A 4-Queens solution

Modern improvements in wireless communication systems
have increase the reliability and throughput of wireless
communication. The driving factors of wireless communication
are portability, mobility, and accessibility. Even though wired
communication provides stability, better performance, and
higher reliability, it requires users to be restricted to specific
location or a limited environment (Jafarkhani, 2005). Thus,
wireless communication is superior on wired communication
because of the freedom that wireless communication provides.
In this paper, we would like to go briefly through some of these
communication systems that we are proposing the
implementation of LAP modeling.
RFID Systems

Fig. 5 4-by-4 chessboard indexing

Radio Frequency Identification (RFID) is a technology that
uses radio-frequency electromagnetic field to identify objects
through communication with tags that are attached to them.
This technology was introduced in the World War II by Britain
to identify aircrafts as friend or foe (Finkenzeller, 2010). Fig. 7
shows RFID components and how it works. It has been around
for decades, but recently became a hot topic since retail giants
like Wal-Mart introduced this technology in its supply chain to
close the gap between physical flow of goods and information
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flow in IT systems (Kosasi & Saragih, 2014). Table 1 shows
different RFID frequency band and standards that are
developed to be used in various applications.
The RFID system consists of two components: readers and
tags or namely interrogators and transponders. Each reader and
tag has antenna to communicate wirelessly through
electromagnetic waves (See Fig. 8). There are two types of
RFID tags or transponders: Active and Passive. The active
RFID tags contain internal power source which means that they
have limited lifetime. On the other hand, the passive RFID tags
usually harvest operating energy from reader’s signals and use
this energy to power the microchip’s circuits (Finkenzeller,
2010).

Fig. 7 A generic IoT platform consisting of intelligent RFID tag
and reader with a hierarchical two-layer network (Zou, Chen,
Uysal, & Zheng, 2014)
Table 1 RFID Frequency Band (Adapted from (ZOU, 2011))

Frequency
Rang
Standards
Applications

LF
125 – 134
KHz
ISO 1174/5
ISO 14223
ISO 18000-2
Animal
tracking

HF
13.56 MHz

UHF
860 – 960
MHz

Microwave
2.4 GHz

ISO 14443
ISO 15693

EPC Class 0,1
ISO 18000-4
ISO 18000-6

Smart card

Supply chain

through the network to the base station as shown in Fig. 9. WSN
mainly developed for military applications such as battlefield
surveillance. Today, WSN is used in many industrial and
consumer applications. Examples of such applications are:
Home automation systems and industrial process monitoring.
The WSN consists of “nodes” – from few to enormous number
of nodes – where each node is connected to a single or multiple
sensors. Typically, each sensor network node has several
components (Dargie & Poellabauer, 2010):
 Transceiver with an internal antenna or connection for
external antenna.
 Microcontroller, an electronic circuit, with sensor
interface as well as energy source interface which is
usually a battery or an embedded form of energy
harvesting.
A sensor is a device that receives a signal or stimulus from
the surrounding and responds to it in a distinctive manner. It
converts any mechanical, chemical, magnetic, thermal,
electrical or radiation quantity into measurable output signal.
The basic features and properties of Sensor are:
 Sensitivity: This represents the detection capability of
the sensor with respect to the sample concentration.
 Selectivity: This represents the ability to detect the
desired quantity among other non-desired quantity.
 Response time: This describes the speed in which the
sensor can react to changes.
 Operating life: This is the lifetime of the sensor.
The WSN topology can vary from a simple star network to
a complex multi-hop wireless mesh network. On the other hand,
the propagation technique between the hops of WSN can be
routing or flooding (Garg, Saroha, & Lochab, 2011).

Item level
tagging

Fig. 8 A typical RFID system (Finkenzeller, 2010)

Fig. 9 A typical Wireless Sensor Network

Wireless Sensor Network

Multiple-Input Multiple-Output

Wireless Sensor Network (WSN) consists of spatially
distributed autonomous devices using sensors to monitor
physical or environmental conditions, and route information

The concepts of multiple-input multiple-output (MIMO) in
wireless communication is based on the use of multiple
antennas at both the source (transmitter) and the destination
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(receiver) to exploit multipath propagation (Jafarkhani, 2005).
MIMO is a developed form of antenna array communication
that provides advantages such as gain and spatial diversity.
Although multiple receive antennas have been known and used
for some time, the use of transmit diversity has only been
studied recently (Bliss, Forsythe, & Chan, 2005). Fig. 10
illustrate the concept of MIMO system in which N represents
the number of transmit antennas while M represents the number
of receive antennas.
The advantages of MIMO communication over singleoutput single-input (SISO) drives significant attention to
MIMO. Such advantages include reducing sensitivity to fading
because of the spatial diversity provided by multiple spatial
paths. Another advantage is the increase of spectral efficiency
that MIMO supports for a given total transmit power. The
spectral efficiency measures the total number of information
bits per second per Hertz that are transmitted from one array to
the other. Moreover, MIMO system drives the capacity to be
closer to the liner scale with signal-to-noise ratio (SNR)
compared to liner scale in case of low SNR and logarithmic
scale in case of high SNR. Thus, MIMO systems enable high
spectral efficiency at minimum required energy per information
bit (Bliss, Forsythe, & Chan, 2005).

Fig. 10 A multiple-input multiple-output (MIMO) channel

Space-Time Coding
Space-Time Coding (STC) is a technique used to improve
the reliability of data transmission in wireless communication
systems using multiple transmit antennas. STC is used for
multiple transmit antennas, but only a single receive antenna is
required. However multiple receive antennas are often used to
improve performance of MIMO systems shown in Fig. 10.
STC can be classified into two main types (Jafarkhani,
2005):
1. Space–time block codes (STBCs): A modulation scheme
for multiple transmit antenna that act on a block of data at
once to provide diversity gain and simple encoding and
decoding as they rely on a linear processing; but don’t
provide coding gain (See Fig. 11).

Fig. 11 Space-time block codes

2.

Space–time trellis codes (STTCs): A modulation and
coding scheme that distribute a trellis code over multiple
antennas and multiple time-slots to provide both coding
gain and diversity gain, and have a better bit-error rate
performance; but complex encoding and decoding as they
rely on a Viterbi decoder at the receiver.

Fractal Antenna
The Antenna is an electrical device which acts as a
transducer to converts electric power into electromagnetic
waves and propagate these waves away from the source, and
vice versa (Sadiku, 2007). Antennas can be classified based on
physical structure into different types such as dipole, loop, and
helix.
On the other hand, fractal is a natural phenomenon. Initially,
the fractal geometry is developed from an in-depth study of the
patterns existing in nature. Such patterns that exist in nature,
show self-similarity and space filling properties. Fractal
antenna is designed using fractal geometries as a size
compression technique for different types of traditional
antennas such as dipoles, loops, patches (Neetu, Banasl, &
Bansal, 2013). Fractal antennas became hot topic because their
attracting features like: Miniaturization, wideband, multiple
resonance, low cost and reliability (Sabaawi & Quboa, 2011).
Fractal antenna is constructed by replicating the same shape
many times at different scales. At the end these fractal shapes
can be assembled in dipole or loop antenna setup (See Fig. 12)
(Sabaawi & Quboa, 2011).

Fig. 12 1. Fractal antenna fabrication (Sabaawi & Quboa, 2011)
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PRACTICAL APPROACH USING LAP MODEL
This research is considered to be an application of LAP in
communication theory as it is newly investigated in information
theory (Guldal, 2016). The goal of this study is to improve
communication performance in three approaches: Coding
theory, network design, and antenna design by applying LAP.
There is mathematical overlap between coding theory, network
design, and antenna design than can be tickled for better
understanding of such communication systems. The research
proposal is that the use of LAP in communication theory can
assist in modelling and analysis of Antenna systems.

which involve converting a system into graph representation to
find the least action based on MIS of the graph. Furthermore,
we discussed some communication systems and preview
possible implementation approach of LAP model in coding
theory, network design, and antenna design. In future work, we
will implement these approaches and investigate their
performance.
ACKNOWLEDGEMENT
We would like to thank Dr. Mohammad Haider for
suggesting possible implementation of LAP in WSN.

First Approach
This approach is to improve coding for multiple antenna
communication links by applying LAP in Space-Time coding
technique. Our intention is to improve the reliability of data
transmission which will result in less processing time and
reduce power consumption. As a result, the spectral efficiency
would increase. In multiple-input multiple-output system
environment, signals subject to interference in which all paths
are possible. Thus, modeling using LAP could improve the
performance
Second Approach
In wireless network all paths are expected, but what is the
best route for connecting all nodes — efficient routing in
Wireless Sensor Network (WSN). Network nodes are subjected
to failure, and finding the least action path for communication
is essential especially when Internet of Things (IoT) is
considered. In WSN, not all nodes have coverage from the base
station. Thus, we need to route information using the LAP till
it gets to the base station.
Third Approach
The goal of this approach is to design fractal antenna based
on modeling with LAP. Consequently, the electron could
consume the minimum energy in its way to emit through
antenna in the form of electromagnetic waves. The goal that we
intend to achieve in this approach is to design a new model of
antenna that has the optimal performance. In antenna, there are
enormous possible paths for electron to take before it emits, but
it moves from one atom shell to another based the crystal level
scattering which represent LAP of electron movement. Thus,
modeling based on LAP might increase antenna efficiency and
gain.
CONCLUSION
We explored the potential of LAP model for modeling and
analysis communication system to improve system
performance. Also, we go through LAP modeling technique
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APPENDIX
Maximum Independent Set is a mathematical tool that can be implemented in graph as below:
nodes="ABDEFC";
n=StringLength[nodes];
initial=ToCharacterCode[nodes]-64;
roots=Table[E^((2 k I π)/n),{k,n}];
coor={Re@#,Im@#}&/@roots[[initial]];
tag=StringSplit[nodes,""];
g=Graph[{"A"<->"B","A"<->"D","A"<->"E","B"<->"F","C"<->"D","C"<-> "E","C"<->"F","D"<>"F"},VertexCoordinates->coor,VertexLabels-> "Name",VertexSize->0.2,VertexLabelStyle->
Directive[Bold,20],ImagePadding->20];
FindIndependentVertexSet[%];
mis=HighlightGraph[g,%,GraphHighlightStyle->"Thick"]
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ABSTRACT
In this study we evaluate the ability of deep
convolutional neural networks to predict the presence of
Parkinson’s disease in healthy and disease subjects using
diffusion tensor imaging of the brain. We propose 2 deep
learning models that produce promising results.
Convolutional neural networks have the ability to learn
useful features from raw data without hand feature
engineering. We argue that this presents an opportunity to
identify areas of the brain that are indicative of disease using
class activation mapping.

challenge is the time required to train these large complex
models is prohibitively costly in time and compute resources.
Recent advances in Deep Neural Networks have made
traditionally difficult problems like machine translation,
speech recognition, and object detection, approachable. The
effectiveness of these recent advances remain largely
unexplored in other domains like medical diagnosis. Intuition
tells us that in the near future, deep learning could have a
significant impact in medical diagnosis. In this paper, we
explore the potential of using brain imaging data and deep
learning in the diagnosis of Parkinson’s disease.
MACHINE LEARNING IN MEDICINE

INTRODUCTION

Applications in Clinical Medicine

The ability to glean actionable information and
intelligence from the large amount of data generated in our
modern world is becoming of great importance. In this era of
Big Data, unobvious patterns, trends and actionable
information, hidden in social media streams, images, voice
recordings, and sensor data can only be efficiently extracted
with the use of intelligent automated approaches. There has
been a resurgence of interest in Machine Learning (ML) in
both the academic and industrial communities. Many major
organizations like Google, Facebook, Alibaba, have made
tremendous investments in their Machine Learning
endeavors. Machine learning models based on neural
networks are of particular interest because these models have
achieved state-of-the art performance in many machinelearning tasks. A Neural Network is a model that tries to
learn the underlying hypothesis functions in data and maps a
set of inputs to a set of outputs in classification tasks. Deep
Learning is a subarea of machine learning that utilizes deep
neural networks (DNN), neural networks with many hidden
layers. These hidden layers operate at various layers of
abstraction, lower layers capture low level concept or
features in the data while higher layers build on the
features/concepts captured in the lower layers to build higher
level abstractions. Studies show that biological systems like
the human brain operate in this layered fashion. Deep neural
networks have historically been difficult to train because the
optimization algorithm used to train them (error
backpropagation) suffered if the network had more than one
hidden layer. Recent advances in the field specifically the
work of Geoff Hinton (Salakhutdinov & Hinton., 2006)
enabled efficient training of deep neural networks, which in
part has led to a resurgence of interest in the field. Another

Neural Networks have been used extensively in clinical
medicine, their use has mostly been as a statistical tool for
pattern recognition and classification. In a publication in
1991, William G. Baxt (Baxt William, 1991) trained a neural
network on data from 351 patients with high likelihood of
having myocardial infraction. The model was tested on 331
patients who were presented in an emergency room with
anterior chest pain. The models ability to distinguish patients
with acute myocardial infraction from those without, was
stated at a sensitivity of 84.7% and specificity of 96.2%
compared to the physicians caring for the same patients who
diagnosed myocardial infraction at a sensitivity of 77.7% and
specificity of 84.7%. Although the results were very
promising, the publication does state that the experiments
would have to be performed on a larger sample size to
validate the results. In another study G. S. Doig (Doig, G. S.,
1993) compared and contrasted two techniques of modeling
mortality in a 30 bed Intensive Care Unit using neural
networks and logistic regression. Fifteen physiological
variables were used and models were built using each
technique. The predictive power of these models were
verified on the validation dataset. The neural network
outperformed the logistic model (sensitivity and specificity
of 1 and .997 vs. .525 and .966, area under ROC curve .9993
vs. .9259), clinically, this was an extremely important
achievement.
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Applications in Medical Image Processing
A search of PubMed on ”Artificial Neural Networks,
and Medical Imaging” yields 1234 papers, 97 of which were
published after 2014. Examples of which include
”Automated identification of dementia using medical

imaging” (Zheng, Chuanchuan, 2016), in this survey paper,
the authors summarized the automated dementia
identification algorithms in the literature from a pattern
classification perspective. Since most of those algorithms
consist of both feature extraction and classification, they
provided a survey on three categories of feature extraction
methods, including the voxel-, vertex- and ROI based ones,
and four categories of classifiers, including the linear
discriminant analysis, Bayes classifiers, support vector
machines, and artificial neural networks. They also compared
the reported performance of many recently published
dementia identification algorithms. Their comparison shows
that many algorithms can differentiate the Alzheimers
disease (AD) from elderly normal with a largely satisfying
accuracy, whereas distinguishing the mild cognitive
impairment from AD or elderly normal still remained a
major challenge. In another study ”Predicting healthy older
adult’s brain age based on structural connectivity networks
using artificial neural networks” (Lin, Lan, 2016) researchers
were able to predict a subjects brain age using neural
networks. They indicate brain ageing is followed by changes
of the connectivity of white matter and changes of the grey
matter concentration. Neurodegenerative disease is more
vulnerable to an accelerated brain ageing, which is associated
with prospective cognitive decline and disease severity.
Accurate detection of accelerated ageing based on brain
network analysis has a great potential for early interventions
designed to hinder atypical brain changes. To capture the
brain ageing, they proposed a novel computational approach
for modeling 112 normal older subjects (aged 50-79 years)
brain age by connectivity analyses of networks of the brain.
Their proposed method applied principal component analysis
to reduce the dimensionality in network topological
parameters. They used a Back propagation artificial neural
network (BPANN) improved by hybrid genetic algorithm
and Levenberg-Marquardt algorithm to model the relation
among principal components and brain age. The predicted
brain age was strongly correlated with chronological age.
The model had mean absolute error of 4.29 years. Therefore,
they believe the method can provide a possible way to
quantitatively describing the typical and atypical network
organization of human brain and serve as a biomarker for
pre-symptomatic detection of neurodegenerative diseases.
MATERIALS AND METHODS
We are proposing a novel application of deep learning in
the diagnosis of Parkinson’s disease.
Convolutional Neural Network
Convolutional Neural Networks are at the root of all
recent major breakthroughs in computer vision. They are
composed of alternating convolutional, activation and
pooling layers. Figure 3 below shows the basic architecture
of a CNN, it transforms a 3 dimensional input volume into a
3 dimensional output volume composed of features of the
underlying input. The red block in Figure 3 is an RBG image
with height, width and depth. A multidimensional array

composed of three stacks of 2D arrays where the 2D arrays
contain the red, blue and green channels. Each layer of the
ConvNet transforms its inputs into output by passing the
input through a differentiable function, the Rectified Linear
Unit max(0,x) has been very successful for deep neural
networks because it is less susceptible to the vanishing and
exploding gradient problem that plagued neural networks for
decades. Traditional Computer Vision approaches required
domain experts to define good low-level features, which then
serve as input to a linear classifier such as a support vector
machine, but these methods are inefficient and require a lot
of manual human input. Convolutional neural networks on
the other hand are able to learning good low-level and highlevel features automatically in end to- end training without
any human input.

Fig1. Regular Neural Network

Fig. 2. Convolutional Neural Network

They have also outperformed all other methods in
benchmark test. AlexNet developed by Alex Krizhevsky,
Ilya Sutskever and Geoff Hinton was the network the
popularized Convolutional neural networks in computer
vision when it won the ImageNet ILSVRC challenge in
2012. Prior to the 2012 challenge, the challenge had been
won by other computer vision methods, however since 2012,
the ILSVRC challenge has been won by a Convolutional
neural network architecture. ZF Net the ILSVRC 2013
winner was a Convolutional Network from Matthew Zeiler
and Rob Fergus. GoogLeNet the ILSVRC 2014 winner was a
Convolutional Network from Szegedy et al. from Google.
Most recently, ResNet Residual convolutional Network the
ILSVRC 2015 winner developed by Kaiming He et al. of
Microsoft.
Parkinson Brain MRI Datasets

243

The Parkinsons Progression Markers Initiative (PPMI)
(Marek, Kenneth, 2011) is a landmark observational clinical
study to comprehensively evaluate people with Parkinsons
disease and those at greater risk of developing the disease, as
well as healthy controls. The study follows over 1,000
participants for up to 8 years, is taking place at 33 clinical
sites in the United States, Europe, Israel and Australia. The
PPMI dataset includes Imaging data and biospecimens. The
imaging data (Diffusion Tensor Imaging) (Jones & Leemans,
2011) is a cutting edge imaging technique that provides
quantitative information with which to visualize and study
connectivity and continuity of neural pathways in the central
and peripheral nervous systems as well as the brain.
Diffusion tensor imaging measures the diffusion of water in
the brain reveling the internal structure. Diffusion tensors are
3D volumes but in Figure 3 above we show single slices
across the x, y and z axis of the 3D volume

Fig. 3. diffusion tensor slices

Data Preprocessing
The DTI tensors were rotated with 3 parameter affine
transforms to align all brain tensors to a reference
orientation. DTI scalars, Fractional Anisotropy (FA), Mean
Diffusivity (MD) and Radial Diffusivity (RD) were derived
from the original 64 direction DTI. Our experiments were
performed on the derived Fractional Anisotropy (FA)
tensors, but we envision ensembling multiple models trained
on the different DTI scalar tensors would improve
classification accuracy. Finally we converted the tensors
from DICOM format into NIfTI format, and Jpeg for our
slice-wise prediction model.
Deep Learning Models
We propose 2 deep learning models, a ”whole brain”
model and a ”slice-wise” model. In the whole brain model
we label each DTI tensor as disease or control, and train a
neural network to predict disease or control on a tensor basis.
In the slice-wise model we label single slices of the DTI
tensor as disease or control and train a convolutional neural
network to predict disease or control on a slice/image basis.
Whole Brain Model
We use a 16 layer VGG convolutional neural network
(Karen & Zisserman, 2014) with leaky rectified units (Xu,
Bing, 2015) (Leaky ReLu) for the activation function, batch
normalization (Sergey & Szegedy, 2015) and dropout
(Srivastava, Nitish, 2014). We have a small training set of 56
disease and 56 controls, so we split the training data into a
train/validate set of 80 training tensors and 32 validation
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tensors. Over-fitting was a major concern with such a small
dataset to we use heavy data augmentation, applying 3D
affine transforms for, scale, translation and rotation. The
tensors are treated as a single multi-channel image with
dimensions 182 x 224 x 224 (channels, width, height)

Fig. 4. Whole Brain model

The whole brain model is shown in Figure 4, the model
is trained on Nvidia Tesla K80 GPUs with 24 Gigs of RAM.
The model above is able to classify disease from healthy
controls at a statistically significant level. We believe the
features the convolutional neural network learnt in making its
classification are non-trivial but disease related. One way we
can show this is with class activation mapping. One of the
main criticisms of neural networks is that they are black
boxes and that they are not interpret-able. In medical
diagnosis it is not sufficient to know the subject has a disease
but also provide an explanation as to why. Class activation
mapping (Zhou, Bolei, 2015) is a technique for visualizing
how convolutional neural networks make decisions. It
highlights regions within the input image the convolutional
neural network uses to make its classification. The Substantia
nigra is a structure in the brain that is believed to be impacted
by Parkinsons, In Future work we intend to apply class
activation mapping to our model and confirm that structures
like the Substantia nigra are used by the convolutional neural
network in classification.
Slice-wise Model
In the slice-wise model we also use a 16 layer VGG
convolutional neural network, however the input to the
network is a single slice from the 3D diffusion tensor with
dimensions of 1 x 224 x 224 (channels, width, height). Every
slices in the DTI is label as disease or healthy control and the
neural network is trained on these individual slices.
Predictions from the individual slices are aggregated and
serve as features for a secondary logistic regression classifier
that produces the final prediction for the entire brain tensor.
This model has a number of advantages over the whole brain
model. (1) The memory requirements are much less than the
whole brain model. (2) The slice-wise model is less
susceptible to over-fitting because of the increased training
data size. (3) The slice-wise model has the potential to
provide indicators as to the location of the disease markers,
this is because some slices will be indistinguishable between
disease and controls because they contain no disease markers
and these slices would be classified at a random 50/50

probability (the neural net will struggle to classify these
slices), however slices with the disease markers would be
classified at a higher probability for disease or healthy
control consistently. This provides an opportunity to localize
slices and potential structures in the brain as well as brain
views (sagittal, axial or coronal) that are indicative of disease
without resorting to techniques like class activation mapping.

Fig. 5. Slice-wise model

DISCUSSION
In our experiments both the whole model and the slice
wise models were able to classify disease from healthy
controls at a statistically significant level. We believe the
convolutional neural networks are able to learn disease
related features. One way we prove this is with class
activation mapping, where we confirm that the image regions
used by the convolutional neural network in classification,
correspond with known areas of the brain associated with
Parkinson’s disease.
CONCLUSIONS
To our knowledge, this study is the first to predict the
presence of Parkinson’s disease in individual subjects from
diffusion tensor imaging of the brain with deep convolutional
neural networks. The results are promising and the ability of
convolutional neural networks to learn useful features from
the data without manual feature engineering, presents an
opportunity to localize areas of the brain that are indicative
of disease. Class activation mapping will provide
interpretability of the convolutional neural networks
predictions and will be a promising future research direction
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ABSTRACT
In this study we present a method of analyzing the gait of
horses using wavelets. Time series such as accelerometer and
goniometer data can be decomposed by the discrete wavelet
transform to represent components of different frequency
bandwidth. The differences between similar data can be
detected by comparing the components of the wavelet
transform. We analyzed the accelerometer data of three horses
with normal gait. Differences in the gait patterns can be
detected comparing the energy of the components that were
present at the same level of the wavelet transform.
INTRODUCTION
Quantities such as kinematic measures and ground
reaction forces have been the focus of numerous animal gait
studies. Among these methods, gait studies based on
kinematic data been extensively used (MT, WE, & PV., 1996)
(CE, CM, NB, & al., 1996). A common method to identify gait
abnormalities was to compare profiles of joint rotations of
normal and pathological individuals (JA, BL, KD, & al.,
1994).
Borrowing from the techniques of signal analysis,
researchers in the biomechanics area have used the Fourier
transform to break down the kinematic time series data into
components of different frequency bandwidths. The
coefficients associated with these components were then
compared to detect discrepancies between normal and
pathological subjects (HA, CE, BN, & al., 1996) (CE, CM,
NB, & al., 1996).
One significant disadvantage in using this method is that
the frequency information cannot be correlated to time. This
is a consequence of evaluating the Fourier transform integral
from −∞ to +∞ and the frequency information obtained is an
average over the entire length of the signal. The wavelet
analysis produces an different method of analyzing the signal.
The wavelet transform is an expansion of compactly supported
functions (i.e, they equal zero everywhere except within a
specific interval). These functions are denoted as wavelets and
are applied to decompose the signal into its components (DE,
1993).
Discrete wavelet analysis will be use to analyze signals
from accelerometers attached to horses.

decomposition is achieved by means of a wavelet transform,
which is an expansion of compactly supported functions and
is given by
∞

2𝑗 −1

𝑓(𝑥) = 𝑎0 + ∑

∑

𝑗=0

𝑘=0

𝑎2𝑗+𝑘 𝑊(2𝑗 𝑥 − 𝑘) 0 ≤ 𝑥 < 1

where integer 𝑗 describes the wavelet level and the integer
𝑘 describes the number of wavelets in each level. The wavelet
function 𝑊(𝑥), is generated from a scaling function 𝜑(𝑥)
(DE, 1993). The coefficients 𝑎0 , 𝑎1 , … , 𝑎2𝑗+𝑘 are the
amplitudes of the wavelets and are given by , and 𝑎0 =
1
1
∫0 𝑓(𝑥)𝑑𝑥 , and 𝑎2𝑗 +𝑘 = 2𝑗 ∫0 𝑓(𝑥)𝑊(2𝑗 𝑥 − 𝑘)𝑑𝑥 . In
general, the components at the lower levels are coarse and of
low frequency. With the aid of this inverse transform
components of similar trajectories that are reconstructed at the
same level can be compared.
Another property of greater importance is the energy
distribution of the original signal over each level of the
transform. For any signal, its energy would be defined as the
mean squared value of the signal. The total energy of the
original signal is preserved and can be depicted as a sum of
the energy of coefficients or wavelet levels. A quantitative
measure of the energy distribution by each component can be
obtained as the sum of the squared coefficients in that
particular level. This quantity can then be expressed as a
percentage of the energy of the original signal. A comparison
of the percentage contribution of energy by each level can
reveal anomalies in the gait patterns.
MATERIALS AND METHODS
Three conditioned horses of either sex were studied under
protocols approved by the Auburn University Institutional
Care and Use Committee. The animals were obtained by the
Division of Laboratory Animal Resources, through approved
sources of the College of Veterinary Medicine at Auburn
University.
The kinematic data was collected using a commercially
available, accelerometer placed on the head of the horse.
Actual data collection took place during sessions when
each horse was repeatedly led at the trot along a 25 meter
runway at a constant forward velocity.

WAVELET ANALYSIS

RESULTS

A preliminary assessment of the gait for each horse can
be conducted by a detailed analysis of the trajectories
representing kinematic data. These trajectories can be broken
down to components of varying frequencies, which can then
be compared to detect and quantify anomalies. The

The kinematic data were comprised of the linear
acceleration
of the head, over complete gait cycles as shown in
Fig. 1.
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vertical motion of the head

functions are D5 for level 5, D4 for level 4, D3 for level 3, D2
for level 2 and D1 for level 1. For all the tree
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Fig. 1. Acceleration of the head

The Poincare map is the intersection of the trajectory´
with a surface of section onto the subsequent intersection
point. The continuous evolution in time is decreased to a map
of a lower dimensional plane onto itself. For a system with a
period T a choice for a Poincare map is the ‘stro-´ boscopic
map’ mapping the time t variables onto those at t + T. The
Poincare map of the data is shown in Fig. 2. The points on Fig.
2 do not accumulate as the horse takes successive steps. The
first return map of the minima of the signal shown in Fig. 2
shows that the motion is not periodic. This observation is valid
for all the horses.

Fig. 3. Wavelet decomposition for one subject

normal subjects the detail functions for level 2 are shown in
Fig. 4, the detail functions for level 3 are shown in Fig. 5, and
the detail functions for level 4 are shown in Fig. 6.
The approximation and the detail energy for each
decomposition level are computed for each subject with the
following expressions (C, DB, MR, PK, & Y., 2016)
𝑁

𝐸𝐴𝑅 = ∑ | 𝐴𝑅𝑗 |2
𝑗=1
𝑁

(1)
2

𝐸𝐷𝑖 = ∑ | 𝐷𝑖𝑗 | ,
𝑗=1

where N is the number of detail and approximation
coefficients at each decomposition level. The total energy of
the analyzed signal is computed with
𝑅

𝐸𝑠𝑖𝑔𝑛𝑎𝑙 = 𝐸𝐴𝑅 + ∑ 𝐸𝐷𝑖

(2)

𝑖=1

Fig. 2. Poincare map´

The wavelet decomposition functions and the bands
frequencies corresponding to a time series are represented in
Fig. 3. For discrete signals the discrete wavelet transform
(DWT) will decompose the signal in a series of approximation
and detail functions. The approximation function is obtained
by applying a low pass filer and the detail functions are
obtained by applying a high pass filter and downsampling. The
approximation function of the head is A5 and the detail

The a detail energy for each decomposition level are computed
for each subject and are shown in Fig. 7. The detail energy
values corresponding to the levels 1, 2, 3, and 4 are small.
Better results are obtained if we compare the energies at the
level 5.
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CONCLUSIONS
The goal of this research was to find a relation between
healthy horses gait and the wavelet transform of the head
acceleration. The detail energy of the level 5 can be used to
compare the horse gait. The ability to analyze the wavelet
transform on individuals has the potential to provide insight
into normal and abnormal gait in horses.

5

Fig. 5. Wavelet decomposition for three subjects: detail function
D3

Detail D4
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ABSTRACT
The research on transglutaminase 2 (TG2; EC 2.3.2.13)
has shown to protect cardiomyocytes against ischaemia and
reperfusion-induced cell death and to mediate cell survival in
many cell types. Our earlier research also discovered that TG2
in particular was involved in the cytoprotection induced by
activation of these two kinases in cardiomyocyte-like H9c2
cells. In this paper we used these experiments to find out if we
could personalize treatments of diseases through reasoning
upon the existing information on TG2. We have to find out
(a) which enzymes must be controlled in a person who has
medical problems or has been diagnosed with a disease in
order to control the disease and (b) which medication or
treatment should be given to a patient to either activate a
particular enzyme or address health problems the person may
have. Our research manipulates the information derived from
experiments in biomedicine, stored in OWL ontologies and
answers questions from (a) and (b) through reasoning. Our
way of organizing and exploiting such information might be
of interest to biomedical researches, medical professionals and
pharmaceutical industry.
INTRODUCTION
Transglutaminase 2 (TG2) and its family have been
implicated in the pathogenesis of various human diseases;
neurodegenerative disorders, some cancers and celiac disease
(Siegel & Khosla, 2007; Iismaa et al., 2009) through either its
expression or its enzymatic activates. For example in celiac
disease, TG2 modifies specific gluten peptides-sequence
through its deamidation activity (Dieterich et al., 1997;
Koning et al., 2005). This results in Elicits immune response
and generates auto-antibodies (Fleckenstein et al., 2002).
While the over expression of TG2 in carcinomas was linked
with its anti-apoptotic role and chemotherapeutic drugs
resistance (Mehta et al., 2004; Kim et al., 2006; Mehta & Han,
2011).over expression of TG4 was reported to be strongly
associated with the invasiveness of human prostate cancer
cells (Davies et al., 2007). In fibrotic diseases, TG2 expression
and its cross-linking activity prevents proteolytic breakdown
resulted in accumulation of ECM proteins of organs such as in
liver ( Grenard et al., 2001), renal tissue (Skill et al., 2001;
Johnson et al., 2003), lung (Griffin, et al., 1978), and heart
(Small et al., 1999). In cardiac hypertrophy and inward
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remodelling patients, the cross-linking activity of TG2 and its
gene expression resulted in a stiffening of the arterial wall
(Bowness et al., 1994; Sumi et al., 2002). Neurodegenerative
diseases such as Alzheimer, TG2 can covalently cross-link
neurofilament proteins into insoluble polymers blocking
neurotransmitter signals (Buée et al., 2000; Lee et al., 2001;
Masters & Beyreuther, 2006). TG3 and TG2 both are involved
in aggregation and crosslinking of mutant huntingtin protein
into intranuclear inclusions in patients with Huntingdon’s
disease (Cooper et al., 2002; Zainelli et al., 2005). The
activation of Blood plasma transglutaminase (factor XIII)
results in thickening in arterial wall due to fatty accumulation
in patients with atherosclerosis (AbdAlla et al., 2004).
The research in biomedical sciences, similar to the
scenario above, generates a significant amount of information,
which can be scattered across research publications, various
PhDs, white papers from pharmaceuticals and biomedical
research groups. When looking at the references from the
previous paragraph we could see that
(i)
The information on enzyme activation originates in a
variety of sources and it is unlikely that we will find
a comprehensive data or knowledge base where we
can find a complete information on it.
(ii)
The content of the first paragraph of this paper is a
result of a substantial research efforts, which is not
easily obtainable and it is probably individualised to
the needs of researcher(s) on enzyme activation.
In this paper, we investigate if the results of the research
described in the first paragraph could be collected, systemised,
stored, manipulated and finally shared amongst various
interested parties. The purpose of this would be to:
a) Push forward the research on enzyme activations towards
the gaps which may exist: have we discovered all
possibilities of enzyme activations in human pathology?
b) Motivate pharmaceuticals to invest in research and
discover new medicine related to enzyme activations in
order to control the progression of diseases.
c) Learn how to use the existing information on enzyme
activation in order to discover new ways of personalising
treatments of various diseases.
We propose to store such information in a Semantic Web
Rule Language (SWRL) enabled Ontology Web Language
(OWL) ontologies and reason upon them in order to address
a)-c).

We acknowledge that this is just a first experiments out
of many, where disciplines of medical bioscience and software
engineering, with Semantic Web Technologies (SWT), are put
together in order to disseminate relevant information (this time
on enzyme activation) and answer questions upon the
collected information, which may not be answered in the
known literature. At the time of writing, there were no
publications, which would promote a computational model
based on SWT and reason upon the collected information in
order to address a)-c). Therefore it is difficult to juxtaposed
the proposed ideas of manipulating information on enzyme
activates to any other type of information dissemination,
because we could not find any relevant publication to compare
our work with.
Motivation for this Research
The motivation for this research is twofold.
Firstly, we were interested in promoting a new type of
information dissemination, not by creating a traditional
knowledge base system and formal ontologies, but to use
SWRL enabled OWL ontologies for discovering and sharing
information, which otherwise might not have been accessible
or available. Secondly, we wanted to investigate if our ideas
of information dissemination would help in understanding
better what is missing in biomedical research in terms of
personalization of treatments for various diseases and how to
direct the research in this domain towards discoveries of new
medications, as mentioned in a)-c).
We have also had a long term interest in creating new
software engineering solutions based on SWT, which would
help in managing effectively chronic diseases and, at the same
time would empower patients to address their needs according
to their own preferences and lifestyle choices (Sang et al.,
2011) (Chamas et al., 2014) (Koay et al., 2010). Therefore we
are in a position to combine the possibilities of:
(a) creating more personalised approach towards
treatments of chronic diseases by manipulating the available
information through ontological reasoning,
(b) illustrating our ideas for (a) above in the biomedical
field, which would use the existing information on TG2 and
its implications in the pathogenesis of various human diseases.
Therefore our overall goal is to assess if it is feasible to
create a reasoning model with OWL and SWRL which could
point towards the discovery or activation of an enzyme(s)
which can control the development of any diseases for a
particular patient and therefore contribute towards the
personalisation of his/her treatments.
The reader should note that the experiments described in
this paper were based on the information closely related to the
biomedical research on TG2, which was in the focus of the
interest of one of the co-authors. This was essential for
creating domain knowledge in OWL, as a prerequisite for
performing any type of reasoning. Due to space restrictions,
we were not able to show detailed explanations on the role of
TG2 or any other transglutaminase in treatments of various
diseases, but our OWL concepts, including OWL individuals

have all been taken directly from the research available on the
role of enzymes in pathogenesis (Almami, 2016).
The paper is organised as follows. In the next session we
introduce the methodology which illustrates the way we create
our OWL reasoning models and deliver the overall goal of the
paper. We also introduce the main characteristics of the
technology, which would enable us to create computational
models for performing reasoning. In the two sections which
follow, we illustrate our reasoning models by giving two
examples of questions which may be answered through the
reasoning in order to address a)-c). The presence of SWRL
enabled OWL ontologies in our computational model dictates
the way we can ask questions and obtain their answers. In
conclusions we evaluate our work and give pathways for
future research.
THE METHODOLOGY
Our methodology involves two different steps.
Firstly, when proposing a reasoning model with SWRL
enabled OWL ontologies, we have to use SWT vocabulary and
OWL concepts. Their role is strictly defined by the SWT. The
questions from (a) and (b) in the abstract, are expected to be
answered though reasoning and are automatically called
competency questions (CQ) according to SWT. Consequently
our reasoning model should be based on a particular CQ, a set
of OWL concepts and reasoning rules which answer these
CQs.
The second step is based on the illustration of the
reasoning model through the information available on enzyme
activates and human pathogenies.
This involves the
instantiation of our OWL concepts by adding individuals to
OWL classes and specifying constraints upon them
(Shojanoory, 2013) (Juric, 2016). These two are prerequisite
for performing reasoning. Therefore in order to illustrate the
way we can answer questions (a) and (b) from the abstract we
have to follow the exact procedure of determining
• Which OWL classes will play the role in answering a CQ,
• Which individuals will populate these classes,
• Which constraints will be imposed on these individuals,
• Which rules we will run to answer the CQ.
In the next two sections we show exactly how the steps 1
and 2 have been deployed in order to answer two CQs which
correspond to (a) and (b) from the abstract.
OWL MODEL AND REASONING FOR CQ1
Our first competency question CQ1 is:
“Which enzyme should be activated for a person who
might have Alzheimer (we are not sure yet) but he
experienced memory loss and the doctor suspect brain
cell damaging after examining the patient’s scan. The
activated enzyme could help in the controlling of the
progress of the disease”.
Figure 1 shows the proposed, basic ontological model of
OWL classes, which may contain semantics on patients,
enzymes, diseases and health manifestations the patients may
have. The choice of these classes has been determined by our
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previous experiences of manipulating information stored in
learning spaces created for the students with impairments who
wish to achieve certain learning goals (Almami et al., 2015).
However, our CQ above may also have had an impact on the
model: these four basic classes are essential if we wish to
reason upon their individuals and answer CQ1.

properties between individuals of the Enzymes, Diseases and
Health_Manifestation classes are read as follows: Disease
may appear because certain enzymes are not activated
(lack_of_activated) and enzymes can control the health
manifestation in patients (can_be_controlled_by). All these
object properties from Figure 2 are asserted into the ontology.
This means that they give information which is unlikely to
change and we may interpret them as “facts”. This is what we
currently know about diseases and enzymes involved in their
manifestations.
Table 1 shows the definition of object properties. There
is one important difference between them. The first four of
them are asserted (they ARE “facts”) and Requires is inferred.
Table 1: Object properties for answering CQ1

Fig. 1: Basic ontological classes for proposed reasoning model
and answering CQ1

It is important to note that we aim to create simple and
minimalistic ontological models which will not be big, but
could contain enough semantics in order to enable reasoning
(Shojanoori & Juric, 2013) and in turn answer any CQ.

In other words, “Requires” object property is here to (i)
be inferred and therefore should be generated as a result of
reasoning and (ii) answer CQ1. However, the definition of
these object properties apply to individuals of the classes form
Figures 1 and 2. We list these individuals in Figures 3,4,5 and
6. They have been inserted into the ontological classes.
Due to space restriction, we do not show exactly which
exact individuals from Figures 3,4,5 and 6 are related to each
other through the object properties from Table 2. However,
the reader should note that not all individuals from Figures
3,4,5 and 6 are related through the object properties defined in
Table 1. Defining object properties upon classes, as in Table
1, illustrates sufficient semantics related to the role of enzyme
in human pathology, which helps a reader to understand the
ontological models in this proposal.

Fig. 3: A list of the individuals of PATIENT class
Fig. 2: The reasoning process for answering CQ1

Figure 2 shows how these basic classes from Figure 1 are
related through object properties, how the reasoning process
would be performed and which SWRL rule should be run upon
the OWL concepts in order to answer CQ1. may_have and
exhibit object properties are self explanatory. However, the
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Figures 3,4,5 and 6 also illustrate which type of
information we store as individuals in our basic ontological
classes from Figures 1 and 2. Information on enzyme
activates given in the first paragraph of Introduction, is the
only source, from which we can extract individuals and define
object properties upon them for the proposed ontological

model. They are both essential for performing the reasoning:
if the properties have not been defined properly, we will either
not be able to reason or the results of reasoning would be
wrong (Shojanoori, 2013).

Fig. 4: A list of the individuals of ENZYMES class

Fig. 6: A list of the individuals of
HEALTH_MANIFESTATION class

Fig. 7: Reasoning rule for answering CQ1

Fig. 5: A list of the individuals of DISEASE class

The SWRL rule which answers CQ1 is given in Figure 7.
It is self explanatory: requires object property has been
inferred upon individuals of PATIENT and ENZYMES
classes by using the semantic stored in properties which
connect individuals of the DISEASE, ENZYMES,
HEALTH_MANIFESTATION and PATIENT classes.

We ran the SWRL rule from Figure 7 for each individual
of the PATIENT class. In Figures 8,9 and 10 we show the
exact result of our reasoning in order to answer CQ1: at this
stage we know exactly which enzyme is required to be
activated for a particular person!
The same figures also show which problems these
patients have (asserted object properties from Table 1) and
which enzymes should be activated in order to control the
disease, as a result of having inferred object property
“requires”.
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However, it may also happen that there will be no
individual in the MEDICATION class which will be
connected with the require object property to individuals of
the PATIENT class, because the medication has not been
discovered yet!
Figure 11 shows that our basic ontological model from
Figure 2 has slightly changed, if we wish to answer CQ2. We
• have to introduce the MEDICATION class and
• will probably have a different set of object properties
upon individuals of the classes from Figure 11.
Fig. 8: Results of reasoning for Bob when answering CQ1

Fig.9: Results of reasoning for Eve when answering CQ1

Fig. 10: Results of reasoning for Alice when answering CQ1

OWL MODEL AND REASONING FOR CQ2
Our second competency questionCQ2 is
“Which MEDICATION should a particular PERSON
take if the doctors suspects Alzheimer, currently
manifested by memory loss and brain cell damage?”
This question might resemble questions which appear in
clinical decision making, if we wish to decide about
medications and treatments for each diagnosed disease
through ontological reasoning (Koay et al., 2011). However,
our model uses information of a slightly different nature. We
would like to find out if certain enzymes are activated in a
particular patent, in order to control the disease and possibly
stop it from progressing, and if so, we wish to know if there
exist a medication which can support this activation.
The medication “taken” may be a medication which
• exist and has already been used for alleviating health
problems, or
• can activate a particular enzyme for a particular patient.
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Fig. 11: Basic ontological classes for answering CQ2

This change has been triggered by the semantic available
in CQ2. If we wish to answer any CQ which starts with
“which medication …” then the class which stores individuals
of various medications should exist. However, it is important
to repeat that our ontological models contain a MINIMUM set
of classes, as advised in (Shojanoori, 2013), which are needed
for reasoning and answering CQs. Therefore, if we wish, we
may extend the basic OWL model form Figure 1 and add
classes, which are not necessarily always involved in “every
reasoning”. The MEDICATION class from Figure 12 could
have been in Figure 1 but would not play any role in reasoning
for answering CQ1. Also, the DISEASE class form Figure 1
could have been within the model given in Figure 12, but it
would not be essential for answering CQ2. The reader should
note that the addition of new classes in OWL models will
automatically trigger the revision of existing and definition of
new object properties if necessary.
The reasoning process and object properties between
individuals of classes from Figure 11 are given in Figure 12.
Object properties form Figure 12 are detailed in Table 2: apart
from asserted object properties may_have_not_activated,
experiences, is_for_activation, help_in_addressing we have,
as in CQ1, inferred object property requires which connect
individuals of the PATIENT and MEDICATION classes.
In this example we do not have to list individuals of the
PATIENT, HEALTH_PROBLEMS and ENZYME classes
because they are identical to the individuals defined when
answering CQ1. Figure 13 is the only one which is needed: it
shows the individuals of the MEDICATION class. The
SWRL rule which answers CQ2, given in Figure 14 is almost
identical to the rule, which answers CQ1: it infers object

property requires between some individuals of the PATIENT
and MEDICATION class, by using the semantic stored in all
other
object
properties:
may_have_not_activated,
experiences, is_for_activation, help_in_addressing

Fig. 14: Screenshot of SWRL Rule for CQ2

Similar to the previous example of answering CQ1, we
ran SWRL rule form Figure 14 three times for three patients:
Bob, Alice and Eve. The results are given in Figures 15-17.

Fig. 12: Reasoning process for CQ2
Fig. 15: Results of reasoning for Bob when answering CQ2
Table 2: Object properties for answering CQ2

Fig. 16: Results of reasoning for Eve when answering CQ2

It is important to note that these results show exactly how
to address enzymatic activation for these three patients but it
does not give us an information on a generic name of the
medication, which can address the progression of the disease.
This problem could be debated in future works:
Do we wish to create models focusing on health
issues, which may lead towards a particular disease or
Fig. 13: Some of the individuals of MEDICATION class
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focusing on a confirmed (diagnosed) disease when
personalising treatments?
These
two
classes
(DISEASE
and
HEALTH_PROBLEMS) have overlapping semantics and in
our model, we used them interchangeably.

Fig. 17: Results of reasoning for Alice when answering CQ2

CONCLUSIONS
This papers is one of the first attempts to use jointly
information available in the research from biomedical
sciences and the power of modern software technologies, such
as SWT, for the purpose of assessing if we can come closer to
the personalisation of treatments in medicine. SWT would
imply that we are using a computational model which is based
on reasoning upon SWRL enabled OWL ontologies.
In order to illustrate our proposal and ideas within it, we
used the current experiments and research results in the field
of biomedicine and Transglutaminase 2 in particular, because
it has been implicated in the pathogenesis of various human
diseases. We have shown that two major questions (a) and (b),
which are defined in the abstract and then converted into CQ1
and CQ2, could be answered through the reasoning with
SWRL enabled OWL ontologies and consequently contribute
towards the personalization of treatments.
It is important to note that the way we deploy our
reasoning model is determined by the SWT and the way
information is represented in OWL and the reasoning
performed with SWRL. However this does not diminish the
value of the proposed reasoning models for two reasons.
Firstly, ontological models from Figures 1 and 12 are
generic and can accommodate any type of disease, health
problems and medications/enzymes implicated in them.
Secondly, our OWL individuals and constraints are dictated
by CQs, i.e. the questions we need to answer through the
reasoning and therefore these questions will trigger the
changes in the semantics stored in OWL concepts.
More work along the following lines has to be done:
We have to investigate if we could create different OWL
models, which can be more efficient. Our models are heavily
dependent on the correct interpretation of object properties in
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OWL, which can be an obstacle if we will ever wish to
automate the way we answer any CQs.
Our attempt to exploit the role TG2 and their implication
in human pathology is here for the illustration purposes in
order to prove that our ideas and concepts can work. It has to
be seen, in full scale implementations, to which level the
dissemination of information about controlling enzymes such
as TG2 would increase (I) the interest in discovering more
enzymes responsible for triggering diseases and (II) discovery
of more medications which can control such enzymes.
Finally our work might be a small step forward towards
the personalization of treatments. When answering CQ1 and
CQ2, each of our three patients received a different treatment.
Furthermore, we do not focus on genomes and its sequencing
when touching personalization for two reasons.
Our
motivation for this research is to trigger the interests of
pharmaceuticals towards the discovery of medications, which
are still missing in the world of enzyme activates and we can
personalize treatments according to the specific manifestation
of a disease one may have because of the role enzymes in it.
We do not claim that the information we discovered through
our reasoning models, when answering CQ1 and 2 did not
exist before we ran the models. However, the same
information was not explicitly available or instantly accessible
to an individual who might want to personalize his/her
treatment according to the questions he/she may have.
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ABSTRACT:Natural Language Processing (NLP) is a vital aspect for artificial intelligence systems that is becoming
more prevalent in the industry. The purpose of this study is
to provide a comparative view between all parsers on the
same dataset and metrics that would be useful from an NLP
outsider’s point of view. In this study, several semantic
parsers are used on a set of sentences from various media
outlets. The output from these parsers are compared with
manually annotated sentences on a set of semantic metrics.
Agreement among parsers based on the tasks are calculated
as well. On a small set of sentences, this paper provides a
summarized comparison between popular semantic parsing
tools, which may support justification for using a specific
tool and provides an initial understanding of tools available.

I. I NTRODUCTION
Semantic parsing is of particular interest, as many emerging technologies utilize these types of systems. Currently,
there have been some collective initiatives that aim to bring
semantic parsers to the industry. Most notably, the CoNLL
[1] and SemEval [2] shared tasks. These initiatives give researchers a common purpose to train, test and present their
systems. However, while these participating systems are effective at specific tasks, these initiatives only focus on specific semantic features. Moreover, many participating systems are not available to the public for testing. At the time
of this writing, the latest releases of (some) available popular semantic parsing approaches were collected and compared on the same dataset and semantic metrics. This approach provides a level view of the performance for parsers
to extract semantic information.
II. BACKGROUND
Many approaches have been developed to add semantic
knowledge to text processing. These approaches implement a variety of different methods to accomplish this task.
Additionally, many different types of parsers can be traced
back to sets of shared traits.
FrameNet [26] is a popular implementation of frame semantics. This initiative is knowledge based on frames units
[3] (for each specific word sense) and metadata information about each frame, such as its definition, lexical units,
and frame elements. FrameNet is useful for applications
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that incorporate its annotated frame knowledge base into
their parsing systems. Two predominate systems that use
FrameNet are SEMAFOR [6] and SHALMANSER [7].
An alternative to FrameNet while utilizing frame semantics is the PropBank annotated database. One major difference, between FrameNet and PropBank, is that PropBank
focuses on entries within VerbNet and it is derived from
the Penn treebank project [13] as opposed to FrameNet,
where frames are generated from dynamically larger corpora. Some notable systems that use PropBank as its annotated frame source are: LTH SRL [11], Illinois Curator
[14], SwiRL [18].
Contrary to frame semantics and case grammars, distributional semantics relies on a statistical based approach to
associate characteristics of tokens (and groups of tokens)
to its surrounding environment and derive semantic similarity across multiple instances (mostly large corpora) [9].
These characteristics primarily include the co-occurrences
of other tokens in the sentence. Due to the quantity of algorithms available for semantic parsing, toolkit systems have
been created as an attempt to centralize these types of algorithms, including S-Space [12], SemanticVectors [19] and
SenseClusters [21].
There have been hybrid variations between families of
semantic parsers. [10] developed a system that looks a
frames and concepts from distributional semantics. Another interesting parser developed used both distributional
semantics and first order logic notation as its mechanics [4].
First order logic represents natural language text in a
series of formal mathematical notations. While the conversion itself does not necessary extract semantic information, the conversion process is different among tools and
how each tools further processes the converted notation.
Some popular parsers that utilize first order logic conversion based systems are Boxer DRT [5] and WASP [20].
Lastly, the Stanford NLP tool suite is a massive collection of tools that address a variety of issues involved within
NLP and uses multiple technologies to achieve this. Despite
some tools having a close heritage to first order logic based
tools [22], the Stanford NLP tool suite would be a class
of its own as multiple tools with different methodologies
are used. More specifically, the Named Entity Recognition
(NER) tagger [25] was used for the NER task and the Open
Information Extractor tool [24] was used for the identifica-
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tion of events, objects, and arguments for each predicate.
III. M ETHODOLOGY
The purpose of this study was to run all parsers on the
same environment. Figure 1 is an outlined process of this
study.

Semantic parser
SEMAFOR
SHALMANESER
LTH SRL
Illinois curator
Boxer (DRT)
Stanford NLP tools

Family
Frame based
Frame based
Frame based
Frame based
First Order Logic
Other

TABLE I
PARTICIPATING PARSERS

identified in the background section) the parsers were chosen based on availability of the tools, availability of any
required additional components (such as trained models,
third party tools preprocessing, custom built corpora, etc.)
and references from other articles. Some of the selected
parsers required additional tools that were installed following parser documentation. Each parser was also configured
based on the default or basic configurations (according to
the authors of the system). For the Stanford NLP tools,
the NER tagger [25] and Open Information Extraction (IE)
tools [24] were used as they were closely related to extracting semantic metrics.
C. Semantic metrics
Fig. 1. Methodology process

A. Dataset selection
The dataset chosen for this study comprised of 95 randomly selected natural language sentences from online
news outlets: CNN, New York Times, CBS, The Guardian,
Reuters, BBC, USA Today and Chicago Tribune. One reason for selecting sentences from news outlets was because
sentences were written in formal English, which was the
preferred input of most of these parsers. Another reason
was that general news articles are typically not domain dependent and do not require a deep knowledge of a specialized domain but could also cover a variety of topics. Current news topics selected were from a diverse set of domains, including world news, US politics, business, and
technology. The rationale for diversifying news outlets and
topics was to capture as many unique words while using, at
most, 95 sentences. The selection criteria for each sentence
tested contained multiple events and named entities. Having multiple events included in a sentence adds complexity
to task in detecting all events within a sentence. Additionally, sentences must also contain named entities.
B. Parser selection and configuration
Table 1 provides a list of semantic parsers used in this
study. While there are many more systems developed, (as

Five semantic based metrics were used in this study,
which are described below. These metrics were chosen
based on a perceived need from a holistic semantic parser
as used by NLP non-experts as well as an accumulation of
various shared tasks on semantics (described in each metric):
C.1 Event Identification
A common task within NLP is the identification of events
within sentences. Events are loosely defined as an action
occurring in a space or time [23] to provide a more consistent structure when identifying events, given the complexity
of an event. Events provide semantic information about the
interactions between objects in a sentence. However, part of
the complexity in this task is that events can take form beyond syntactic roles. For example, the token bombing can
be used as both a verb and noun. In either part-of-speech,
bombing is considered an event.
C.2 Named Entity Recognition (NER)
Named entities are atomic elements of a sentence. Their
recognition is comprised of two subtasks: identifying tokens or phrases that are named entities and associating the
correct NER tag to the identified tokens or phrases [28].
NER has been the primary focus in community shared
tasks, such as CoNLL of 2002 and 2003 [27][15]. The
task of named entity recognition had some its earliest roots
in the Messaging Understanding Conference (MUC) [8]
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where seven original tags were used (person, location, time,
measurements, etc.). As the original seven MUC NER tags
are unable to support phrases used in todays news, an extended hierarchy of 150 NER tags, derived from the original
seven NER tags, were used in this study [16].
C.3 Object Identification
Objects are identified as animate or non-animate actors
for a specific event. These objects provide detail to questions about what, whom, where, etc. of the sentence, Unlike named entities where identified tokens also contain tags
that can be classified as PERSON, LOCATION, ORGANIZATION, etc., objects have no tags associated but can still
be used as arguments for events.
C.4 Predicate Relationship Identification
This metric provides deeper information about a sentence by examining which named entities and objects are
used as arguments for each predicate. Unlike previous metrics where each can be individually found, this metric relies on information found from the other metrics. Arguments are comprised of only events, named entities, and objects. Arguments can also be used multiple times for each
predicate, however, cannot be used twice for one predicate.
There were some instances where parser-identified arguments contain the correct arguments but with more tokens
associated with the argument. These were considered incorrectly identified by the parser except only in cases where
the additional tokens were punctuation, articles, and words
that do not intersect between other arguments.
C.5 Word Sense Disambiguation (WSD)
WSD is an important and fundamental problem within
this field [17]. Languages have multiple definitions and
meaning tied to shared lemmas and in most cases, can
cause confusion within text and even dialogs (if the lemmas also share the same phonetics between different definitions). Therefore, WSD is the generic problem to decipher
the correct definition when a word contains multiple definitions. As a metric for this study, each event identified was
analyzed to determine if the parser associated the correct
sense to the event.
D. Parser Comparison Evaluation
Each sentence was manually annotated using the semantic metrics described above. Each parser was then run on
the entire dataset. A comparison between manual annotations and outputs produced by the parser were analyzed.
The comparison determines if the parser was able to label
the same semantic information as the manual annotations.
D.1 Comparison of Event Identification
The purpose of this task was to determine if events were
identified at all, and, if so, whether the correct events were
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selected. Since all sentences have at least two events (as
a prerequisite), only the number of matches between the
manually annotated and parser outputs event was considered correct. The summation of correctly matched events
represent the score value for that sentence. For example,
if the manual annotation marks two different words as an
event and a parser marks the same two words as an event
as well, that parser would have a score value of two (out of
two) events for that sentence. However, if the parser only
marks one as an event, it receives a value of one (out of two)
possible events.
D.2 NER Comparison
As mentioned, the NER metric consisted of various subtasks which parsers must obtain the correct information in
order to be marked correct. The first subtask was to identify the entire named entity (its full boundaries). For example, the two tokens, United States, must be identified
as one named entity, if a partial token was not identified
from the rest, it would be considered incorrect. The second
subtask was to assign the correct NER tag to the identified named entity. For example, in a sentence, if the named
entity, United States, was listed as a LOCATION but was
labeled by a parser as an ORGANIZATION instead, the
parser would be considered incorrect.
Given the two subtasks associated with this metric, if either subtask was considered incorrect, the parser would receive a score value of 0 for that named entity (1 if both
subtasks were considered correct). This process would continue for each manually identified named entity in the sentence and the summation would represent the NER metric
value for that sentence.
D.3 Object Identification Comparison
The purpose of this task was to determine is whether objects were identified correctly. The boundaries of the objects were considered as well (similar to the first subtask
of the NER comparison) where objects with multiple tokens must contain all tokens of that object. For example,
if an object was identified manually as mailing box but the
parser identified shoes and mailing box as one object, the
parser would be marked incorrect (a score of 0) for that
sentence as it would be considered unfair to other systems
that were able to the shoes and mailing box separately. This
process would repeat for all objects in a sentence.
D.4 Predicate Relationship Comparison
For each predicate within each sentence, all arguments
were identified. In many cases, predicates have multiple arguments and could even share arguments between different
predicates. Additionally, even the same predicate used in
one sentence can use a different set of arguments on other
sentences. Therefore, identifying arguments for each predicate was done on an individual basis. In any case, the sum-
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SEMAFOR
SHALMANESER
LTH SRL
Illinois Curator
Boxer (DRT)
Stanford NLP tools
Manually annotated

Event Ident.
87%
63%
90%
74%
73%
25%
346

NER Ident.
31%
14%
17%
13%
48%
49%
352

Object Ident.
69%
58%
55%
73%
NA
27%
460

Predicate relations
24%
22%
38%
32%
39%
16%
857

WSD
97%
98%
100%
100%
NA
NA
346

TABLE II
AVERAGED RESULTS FROM EACH PARSER

Stanford NLP tools
Boxer (DRT)
Illinois curator
LTH SRL
SHALMANESER
SEMAFOR

X
X
X
X
X
X
SEMAFOR

X
X
X
X
X
73.65%
SHALMANESER

X
X
X
X
64.29%
84.44%
LTH SRL

X
X
X
83.36%
64.5%
75.75%
Illinois curator

X
X
92.89%
83.41%
63.24%
73.6%
Boxer (DRT)

X
37.55%
38.17%
33.72%
33.05%
32.28%
Stanford NLP tools

TABLE III
S IMILARITIES - E VENTS

mation of all correctly matched arguments to the correct
predicates are calculated, which represents the score for a
sentence.
D.5 WSD Comparison
All predicates for each sentence were evaluated on
whether the correct sense of the word was used. For example, if the word, snarl, was used to slow or stop traffic
but a parser identified the word as making noise, then the
score for that predicate would be zero. This process is repeated for all predicates in the sentence and the summation
would represent the score value for that sentence.
D.6 Final Calculation
For each metric described above, the score values are calculated on each sentence in the dataset and across all participating parsers. Table 2 shows the total sum of score values
for each metric and parser and the last row represents the
total number of score values manually identified.
Table 2 however, only shows the comparison between the
individual parsers and the manual annotation. Since it is
possible that human annotation may be faulty, comparison
of parser results was performed as well. The comparison
was done based on pairwise agreement between parsers.
Therefore, Table 3, 4 and 5 compare (collectively) the similarities of the results between each parser.
IV. R ESULTS AND D ISCUSSIONS
Table 2 is a summarized table of the correct matching between each participating parser and the manual annotation

across multiple sentences. For each parser, the percentage
describes the number of correctly identified metrics compared to the manually annotated. The last row in the table
shows the total number of manually annotated metrics for
all sentences.
The LTH SRL and SEMAFOR systems performed the
best in identifying events compared to the other systems
investigated. This is understandable as these two systems
share similar architectures where both systems follow the
same data transformation process to select its frames and
elements. One of the major differences between the systems, besides the use of different annotated frame sources,
is with the target selection pruning process on different rule
sets (to reduce the number of targets).
The SHALMANESER system performed lower compared to other systems identifying events. This comes to
a surprise as this system and SEMAFOR (the best system
for this category) both use FrameNet as its frame source.
Its performance may have been hindered by the use of older
pretrained classifiers (since default classifiers were supplied
and used from the author’s site). Moreover, by default, the
system provides FrameNet frames from an earlier version.
The Stanford NLP tool systems (open information extractor specifically) also ranked lower in performance in this
category. We suspect that this is primarily attributed to the
inherent design of the system to only focus on the minimum number of predicate phrases in a given sentence and
does not provide an entry for incomplete predicate phrases.
This hinders the number of events identified to the manually
annotated and to other systems analyzed.
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Stanford NLP tools
Boxer (DRT)
Illinois curator
LTH SRL
SHALMANESER
SEMAFOR

X
X
X
X
X
X
SEMAFOR

X
X
X
X
X
45.29%
SHALMANESER

X
X
X
X
53.37%
44.54%
LTH SRL

X
X
X
76.68%
59.4%
50.7%
Illinois curator

X
X
36.58%
45.85%
38.26%
43.4%
Boxer (DRT)

X
45.68%
13.66%
18.26%
13.25%
28.49%
Stanford NLP tools

TABLE IV
S IMILARITIES - NAMED ENTITIES

Despite the Stanford tool lacking in event identification
in this comparison, the Stanford NER tagger was performed
the best compared to other parsers in this study. The task
of named entities was generally difficult, as parsers must
identify the token and the correct NER tag associated with
the word. Furthermore, many of the participating systems
do not have NER built into their designs. As an example,
FrameNet, PropBank and even frame semantics does not
support named entities by default. This could explain the
low scores in this category for frame based parsers. Although, some frames explicitly state NER tags verbatim to
the correct token(s), such as CALENDRIC UNIT, WHOLE
ORIENTATION, etc. Hence why even frame based parsers
are not extremely low.
In terms of identifying objects, SEMAFOR and the Illinois Curator performed the best compared to other parsers.
This may be attributed to the quantity number of frame
elements that are available for each of its frames, which
improves the chances of tokens to be classified. That is,
because there are already preexisting cases available for
frames, it would be a matter of matching these cases to tokens, if they exist.
The Stanford Open IE parser performed the worse in this
group. This is attributed to its inherent theory the developers designed. As a reminder, in order for an object to
be classified correctly, with the subtraction of articles and
punctuations, it must be listed verbatim as the manually
classified. In many sentences, the Stanford Open IE tool
was able to identify predicates that contained the correct
object tokens but with additional tokens, which is incorrect. As for the Boxer parser, the objects were not counted
because all words in a sentence were split and were all declared as objects, regardless if it was associated with a predicate or not.
The best performing system to identify the correct arguments for each predicate was the Boxer parser. Contrary to
the object identification where all objects in the sentences
are identified, correctly associating the objects and named
entities to the correct predicate was a major challenge.
There were many instances during the experiments where
frame based parsers would have the correct arguments identified to the appropriate predicate but with additional tokens
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or merged objects. Therefore, these were marked as incorrect, which partially explained the decreased in the scoring
for frame based parsers.
The lowest performing parser for this metric was the
Stanford Open IE tool, which has a correlation to the number of objects identified from the previous metric. Again,
this could be due to the nature of the system where it identifies the basic core predicate phrases, which limits the system to identify two objects (at most) for each predicate.
Word sense disambiguation identification includes the
parser identifying if the correct sense for each predicate
that has been used. The tools in this study mostly used the
correct senses of the identified predicates. However, there
were instances where frame based parsers used the incorrect sense of the predicate.
Despite the differences between parsers, many similarities are revealed from the same results. Table 3 shows
the similarities mean of identifying events between each
parser and every other parser. For each sentence and between two parsers, the total number of events that appear in
both parsers was divided over the total number of events to
produce the mean.
The highest agreement in event identification was between the Illinois Curator and Boxer parsers. Compared
to other parsers, the SHALMANESER system obtained the
highest agreement with the SEMAFOR system, which is
understood as both systems use FrameNet as its annotated
data source.
Some of the lowest agreements between parsers were
systems paired with the Stanford NLP system. This is understandable as these tools generally performed polar to
other systems analyzed.
Some of the highest agreements of named entities were
between frame based parsers. This is understood as many of
the frame based parsers were lower ranking, which means
that these parsers were all very similar in their levels of incorrectness. Again, this is attributed to the nature of frame
based parsers not able to identify named entities and their
tags explicitly. Similarly, the same assumption can be made
with the Stanford NLP system, which scored among the
highest in identifying the correct named entities.
The Illinois Curator and SEMAFOR systems obtained
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Stanford NLP tools
Illinois curator
LTH SRL
SHALMANESER
SEMAFOR

X
X
X
X
X
SEMAFOR

X
X
X
X
69.7%
SHALMANESER

X
X
X
53.37%
67.58%
LTH SRL

X
X
76.68%
59.4%
50.7%
Illinois curator

X
36.94%
42.39%
44.43%
40.45%
Stanford NLP tools

TABLE V
S IMILARITIES - O BJECT IDENTIFICATION

the highest similarities in identifying objects. Interesting
enough, the SHALMANESER and LTH SRL systems in
tandem as well, however, it’s not well represented, compared to other averages where these averages are higher.
This could possibly infer that both systems were able to
identify a similar number of objects but a different number
of objects.
Given their results from this study, it is difficult to explicitly claim ”the best” because between each metric, there are
no parsers consistently outperforming against other parsers
across all metrics. Perhaps this could be a reason why
shared tasks, such as SemEval and CONLL, focus on specific topics within NLP as opposed to entire systems that
generate information from a wide range of topics. If a user
has specific task (from the metrics used in this study) to
be accomplished, then Table 2 outlines the best to be used.
However, as a recommendation for users who are looking
for a generic semantic parser, then the SEMAFOR performs
the best in some metrics but mainly does not perform the
worst in other categories.

However, as a recommendation for users who are looking
for a generic semantic parser, then the SEMAFOR performs
the best in some metrics but mainly does not perform the
worst in other categories.
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ABSTRACT
As the Big Data technologies and analytics continue to
overwhelm the industry and its many verticals, it becomes
imperative to have a sound basis for the adoption of these
technologies and analytics in a strategic manner. This paper
presents the Big Data Manifesto - developed as a part of Big
Data Framework for Agile Business (BDFAB). A number of
researchers and practitioners have provided input for this
manifesto. The 5 key sentences comprising this manifesto
provide an industry level basis for enabling adoption and use
of Big Data technologies. The presentation of this manifesto
will enable further input and feedback to enable its ongoing
refinement.

data requires deeper understanding of current state of the
business, its directions, its capabilities (both architectural and
people) and smarter, dynamic risk analysis.
These above arguments further underscore the need to not
limit the keywords ‘Big data’ and ‘Agile’ to technologies.
Instead, the BDFAB framework discussed in this paper, builds
on the technical and analytical aspects of Big Data in a holistic
manner to understand and create new opportunities for
business Agility. Figure 1 highlights this core philosophy
behind BDFAB – bringing together analytics and technologies
but then going beyond them into the business strategy and
agility space.

INTRODUCTION TO BDFAB (BIG DATA
FRAMEWORK FOR AGILE BUSINESS)
The term “big data” encompasses a wide variety of topics
led by the two keywords “analytics” and “technologies. From
an IT perspective, big data implies Hadoop/HDFS, Spark and,
at the back end, NoSQL. From a business viewpoint, however,
big data analytics command greater interest as they enable
identification of patterns, facilitate predictions, and also
provide prescriptive advice for better decision making
(Unhelkar, 2016). Strategic adoption of Big Data incorporates
technologies and analytics; but it is much more than that. A
strategic framework provides a sound basis for Big Data
adoption by business and helps reduce the risks associated
with such adoption.
“Big Data Framework for Agile Business” (BDFAB) is
such a framework that facilitates a strategic approach to
application of Big Data to business. BDFAB acknowledges
the Hadoop eco-system (as a suite of technologies,
programming and management) and Analytics (based around
extensive statistical techniques such as predictive analytics,
net promoter score – NPS – and so on). However, BDFAB
also provides a comprehensive and holistic approach that is
part of an overall business strategy and that would synergize
the aforementioned technical and analytical elements.
Furthermore, this framework also clarifies the business value
resulting from Big Data adoption – that is business agility.
Unhelkar (2010, 2013) argued for a need for Agile to
transcend the solutions space and move into business strategy.
The business-technology domain thus finds itself amidst the
plentiful availability of data and technology and its potential
use to render a business Agile. Such strategic utilization of

Figure 1: Positioning Big Data Strategies: Transcending
Analytics and Technologies © MethodScience

Table 1 summarizes the core elements of BDFAB. This
table also shows the fundamentals (through some examples)
behind the core elements of BDFAB as also the key business
considerations in utilizing that particular core element.
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Table 1 — Overview of BDFAB v2.5

Element
s of
Framew
ork

Fundamentals
(examples only)

Business
Consideration

Values

Agility, insights,
collaborations

What does the business
aspire to (to-be state)?

Roles
(people)

Data scientist,
user, analyst,
coach, investor

Who are the people to
make it happen? To
benefit?

Building
blocks
(phases)

Business decision
(SWOT),
technology, user
experience,
quality, people

Why do it (business
reasons)? How to do it
(phases)?

Artifacts

Plans (financial,
ROI), feedback,
approach, staff,
center of
excellence

What to produce? To
use?

Condition
s

Type, size of
business (as-is)

Where and when to apply
BDFAB?

Practices
(Agile)

Stand-ups, stories,
showcase

How to undertake agility
at the change level?

Compendi
um
(repositor
y)

Manifesto, strategy
cube, adoption
process

Guiding change
management,
transformation

BIG DATA MANIFESTO
The Compendium (or repository) of BDFAB comprises
the Big Data adoption process, the 3-dimensional strategy
cube and the Big Data Manifesto.

Figure 2: The 5 Statements of The Big Data Manifesto

This proposed Big Data Manifesto is part of the
compendium of BDFAB – appearing in the bottom right of the
Figure 2.0. The manifesto provides an overarching umbrella
for undertaking Big Data transformation. The levels of
maturity of Big Data within an organization have an impact on
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the use of the Manifesto within an organization. As the
organization moves from one level to another, it finds that it
is able to discern greater value from the implementation of the
Big Data manifesto.
Thus the Big Data manifesto can also be applied in an
iterative, balanced manner based on the increasing levels of
maturity of an organization. This Big Data manifesto is based
on literature review in Big Data (Wikibon, molle industria,
sage, IBM), study of the corresponding Agile manifesto and
its variation in Composite Agile Method and Strategy
(CAMS), and discussions with researchers and practitioners.
The Big Data manifesto helps provide basis for use and
application of Big Data technologies and analytics in practice.
The Big Data manifesto is thus a common guidance platform
for adoption and use of Big Data across the industry.
Following are the five statements of the Big Data
Manifesto.
• We will extract useful and actionable insights from
Big Data using Analytics and Technologies to
provide Value to Organization.
This statement focuses on actionable insights from the
analytics and technologies – thereby eliminating the
development of analytics and applications that do not provide
business value. The Business Value to Customers, Staff and
Partners are based on the Agile values listed on top layer of
BDFAB.
• We will apply appropriate Descriptive, Predictive
and Prescriptive Analytics Tools and Techniques of
Big Data in order to provide Holistic Solutions to
the Organization.
The focus on this statement is the use of Big Data in a
holistic manner. Such holistic solutions are based on back-end
collaborations between organizational systems that result in a
single, 360 degree view of data and analytics for a user. Lack
of a holistic approach can result in inconsistencies and
redundancies in data and subsequent analytics.
• We will develop Big Data enabled Services and
Solutions using Agile principles and practices in
line with the Strategic Needs of the Organization.
Agility – in particular CAMS – is used here in modelling
and developing Big Data analytics and solutions. Business
processes are modelled to embed the analytics in an Agile
manner – which includes showcasing and seeking feedback on
what the users want to see from the analytics on a continuous
basis. The Agile values in such solutions include enhanced
user experience for Customers, development of partnerships
and decentralization of decision making (affecting Staff and
Decision-makers), flexible models of business processes
(includes Leanness and Flexibility) and management of
Change.
• We will Govern and Control the use of Big Data
with due deference to Security, Privacy and
Compliance needs of Individuals, Society and
Government.
Big Data adoption can be fraught with ethical and moral
issues – mainly because of the pinpoint precision with which
analytics can provide insights. Development and use of

analytics needs to be governed with respect to the security and
privacy of individuals and society. This statement also helps
and guides in the use of Open Data Initiatives wherein
Governments make macro-level data and meta-data for use by
public. The need to adhere to security and privacy of
individuals and society is vital in such use of open data.
• We will embed Ethical, Environmental and Social
Responsibility in every aspect of an Organization’s
Big Data Strategy.
Big Data technologies and analytics provide the greatest
opportunity for handling environmental and social
responsibilities of an organization. Machine sensors enable
precise and ongoing input of emissions data and analytics
(including machine learning) make it possible to analyse those
data and create insights. Process automation can also be
applied to change the behaviour of organizational processes to
reduce and optimize carbon footprint of the organization.
CONCLUSIONS & FUTURE DIRECTIONS
This paper outlines the BDFAB and positions the Big
Data manifesto within the framework. The 5 statements of the
Big Data manifesto provide the basis and guidelines for
adoption of Big Data within the organization. Furthermore,
this manifesto also forms basis for adoption within the
industry. There are number of researchers and practitioners
subscribing to the Big Data manifesto. These subscribers are
also providing necessary guidance for continuous refinement
and application of the manifesto in the industry.
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ABSTRACT
Semantic Web Technology (SWT) has come of age and
proved to be a valuable instrument for interpreting the
meaning of information on the Web. W3C vision of the Web
of Linked Data has almost materialized. It helps to
understand web data and write rules for managing them.
One of the interesting combination of technologies from the
SWT Layer Cake, is an Ontology Web Language (OWL) and
Semantic Web Reasoning Language (SWRL). Concepts in
OWL have been used for storing the semantics of any
information, from any domain of interest. SWRL has been
used for the reasoning upon OWL concepts in order to either
strengthen their semantics or increase the amount of
information stored in OWL concepts. This has resulted in
the development of SWRL enabled OWL ontologies which
have been used in semantic web applications for almost a
decade. In this position paper we would like to illustrate how
the deployment of SWRL enabled OWL ontologies, outside
the semantic web could generate a different computing
paradigm, which enables reasoning upon OWL concepts and
create new solutions in software engineering.
Our
illustration of deploying SWRL enabled OWL ontologies,
outside the web, ranges from modelling software applications
in pervasive healthcare and education to resolving specific
problems in software engineering such decision making in
humanitarian crises, traffic management and bioscience.
INTRODUCTION
SWT and their current version illustrated in the
Semantic Web Layer Cake available at the W3C websites
(https://www.w3.org/2007/03/layerCake) and copied in
Figure 1, shows the power of available technologies, their
level of standardization and the way the technologies moved
forward from its beginnings in 2004 (Swartz and Hendler,
2001) (Swartz, 2013).
Linked data through RDFs,
vocabularies built with OWL, query languages such as
SPARQL for retrievals and the inference, which can be
achieved through rule based languages, are still very
powerful mechanisms of interpreting the meaning on the web
and building semantic web applications. Figure 1 also shows
the departure from emphasizing the role of specific rule
languages in the Semantic Web Layer Cake, but allowing the
unification of various inference mechanisms (RIF).
Therefore we have become relaxed about a strict deployment
of logic systems, such as Description Logic, F-Logic, Horn
and similar when interpreting the meaning on the web. We
probably focus on the usefulness of combining web sources
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according to the architecture from Figure 1 without insisting
on completeness of ontologies, not thinking that there is a
distinction between Open and Closed worlds and not
focusing on the “monotonicity vs. non-monotonicity”, which
have not been done yet by the W3C. Also, not all SWT
layers have been standardized and there is still an ongoing
discussion on the role of the Layer Cake and the “unifying
logic and proofs” in the semantic web world (Sizev, 2007),
(Bussler, 2007), (Goebel et al., 2008), (Patel-Schneider and
Fensel, 2002), (Bouzid et al., 2012), (Kumar and Dinakaran,
2015), (Menemencioglu and Orak, 2014).

Figure 1: Semantic Web Layer Cake (courtesy of W3C
https://www.w3.org/2007/03/layerCake )

In this paper we look at the W3C initiative on the
deployment of Vertical Applications through the SWT,
which “denote particular, generic application areas, specific
communities, that explore how W3C technologies can help
their operations, improve their efficiencies and provide better
user
experiences”
(citation
taken
from
the
https://www.w3.org/standards/semanticweb/applications ).
Our interest in SWT Layer Cake and the role of its
technologies dated from 2007 (Kataria et al., 2007), (Kataria
et al., 2007A), (Kataria et al., 2008) (Kataria et al., 2008A),
(Shojanoori et al., 2008). We have used a selection of the
SWT technologies in software engineering (SE) applications
for the same purpose as in this initiative, but outside the
Web, or Semantic web, if we wish to be more precise. We
were motivated by our interest to interpret the meaning of
any information we may process in SE and did not focus on
the information available solely on the Web. We also
wanted to avoid using technologies and techniques from the
artificial intelligence (AI) field in order to add “meaning” to

the data and information we manipulate in SE. The reason
was very simple: we wanted to explore new possibilities with
new technologies, such as SWT, in order to address older
problems (Koay et al., 2009), (Koay et al.,2010), (Koay et al,
2011) (Kataria et al., 2009), (Macfie et al., 2009),
(Jakimavicius et al., 2009), (Filip et al., 2009), (Gangully et al.,
2009), (Almmami and Juric, 2011), (Ayim et al., 2009)
because the SWT Layer Cake did look very promising in
2005. Therefore it become obvious in the early days of our
research, that the combination of OWL, where we could
express the semantic of any information we model, and
SWRL, with which we could reason upon this semantic,
proved to be an invaluable in SE, even if we take the
technology outside the web. Ten years after our first
publications on the use of SWRL enabled OWL ontologies in
SE, we have not changed our mind: the excerpts from the
SWT Layer Cake gave us a powerful mechanism to address
modern computational problems in SE.
The paper is organized as follows. In the next section
we itemize our paradigm for using SWRL enabled OWL
ontologies in various problem domain, highlight the way the
technology is “tailored” across problem domains and we also
look at the impact on the computational models it creates. In
the section which follows we illustrate two computational
models which are solely based on the reasoning with SWRL
upon OWL ontologies. In Conclusions we debate a pathway
for the wider use of such computations in the commercial
world.
WHAT CAN SWRL AND OWL DO FOR SE
The Dynamics of Modern SE Applications
One of the most important impacts of SWRL enabled
OWL ontologies on SE is the way we can address dynamics
of application in SE and constant changes in the environment
where these application reside. This is typical of:
• modern context aware software applications, which
change according to the environments where they reside;
•
mobile and wireless software solutions, which often run
on smart phones and in which the user(s) is(are) in
charge of computations.
In the last 15 years, software engineers managed to
address constant changes in software applications through SE
solutions, which facilitated this dynamics, but produced
complex and complicated software solutions of substantial
computational power. We developed expert systems in
medicine and knowledge bases for smart homes and cities.
We developed formal ontologies in which we could store an
excessive amount of knowledge and information, but the
management of such data and repositories did become a
burden when running them in modern computational world.
Therefore, computations based on SWRL enabled OWL
ontologies would offer a novel solution in terms of
(a) Creating relatively small and manageable OWL models
which may grow if necessary, but which would be
sufficient for describing essential semantics of our
problem domain and secure inference through reasoning.

(b) Wisely using OWL concepts by balancing between
defining OWL classes, their individuals and constraints
imposed of them. We should not ignore our old
fashioned SE experiences, in which constraints could
enhance any semantic model, but would affect the
performance of software applications built upon it.
(c) Adding semantics at any time during the computational
process, by inferring OWL concepts and individuals,
whenever necessary. The assertion of semantics is
expected in any SE solutions, but in the past we did not
exercise inference on an ad-hoc basis in SE, except in a
few cases from the AI field. Therefore, an ad-hoc
inference of classes, properties and individuals in OWL
would be an extremely powerful mechanism of
addressing changes in the semantics we manipulate
through the SE applications.
Addressing Persistence in Modern SE applications
If we wish to address dynamics of modern SE
application, we will have to re-think our philosophy of
storing or saving in persistent repositories as much data as
possible. We should be guided by the simplicity of OWL
models, which constantly change and therefore exercise
caution when storing information permanently, even in OWL
ontologies. Persistence in OWL ontologies is important,
particularly when making decision on the asserted semantics,
but it is not very wise to assume that the results of inference
are going to be true at all times in near future, particularly if
the inference results from dynamic changes of the semantic
we model. From this perspective:
(i)
SWRL enabled OWL ontologies could guarantee that
we have only relevant and correct information inferred
at the time when computations are run. This approach
could also address the information overload, because
having simple OWL models with an ad-hoc inferred
constraints and individuals, can remedy numerous
problems when managing a surplus of information in
SE applications.
(ii) The results of inference, which might be correct at the
time the computations are run, might not be relevant or
even correct in the next moment, when dynamics of
these applications change the semantics described with
OWL. Such an inference must be either deleted from
the OWL persistence or never placed there.
Consequently, the results of inference would NOT
significantly increase the number of OWL concepts:
OWL ontology would grow into a manageable piece of
software, which will always have relevant information
at the time when computational models would need it.
How Would OWL and SWRL affect Computations?
SWRL enabled OWL ontologies would work on the
principle that the reasoning is performed upon OWL
concepts in order to:
(A) Strengthen the semantics stored in OWL by defining
either new OWL classes or properties;
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(B) Infer new OWL concepts, which is required to be
implemented as the functionality of the SE application built
upon SWRL and OWL.
In both cases, the reasoning are in the hart of
computations implemented by these applications, which
would consequently trigger another set of questions:
(1) Which type of software applications would be dependent
on the reasoning process upon the semantics stored in
SWRL enabled OWL ontologies? Not all functionalities
implemented in SE would be dependent on the process
of reasoning.
(2) How do we get results of the reasoning known to a SE
application? The result of the inference is either the
definition of a new OWL class, new OWL property or
moving (i.e. coping) an individual from one class to
another.
(3) How do we treat the results of inference in OWL for
performing “future” reasoning? Any type of inference
adds more semantics to the OWL model and therefore
we will have to manage the additional semantics by
deciding if it should be removed / deleted or kept as a
persistent data.
Answers to (1)-(3) illustrates how the computations
would be affected by the existence of SWRL enabled OWL
ontologies.
For answering (1) we could say that a software
application which would require any type of decision making
would be a perfect example of computations which would
need a reasoning process. Furthermore, OWL classes store
individuals which are NOT likely to be numeric and
therefore any type of computations with “words” would
benefit from the reasoning with SWRL. These two remarks
might be seem as restrictions on the choice of applications
we run with SWRL enabled OWL ontologies. However, we
have to take into account that today’s computing world is
based upon “decisions making”, by either machines or
humans, rather than performing heavy calculations with
numbers (The national Academy Press, 2012) (Shojanoori,et
al., 2010a), (Shojanoori et al., 2012). When looking at the
end user computing and the number of mobile applications
which run on private smart phones, we could see how
decision making through them dominates the scene (Louie,
2016). Finally, the pervasiveness of computing environments
today dictates both: ongoing decision making based on
semantics we collect in such environments and constant
changes of expectations we have as their users. Without any
reasoning process upon these changes it would be difficult to
build a reliable and reusable software applications for
pervasive computing (Shojanoori, 2013).
For answering (2) we should look at possibilities of
• developing component based and service oriented
software applications within integrated development
environments (IDE) such as Eclipse, NetBeans or
VB.net and
• accessing reasoning with SWRL through OWLAPIs which exist across all these IDEs.
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These applications are not difficult to develop (Patadia
et al., 2011) (Almami et al., 2016) (Shojanoori et al., 2010), ,
(Shamoug and Juric 2017) and software developers would
have the opportunity to balance in the implementation
between traditional computational models and models which
solely depends on reasoning (Shojanoori et al., 2010A)
(Shojanoori et al., 2012), (Shojanoori et al., 2013). The
combination of both also adds to the answer to (1) above.
However, there are languages in the SWT Layer Cake, which
secure simple retrieval of the data stored in OWL, which in
turn also contain the results of reasoning. This is similar to
the traditional transactional processing with database
repositories. SPARQL gives numerous options of retrievals
from OWL ontologies and it can be used even if we build SE
applications with traditional Java technologies.
Answer to (3) is difficult to give without having an
example of problem domain where reasoning is required.
We do not advocate compulsory deletion of the results of
inference, as it might have been indicated earlier. However,
we have to repeat that if our application is built in constantly
and rapidly changing environments, which affect OWL
model, then it is very likely that the result of reasoning in one
moment might NOT be “correct” or relevant in another
(Kataria and Juric, 2010) (Shojanoori, 2013), (Katarria 2012)
(Kataria et al., 2008A).
To summarize, we should build software applications,
which accommodate reasoning with SWRL whenever
decision making or computing with “words” are necessary
and handle the rest of computations using the traditional
programming methods. The issues of feeding the ontologies,
running inference rules and understanding which
computations could be invoked and why, can also be
managed through the application (Shojanoori et al., 2013),
(Pavandeep and Juric, 2014), (Shojanoori and 2008)
(Shojanoori et al., 2012A). In applications built in Java IDEs
it is often irrelevant and not visible to the user which types of
computations are running in the background and why
(Patadia et al., 2011) (Almami et al., 2016). Component and
service based SE solutions accommodate interchangeably
computations preformed with traditional Java technologies
and the reasoning with SWRL, without placing any burden
on the performance of these SE applications.
EXAMPLES OF COMPUTATIONAL MODELS WITH
SWRL
We used various problem domains for illustrating the
power of SWT technologies in SE. They can be found in
• the field of pervasive healthcare and remote patient
monitoring,
• resolving interoperability issues across heterogeneous
structured and unstructured data repositories,
• building semantic access control for sensitive data
specially applied to medical and patient data,
• creating special learning spaces for people with
impairments,

•

supporting clinical decision making by adding
demographic and user generated data,
• addressing Google ranking by understanding queries and
filtering retrieval results relevant to the query,
• finding the ”meaning” in socially generated data that
could lead towards the detection of suicidal notes,
• managing traffic control in smart cities,
• the assessment of software tools and Apps available on
the internet according to user’s requirements and
• building tools which help in marinating wellbeing and
managing chronic diseases.
All these examples had different OWL models and the
reasoning process within them, but all of them heavily
depend on SWRL enabled OWL ontologies. In many of
them we were able to build a full scale either Java or VB.net
application, but the core computational model in all these
examples consisted of reasoning with SWRL. In some cases
we used the same reasoning model to understand user
“clicks” and inputs from the interfaces of the application in
order to manage its functionalities (Katarie and Juric, 2009).
The papers, which illustrate the bullets above, are available
upon request.
In this section we show two examples from our long
term research. They are NOT related to Web applications,
Web data and Semantic Web in general. They do NOT
create FORMAL ontologies, i.e. our work can not be
compared with the field of creating vocabularies as advised
in the W3C initiatives and the SWT Layer Cake. We follow a
few prerequisites for using the SWT Layer Cake:
1. The SWT terminology has to be used and therefore we
have to have a competency question clearly stated and
answered through the reasoning with SWRL.
2. The reasoning process must be shown by indicating
which classes are involved in which SWRL rule(s) and
which properties have been defined for the classes
involved in a particular SWRL rule.
3. The results of these reasoning processes represent
inference, which is either an inferred class, property or
an individual moved from one class to another. We
mostly exercise the latter. The cases with inferred
properties are very important, but they may change the
semantics of the environment we model and therefore
they might not be frequently required for answering
most of the competency questions in our SE
applications.
4. In all examples we deleted the result of inference after
competency questions have been answered and after the
results of the inference have become “known” to the
application.
We chose two examples to illustrate the SWRL
reasoning upon OWL, which would represent the core
computational models for the chosen problem domain.
The first example is from the clinical decision making
and the second is form the semantic filtering of retrieval
results created by the Google search engine. In each of the
examples, we show an initial OWL model, a reasoning
process defined after a competency question is known,

definition of constraints (usually object properties) and
SWRL rules, which produce inference and answer the
competency question.
Example 1: Enhancing Clinical Decision Making
This example is taken from (Ahmed et al., 2011). It
proposes 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 use SWRL enabled OWL
ontologies to diagnose a disease, based on its symptoms, and
determine which medication, treatments and possible further
tests should be recommended for it. This solution serves as
an enhancement to classical clinical decision making system,
because it can alert towards more than one potential
diagnosis and would suggest which further tests should be
carried out in order to support any potential diagnosis. At the
time of publishing the paper in 2011 there was no available
software solution which would guide general medical
practitioners for determining further tests and alerting them
of more than one potential diagnosis a patent may have.
Figure 1 we shows basic OWL classes for the problem
domain, which are self-explanatory. It also shows that we
needed two more classes for storing the results of reasoning
through SWRL rules. In one of them, we will store the final
result of the reasoning process.

Figure 2: OWL model and classes involved in running SWRL
rules for Example 1

Figure 2 shows the reasoning process for example 1. The
competency question which was asked in this particular
example was:
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.
It is important to note that Figure 2 shows both: the
definitions of constraints (blue lines) and the reasoning with
SWRL rules (red lines). In this example we asserted
properties manually and inferred results of reasoning through
SWRL by moving the individuals of selected classes. The
assertion of object properties is one of the most delicate parts
of defining the semantics, which would answer the
competency question. In Table 1 we show the exact
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relationships between the individuals of all OWL classes
involved in the reasoning. If we were in a situation, which
would require the inference of these object properties, then
Table 1 would change according to the inference results. In
this particular problem domain, we avoided the inference of
object properties because it is unlikely that the relationship
between the individuals in Table 1 would frequently change.

Figure 4 shows the results of reasoning when running
Rule 3, given the symptoms specified in Rules 1 and 2.
Figure 5 shows the results of reasoning for another set of
symptoms (not shown in the Rules 1, 2) after running Rule 3:
the patient will have to have blood transfusion, will require
no medication, but further test are needed for investigating
Sickle Cell and Thalassemia diseases.

Figure 3: Reasoning process for determining medications,
treatments and further tests for a given set of symptoms

SWRL rules which are run as shown in the reasoning
process from Figure 2 are below. They determine a potential
disease first and then answer the competency question. Rules
1 and 2 determine a potential diagnosis(es) for a given set of
symptoms (soar throat, wheezing, breath holding attacks).
Rule 3 answers the competency question and it is “universal”
for all potential diagnoses, inferred through Rules 1 and 2.
Rule 1

Rule 2

Rule 3

Figure 5: Screenshot of recommendations as the result of
detecting “Thalassemia” disease

Example 2: Semantic Filtering of Search Results
This example is taken form (Chau et al., 2012) and
shows a semantic filtering of ranked Google retrieval results.
The purpose of the filtering is to address the relevance of
Google search results to user queries and would address
information overload and the precision of Google’s own
ranking of search results. The mechanism of semantic
filtering can boost the performance of Google and any other
search engine because it addresses the semantics of user
queries through OWL concepts and filters retrieved URLs
through SWRL without being dependent on any existing
search engine/ranking algorithms. This filtering mechanism
has been open to improvements in terms of the interpretation
and manipulation of semantics of user queries and
expectations the user may have from search engines.

Figure 6 Ontological model for semantic filtering of Google
results. The RESULT class stores the results of reasoning.

Figure 4: Results of the reasoning process from Figure 3 for a
given set of symptoms “sore throat” in Rule 1
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The OWL mode is in Figure 5. Its superclasses contain
subclasses that refine the semantics of each superclass.
Horizontal hierarchies are rather small, but each of these
subclasses could be extended with full blown hierarchies
which model semantics of: a) linguistic needs when
interpreting user queries, b) Google’s keyword matching

algorithm, c) user intentions before retrievals and d) user
expectations from retrievals.
Table 1 Definition of object properties for Example 1

Figure 6 gives a reasoning process, which answers the
competency question, which is slightly different to the one
from example 1. We were trying to retrieve an information
using the Google search engine and therefore we expected
that our semantic filtering of Google retrievals will give us
only relevant information for the following user query
'Who is Manchester United's latest signing?'
Therefore this user query becomes a “competency
question” in OWL/SWRL terminology. It is broken down
"word-by-word" and stored in our ontology as its “concepts”.
This particular parsing of user queries has been done to fit
the hierarchies from Fig 6. In the full version of our OWL
model, we must create hierarchies which fully satisfy a)-d)
above.

Figure 7: Reasoning process for example 2

In this example we do not show a table with OWL
properties, but we describe them below.
We have used both datatype and object properties in
order to strengthen the semantics of OWL concepts. They
both aid the reasoning with SWRL. As the
QUERY_RETRIEVED_URLS class contains individuals
representing
URLs,
we
use
object
property
asUserSpecifiedKeywords
connecting
the
GOOGLE_USER_QUERY_RESULTS
(domain)
and
USER_QUESTION_KEYWORDS (range) classes. The
same applies to the object property hasKeywords, where the
GOOGLE_USER_QUERY_RESULTS class is the domain
and the USER_QUESTION_KEYWORDS class is its range.
All datatype properties used in this ontology are
connected to GOOGLE_USER_QUERY_RESULTS and its
subsequent subclass QUERY_RETRIEVED_URLS in order
to provide additional information about the retrieved URLs.
An
example
of
a
datatype
property
is
Additional_Webpage_Information, which holds semantics of
the webpage in the form of string literals that can be read by
the general public. The string literals stored in this datatype
property can be the title of a webpage or any extra
words/picture/diagram/map to help describe the webpage. It
is important to note that we have unlimited choices of
datatype properties at this level which can address any
problem in keyword matching algorithm, or ant other issues
listed in a)-d).
Figures 8 and 9 show the screenshots of the two SWRL
rules which run according to the reasoning process from
Figure 7. These two rules move individuals (Kataria and
Juric, 2014) as indicated in the black arrows in the process.
The blue arrows in Figure 7 indicate the definition of
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properties as Figure 3 in example 1. These rules are simply
written and are self explanatory. They also indicate in which
class the result of reasoning will be stored. In this case, this
is equal to moving individuals from one OWL class to
another. We also do not exercise the inference of properties.

URL 6 link to YouTube about a MU signing nearly two
years ago
URL 7 various details of MU
URL 8 similar to URL 4.
URL 9 the latest news for Manchester United
URL 10 the exact details that we looked for.
However, after using our semantic filtering, based on the
reasoning form Figure 7, upon these URLs selected by
Google, the final result is URL10, i.e. the relevant
information for the query was selected, it answered the query
(or competency question)
“Who is Manchester United's latest signing?"
(http://www.bbc.co.uk/sport/0/football/16825939)

Fig. 8 Screenshot of SWRL Rule 1

Fig. 10 Screenshot of SWRL Rule 2 Results

DISCUSSION

Fig. 9 Screenshot of SWRL Rule 2

The final result of the reasoning, which should answer
the competency question is in Figure 10. These screenshots
are taken from the ontology editing tool Protégé and should
be interpreted according to the tool’s interfaces used in the
management of OWL concepts and SWRL rules.
When we ran the user query 'Who is Manchester
United's latest signing? In Google, the 10th URL of the
ranked Google results was what we needed! The first 9 URLs
were irrelevant:
URL 1 the splash page of MU's official website.
URL 2 official website forums with football topics.
URL 3 links that redirect to other MU topics
URL 4 details of a MU signing a few months ago
URL 5 details of a MU signing nearly two years ago.
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More than a decade ago, the SWT was created and
standardized for the purpose of interpreting the “meaning” on
the web. It has become of age and has been widely used on
the web. It offers languages, which can describe and
manipulate semantics: their manipulation often includes
reasoning upon the collected semantics through rule based
languages. In this paper, we illustrate how the SWT could be
used outside the web. We moved the reasoning upon SWRL
enabled OWL ontologies away from the semantic web, and
into the SE field.
The variety of problem domains where we could use the
SWT Layer Cake in SE is not small and we claim that our
applications built upon SWRL enabled OWL ontologies
offer new computational models in SE. These models can
assert and infer computational concepts, on an ad-hoc basis if
necessary, we can represent knowledge in “words” and thus
can we “compute with words”. We perform reasoning with
SWRL for many reasons: decision making, adding more
semantics if needed (strengthening the semantic),
dynamically addressing changes in the environment where
we compute, dynamically removing concepts which are not
“true” any more, playing a game with concepts such as OWL
classes and constraints, moving or copying OWL individuals
across OWL models. It is important to note that these
models are deployable in any IDEs of service oriented
architectures and might reduce the use of programming in
languages from such environments to its minimum. The

reasoning is naturally interwoven in these computational
models, but they do not create knowledge base, because they
are not needed. They also do not create formal ontologies
because the results of our reasoning might often be deleted if
the functionality of the application requires doing so. The
applications developed are lightweight and could be
redesigned to run on Android devices. There are numerous
possibilities of commercializing the applications we
developed upon SWRL enabled OWL ontologies, but we
mostly experimented with the domain of
• interoperability (Kataria and Juric., 2010), (Kataria and
Juric, 2010A), (Kataria and Juric, 2011), (Kataria, 2012)
• education (Almami et al.,2014), (Almami et al., 2015),
(Juric et al., 2014), (Juric et al., 2014A)
• humanitarian crises (Shamoug et al., 2012), (Shamoug et
al., 2012A), (Shamoug et al., 2014)
• role based access control (Macfie et al., 2012) (Macfie,
2014)
• social media (Mahmood et al., 2012),
• selection of software tools (Oppong et al., 2012),
• traffic management (Breznica et al., 2013)
• business management (Jakimavicius, et al., 2011)
• biomedicine (Almami et al., 2016A)
• pervasive healthcare (Chamas et al., 2013), (Koay et al.,
2009), (Koay et al., 2010), (Suh et al., 2011) (Shojanoori
and Juric, 2013), (Shojanoori et al., 2015).
REFERENCES
Ahmad, W., Koay, N.; Juric, R. (2011) The Management of
the Relationships Between Symptoms, Diseases,
Medicines and Treatments Using OWL and SWRL,
in the Proceedings of the 16th
International
Conference on System Design and Process Science,
SDPS 2011, Jeju Island, Korea, June 2011
Almami E., Juric, R. (2011) Exploiting the Semantics of
Virtual Learning Environments to Accommodate
Students with Disabilities, in the Proceedings of the
16th International Conference on System Design
and Process Science, SDPS 2011, Korea, June 2011.
Almami, E., Juric, R., Ahmed, M. Z. (2014) The Reasoning
Process for Selecting Teaching Practices for
Students with Impairments, In Proceedings of the
19th International Conference on System Design and
Process Science, SDPS 2014 , Kuching, Malaysia,
June 2014.
Almami, E., Juric, R., Dabbour, M., Ahmed, M.Z., (2015)
Exploring OWL Models for Creating and Sharing
Knowledge in Education Environments, in
Proceedings of the 20th International Conference on
System Design and Process Science, SDPS 2015,
Fort Worth, TX, US, November 2015.
Almami, E., Ahmed, Z.M., Juric, R. (2016) Software
Architectures Built upon SWRL Enabled OWL
Ontologies, In Proceedings of the 21st International
Conference on System Design and Process Science,
SDPS 2016, Orlando, FL, US, December 2015.

Almami, E., Almami, I. Juric, R. (2016) Knowledge
Dissemination in Biomedical Science: Using
Ontological Reasoning for the Analyses of
Activated Enzymes in various Diseases, In
Proceedings of the 21st International Conference on
System Design and Process Science, SDPS 2016,
Orlando, FL, US, December 2015.
Ayim, A. Ganguly, N. Koay, R. Juric (2009) “Semantic
Management of Privacy Policies in Social Network
Sites”, in Proceedings of the 12th International
Conference on System Design and Process Science
SDPS 2009, University of Auburn at Montgomery,
AL, November 2009.
Bouzied, S., Cauvet, C., Pinaton, J. (2012) A survey of
semantic web standards to representing knowledge
in problem solving situations, in Proceedings of the
2012 International Conference on Information
Retrieval and Knowledge Management, 2012.
Breznica, D., Juric, R., Koay, N (2013) Semantic Decision
Making In Traffic for Individual Driver, in
Proceedings of the 18th International Conference on
System Design and Process Science SDPS 2013,
Campinas, Sao Paolo, Brazil November 2013
Kumar, S.N., Dinakaran, M (2015) An Imperative Focus On
Semantic Web Principles, Logics And Its
Application, International Journal of Ambient
Systems and Applications (IJASA) Vol.3, No.1,
March 2015
Chammas, N., Juric, R. Koay, N., Gurupur, V., Suh, C.S
(2013) Towards a Software Tool for Raising
Awareness of Diabetic Foot in Diabetic Patients, in
the Proceedings of the international conference
HICSS 46, Maui, Hawaii, January 2013
Chau, V., Koay, N., Jackson, D., Juric, R. (2012) Addressing
Information Overload by Performing Semantic
Filtering After Google Ranking”, in the proceedings
of the 17th International Conference on System
Design and Processing Science, SDPS 2012, Berlin,
Germany, June 2012
Filip, E., Kataria, P. Juric, R (2009) Intelligent Business
Process Improvement”, in Proceedings of the 12th
International Conference on System Design and
Process Science, SDPS 2009, University of Auburn
at Montgomery, AL, November 2009.
Ganguly, S., Kataria, P., Juric, R., Ertas, A., Tanik, M. M.
(2009) Sharing Information and Data across
Heterogeneous e-Health Systems, in the TeleMedicine and e-Health Journal, June 2009, 15(5):
454-464
Goebel, R., Zilles, S., Ringlstetter, C., Debgel, A., Grimmes,
G. (2008) What is the Role of the Semantic Layer
Cake for Guiding the Use of Knowledge
Representation and Machine Learning in the
Development of the Semantic Web? In Proceedings
of the Conference: Symbiotic Relationships
between
Semantic
Web
and
Knowledge
Engineering, Technical Report SS-08-07, Vol 45-50

275

Jakimavicius, T., Kataria P., Juric, R.(2009) Driving
Business Values through Semantic Technologies:
Supporting Dynamic Enterprise Business Models, in
Proceedings of the 12th International Conference on
System Design and Process Science, SDPS 2009,
University of Auburn at Montgomery, AL,
November 2009.
Jakimavicius, T., Kataria P., Juric, R. (2012) “Semantic
Support for Dynamic Changes in Enterprise
Business models”, Journal of Integrated Design and
Process Science, IOS Press, 14(2) pp. 1-11.
Juric, R., Binhubash, H., Arntzen, A.A., Suh, S.C.,
Konjhodzic, A. (2014) Towards Dynamic Creation
Of Interdisciplinary Curricula, In Proceedings of the
18th International Conference System Design and
Process Science SDPS 2013, Campinas, Sao Paolo,
Brazil November 2013
Juric, R., Almami, E., Everiss, C., Ahmed, M.Z. (2014),
Reference Model for Configuring Environments
which Address Differences in Learning, In
Proceedings of the 18th International Conference
System Design and Process Science SDPS 2013,
Campinas, Sao Paolo, Brazil November 2013
Kataria, P. Juric, R., Madani, K., Croft, J. (2007) “Building
Ontology for Intelligent Software Applications in
Hospitals”, in Proceedings of the 10th Int.
Conference on Integrated Design and Process
Technology, IDPT 2007, Antalya, Turkey, June
2007
Kataria, P. Juric, R., Madani, K. (2007A) “Go-CID: Generic
Ontology for Context Aware, Interoperable and
Data Sharing Applications”, in the Proceedings of
the 11th IASTED Conference on Software
Engineering Applications, Cambridge, MA, US,
November 2007
Kataria, P. Koay, N. Juric, R. Madani, K. Tesanovic, I.
(2008) "Ontology for Interoperability and Data
Sharing in Healthcare”, in Proceedings of the 4th
IASTED Conference on Advances in Computer
Science and Technology, Malaysia, 2008.
Kataria, P., Juric, R., Paurobally, S., Madani, K. (2008A)
“Implementation of Ontology for Intelligent
Hospital Wards”, in Proceedings of the 41st Hawaii
International Conference on System Science 2008,
HICSS 41, Hawaii, Big Island, US, January 2008.
Kataria, P. Macfie, A., Juric, R., Madani, K. (2008B)
Ontology for Supporting Context Aware
Applications for the Intelligent Hospital Ward, in
the Transaction of Integrated Design & Process
Science Tran-Disciplinary International Journal,
August 2008, Vol. 12, No. 3, pp. 35-44
Kataria, P., Juric, R. (2009) Sharing Healthcare Data by
Manipulating
Ontological
Individuals,
in
Proceedings of the 12th International Conference on
In Proceedings of the 18th International Conference
on System Design and Process Science SDPS 2009,

276

University of Auburn at Montgomery, AL,
November 2009.
Kataria, P., Juric, R. (2010) “Sharing Healthcare Data
through Ontological Layering” In Proceedings of
the 43rd Annual Hawaii International Conference
on System Sciences (HICSS 43), Kauai, Hawaii,
January 5 – 8, 2010. IEEE, pp. 1-10.
Kataria, P., Juric, R. (2010) “Creating Semantics From User
Inputs Through Ontological Reasoning” to appear in
Proceedings of the 15th International Conference on
System Design and Process Science, SDPS 2010,
University of Texas in Dallas, US, June 6-11.
Kataria, P. (2012) Resolving semantic conflicts through
ontological layering, PhD Thesis, University of
Westminster
Kataria, P., Juric, R. (2011): “Sharing Healthcare Data by
Manipulating Ontological Individuals”, book
chapter, in: Suh, S.C., Tanik, M., Gurupur, V. P.
(Eds.)
Biomedical
Engineering:
Healthcare
Systems, Technology and Techniques, Springer; 1st
Edition (20 Aug 2011), pp. 117-128.
Kataria, P., Juric, R. (2014) Transferring Ontological
Individuals In OWL/SWRL Enabled Ontologies, in
Proceedings of the 18th International Conference
System Design and Process Science SDPS 2013,
Campinas, Sao Paolo, Brazil November 2013
Koay, N. Kataria, P. Juric, R. Terstyansky, G., Oberndorf P.
(2009) Ontological Support for Managing NonFunctional Requirements in Pervasive Healthcare,
in Proceedings of the 42nd Hawaii International
Conference on System Science 2009, HICSS 42,
Hawaii, Big Island, US, January 5-8, 2009.
Koay, N., Kataria, P., Juric, R. (2010) Semantic Management
of Non-Functional Requirements in e-Health
Systems”, in Tele-Medicine and e-Health Journal,
2010 May;16(4): 461-71.
Kumar, S.N., Dinakaran, M (2015) An Imperative Focus On
Semantic Web Principles, Logics And Its
Application, International Journal of Ambient
Systems and Applications (IJASA) Vol.3, No.1,
March 2015
Louie, G. (2016) Human Factors and Social Design of
Disruptive Technologies, HICSS-49, Keynote
Address,
Available
at
https://www.youtube.com/watch?v=fS-g6sD_yBo
Macfie, S., Kataria, P., Koay, N., Dagdeviren, H., Juric, R.,
Madani, K. (2008) Ontology Based Access Control
Derived From Dynamic RBAC and its Context
Constraints, in Proceedings of the 11th International
Conference on Integrated Design and Process
Technology, IDPT 2008, Taiwan, June 2008.
Macfie, A., Juric, R. (2012) SO-RBAC Reasoning Process,
in Proceedings of the 17th Int. Conference on
System Design and Processing Science, SDPS 2012,
Berlin, Germany, June 2012
Macfie, A., (2014) Semantic Role Based Access Control,
PhD Thesis, Univ. Of Westminster, London, UK

Mahmood, S., Bingubash Almari, H., Juric, R., Kim, I.
(2014) Extracting Tumblr Posts Through
Ontological Reasoning For Detecting Alarming
Suicidal Notes, in the Proceedings of the 18th
International Conference System Design and
Process Science SDPS 2013, Campinas, Sao Paolo,
Brazil November 2013
Menemencioglu O., Orak, I. M. (2014) A Review on
Semantic Web and Recent Trends in Its
Applications, in Proceedings of the 2014 IEEE
International Conference on Semantic Computing
(ICSC), June 2014.
National research Council (2012) Complex Operational
Decision Making in Networked systems of Human
and Machines, A Multidisciplinary Approach,
available
at
https://www.nap.edu/catalog/18844/complexoperational-decision-making-in-networked-systemsof-humans-and-machines
Oppong, A., Koay, N., Emodi, A., Juric, R (2012) Reasoning
With OWL/SWRL for Selecting Software Tools:
An Example Of VW Tools”, in proceedings of the
17th International Conference on System Design
and Processing Science, SDPS 2012, Berlin,
Germany, June 2012
Patadia, R.; Kataria, P.; Juric, R.; Kim, I.; Syal, P. (2011)
Conceptual Design of Semantic Software
Applications, in the Proceedings of the 16th
International Conference on System Design and
Process Science, SDPS 2011, Korea, June 2011
Patel-Schneider, P.F., Fensel, D (2002) Layering the
Semantic Web: Problems and Directions, in
Proceedings of the First International Semantic Web
Conference (ISWC2002), Sardinia, Italy, June 2002
Saaidi, R., Kataria, P., Juric R. (2011) “Semantic
Management of Submissions of Applications for
Marketing Authorisation of Medicines”, book
chapter, in: Suh, S.C., Tanik, M., Gurupur, V. P.
(Eds.)
Biomedical
Engineering:
Healthcare
Systems, Technology and Techniques (Springer; 1st
Edition (20 Aug 2011), pp.99-116.
Shojanoori, R. Nemitsas, P., Krishnamurthy, A. (2008)
"Generation of Ontologies from Relational
Databases: An Experience" in Proceedings of the
11th Int. Conference on Integrated Design and
Process Technology, IDPT 2007 (Taichung,
Taiwan, June 2008
Shojanoori, R., Juric, R., Babak, T. (2010) “ Experiences of
Building Assisted Self Care Systems within Smart
Home Environment” to appear in Proceedings of the
15th International Conference on System Design and
Process Science, SDPS 2010, University of Texas in
Dallas, US, June 6-11.
Shojanoori, R., Juric, R., Lohi, M. (2010A) “Towards
Balanced Distribution of Computations through
Automated Reasoning”, in Proceedings of the 15th
International Conference on System Design and

Process Science, SDPS 2010, University of Texas in
Dallas, US, June 2010.
Shojanoori R., Juric, R., Lohi, M (2012) Computationally
Significant Semantics in Pervasive Healthcare,
Journal of Integrated Design and Process Science,
IOS Press, Volume 16, Number 1 – 2012, pp 43-62.
Shojanoori, R., Juric, R., Lohi, M., Terstyanszky, G. (2012A)
Creating and Manipulating The Semantics Of
Assistive Self Care Homes, in the proceedings of
the 17th International Conference on System Design
and Processing Science, SDPS 2012, Berlin,
Germany, June 2012
Shojanoori R., and Juric, R., (2013) "Semantic Remote
Patient Monitoring System" (2013) Tele-Medicine
and e-Health Journal, 19(2), 2013, pp. 129-136
Shojanoori R. (2013) Towards Formalization of SituationSpecific Computations In Pervasive Computing
Environments, PhD Thesis, University of
Westminster, London, UK
Shojanoori, R. and Juric, R, (2015) Ontology Design for
Supporting Decision Making in Self Care Homes, in
Proceedings of the 48th HICSS conference, January
2015
Shamoug, A., Juric, R., Paurobally, S. (2014) Semantic
Representations of Actors and Resource Allocation
through Reasoning in Humanitarian Crises In
Proceedings of the 47th HICSS Conference, HI, US,
January 2014
Shamoug., A. Juric, R. (2017) Software Tool for Semantic
Resources Allocation in Humanitarian Crises, to
appear in the Proceedings of the 5+th HICSS
conference, Big island, HI, January 2017.
Shamoug, A., Juric, R., Paurobally, S. (2012) Ontological
Reasoning as a Tool for Humanitarian Decision
Making, in Proceedings of the 9th International
Information Systems for Crisis Response and
Management
(ISCRAM
2012)
Conference,
Vancouver, Canada, April 2012.
Shamoug A., Juric, R., Paroubally, S. (2012A) “Semantic
Modelling of Decision Making for Humanitarian
Response to Crises”, in the proceedings of the 17th
International Conference on System Design and
Processing Science, SDPS 2012, Berlin, Germany,
June 10-14
Sizev, S. (2007) What Makes You Think That? The
Semantic Web’s Proof Layer, in IEEE Intelligent
Systems, Issue 6, Nov/Dec (2007) vol. 22.
Suh, S.; Ajit, S.; Jaya; T., Lee, D. H.; Kataria, P. Juric, R.
(2011) Smart Preventive Healthcare System Using
Ontological Reasoning, in the Proceedings of the
16th International Conference on System Design
and Process Science, SDPS 2011, Korea, June 2011
Swartz, A. (2013) A Programmable Web: An Unfinished
Work, e-book, Copyright © 2013 by Morgan &
Claypool ISBN: 9781627051699 available at
www.morganclaypool.com

277

SDPS-2016
Printed in the United States of America, November, 2016
2016 Society for Design and Process Science

INFORMATION AND COMPLEX SYSTEMS: A HIERARCHICAL
DECOMPOSITION PERSPECTIVE
Zekai Demirezen
Information Technology, University of Alabama at Birmingham, USA
{zekzek@uab.edu}

ABSTRACT
This paper explores the relationship between
information theory in Shannon sense and set theoretical
approach to complex systems. The exposition taken is
focused on hierarchical decomposition in the sense of Herb
Simon. As such the paper establishes a starting point for
further analysis and integration of these concepts.
INTRODUCTION
In general, a complex system is composed of correlated
elements (Ashby, 1965; Rothstein, 1958; Watanabe, 1960).
The concept of a complex system is related to the degree of
correlation between elements (Alexander, 1964; Ashby,
1965; Emden, 1971; Rothstein, 1958; Watanabe, 1960),
which indicates the breadth and depth of interactions of
elements constituting a complex system. We can use
structure to show the correlation between elements. For
example, gas molecules show apparent weak structural
organization (Watanabe, 1969). Each gas molecule is nearly
independent of the other molecules. On the other hand,
crystal molecules are correlated with each other and show
highly organized macro structure.
An organized structure includes redundancy and the
amount of redundancy reduces the required information to
reveal that structure. For example, determination of the
position of each gas molecule is more difficult than
determination of a crystal molecule (Watanabe, 1969); with
prior knowledge of a few molecules’ positions, it is easy to
locate other molecules in a crystal (Watanabe, 1969). By way
of comparison, in information theory, the structure of a
complex system corresponds to the structure of a message
and redundancy within a message (Shannon, 1948). The gas
and crystal analogs demonstrate that revealing the structure
of an apparently disorganized system requires more
information than revealing the structure of a conceptually
more organized system would require. This fact corresponds
to the amount of uncertainty in the system (Watanabe, 1969).
The mathematical concept of organization is closely related
to the measure of uncertainty (Alexander, 1964; Ashby,
1965; Emden, 1971; Rothstein, 1958; Watanabe, 1960).
According to Simon, Ashby, Wiener and others (Ashby,
1965; McGill, 1954; Rothstein, 1952; Simon, 1962;
Watanabe, 1960), a common attribute of complex systems is
that “Complexity takes the form of hierarchy” from the
observer’s point of view (Simon, 1962). Two important
points that need to be specified for the definition of a
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hierarchical system follow: a) A first requirement is that all
subsystems be correlated with each other, and the correlation
strength imply the structure of the system (Rothstein, 1954;
Simon, 1962). Simon denotes these as nearly decomposable
to emphasize the correlation between subsystems; b) A
second requirement is that there always be a terminating
level of decomposition from which no further decomposition
is feasible.
INFORMATION THEORY
The beginnings of the development of information
theory can be traced to the initial considerations for the
development of the concept of entropy. Theoretical
contributions involving entropy functions started in the
original investigation of heat phenomena (Fermi, 1956; Van
Ness, 1969). After the invention of the steam engine,
physicists focused on the transformation of heat into
mechanical work, and vice versa in order to build better
steam engines. Scientists of the time tried to accomplish this
by moving from physical reality to the development of
theoretical underpinnings. They thought that heat was a
weightless substance and transferred from one body to
another body (Einstein & Infeld, 1966). In the mid 1800s,
Carnot explained the limitations in the heat-work
transformation using a flowing substance model. He
observed that some energy is lost even in the most efficient
engine possible (Carroll, 2010; Gleick, 2011). Eventually,
Clausius formulated the dissipation of useful energy in terms
of a new quantity which he denoted Entropy (Carroll, 2010;
Fermi, 1956; Van Ness, 1969).
Following Carnot’s observation, Maxwell (Maxwell &
Niven, 1965), Boltzmann (Boltzmann, 1995), and Gibbs
(Gibbs, 1902) defined heat as disordered motion of atoms
and molecules with consideration of the atomic nature of
matter (Fermi, 1956). Since the “gold standard” at the time
was to reduce all known phenomena to mechanical motion,
their approach to modeling was successful because it
explained the heat phenomena through mechanical principles
and the aid of the Entropy concept (Carroll, 2010; Gleick,
2011; Van Ness, 1969). Their foundational investigations
eventually initiated a new branch of mechanics, called
Statistical Mechanics (Fermi, 1956). In his investigations of
the second law of thermodynamics, Maxwell introduced a
“gedanken experiment” involving an imaginary being, which
was later called Maxwell’s demon (Carroll, 2010; Leff &
Rex, 2003). Maxwell demon is used as a model to this day
for the hypothetical investigation of the potential violation of
the second law. Another leading physicist in the nineteenth-

century, Ludwig Boltzmann, studied Entropy as being a
measure of degree of orderliness or disorderliness of gas
molecules (Boltzmann, 1995; Van Ness, 1969).
Szilard further developed the entropy concept
emphasizing the information perspective (Szilard, 1964). He
demonstrated that Maxwell’s demon gets its information at
the expense of entropy increase elsewhere (Szilard, 1964;
Watanabe, 1969). He showed the conceptual equivalence
between information acquisition and thermodynamic entropy
(Carroll, 2010; Szilard, 1964). Following up with Szilard
work, Landauer established the connection between the
notions of energy consumption, information, and
computation (Landauer, 1961). He showed that the erasure of
information requires energy dissipation (Landauer, 1961;
Leff & Rex, 2003).
In the field of communication, Nyquist (Nyquist, 1924)
and Hartley (Hartley, 1928) introduced a quantification
technique to measure the information in a message. Their
approach used the logarithm of the number of all possible
messages (Pierce, 1980; Renyi, 1970; Shannon, 1948). It
took about two decades after Hartley’s 1928 paper for the
introduction of a general theory called Communication
Theory, by Shannon (Shannon, 1948). He constructed a
mathematical model for communication systems and
discussed the amount of uncertainty in the output of a source
and defined it as the information content of a message
(Abramson, 1963; Ash, 1990; Guiasu, 1977; Papoulis &
Pillai, 2002; Woodward, 1964). He explained the calculation
of channel capacity using time durations of channel symbols
and constraints among them (Ash, 1990; Fano, 1963; Reza,
1994; Shannon, 1948) . He demonstrated fundamental
theorems for noiseless and noisy channels and established the
transmission rate limit for a given channel and a source. He
noted the possibility of maximum message transmission rate
with proper encoding of source messages and established the
existence of a coding system to transmit a source message
over the noisy channel with an arbitrarily small probability of
error (Shannon, 1948).
Almost immediately, applications of Shannon’s
approach to diverse fields started to appear in the literature.
For example, in the field of psychology, the first
information-theory related paper was written by George A.
Miller and Frederick C. Frick in 1949 (Miller & Frick, 1949).
They proposed a method for quantifying organization in
sequences of events (Attneave, 1959; Miller & Frick, 1949).
They used information theory to analyze serial dependencies
in chain of responses. Their paper opened up the possibility
of various application areas of the entropy formula in the
field of psychology as well as other related disciplines
(Attneave, 1959; Garner, 1962). Garner and Hake published
an article studying the amount of information in stimulus and
responses relations (Garner & Hake, 1951). Before their
paper, variance analysis was already a widely used technique
in psychology (Garner & Hake, 1951; Garner & McGill,
1956). Their work initiated uncertainty analysis of
experimental data based on information theory (Attneave,
1959; Garner, 1962; McGill, 1954). Eventually, Garner and

McGill established the relation between information and
variance analysis (Garner & McGill, 1956). All these works
focused on Shannon’s information measures that includes
two variables, the sender’s and the receiver’s state. William
McGill presented an extension of Shannon’s measures and
put the information relations between three and four
variables (McGill, 1954). He also developed the associated
quantitative formulations of transmission, interaction, and
correlation concepts for multivariate analysis (Attneave,
1959; Garner, 1962; McGill, 1954). Furthermore, Fred Henry
Quastler (Quastler, 1955) and Attneave (Attneave, 1959)
contributed to various applications of information in
psychology. The early adoption of Shannon’s approach in
psychology opened up numerous other applications in related
fields that proved fruitful for further developments. This
concludes our broad perspective of information theory in
preparation for hierarchical decomposition section below.
SYSTEMS THEORY
The second broad area to be reviewed is Systems
Theory. References provided gives the information systems
focus we have taken in this section. Following Boltzmann’s
principles (Boltzmann, 1995), the basic idea that underlies
statistical mechanics is that an organized system has a lower
entropy than a disorganized one (Rothstein, 1952; Watanabe,
1969). The difference between these two systems can be
defined as a reduction in the entropy, and the difference can
be calculated by the methods of statistical mechanics (Van
Ness, 1969). In statistical mechanics, an organized system is
composed of ordered molecules (Fermi, 1956; Van Ness,
1969). The states of particles and correlation among these
particles were demonstrated with Entropy term (Rothstein,
1958; Watanabe, 1960). Watanabe demonstrated the
information calculation as the measure of organization
(Watanabe, 1960, 1969, 1961). Rothstein used the
redundancy calculation to demonstrate the organization
(Rothstein, 1952, 1954, 1958, 1962). In communication
theory, correlation is defined with the Redundancy term
(Abramson, 1963; Ash, 1990; Cover & Thomas, 2006; Fano,
1963; Shannon, 1948). At the early stages of information
theory, redundancy was studied and defined as the
relationship between information and correlation (Shannon,
1948).
Ashby made major contributions to the informationtheoretical analysis of complex systems (Ashby, 1965,
1969a, 1969b; Ashby & Conant, 1981). He defined a
complex system as a set of variables with constraints (Ashby,
1947). He mentioned that the presence of organization arises
from communication between variables. In his 1965 paper
(Ashby, 1965), he examined the constraints as multivariate
relationships within a system and denoted them as Internal
Informational Exchange. He showed that when the variables
are related, constraints exist and they can be quantified with
information theory (Ashby, 1965, 1969a, 1969b). He also
discussed how to measure information exchange within
systems that actively change in time (Ashby, 1965).
Although Shannon’s Communication Theory (Shannon,
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1948) deals with source and receiver states without
considering real-time issues, Ashby investigated temporal
correlations in organizations (Ashby, 1965). After these
results, he further demonstrated the decomposition of
systems as an information-flow partition according to
temporal and spatial information exchange (Ashby, 1969a).
Ashby’s ideas led to the development of new areas of
study, including within General System Theory (Bertalanffy,
1969). He influenced system researchers in the area of
Reconstructability Analysis (Klir & Way, 1985). The
reconstructability problem is a methodological problem for
reconstruction of an overall system from a given set of
variables (Klir&Way, 1985). Several notable system
researchers
undertook
the
informational-theoretical
investigation of system structure. Klir studied the processing
of activity arrays through the use of information theory (Klir,
1975). Broekstra used the term Constraint Analysis to
indicate the application of information theory in the
reconstructability problem (Broekstra, 1978). While he
discussed the disjoint partition of constraints to represent a
structure system, he also developed the non-disjoint partition
formalism. Krippendorff extended Ashby’s work by defining
new information functions, such as Informational Distance
and Informational Bias (Krippendorff, 1986). He noted the
concept of information calculus and lattice based
representation of structure within his spectral analysis papers.
He pointed out the limitations in the interaction function
(Krippendorff, 1986). Other contributors, such as Conant
(Conant, 1968, 1972, 1980, 1981), Gaines (Gaines, 1977),
Cavallo (Cavallo & De Voy, 1992), and Uyttenhove (Klir,
1978) applied information theory in the reconstructability
problem. Conant discussed measurement of interaction
between subsystems, information transfer through finite state
systems, and channel capacity of automata in his dissertation.
He applied information-theoretical measurement techniques
to regulatory processes (Conant, 1968). Later, he studied
pairwise interaction of variables in a dynamic system.
Following Ashby and Simon, Conant provided a technique to
decompose a system into weakly connected subsystems
(Conant, 1972). His technique detects subsystems of a
complex system while quantifying the interactions among the
variables. Simon, in his development of a science of design,
investigated the nature of systems in general (Simon, 1996).
He defined complex system informally as the composition of
large number of components interacting in a complex way
(Simon, 1962). Typically, in systems, the whole exhibits an
emergent behavior and becomes more than a linear sum of
the parts (Conant, 1968; Emden, 1971; Simon, 1962).
Therefore inferring the properties of the whole from the
component interactions becomes difficult, even if the
properties of the parts and the laws of their interaction should
be known (Conant, 1968; Emden, 1971; Simon, 1962). This
concludes systems theory overview in preparation of
integration of the concepts of information and systems theory
in hierarchical analysis below.
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HIERARCHICAL SYSTEMS
Simon, in his development of a science of design,
investigated the nature of systems in general (Simon, 1996).
He defined complex system informally as the composition of
large number of components interacting in a complex way
(Simon, 1962). Typically, in systems, the whole exhibits an
emergent behavior and becomes more than a linear sum of
the parts (Emden, 1971; Simon, 1962; Conant, 1968).
Therefore inferring the properties of the whole from the
component interactions becomes difficult, even if the
properties of the parts and the laws of their interaction should
be known (Emden, 1971; Simon, 1962; Conant, 1968). From
Simon’s perspective, complex systems are frequently
hierarchical, exhibit a systems structure through evolutionary
processes, are decomposable into components or subsystems,
and because of their hierarchical nature, a relatively simple
set of rules defines their behavior (Simon, 1962). Therefore,
complexity is organized as a form of hierarchy since
complex systems are successively decomposed into lower
and lower levels of subsystems (Simon, 1962). By a
hierarchical system, Simon expresses that a system is
composed of highly interrelated subsystems, organized into a
hierarchical structure until reaching its non-decomposible
components (Conant, 1968; Emden, 1971; Simon, 1962).
Because of the level of hierarchy, one can distinguish
interactions among subsystems as well as interactions within
subsystems and components (Conant, 1968; Emden, 1971;
Simon, 1962). Furthermore, it is possible that interactions
among some subsystems can prove negligible compared with
the interactions within their subsystems (Simon, 1962). In
such cases, one can make the assumption that they are
independent systems. These systems can also be classified as
decomposable into subsystems (Simon, 1962). This leads to
the classification of nearly decomposable systems as systems
in which the interactions among the subsystems are weak,
although the interactions cannot be neglected (Simon, 1962).
As such, Simon concluded that many complex systems are
nearly decomposable and possess a hierarchical structure
(Simon, 1962). This observation indicated that the analysis of
complex systems is feasible since one can differentiate their
parts (Conant, 1968; Emden, 1971; Simon, 1962). When
Simon applied this classification to natural systems and
concluded “ If there are important systems in the world that
are complex without being hierarchical, they may to a
considerable extent escape our observation and our
understanding. Analysis of their behavior would involve such
detailed knowledge and calculation of the interactions of
their elementary parts that it would be beyond our capacities
of memory or computation” (Simon, 1962). This naturally
ties with his notion of bounded rationality in which he
expounded that one needs to have sufficient cognition, time,
and information to reach a rational decision (Simon, 1957).
Formal Treatment of Hierarchical Systems
Watanabe and others introduced a formal treatment
technique for the analysis of hierarchical systems following
Simon’s definition (Conant, 1968, 1972; Emden, 1971;

Rothstein, 1952, 1958; Watanabe, 1960, 1969). Their
preferred starting point was the mathematical notion of the
structure of organization, which was conceptually identical to
the systems view of Simon. However, Watanabe and others
took into account in their analysis the notion of uncertainty in
the representation of their models (Alexander, 1964; Ashby,
1965; Emden, 1971; Rothstein, 1958; Watanabe, 1960).
In this perspective, a complex system is composed of
correlated subsystems or elements (Ashby, 1965; Rothstein,
1958; Watanabe, 1960). The formal analysis of a complex
system is therefore, related to the degree of correlation
among its subsystems or elements (Alexander, 1964; Ashby,
1965; Emden, 1971; Rothstein, 1958; Watanabe, 1960).
Naturally, correlation can indicate the level of depth and
breadth of interactions among subsystems or elements.
Therefore, this correlation can be used to show the degree of
interaction of subsystems (or elements, or components)
constituting a system. If we use the example of Watanabe,
one can say that gas molecules, naturally disorganized in a
container, would show weak interaction as such indicating a
weak structural organization (Watanabe, 1969). Technically,
each gas molecule can be considered to be nearly
independent of the other gas molecules. However, crystal
molecules are correlated with each other according to the
structural properties of individual crystals, and as such, show
a highly organized structure. An organized structure includes
redundancy and the amount of redundancy reduces the
information required to reveal that structure (Emden, 1971;
Rothstein, 1952; Watanabe, 1960, 1969). Therefore, structure
provides the information to locate the position of other
molecules in a crystal while the determination of the position
of each gas molecule in a disorganized system becomes
difficult (Watanabe, 1969). If we recall Shannon’s results at
this point, we observe that in communication theory, the
structure of a system implies the structure of a message and
redundancy within the message (Shannon, 1948). The gas
and crystal analogies create a visual demonstration, in which
exposing the structure of a disorganized system requires
more information than revealing the structure of a more
organized system. It is observed that this fact mathematically
corresponds to the amount of uncertainty (Ashby, 1965;
Rothstein, 1952; Watanabe, 1960).
However, as Watanabe recognized, one should
distinguish the amount of uncertainty in individual
components from the amount of uncertainty of the whole
system (Watanabe, 1960). The systemic organization is a
function of these two different types of uncertainty. The
amount of uncertainty of individual components simply
quantifies our ignorance about each component, while the
essence of organization or emergent behavior of the system
is in the correlation among subsystems or elements (Ashby,
1965, 1969a; Conant, 1972, 1968; Emden, 1971; Watanabe,
1960, 1969). Therefore, a significant amount of uncertainty
among individual elements does not imply an unstructured
system (Watanabe, 1960, 1969). In an organized system, the
amount of uncertainty of the whole could be low despite high

ignorance about each individual component (Watanabe,
1960).
Decomposition of Hierarchical Systems
Decomposition of a complex system, in a sense, is a
matter of identification of its components and their
interactions (Conant, 1972, 1968, Emden, 1971). A manycomponent system interacting in a complex way is naturally
not conducive to the observation of its component
interactions. Under these circumstances, the observer limits
the observation to a few variables at a time to decompose the
system (Alexander, 1964; Emden, 1971; Miller, 1956). The
difficulty rests in the identification of all the system
components, which is a requirement of decomposing the
system into loosely coupled subsystems or elements
(Alexander, 1964; Simon, 1962).
One can define the system as a set of variables and
observe the correlation between variables (Rothstein, 1952;
Watanabe, 1960). It is assumed that the information flow
within the system is representative of the relations between
the variables (Ashby, 1965, 1969a; Emden, 1971; Watanabe,
1960). Therefore, given a system of variables, how do we
decompose it into a set of subsystems or elements to
minimize the information flow between the subsystems? As
we have mentioned in previous sections, the answer lies in
the hierarchical decomposition of the total correlation
(Ashby, 1965, 1969a; Emden, 1971; Watanabe, 1960). As
Van Emden states, “The effect of the complete
decomposition is that correlation of the system is found to be
equal to a sum of interactions” (Emden, 1971). There are
multiple ways of producing such a decomposition scheme
(Emden, 1971). It is a matter of the “parameter of interest”
(Tanik & Chan, 1991) to decide, which depends on the
purpose of the analysis. One natural purpose could be to
identify subdivisions into subsystems in which there is little
interaction among subsystems compared to the amounts of
interaction within subsystems. Applying such a
decomposition scheme can also be viewed as a “divide and
conquer” or “divide and rule” (Emden, 1971).
Alexander introduces a general algorithm for
partitioning a system into its successive subsystems
(Alexander, 1964). The algorithm is a hill-climbing
procedure consisting of producing one-element subsets and
computing the value of correlation for this partition followed
by comparing with it all partitions that can be obtained from
it (Alexander, 1964). The partition having the lowest value of
correlation is then substituted for the original partition and
the procedure repeats. The termination criterion is such that
the algorithm continues until it arrives to a partition whose
value of correlation is lower than that of any partition that
can be obtained from it by combining two sets. Another hillclimbing procedure used is based on finding a tree of
partitions directly (Alexander, 1964). This algorithm breaks a
complete set into its two most independent disjoint subsets,
by computing correlation for a random two-way partition. It
then repeats this process for each of the two subsets obtained,
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successively partitioning each of them into two smaller
subsets until the entire set is decomposed (Alexander, 1964).
As can been seen, by taken advantage information
theoretical developments in systems theory and hierarchical
systems decomposition, we introduced in integrative
framework to be used as design representation, which can be
used to analyze programs dynamically in the sense of
information flow (Demirezen, 2012).
SUMMARY
This paper explored the relationship between
information theory in Shannon sense and complex systems
using hierarchical decomposition approach. After the
introduction, which gives a unified perspective of the issues
to be discussed, paper provides a review of information
theory and systems theory by providing in-depth references.
This exposition is followed by a detailed discussion of
hierarchical design decomposition, which put all sections
into a single perspective. We believe that this approach will
prepare a fertile ground in understanding dynamic aspects of
programming as information flow systems (Demirezen,
2012, Demirezen, Tanik, Aksit, & Skjellum, 2014).
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ABSTRACT: We introduce a system to inform car owners of nearby cyclists based on passive cyclist-side RFID
technology. Two system architectures are presented and an
example of a real functioning RFID-based cyclist detection
system is given.
I. I NTRODUCTION
Cycling is growing in popularity in Ireland, both as a
general mode of transport, and as a sport (see National Census figures [1]). For example, in Ireland, between 2006 and
2011, there was an increase of 10% in cycling trips to work
nationally in Ireland and 23% in cycling trips to work in the
greater Dublin area (GDA). There was also a 40% increase
in cycling trips within the city centre of Dublin between
2006 and 2011. These figures are expected to increase again
in the Census in 2016.
Unfortunately the increased number of cyclists on the
roads has resulted in an overall increase in the number of
accidents involving cyclists each year [2]. From the CSO
statistics mentioned in [1], roughly 2% of the population
now cycles to work, school or college daily. When examining the periods before and after 2012 the annual number
of injuries involving cyclists jumped from 5% to 8% (395
to 630). It is also noted that in 2014, 12 cyclists were killed
on Irish roads, which was more than double that of the previous year.
Many of the safety related issues are due to the simple fact that an increased number of cyclists and motorists
share our roads, and that cars are poorly equipped to warn
motorists of cyclists appearing in blind-spots of vehicles.
To mitigate these issues, many researchers are proposing
systems to enable cyclists and motorists to coexist safely
on our roads. In this paper, we propose one such system.
Specifically, we propose a Radio-Frequency Identification
(RFID) based cyclist detection system that can potentially
reduce the number of accidents that occur annually on Irish
roads involving both cyclists and motorists. An important
feature of our solution is that the proposed system is realised without any power consumption of the part of the
cyclist.
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Our paper is structured as follows. First we discuss related work in this field that has principally been performed
by IBM Research Ireland and researchers in MIT. Next we
outline a low-cost, low-power cyclist collision prevention
system for in-car deployment. Third we examine two separate system configurations and outline the tests performed
and results obtained using each. Finally, we give our conclusions and discuss possible advances that could be made
in this area in the future.
II. R ELATED W ORK
Research into the applications of RFID technology by
both academic institutions and industry has grown significantly in recent years. However, the research that is most
closely related to our work is that performed by both IBM
Research Ireland and MIT.
A. IBM Research Ireland
The research reported here is the result of a collaboration
between University College Dublin and IBM Research Ireland and can be viewed as an evolution of the work detailed
in both [3] and [4]. This research proposed using parked
cars as a service delivery platform. As part of this study
an opt-in, on-demand system was proposed where passiveRFID-tagged missing objects could be quickly localized using a network of parked cars equipped with RFID readers.
The principal motivation for this approach was that battery
depletion was offloaded from the lost person to the car, and
it is this key feature that we shall emulate this idea in our
work.
B. MIT
In [5], researchers at MIT investigated a networked system to deliver smart services using existing RFID based etoll transponders. The system uses active RFID tags placed
on cars and fixed RFID readers placed on street-lamps to
count the number of cars present at a particular location
and also to localize particular tags so that parking charges,
speeding fines etc. could be attributed to a specific car.
The localization of these tags and the speed calculations
were achieved by analysing the angle of arrival between
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the transponder and the reader using an equilateral triangle of antennas connected to the reader and analysing the
FFT spectrum of the collision signals when multiple tags
were in the vicinity.

Car
OBD2

C. Other Products on the Market

C.2 Non RFID Based Products
Current non-RFID based products available on the market for cyclist detection generally use one of two other
methods;
(i) lasers and advanced lighting techniques as in [8], [9];
(ii) radar and cameras as in [10], [11], [12].
An RFID based system has an advantage over method (i)
above in terms of power consumption. All active components of our system, and by extension, the energy requirements are offloaded to the cars that have a large battery capacity. The passive component of the system is an RFID
passive tag. This results in our system being completely
passive from the point of view of the cyclist and therefore
does not require an energy source, which is typically a limiting factor when considering battery charging and the size
of the design. An RFID based system also has the advantage over method (ii) above in that it does not rely on line of
sight for communication which accounts for the privacy issue as no live footage is being recorded thereby giving rise
to no accidental privacy rights infringements. It also has the
added advantage that it is not affected by poor visibility in
adverse weather conditions.
III. P ROBLEM S TATEMENT
We investigated two separate configurations for our cyclist detection system using;
(i) directional antennas;
(ii) omnidirectional antennas.
A directional antenna has the advantage over the omnidirectional antenna in that the cyclist can be localized quite
easily due to the narrow azimuth beam-width of such an
antenna. This is also a limiting factor however as the car’s
field of vision is limited1 . An omnidirectional antenna has
1 This issue could be overcome by installing multiple directional antennas on each car depending on the azimuth beam-width of each antenna or
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C.1 RFID Based Products
A RFID-based cyclist detection system ’Cycle Alert’ [6]
using active RFID tags was developed and specifically targeted for deployment in HGV (Heavy Goods Vehicles) and
buses. We wish to expand this idea for implementation in
smaller non-commercial vehicles. Other RFID technologies focusing on the cycling market includes a technology
developed in Aarhus, Denmark where passive RFID tags
can control sets of traffic lights to improve traffic flow for
cyclists [7]. This system was developed as part of the European project Radical launched in 2013 to develop smart
cities using Internet of Things services.
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the advantage over the directional antenna in that it provides
a 360 degree field of vision to the car however the localization of the cyclist is more difficult when the cyclist enters
the antenna’s range as the direction of travel of the cyclist
has to be determined.
In this paper we shall examine both configurations.
IV. S YSTEM W ITH D IRECTIONAL A NTENNA
Fig. 1 depicts our system architecture and the communication paths between each component in the system. The
system is comprised of seven main components: an RFID
reader; a directional antenna; an RFID passive tag; an OBDII connector; a Linux MintBox 2; a smartphone and a test
vehicle.
A. OBDII Connector
The OBDII port is a standard digital communications
port, present on all cars manufactured after 1996 which provides real-time diagnostic data, which allow car owners and
manufacturers to rapidly identify and remedy malfunctions
within the vehicle. The OBDII Connector used in this system was a ’Kiwi 2 Bluetooth - OBDII to smartphone interface for Android’. To further reduce the power consumption of the system we only wish to activate the system and
scan for cyclists during a vehicles most dangerous manoeuvres on the road from the cyclist’s point of view i.e. when a
car is turning at a junction and/or reversing. These vehicular manoeuvres are performed at low speeds so it is below a
certain speed threshold where we wish to begin our scans.
Other logical rules can easily be incorporated into the system to account for other situations. The OBDII connector’s
primary function therefore was to read the speed signals of
by cars collaborating with different antenna orientations
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the car and forward this information to our android smartphone in regular updates via Bluetooth.
B. Smartphone
The smartphone in this system is a standard Android
smartphone that is mounted on the car dashboard in plain
view of the driver. It has three main functions;
(i) interpret speed signals received from OBDII connector;
(ii) act as client in client-server relationship with the Linux
MintBox 2;
(iii) notify driver when scan is active and of presence/absence of cyclists.
To meet these requirements and perform these functions
we developed a plug-in for the ’Torque Pro’ application developed by Ian Hawkins [13] as it is compatible with the
OBDII connector we have chosen2 .
C. RFID Subsystem
The RFID Subsystem is comprised of four components,
namely the Linux MintBox 2, the RFID Reader, the directional antenna and the RFID passive tag.
C.1 Linux MintBox 2
The Linux MintBox 2, is a miniature fan-less PC, with
Linux Mint pre-installed and ready to use. It was chosen for
use in this system mainly due to its compact size. Its function in our cyclist collision prevention system is twofold:
(i) act as the server in the server-client relationship with
the smartphone; (ii) run the host application software which
controls the RFID reader.
C.2 RFID Reader
The RFID Reader used in our system is an Alien ALR9680 Commercial 4-Port RFID Reader. It can support up to
four antennas, supports POE (Power over Ethernet) and operates in the 865.7-867.5 MHz frequency band. Functions
of the device include:
(i) communication with and application of commands from
the host application;
(ii) control and authentication of communication with the
transponder;
(iii) signal encoding and decoding implementation of an
anti-collision algorithm before sending data to/receiving
data from the transponder;
(iv) generation of high frequency transmission power to activate the transponder and supply it with power;
(v) modulation of the transmission signal to send data to the
transponder;
(vi) reception and demodulation of high frequency signals
transmitted by the transponder.
2 Torque is an OBDII performance and diagnostic tool for any device that

runs the Android operating system. It allows the user to access the many
sensors within a vehicle’s Engine Management System and view and clear
any trouble codes that arise.
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C.3 Directional Antenna
The antenna used in our system is an Alien ALR-8696-C
Low VSWR/Axial Ratio Antenna. It is a circular polarized
antenna that operates in the 865-960 MHz frequency band
which matches our RFID reader. It is also enclosed in a waterproof casing and is therefore weather and UV resistant.
It is relatively light (2.5 lbs) which is suitable for mounting
on our test vehicle and it has an azimuth beam-width of 65
degrees.
C.4 RFID Tag
The RFID tags used in our system are Alien ALN-9654
G Inlay tags and were chosen due to their detection range
which is above average for passive tags. Other than the
advantage given in terms of power consumption, passive
RFID tags offer other advantages over active RFID tags.
Some of these advantages include;
(i) cost: as passive transponders do not incorporate a battery they are significantly cheaper to manufacture on a large
scale. By using passive transponders the additional cost of
purchasing replacement batteries is also removed;
(ii) convenience: as passive transponders do not contain a
battery their dimensions will be smaller and less conspicuous. In addition to this there is also the additional peace of
mind that the transponder will never exhaust battery charge;
(iii) health: passive tags prevent consistent exposure to UHF
waves if an individual is in close and frequent contact with
an RFID transponder. Passive tags do not transmit all the
time and they also transmit at a lower power than active
tags.
D. Test Vehicle
Our test vehicle is a 2015 Toyota Prius VVTi 1.8 5DR
CVT Plugin Hybrid vehicle (see Figure 2). This vehicle
has several modifications to allow V2I testing. In our context the vehicle has an antenna mounted externally, and an
RFID reader and a mint box installed internally as part of
the vehicle systems.
We integrated the following system components: (i)
the OBDII connector was connected to the OBDII port to
the right of the steering wheel; (ii) the smartphone was
mounted on the vehicle’s dashboard; (iii) the RFID Passive
Tag on the cyclist; the Linux MintBox 2 was powered via
the 12V cigarette lighter port, was connected to the RFID
reader via Ethernet and was placed in the test vehicle; the
RFID reader was powered via an Ethernet cable connected
to four 12V ’Tracer’ car batteries and all were placed in the
test vehicle; the directional antenna was mounted externally
on the rear of the test vehicle
V. T EST R ESULTS
A. Detection Range and Positioning
The first set of experiments that we conducted were to
determine the detection range of our RFID subsystem out-

4

RSSI value returned by the tag at the maximum read distance from the mounted antenna. We then subtracted C
from our RSSI values at a range of different distances from
the antenna. Knowing these values and the azimuth beamwidth of our directional antenna, we could then aggregate
this information to roughly position the cyclist in relation to
the car as depicted in Fig. 4. The RFID reader we have used
can support four antennas simultaneously. Therefore multiple directional antennas could potentially be mounted on
our test vehicle to give a wider field of vision. The varying
RSSI values read by each antenna could then be compared
to localize the cyclist in relation to the car in this case. From
Figure 5 it is evident that the RSSI value returned by the tag
on the cyclist’s helmet is at a maximum at the point closest
to the antenna and decreases with distance. Although there
appears to be a linear relationship between the distance of
the tag from the antenna and the returned RSSI value, the
variance in the strength of the noise signal N results in a
non linear plot especially at longer distances. This illustrates that at longer ranges the RSSI values are less reliable.
However, for an application such as cyclist detection, a reasonably accurate estimation of the distance of the tag from
the antenna relative to the dimensions of both the car and
the bicycle should suffice. Assuming an average speed of
10km/h for a cyclist overtaking a slow moving/stationary
car at a junction and as we have spaced our RSSI read distances at 0.5m:

Fig. 2
T EST V EHICLE - T OYOTA P RIUS VVT I 1.8 5DR CVT P LUGIN
H YBRID

(a) Mounted antenna

(b) Boot of Car

10km/h ∗

1000
= 2.78m/s
3600

(2)
(3)

0.5m/2.78m/s = 0.1799s
(c) Plugged In OBD2

Therefore to detect the cyclist at every 0.5m interval we
need a scanning frequency of:

(d) Helmet With RFID Passive
Tag)

Fig. 3
I NTEGRATION OF S YSTEM C OMPONENTS

(4)

1/0.1799s = 5.586Hz
B. Application Development

doors, to model realistic multipath effects in terms of the
RFID communication. The maximum read distance we
could obtain for our RFID tags was measured to be seven
metres from the antenna mounted on the rear of the test vehicle. The Alien Reader’s supported RSSI (Return Signal
Strength Indicator) feature gives an indication roughly of
how much energy a tag is scattering back to the reader. It
depends on distance from the antenna, the type of tag (chip
and antenna design), and numerous environmental factors.
For the RFID tags specified above the RSSI value can be
modelled as in Equation (1) where X varies with distance,
C is a constant and N is a random noise variable interfering
with the backscattered signal.
RSSI = (N )X + C

(1)

We determined the value of C by measuring the mean

To test our design in real traffic flow situations we developed an application for the android smartphone (the client)
and a Java program to run on the MintBox (the server) in
our system as mentioned previously. We used the road network on the University College Dublin campus in Belfield,
Dublin 4, and successfully detected cyclists in a variety of
scenarios: See smarttransport.ucd.ie/spotlight-projects/ or
https://youtu.be/Jcg15 C5 k4
VI. S YSTEM W ITH O MNIDIRECTIONAL A NTENNA
To conclude our paper we give a brief MATLAB based
discussion of the potential use of ’omnidirectional’ antennas in our system. The advantage of such antennas is a
wider field of vision and the potential for multiple vehicles to collaborate using V2V technology to not only detect
but also localise cyclists. We assume that the omnidirectional antennas have a detection range of 10 metres and that
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where m ≥ n and each residual function, rj , is a smooth
function from IRn to IR. The aim in the non-linear least
squares problem is to minimize f (x) where x ∈ IRn . To
start investigating this the derivatives of R(x) and by extension f (x) need to be computed. The derivatives of f (x)
can be expressed in terms of the Jacobian of r, which is the
m∗n matrix of first partial derivatives. The first and second
derivatives of f (x) can be expressed as:

Distance (m)

Cyclist4Positioning4System4Directional4Antenna
410
49
Car4Detection4Field
48
47
46
45
44
43
42
Car
41
40
-1
-2
RSSI4-4C4=46.6
-3
-4
-5
Bike
-6
-7
-8
-9
-10
-104-94-84-74 -64-54-44 -34 -24-14 04 14 24 34 44 54 64 74 84 94 104

Distance (m)

∇f (x) = J(x)T R(x)
∇2 f (x) = J(x)T J(x) + S(x)

Fig. 4
D ETECTION AND P OSITIONING OF C YCLIST WITH D IRECT A NTENNA

where
S(x) =

RSSI vs Detection Distance

25

m
X

rj (x).∇2 rj (x)
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B. Levenberg-Marquardt Method
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Fig. 5
P LOT OF D ETECTION D ISTANCE VS RSSI VALUE R ETURNED BY
RFID TAGS

the other system components remain unchanged and therefore the system architecture for each vehicle can still be
described by Fig. 1. As the antennas are omnidirectional
in this case, we need a new method to localize the cyclist.
This can be achieved if the vehicles at the junction share the
information regarding their respective read distances from
the RFID tag with one another. We can then implement a
non-linear least squares algorithm to localize the cyclist.
A. Non-linear Least Squares
In this section we examine some fundamental aspects of,
and approaches to, solving non-linear least squares unconstrained optimization problems. The material in this section
is based on that provided by [14] and [15]. Non-linear least
squares problems arise when fitting a parametrized function
to a set of measured data points, where the function is not
linear in the parameters. This type of problem can be solved
by iteratively improving the parameter values to reduce the
sum of the squares of the errors between the measured data
points and the function. In least-squares problems, the objective function f has the following special form:
m

f (x) =
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1X
R(x)T R(x) =
rj (x)2
2
2 j=1

(5)

The method that is used in MATLAB to solve the nonlinear least squares problem for the cyclist detection system
presented here is the Levenberg-Marquardt method. The
Levenberg-Marquardt method can be derived by replacing
the line search strategy of the Gauss-Newton method with
a trust-region strategy. This is used to combat one of the
weaknesses of Gauss-Newton method, when the Jacobian
J(x) is rank-deficient. The Levenberg-Marquardt method
searches in the direction given by the solution d to the Equation (9) where λk are non-negative scalars and I is the identity matrix as proven in [15].
(JkT Jk + λk I)dk = −JkT fk

(9)

In our use case, of a cyclist detection system, there is a
set of m circle equations in two unknowns x and y, where
ai and bi represent the co-ordinates of the centre points of
the cars in the plane and ri represents the distance from
the car in question to the cyclist. Therefore the equations
passed to the Levenberg-Marquardt method and their associated Jacobians are of the form:
fi (x, y) = [x2 − 2ai x + y 2 − 2bi y − ri2 + a2i + b2i ] (10)


Ji (x, y) = 2(x − ai ) 2(y − bi )
(11)

C. Localization

We imagine a crossroads as depicted in Fig.6 and place
three cars at the junction as shown. The roads are two-way
and have lane widths of three metres. We also assume that
there is no right turn at this junction. We assume that all
the cars remain stationary during this simulation as they are
stopped at traffic lights and that the traffic lights change to
green just as the cyclist halts at the junction. We also assume that the cyclist begins accelerating at this point while
the cars are still at rest. We also assume that at any time
the car closest to the cyclist assumes the role of the master and the other cars become slaves. We can then model
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the journey of the cyclist to the junction in four phases i.e.
travelling/pedalling at a constant speed, free-wheeling as
the cyclist approaches the junction and slows down due to
friction, braking hard as the cyclist arrives at the junction
and accelerating slowly and steadily. Each phase of the
cyclist’s journey can be modified using the linear motion
equations (12), (13) and (14), if we provide the initial conditions where u is the initial speed of the cyclist at the start
of a phase, v is the final speed of the cyclist at the end of
a phase, s is displacement from the origin of a phase in a
linear direction, a is the acceleration of the cyclist during a
phase and t is the time taken to travel to any position in that
phase.

15

(13)
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In this paper we present a passive RFID system to protect cyclists on our roads. A prototype system has been developed, its architecture has been described and real world
tests have been presented to demonstrate its efficacy.
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(a) One Car Detecting

As we can see in Fig. 6c, where the purple marker indicates the true position of the cyclist and the red marker represents the localization result of the non-linear least squares
algorithm, when three cars or more are in detection range
simultaneously the non linear least squares algorithm can
localize the cyclist accurately, while for two cars our initial
guesses are sufficient to localize the cyclist with a margin of
error < 2m as depicted in Fig. 6b and 6a. However, when
one or two cars are in detection range the algorithm is not
as robust and can lead to larger margins of error.

In an attempt to minimize the power consumption of the
system, the time taken to localize the cyclist accurately and
the corresponding distance of the cyclist from the nearest
car were plotted vs the scanning frequency of the RFID
reader. This data could then be used in an attempt to find a
minimum scan frequency that could also provide accurate
detection and localization in a timely manner. The plots
in Figure 7 depict the first accurate localization of the cyclist during the westbound journey and the corresponding
time of detection and distance from the nearest car when
the accurate localization occurs. It is evident from Figure
7a that as the scan frequency and by extension the power
consumption of the system increases, the time taken before
an accurate localization of the cyclist decreases in a somewhat exponential manner. It is also evident that as the scan
frequency increases, accurate localization occurs at increasing distances from the nearest car.

0

Distance (m)

(14)

D. Safe Localization vs Scanning Frequency

Bike

Distance (m)

(12)

5
0

-10

Distance (m)

= u + at
1
s = ut + at2
2
v 2 = u2 + 2as

t=2.1 s
Car 1 Detection Field
Car 2 Detection Field
Car 3 Detection Field

10

15

v

Cyclist Positioning System

25
20

1

2

3

4
5
6
7
Scan9Frequency9(Hz)

8

*

8

*

*
*

*

7.5
7

*

*

6.5
6
5.5

*9 10*

5

0

*

*
1

2

3

Distance at First Accurate Localization

4
5
6
7
Scan.Frequency.(Hz)

8

9

10

(a) Detection Time For Accurate Lo-(b) Detection Distance When Accucalization
rate Localization Occurs
Fig. 7
S AFE L OCALIZATION VS S CANNING F REQUENCY

ACKNOWLEDGEMENT
The authors thank John Gahan for developing the mechanical components of this system. They are also grateful
for discussions with Randy Cogill and Martin Rufli. This
work was in part supported by SFI grant 11/PI/1177
R EFERENCES
[1]
[2]

U. N. Iompair, “Initial Findings From Census 2011,” tech. rep.,
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