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Guest Editor Gyula Mester 

The first five papers in this Special issue concentrate on creative research of senior researchers and 
are done in three different research environments. These three environments come from three different 
countries, Ecuador, Hungary, and Serbia. The research results in this journal include the following 
papers: 

The paper A Decade of Predatory Journals with an Overview of the Literature Analysis, the First 
Step of a Systematic Review (by Berek, László) summarizes past and present knowledge about the 
threat to online scholarly communication: the activities of predatory journals and publishers. In this study, 
the first-round mapping of publications on this topic was carried out using the Scopus and Web of 
Science databases. This study is the first step of a literature review in search of possible solutions to 
this issue.  

Paper titled Markovian Model-Based Safety Analysis in Perception Systems Inside Self-Driving 
Cars (by Bautista César) described how the human brain recognizes its environment and translates it 
into data that a machine can learn and make decisions. For this, great doubts have been generated 
concerning safety; in the present work, a Markovian model is used, a stochastic method for randomly 
changing systems. It is assumed that future states do not depend on past conditions. These models 
show all possible forms and the transitions, the rate of changes, and the probabilities between them. 
Markovian models can also recognize patterns, make predictions, and learn sequential statistics. 

The paper E-function for fuzzy clustering in complex networks (by Vidojević, Filip; Džamić, Dušan; 
and Marić, Miroslav) presents an application of a modification of the E-function for estimating the quality 
of fuzzy clustering on complex networks is proposed. The results achieved on the well-known data sets, 
Zachary’s Karate Club and PGP Network, show that the proposed function has great potential in 
determining the high-quality fuzzy partitions of a complex network. Unlike many quality functions for 
fuzzy clustering, E-function doesn’t depend on additional parameters but is directly applied on fuzzy c-
partitions of the graph. 

Paper titled Energy Efficiency in the Control of System Disrupted by Social Engineering (by 
Albininé Budavári, Edina and Rajnai, Zoltán) examines the impact of Social Engineering on the energy 
balance of the system. A combined model of Social Engineering and cybernetic loop is used for the 
study. The energy balance of the systems loaded with Social Engineering was derived according to the 
processes and effect mechanisms of the unified model to demonstrate the energy effect. The study 
concludes that the energetic effect of this self-serving, hidden external regulation can be large. 
According to the modeling, the energy stored in the system and/or the energy entering the system must 
cover the negative effects of Social Engineering. This finding further confirms the importance of cyber 
defense. 

The paper PV Solar Energy Supply in Smart Cities (by Katić Vladimir) is presenting a method for 
assessment of possible roof-top PV system power capacity in a Smart city. Special attention will be paid 
to generation units coming from renewable energy - solar and its possibility to supply existing loads. As 
a case study, results of a hypothetical project of possibilities of PV solar energy application for electricity 
supply of some cities in Serbia are presented. 

The presented works papers give careful studyes of the problems and the editor believes that 
the whole issue is a very interesting read. 
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Guest Editor Nenad Filipović 
 
The second five papers in this Special issue are oriented toward computational modeling and machine 
learning in biomedical engineering applications. Starting from computational modeling for stent 
mechanical testing and deployment through different machine learning algorithms for segmentation and 
plaque characterization of the carotid artery and finally very specific modeling of the lumbar spine for 
the driver during vibrations of the driving, this Special issue gives practical solutions for various problems 
in biomedical engineering application. 
 
The paper Computational Modeling for Mechanical Testing of Bioresorbable Stents, written by the 
authors Anic, Milos; Milosevic, Miljan; Nikolic, Dalibor; Milicevic, Bogdan, Geroski, Vladimir;  
Kojic, Milos; Jovicic, Gordana; and Filipovic, Nenad describes in-silico mechanical testing the analysis 
of different stent designs radial compression (RCI), inflation, three-point bending and two plate crush-
test using InSilc platform recently build from H2020 project InSilc. Stent material is Poly-L-Lactic Acid 
(PLLA) fully bioresorbable vascular scaffold. In silico mechanical testing decrease, both the time and 
the expenses of the process and even gives the possibility to compare two or more designs. 
 
The paper Carotid Artery Segmentation Using Convolutional Neural Network  
in Ultrasound Images from the authors Radovanović, Nikola; Dašić, Lazar; Blagojević, Anđela; 
Šušteršič, Tijana; and Filipović, Nenad provides the segmentation of the carotid artery wall and lumen 
region boundaries for assessment of the plaque morphology. Two types of Convolutional Neural 
Network (CNN) architectures are used for segmentation: U-Net and SegNet. It has been found that the 
model presented here achieved over 94% Dice Coefficient for wall and lumen segmentation when 
trained during 100 epochs. 
 
The authors Nikolić, Jovana; Atanasijević, Aleksandar; Živić, Andreja; Šušteršič, Tijana; Ivanović, Miloš; 
and Filipović, Nenad in their paper Development of SGABU Platform for Multiscale Modeling 
present SGABU platform which was created from an H2020 project as a computational platform for 
multiscale modelling in biomedical engineering. The platform includes already developed solutions, 
various datasets and models related to cancer, cardiovascular, bone disorders, and tissue engineering. 
 
The paper Patch-based Convolutional Neural Network for Atherosclerotic Carotid Plaque 
Semantic Segmentation prepared by the authors Dašić, Lazar; Radovanović, Nikola; Šušteršič, Tijana; 
Blagojević, Anđela; Benolić, Leo, and Filipović, Nenad presents the model for identification and 
segmentation of the atherosclerotic plaque components such as lipid core, fibrous and calcified tissue, 
by using Convolutional Neural Network on patch-based segments of ultrasound images. The presented 
model achieved good results in segmentation of fibrous tissue but had difficulties in segmentation of 
lipid and calcified tissue due to the quality of ultrasound images 
 
The authors Saveljic, Igor; Macuzic Saveljic, Slavica; Nikolic, Dalibor; Tomasevic, Smiljana; Djukic, 
Tijana and Filipovic, Nenad in their work Numerical Analysis of the Impact of Vibration on the 
Lumbar Spine of the Driver deal with a 3D computer model of a lumbar spine which was developed 
using CT scans. The acceleration values obtained by the experiment were the input values for the 
numerical analysis of the lumbar spine using the Ansys software package. It has been observed that 
the highest loads during body vibrations when driving are on the S1-L5 disc as well as on the L5-L4 
disc.  

 
Each of the presented works gives a careful study of the problem and the whole issue is a very 

interesting read. 
 
I would like to express my gratitude and appreciation to the authors for contributing their 

important research results to this journal. Due to their fruitful research and helpful cooperation, it was 
possible to provide such broad coverage of computational modeling and machine learning in biomedical 
engineering applications. I would like to thank all reviewers. They have worked very hard in reviewing 
papers and making valuable suggestions for the authors to improve their works. 
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Abstract: The threat to online scientific 

communication from predatory publishers and 
journals is now 10 years old. Its recognition and 
emergence in the literature date back to 2012. The 
paper summarizes past and present knowledge 
about the threat to online scholarly communication: 
the activities of predatory journals and publishers. 
In this study, the first-round mapping of 
publications on this topic was carried out using the 
Scopus and Web of Science databases. This study 
is the first step of a literature review in search of 
possible solutions to this issue. 
 

Index Terms: Predatory journals, Predatory 
publisher, Academic ethics, Open access, Scholarly 
publishing, Scientific communication, Journal 
metric 
 

1. INTRODUCTION 

 
Researchers have been investigating the 

problems with predatory journals for 10 years. As 
technology and the world have rapidly developed, 
online publishing has also accelerated. Getting 
scientific results published and disseminated as 
quickly as possible has become even more 
important. The number of open-access, online-
only journals is growing every year. 

Predatory publishers and journals have 
responded to this phenomenon by finding a gap 
where they can develop their profit-driven, 
questionable activities.  

Predatory publishers publish papers of 
questionable scientific value without peer review 
or proofreading. These journals will publish 
manuscripts indiscriminately in most cases if the 
author has paid a high article processing charge. 
There have been a few pieces of research that 
have uncovered predatory journals through that 
obvious feature. They deliberately submitted 
 
 

 
Berek, László. Author is with the Óbuda University Doctoral 

School for Safety and Security. Library director of Óbuda University, 
University Library. Hungary (e-mail: berek.laszlo@uni-obuda.hu). 

 

 
manuscripts that could not have been published in 
a serious scholarly journal.  

Predatory activity can be identified by different, 
often well-defined, characteristics. Several studies 
have been carried out in recent years to describe 
and categorize these characteristics. 

There are some of the typical signs of predatory 
journals: 

 

- “The journal is not indexed by 
competent scientific databases. 

- The journal website does not contain 
information about the editorial board. 

- There are non-academic 
advertisements on the webpage. 

- The website of the journal does not 
contain information on the address and 
contact details of the editorial board. 

- The scientific work of the editor-in-chief, 
the editorial board, and the columnists 
cannot be credibly monitored. 

- There is no transparent description of 
the publishing process. 

- The journal claims an "alternative" 
(fake) impact factor score. 

- The scientific work of the editor-in-chief, 
the editorial team members cannot be 
trackable in scientific databases.” [1] 

 

“There are signs that clearly confirm the 
suspicion of the journal under investigation. If 
the publisher/journal claims false information 
about... 
...indexing in a specific scientific database; 
...its journal metrics; 
...the editorial office location and address.” 

    [2] 
 
 
 
 

A Decade of Predatory Journals  
with an Overview of the Literature  

literature analysis, the first step of a systematic review  

Berek, László 
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2.  THE BEGINNINGS 

 
In a study of predatory journals, the first 

researcher to give a name to the phenomenon 
should be mentioned. Jeffrey Beall used the term 
back in 2010. In the scientific literature, his 2012 
publication in the journal Nature launched an 
extensive investigation of the problem. [3] 
Subsequently, several researchers have 
conducted studies to identify and evaluate the 
presence and characteristics of potential 
predatory journals. 

The scientific community and various 
organizations have created lists to help 
researchers identify fake journals. (black lists and 
white lists) The first and still most well-known black 
list was published on Jeffrey Beall's blog Scholarly 
Open Access. Following Beall's list, several similar 
lists have been created, in many cases with a 
substantial database behind the system. 
(Crawford's "Gray OA" list [4] or the UGC 
Approved List of Journals page. [5])  

Following the appearance of different 
checklists, white and black lists, the validity and 
reliability of these lists have been investigated by 
several researchers. [6] [7] [8] 

At the same time, several researchers began to 
explore the characteristics of predatory journals 
and the criteria for not recommending publication 
in a journal. It should be noted that there was no 
clear, accepted, and precise definition of the 
problem at that time. 

3. IMPACTS 

 
To identify predatory journals, researchers need 

to be well informed about current scientific 
rankings, official scientific metrics and be familiar 
with academic databases. This is also important 
because predatory journals falsify these rankings 
and metrics. As these signs are noticed, there are 
legitimate suspicions about the journal's 
credibility. [9] [10] [11] 

 
In many cases, these journals target not only 

young researchers but also older researchers who 
are less experienced in the online world. 

 The pressure to publish or perish is having a 
major impact on the success of predatory journals, 
but the growing number of online journals and 
well-constructed, trustworthy-looking websites 
can mislead even experienced researchers. The 
pressure to publish may even contribute to 
researchers consciously publishing in these 
journals in order to advance their academic 
careers. [12] 

For higher education institutions, one of the 
most serious consequences of this phenomenon 
can be public exposure in various international 
higher education rankings. In all the main rankings 
of higher education institutions, the academic 
publication activity and citation indexes of the 
institutions are examined and scored. Academic 
Ranking of World Universities- ARWU, Times 
Higher Education World University Ranking - THE, 
Quacquarelli Symonds - QS, Webometrics. [13] 
[14] [15] [16] 

The publication data of a higher education 
institution, and thus the current world ranking, can 
be negatively influenced by the number of 
publications in predatory journals. Of course, this 
can have further negative effects in terms of 
citations and international relations. [17] 

As sciencemetrics develops, new methods and 
areas are measured. When reviewing researcher 
and university rankings, publications in predatory 
journals or questionable quality journals can play 
a major role. If the scientific, professional, and 
quality criteria are not fulfilled, the journal may be 
excluded from the databases. This has a further 
impact on the results of the rankings. Thus, not 
only are publications excluded from the 
measurement based on current reporting 
methods, but this can also have an impact on the 
number of citations. [18] [19] [20] 

 

 
Figure 1. Literature on “predatory publishing” in Scopus and Web of Science by year. (2012-2021) 
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Of course, rankings are not only created to show 
the scholarly output of researchers and 
universities. Measuring the scientific output of 
journals is one of the most important areas of 
sciencemetrics. The ranking of journals and their 
position in their discipline (Impact Factor, Scimago 
Journal Ranking) can also be affected by the 
activities of predatory publishers. [21] [22] 

4. MATERIALS AND METHODS 

 
The following criteria were used to conduct the 

analysis. 
 

4.1 Criteria and Limitations 
 

- The search has been conducted on the two 
largest scientific bibliographic databases, 
Web of Science (Core collection) and 
Scopus. The two databases were used to 
search and identify literature related to the 
keywords defined. 

- The most relevant search terms and 
keywords - including synonyms - have been 
defined and these were used to build the 
search term. 

- As the title of the study suggests, the 
literature of the last 10 years was examined. 
Thus, the publication period of the literature 
is defined as January 2012 to January 
2022. The search queries were run on 15 
November 2021. 

- Conference proceedings, books and book 
chapters were excluded from the search 
results. Only articles and reviews were 
included in this study. 

- Only English language articles were 
considered. 

 

4.2 Search Queries 

 
The search terms have been defined by 

collecting commonly used terms from the 

literature. These keywords are predatory-, 
pseudo-, fraud-, hijacked journal and predatory 
publisher. By truncating the search terms with "*", 
as many possible variations as possible have 
been included. 

The same search queries were launched in the 
two databases, adapted of course to the search 
language of the databases. 

 
Scopus search query: 

( TITLE-ABS-KEY ( "predatory journal*" )  OR  
TITLE-ABS-KEY ( "pseudo journal*" )  OR  TITLE-
ABS-KEY ( "fraud journal*" )  OR  TITLE-ABS-KEY 
( "hijacked journal*" )  OR  TITLE-ABS-KEY ( 
"predatory publis*" ) )  AND  PUBYEAR  >  2012  
AND  PUBYEAR  <  2022.   
 

Web of Science search query: 
(((TI=("predatory journal*" OR  "pseudo journal*" 
OR "fraud journal*" OR "hijacked journal*" OR 
"predatory publis*")) OR AB=(("predatory journal*" 
OR  "pseudo journal*" OR "fraud journal*" OR 
"hijacked journal*" OR "predatory publis*"))) OR 
AK=(("predatory journal*" OR  "pseudo journal*" 
OR "fraud journal*" OR "hijacked journal*" OR 
"predatory publis*"))) OR KP=(("predatory 
journal*" OR  "pseudo journal*" OR "fraud journal*" 
OR "hijacked journal*" OR "predatory publis*")). 

 

4.3 Objectives 

 
The following objectives have been defined:  
 

- To examine the growth of the literature on 
predatory journals over the last 10 years. 

- To investigate publications on the subject 
by country of publication. To identify the 
country whose researchers have published 
the most on the topic of predator journals. 

 
 

 

 
Figure 2. Literature on “predatory publishing” in Scopus and Web of Science by country. (2012-2021) 
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- To analyze the published literature in terms 
of disciplines. Which field journals have 
accepted publications on the topic? Which 
disciplines have published the most 
publications on the topic? 

 

A search of the Scopus database resulted in 865 
documents. Limiting the search to journal articles 
and review type publications resulted in 520 
records. In the Web of Science Core Collection 
database, the first round of searching found 771 
documents, with 423 records remaining in the 
result list after further limitation. These data were 
used to analyze the distribution of published 
papers by year, country and subject. (These data 
are depicted in Figures 1-2. and Table 1.) 

The RIS format was used to export the results 
lists. Both Scopus and Web of Science allow the 
export of such a large amount of bibliographic and 
citation data in RIS format.  

For further work with the data, the Zotero 
reference management software was used. 
Zotero, like other reference management 
systems, can handle bibliographic data from 
different sources and in different formats in a 
standardized format and import it into the user 
database.  

Scopus and Web of Science data exports were 
imported, and after deduplication in Zotero, 614 
unique publications remained in the database.  

These data will be used for further analysis. 

5. RESULTS 

 
Figure 1. shows the number of publications 

(articles and reviews) related to predatory journals 
by year. By presenting the number of publications 
per year, the increase in the number of scientific 
research on this topic is clear. Information from 
both databases shows that the number of 
publications on this topic has been continuously 
increasing since 2012. No publication was found 
in the Web of Science data export in 2012-2013. It 
can also be seen from the figure that overall and 
by yearly breakdown, more publications related to 

predatory journals are found in the Scopus 
database.  

An unusual result was seen in the annual survey 
of the number of publications. Although Scopus 
data (107) show that the number of publications 
on the subject continued to increase in 2021, Web 
of Science data (77) show a decline. That 
discrepancy may be due to the processing of the 
publication data at Web of Science.  

Figure 2 provides information about countries 
with the highest number of publications on the 
topic of predatory journals. The top 10 countries 
(with the highest number of publications) have 
been selected from the total exported data in the 
figure. It can be seen clearly that the data from 
both databases (Scopus, Web of Science) show 
that most publications were published in US and 
Canadian journals. These two countries have such 
a high number of publications on the topic of 
predatory journals that if the numbers of the next 
8 countries were added together, they would not 
even reach the numbers of these two countries. 

Table 1 presents the disciplinary distribution of 
the publications examined. For both Scopus and 
Web of Science exports, the classification by 
discipline used in the database is shown. (Scopus: 
subject area and Web of Science: WoS 
categories). The subject areas are based on the 
journals, so it is possible to identify the disciplines 
that have the highest number of articles dealing 
with predatory journals. For both databases, the 
top 10 areas with the highest percentage were 
selected for the table. 

It can be clearly seen that most of the 
publications on this topic were published in the 
fields of "Social Sciences" (30.4%) and 
"Information Science Library Science" (32.1%). 
However, when looking at the overall picture, it 
can be seen that a much higher number of 
publications related to predatory journals are 
found in journals in the medical sciences and 
related fields. This fact also shows that this field of 
science is the most affected by the negative 
impact of predatory publishers and journals. 

 
Table 1. Literature on “predatory publishing” in Scopus and Web of Science by subject area. (2012-2021) 
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6. CONCLUSION 

 
In my study, I attempted a first-round literature 

review on the problem of predatory journals based 
on publications from the last ten years. The 
bibliographic data currently collected will be a 
good starting point for further analysis. The next 
step will be a content analysis of publications on 
the topic of predatory journals and publishers in 
the framework of a systematic literature review. 
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Markovian Model-Based Safety Analysis 
in Perception Systems  

Inside Self-Driving Cars 
 

Bautista, César 
 

Abstract--At present, the development of self-
driving car systems has been increasing. The 
need for man to control all possible scenarios 
has led to the inclusion of theories such as 
human perception. This means identifying how 
the human brain recognizes its environment and 
translating it into data that a machine can learn 
and make decisions. For this, great doubts have 
been generated concerning safety; in the present 
work, the Markovian model is implemented as a 
stochastic method in a constantly changing 
system. The model shows possible forms, future 
states' transitions rate of changes, and 
probabilities without depending on past states. 
Markovian models can also recognize patterns, 
make predictions, and learn sequential statistics. 

Keywords: Markovian, Perception, Safety, Self-
Driving, Stochastic  

1 INTRODUCTION 

The main point about Self-driving vehicles 
is that they do not require human drivers to take 
control of the vehicle safely operating. The 
interconnection of devices as one leading 
system refers to the internet of things (IoT). 
These devices could be digital and mechanical, 
objects, animals, or people with unique 
identification codes, allowing to share 
information over a network without requiring 
human-to-human or human-to-computer 
interaction. An IoT ecosystem consists of web-
enabled intelligent devices that use 
microprocessors, sensors, and technology to 
store, process and act in their environments [1-
4].   

       Internet of Things is also very present in the 
automotive world. Our cars are becoming more 
intelligent (Connected Car) thanks to intelligent  

Manuscript received on September 30, 2021.  
Cesar Michael Bautista Toapanta is with Óbuda University, 
Doctoral School of Safety and Security Sciences, Budapest, 
Hungary (e-mail: cemike.bautista@gmail.com). 

sensors that go far beyond calculating a route: 
they save fuel, they notify emergency services, 
our geolocation in case of accident or 
breakdown, they receive and interpret incidents 
or safety notices that affect our trip and 
communicate it to us in real-time. 

       Markov defined a way to represent real-
world stochastic systems and processes that 
encode dependencies and reach a steady-state 
over time [1]. From a mathematical point of 
view, safety scenarios are a discrete state 
space stochastic process without after-effects 
to be modeled as a Markov Chain.  

2 DRIVER ASSISTANCE TECHNOLOGIES 

       In history, can separate have two stages of 
security inside the vehicle: passive and active 
systems [5-9].  

For the safety of the passengers and 
pedestrians, the designers have established an 
'incremental' technological development. 
Historically, all the critical points of the vehicle 
have been developed; today, these advances 
have focused on more sophisticated and 
intelligent systems, so the results are less 
physically dazzling. [10-15].  

2.1 Passive Safety 

       Before World War II, passive safety was 
established; Hungarian engineer Bela Barenyi 
designed structures capable of absorbing 
impact energy called non-deformable cabins, 
using the concept of programmed deformation 
where the outer structure (chassis) must have 
high rigidity and gradually decrease towards the 
inside of the vehicle, creating a survival cell, 
e.g., Belt, Headrest, Front airbag, ABS (Antilock 
braking System), BAS (Brake Assist System), 
ESP (Electric Stability Program), etc. 
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Figure 1. Passive Safety systems 

2.2 Active Safety 

       The active safety stage has been gaining 
strength since 2005, based on the 
implementation of microelectronics and control 
systems for vehicle stability, designs capable of 
correcting driver errors. Concepts of vehicle 
autonomy are handled in their fullness, 
providing the machine with Intelligence to 
recognize the environment in which the vehicle 
circulates and make decisions [16-20].  

Since 2012, the development of systems 
capable of anticipating an eventual accident 
has begun; the term "perception" is introduced 
for a joint work of several sensors for safer 
navigation and to act independently in an 
emergency, e.g., AFS (Adaptive Front Lighting 
System), TPMS (Tire Pressure Monitoring 
System), LKS (Lane Keeping Support), DRL 
(Daytime Running Lights), eCALL (Emergency 
CALL), DDM (Driver Drowsiness Monitoring), 
SBR (Sit Belt Remembering), EBR 
AUTOMATIC BRAKING EMERGENCY, etc. 

 

Figure 2. Active Safety systems

3 SELF-DRIVING CARS 

       Self-driving robotics vehicles are AI 
(Artificial Intelligence)-based cars that will take 
information about the environment around them 
into account before making each decision in 
which human drivers are never required to take 
control of the vehicle safely operating. The main 
challenge in self-driving cars is the synergy 
between predictive AI, imaging technology, 
sensors, and actuators.  

       The sensors create a 3D picture around the 
vehicle; the AI interprets the current vehicle 
situation, and actuators respond safely; driving 

a car requires manipulating the direction and 
the speed. The imaging technology is 
overriding; it has become the most significant 
limiting factor to the wide-scale production of 
self-driving cars. In making driving decisions, 
only a tiny portion of objects is necessary [21-
26].  

       Development in sensor technology has 
historically combined video, radar, ultrasonic 
sensors, and Light Detection and Ranging 
LiDAR. This approach, however, has not been 
successful.   
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3.1 Perception  

       Currently, developers use various theories, 
mechanisms, and techniques to give the 
vehicle a level of Intelligence to make 
decisions. Following this line, they have been 
based on human behavior and its interpretation 
of an unexpected phenomenon, perception. 
Human perception is defined as the set of 
processes and activities related to a constant 

flow of information, through which we can 
determine the environment in which we find 
ourselves, the actions we perform in it, and our 
internal state. The perception process in 
autonomous cars is in charge of recognizing the 
vehicle's environment in real-time, using a 
combination of image acquisition technology 
(cameras and sensors), 3D modeling systems,  
and intelligent algorithms [27-33]. 

 

Figure 3. Perception Inside Self-Driving Cars 

4 INTELLIGENT CITIES AND AUTOMOTIVE 

TRANSPORTATION 

       The goal of autonomous technology is to 
give vehicles the ability to recognize the 
environments in which they operate and make 
safe and efficient decisions based on this 
information. Inside these vehicles, the driver 
becomes another passenger confident that his 
trip will be safe. 

       The Internet of Things (IoT) allows citizens 
to be part of urban ecosystems, in which, with 
the use of smart devices (phones, cars, homes, 
etc.), they can share information to create an 

ordered society. When having an urban 
ecosystem, it is possible to organize the 
physical infrastructures and services of a city, 
improve energy distribution, manage mobility 
within the city, etc. [34-40]. 

Sceneries of implementation: 
 Smart traffic lights exchange information 

between them and data related to the roads 
(accidents, traffic), adjusting the time 
between lights, allowing better road 
circulation. 

 Smart parking lots, on the other hand, help 
in the mobility of a city by helping the user 
to find a parking space more efficiently.

 

Figure 4. Connecting Traffic Lights 
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Figure 5. Smart Parking

 Smart trash cans share data on 
their current status to the 
companies in charge of waste 

collection, generating a more 
efficient collection plan.  

 

 

Figure 6. Intelligent Garbage Collection System 

The smartphone becomes the identity card of 
citizenship, using digital credentials and 

systems that allow them to monitor their daily 
lives. 

 

Figure 7. Smart ID Card

       Generate data: IoT and smart cities are all 
about data. Efficiency systems improve with the 
improvement of their data; it refers to the 
reliability of the data coming from the sensors. 

       Consolidate the data: Several large Excel 
files may come across when collecting data. 

Consolidating this data ensures that store the 
information is correct to be reused repeatedly. 

       Analyze the data: Focus on two types of 
analysis: immediate analysis and long-term 
modeling. On-the-spot analytics get real-time 
information from embedded systems, allowing 

12



them to know when an abnormal event occurs 
and correct it. 

5 MARKOVIAN MODEL 

       Markov model is a stochastic process used 
for estimating categorical time series. The 
approach has been used in the transportation 
domain and other fields such as computer 
science for speech recognition and social 
science for life-course trajectory analysis [41-
44].  

       To model systems that change state 
randomly, Markov-based modeling over time is 
used. Markov modeling begins with an 
assumption of a first-degree equation (t+1); that 
is, only the current state of the variable is taken 
into account and not its previous states. 

       “Assume the activity-travel behavior state 
of an individual 𝑖 is represented by 𝑋𝑖,𝑡 Where 𝑖 
is an index for individuals and can take values 
from 1, … , 𝑁 and t is an index for time and can 
take values from 1, … , 𝑇. 𝑋𝑖,𝑡 Can take values 
from m categories {1, … , 𝑚} representing the 
different activity and travel episodes that they 
can pursue.” [46] 

       The first-order Markov model is 
characterized by two parameters 𝜃 = (𝛿, 𝑞). 𝛿 
is 𝑎 an m dimension vector of initial probabilities 
where an element 𝛿𝑗 denotes the probability 

that the individual starts their day by conducting 
activity j at period 0: 

𝛿𝑗 = 𝑃 𝑋𝑖,1 = 𝑗 ;        𝑗 ∈ {1, … , 𝑚} 

𝑞 is an 𝑚 ×  𝑚 matrix of the transition 
probabilities, where an element 𝑞

𝑗,ℎ
 indicates 

the probability of switching to activity ℎ at time t 
given the individual was pursuing activity j at 
time 𝑡 − 1. 

𝑞
𝑗,ℎ

= 𝑃 𝑋𝑖,1 = ℎ 𝑋𝑖,𝑡−1 = 𝑗 ;        𝑗, ℎ ∈ {1, … , 𝑚} 

𝑞
𝑗,ℎ

 is assumed to be constant over time t. This 

assumption leads to a homogeneous first-order 
Markov model. 

 

5.1 Markovian Models 

 “Markov chain - used by systems that are 
autonomous and have fully observable 
states 

 The Hidden Markov model is used by 
autonomous systems where the state is 
partially observable. 

 Markov decision processes - used by 
controlled systems with a fully observable 
state. 

 Partially observable Markov decision 
processes - used by controlled systems 
where the state is partially observable” [45] 

       Every model consists of a structure and 
parameters that be defined for the model to be 
meaningful. The structure of the model defines 
dependencies among the various parts of the 
model. Parameters are values often, but not 
necessarily numerical values required by the 
model. Parameters are fixed, in which case 
they constitute model assumptions, or they may 
be variable.  

5.2 Markov Chain 

       Markov chains are mathematical systems 
that hop from one "state" to another.  

To model, it is done in a sequential way of its 
states in a variation of time and with a specific 
probability. Since the states are connected, 
they form a chain. 

6 CONCLUSIONS 

       In the Markov model, as long as can reach 
all states in the chain, the probability of moving 
to a particular state will converge to a single 
steady value in the long run. In the development 
of algorithms for autonomous cars, it is not 
enough to have the conditions of the car in real-
time; it is necessary to consider driving 
conditions (weather, traffic, etc.) and the 
behavior of passengers and pedestrians. 
Algorithms capable of monitoring these 
conditions in real-time are generated, 
increasing vehicle efficiency, saving resources, 
adjusting fuel consumption, and directing 
vehicle control to a safe point without the need 
for driver interaction. 
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Figure 8. Markov Chain Example 

       For example, powertrain control systems 
optimized for travel on known routes have 
recently been implemented in a specific 
geographic region (its climatic conditions are 
considered) through a control policy that 
adjusts the vehicle's speed to current 
conditions, as is the case with the conventional 
powertrain control strategy. This control has 
been possible to the use of Markov Chains, 
considering only the current state, adding and 
summarizing the properties of the terrain and 
traffic, and stochastic dynamic programming 
was applied to generate an optimal control 
policy, this has allowed in economic terms a 
saving fuel and time, in trips through the same 
region specified above. Still, on the other hand, 
it provides the best performance on average (in 
terms of fuel economy and travel time) when 
frequently traveling in this region. 

       In the same way, you can find more 
examples of applying the different Markov 
models see, representing driving conditions 
and obtaining control policies using stochastic 
dynamic programming, predictive control of 
stochastic models, and reinforced learning. In 
real-time applications with probabilistic 
guarantees, knowing the stochastic process 
describing the computation times is essential. A 
frequent choice is to ignore the correlation 
structure and consider the process 
independent and identically distributed.  

       Applying these models in research is 
directed toward comparing with other existing 
algorithms and applying the technique to a 
more extensive set of applications. Another 
direction will be the development of an iterative 
algorithm that will incrementally adapt the 
estimated parameters of the model as the 

samples are collected. Such a method 
could potentially pave the way for 
developing adaptive scheduling schemes. 
The term probability refers to the relative 
odds of an event occurring in a case where 
all possible outcomes accounted for it. By 
contrast, the term likely refers to the odds 
of an event occurring when it is not possible 
(or not practical) to account for all possible 
outcomes. Thus, the sum of the 
probabilities of all possible outcomes will 
always be 1. At the same time, likelihood is 
interpreted as a relative sense, i.e., one 
event may be considered more likely than 
another even when there is a third possible 
outcome of unknown likelihood. 
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Abstract: In many real-life situations, data 

consists of entities and the connections between 
them, which are naturally described by a complex 
network (graph). The structure of the network is 
often such that it is possible to group nodes based 
on the existence of connections between them, 
where such groups are called clusters 
(communities, modules). If the nodes are allowed to 
partially belong to clusters, they are called fuzzy 
(overlapping) clusters. There is a huge number of 
algorithms in the literature that perform fuzzy 
clustering, so a mechanism is needed to evaluate 
such clustering. The function that assesses the 
quality of a performed clustering is called the 
cluster quality function. One of the latest proposed 
quality functions is the E-function. The E-function is 
based on a comparison of the internal structure of a 
cluster, i.e., the connection between nodes within a 
cluster and the connection of its nodes with the 
nodes of other clusters. Due to its exponential 
nature, the E-function is sensitive to small changes 
in the membership degrees to which the nodes 
belong to clusters. As such, it has shown good 
results in evaluating clustering on known data sets. 
In this paper, the experimental results that the 
modified E-function achieves in the case of 
overlapping clusters are presented. Also, some 
possibilities for fuzzy clustering by optimizing the 
E-function are displayed. 
 

Index Terms: complex networks, clustering, 
modularity, E-function  
 

1. INTRODUCTION 

he need for clustering arises in different 
areas, starting from the analysis of social 

networks and community identification in them to 
the analysis of metabolic networks and 
determination of protein functions. Networks can 
be complex, in which case their behavior can’t be 
deduced from the behavior of the components 
themselves. Those components can be 
represented with the nodes of the graph, where 
edges represent their interactions. Mapping the 
network into a graph allows the application of 
graph theory and network science.  
 

Although complex networks have been 
studied for a long time, in the last two decades 
there has been a huge increase in the number of  
 

 
 

 
network examples, both in the real world and  
artificially generated, and thus the need for 
efficient algorithms that work with them.  

The structure of the network is often such that 
it is possible to group nodes based on the 
existence of connections between them (Figure 1) 
where such groups are called clusters 
(communities, modules).  

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Nodes in complex networks that belong to the 
same cluster generally have the same roles or 
properties, and vice versa. For example, in social 
networks, people in the same community may 
have the same career, the same hobby, be from 
the same country, etc. However, one person may 
have multiple hobbies or two citizenships. 
Therefore, there is a need for identifying clusters 
that overlap in complex networks.  
 

A form of clustering in which each node can 
belong to a larger number of clusters at the same 
time is called fuzzy (soft, overlapping) clustering, 
where a node contained in two or more clusters is 
called a fuzzy (overlapping) node. Fuzzy 
clustering is especially useful when the network 
contains an edge that represents a link (bridge) 
between two or more clusters. E.g., due to the 
outbreak of the epidemic in 2020, many 
researchers have investigated the importance of 
overlapping nodes in the spread of the epidemic 
and then developed an immunization strategy 
accordingly [9]. When an epidemic breaks out, it is 
impossible to vaccinate the entire population, due 
to limited resources. Therefore, the main goal is to 
identify carriers of infection and reduce the cost of 
vaccination and the spread of infection. 

T
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Figure 1: Clusters in a graph. 
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In addition to the clustering itself, it is important 
to determine how well the clustering was 
performed, i. e. to measure the quality of the 
clustering. The function that assesses the quality 
of a performed clustering is called the cluster 
quality function, which we’ll discuss in more detail 
in the next section. 

2. FUZZY CLUSTERING ON COMPLEX NETWORKS 

AND QUALITY FUNCTIONS 

 A. Clusters and Partitions 
 
For complex network representation, we’ll use a 

graph 𝐺 =  (𝑉, 𝐸), |𝑉|  =  𝑛, |𝐸|  =  𝑚, where 𝑉 is 
the vertex set and 𝐸 is the set of edges of graph 
𝐺. Although intuitive at first, the problem of 
clustering over a graph is not clearly defined. 
There are many examples of real-world complex 
networks, each of which contains certain 
characteristics that distinguish it from the others. 
Therefore, many clustering methods found in the 
literature are based on these characteristics, so it 
is almost impossible to give a universal definition 
of clustering.  

 
First, we need to define the concepts of clusters 

and partitions of a graph. In the fuzzy case, since 
nodes can belong to multiple communities at the 
same time, the membership degree of node vi in 
cluster k can be marked as uki. Let 𝑐 be an integer, 
1 <  𝑐 <  𝑛, where 𝑛 is the number of vertices in 
𝑉. A c-partition of 𝑉 is a set of 𝑐 ∙ 𝑛 values 𝑢  that 
form 𝑐 𝑥 𝑛 matrix 𝑈. There are three sets of 
partition matrices: 

𝑀 = 𝑈 ∈ ℝ × ; 0 ⩽ 𝑢 ⩽ 1, ∀𝑘, 𝑖; 𝑢 > 0, ∀𝑖;

0 < 𝑢 < 𝑛, ∀𝑘 ,

𝑀 = 𝑈 ∈ 𝑀 ; 𝑢 = 1, ∀𝑖 ,

𝑀ℎ = 𝑈 ∈ 𝑀 ; 𝑢 ∈ {0,1}, ∀𝑘, 𝑖 .

 

 
These sets define, respectively, the sets of non-

degenerate (no row or column is all zeroes) 
possibilistic, constrained fuzzy or probabilistic, 
and crisp (hard) c-partitions of 𝑉 [4]. Although a 
disjoint (non-fuzzy) case can be defined 
separately, it can be considered a special case of 
the previous definition (using just partitions from 
𝑀 ). 

 
 In the context of identifying overlapping 

nodes, the loose term of clustering on graph 𝐺 
means finding c-partitions 𝑈 from 𝑀 . The 
desirable property of the nodes is that their 
membership is shared between clusters, meaning 

the total sum of one node’s membership degrees 
is 1. So, the question is: Which of the partitions in 
𝑀  is the best match for the distribution of edges 
in graph 𝐺? This question is a cluster validation 
problem and can be approached through quality 
functions. 
 
B. Quality Functions 
 

Let 𝐺 =  (𝑉, 𝐸) be a graph and let 𝑈 be 𝑐-
partition of 𝑉. Function 𝑓: 𝑀 → ℝ is called the 
quality function of partitions in 𝑀 . The strict 
definition of a quality function depends on the 
cluster definition and structure of a graph being 
clustered. The main goal is to have a function that 
gives bigger values to better partitions. However, 
a quality function can nonetheless give bigger 
values to bad partitions as well. Hence, in 
literature, there are many different quality 
functions (modularity, conductance, E-function, 
etc.). 
 
C. Modularity 
 

 One of the most popular quality functions is 
Newman-Girvan modularity, which was initially 
proposed in 2004 [5]. The main idea is to compare 
the internal edge density of a cluster 𝐶 and the 
expected edge density in some null models. Null 
models usually don’t tend to form clusters, so they 
can serve to test new clustering methods [3]. 

 
 Let 𝐺 =  (𝑉, 𝐸) be graph, and 𝐶 , 𝐶 , … , 𝐶  

disjoint nonempty subsets of 𝑉 (which unite to 𝑉). 
Modularity is given by: 

𝑄 =
𝑙

𝑚
−

𝑠

2𝑚
, 

where lk represents the number of edges inside the 
cluster 𝐶  and 𝑠  the sum of all node degrees in 
the cluster. The first part of the expression within 
parentheses represents the ratio between the 
number of edges within the cluster and the total 
number of edges in graph 𝐺, while the second part 
represents the expected value of the same ratio in 
a graph with nodes of the same degree and 
randomly placed edges (random graph null 
model).  
 

 The above definition of modularity implies a 
strict division into subsets 𝐶 , i. e. cluster 𝐶  
contains the node completely or doesn’t contain at 
all. For fuzzy case, we need a connection between 
the values 𝑢  of the partition matrix 𝑈 and the 
given definition of modularity. Havens et al. 
transformed the definition of modularity into a 
more suitable form: 

 𝑄ℎ =
‖ ‖

, 𝑈 ∈ 𝑀ℎ , 
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where 𝐵 is the modularity matrix of graph 𝐺 [10], 
and 𝐴 is a corresponding adjacency matrix. This 
equation is well-defined for all types of 𝑐-partitions, 
not only hard partitions. Therefore, the generalized 
modularity of 𝑈 can be defined as: 

𝑄 =
𝑡𝑟(𝑈𝐵𝑈 )

‖𝐴‖
, 𝑈 ∈ 𝑀 . 

Additionally, if the matrix 𝑈 is a fuzzy 𝑐-partition, 
𝑄  is called the fuzzy modularity of 𝑈. 
 

 Modularity is used as a quality function in 
many clustering algorithms, especially in 
optimization-based ones. Since the maximum 
value of modularity increases with network size 
and the number of well-separated clusters, 
modularity should not be used to compare 
clustering quality on networks of different sizes. 
 

3. E-FUNCTION 

 To overcome the problems of modularity, an 
exponential E-function has been developed to 
measure the quality of disjoint clustering ([1], [2]). 
Research has shown that E-function isn’t 
susceptible to problems that modularity 
encounters. In this paper, we modified E-function 
for fuzzy clustering on complex networks. 

 
The main idea of E-function is to quantitatively 

represent the internal structure of the cluster, as 
well as its connection with other clusters of the 
network. A good indicator of a cluster’s internal 
structure is its density 𝑑 . However, in dense 
networks, high cluster density would be a 
consequence of the high density of the entire 
network, i. e. the graph 𝐺. Therefore, instead of the 
cluster density, it’s better to observe the difference 
(𝑑 −  𝑑 ). The problem occurs in the case of 
small subgraphs. Each subgraph consisting of 2 
connected nodes would be an ideal cluster. 
Hence, the value (𝑑 −  𝑑 ) is multiplied by the 
number of nodes in the cluster 𝑘 (𝑛 ). Additionally, 
an exponential function is used for sensitivity to 
small changes in the size or density of the cluster. 
Finally, the internal structure quality of cluster 𝑘 in 
graph 𝐺 is given by: 

 

𝐸𝑄 (𝑘) =
𝑒 ( ), 𝑛 ≠ 1
0,                  𝑛 = 1

. 

On the other hand, external edges connect the 
cluster to other clusters in the network, i. e. 
connect the nodes of a cluster with the nodes of 
other clusters. Since the expected number of 
external edges increases with the number of 
nodes within the cluster 𝑘, the connection of a 
cluster with other clusters can be represented as: 

𝐸𝑄 (𝑘) = 𝑒 , 

where 𝑙  is the number of external edges of cluster 
𝑘, and 𝑟 is the correction parameter. The 
correction parameter is useful for modifying the 
influence of external edges on the final value of the 
E-function. The total quality of the cluster k can be 
defined as 𝐸𝑄 (𝑘) −  𝐸𝑄 (𝑘), what leads us to the 
final form of E-function for disjoint clustering:  

𝐸𝑄 = [𝐸𝑄 (𝑘) − 𝐸𝑄 (𝑘)]

= 𝑒 ( ) ( ) − 𝑒 .

 

For defining fuzzy version of E-function, values 
𝑚 , 𝑛  and 𝑙  require some modification, because 
they do not allow a node (edge) to partially belong 
to a cluster.  

 
Let 𝐺 be a graph and 𝑈 fuzzy 𝑐-partition of 𝑉, 

1 <  𝑐 <  𝑛. Since the value 𝑢  can be 
considered a part of the node 𝑣  that belongs to 
cluster 𝑘, the fuzzy number of nodes in cluster 𝑘 
can be written as: 

𝑛 = 𝑢 . 

Considering an edge is internal to cluster 𝑘 If its 
end nodes belong to that cluster, the part of an 
edge between nodes i and j that belongs to cluster 
𝑘 is 𝑢 𝑢  . Therefore, the fuzzy number of edges 
in cluster k can be defined as: 

𝑚 = 𝑎 𝑢 𝑢 . 

Similarly, we define the fuzzy number of external 
edges of cluster k as: 

𝑙 = 𝑎 𝑢 1 − 𝑢 + 𝑢 (1 − 𝑢 ) . 

Now, fuzzy E-function of c-partition U is given by: 

𝐸𝑄 (𝑈) = 𝑒
( )

− 𝑒 . 

 
Figure 2 shows the values of the fuzzy E-

function for different values of 𝑢 , on a graph 
consisting of 2 cliques K4 connected via a single 
node (values 𝑢  are given as (𝑢 , 𝑢 )). As 
expected, the maximum value of the function is 
reached when the "middle" node belongs to 
clusters with equal membership degrees. 
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4. EXPERIMENTAL RESULTS 

For evaluating the proposed quality function 
𝐸𝑄 , we compare its values with the values of 
fuzzy modularity 𝑄  on two well-known datasets: 

i. Zachary’s Karate Club network, 
ii. the PGP network.  

 
The Karate Club network describes 

relationships between the members of a karate 
club, where nodes represent members and edges 
represent their friendship if it exists [6].  

 
The network consists of 34 nodes and 78 edges. 

At one point instructor and the administrator got 
into an argument, resulting in the division of the 
club into two smaller ones (Figure 3).  

In terms of fuzzy nodes and clusters, we want to 
find members that connect newly created clubs. 

Pretty-Good-Privacy is an encryption algorithm 
for safe communication, and the PGP network is a 
social network in which a node represents a user 
on the web and an edge between two users 
means that they trust each other [8]. This network 
was built based on the data of 191,548 keys and 
286,290 signatures which are generated using the 

PGP algorithm. The network consists of 10680 
nodes and 24340 edges. 

 
To monitor the behavior of the two mentioned 

functions, we used the Fast Fuzzy Modularity 
Maximization algorithm (FFMM) [7], which 
iteratively improves the current solution by 
maximizing fuzzy modularity Qg. Due to its 
iterative nature, changes in the value of mentioned 
functions can be easily observed. Values obtained 
in 50 iterations of FFMM are presented in Figure 
4, normalized so that they belong to the interval [0, 
1]. The reason for this is that the original values of 
the functions belong to different scales. For 
example, on a PGP network, in 50 iterations of 
FFMM, 𝑄  ∈ [0.0735, 0.665] and 𝐸𝑄  ∈

[−240.003, 180.682]. 
 
It can be noticed that the changes in the value 

of E-function largely follow the changes in the 
value of fuzzy modularity. On the PGP network, 
although the average value of the E-function 
increases with the number of iterations, in later 
iterations there are oscillations in its value. This is 
to be expected, due to the sensitivity of the 
exponential function to small changes in the 
argument, so any changes in the c-partition U 
significantly affect its value. 

 
5. CONCLUSION 

Due to the complexity of large networks, the 
development of efficient methods for fuzzy 
clustering is of great importance. In addition to the 
methods themselves, mechanisms for partition 
quality measuring and comparing different 
partitions, which are often built into the algorithm 
itself, are also important. 

 
In this paper, a modification of the E-function for 

estimating the quality of fuzzy clustering on 
complex networks is proposed. The results 
achieved on the well-known data sets, Zachary’s 
Karate Club and PGP Network, show that the 
proposed function has great potential in 
determining the high-quality fuzzy partitions of a 

Figure 3: Karate Club network [5]. 

 

Figure 2: Different values of E-function. 

Figure 4: Comparative analysis of fuzzy E-function 
and fuzzy modularity. 
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complex network. Unlike many quality functions 
for fuzzy clustering, E-function doesn’t depend on 
additional parameters but is directly applied on 
fuzzy c-partitions of the graph. 

 
Further work will be based on the idea of direct 

maximization of the E-function, as well as 
modification of the proposed function for clustering 
overweighted and directed graphs. In order to 
increase the value of the E-function, we can 
observe its improvement when the membership 
degrees of one node change. For maximizing that 
improvement, the first derivative with respect to 
the columns of the partition matrix can be 
calculated and equaled to zero to find the 
appropriate column vector. 

 
On the other hand, due to the exponential 

function, high sensitivity of the E-function to small 
membership degree changes of nodes in clusters 
enables efficient detection of overlapping nodes. 
Therefore, we can define the neighborhood of the 
current solution, which consists of c-partitions 
close to the current solution. At each step, a set of 
c-partitions that make up the neighborhood of the 
current solution is generated, and then the best 
solution from that set is selected. In that way, we 
can approach the problem of fuzzy clustering on 
complex networks with variable neighborhood 
search algorithms. 

REFERENCES 

[1] Džamić, Dušan, “Novel methods for clustering in complex 
networks,” Doctoral Dissertation, University of Belgrade, 
Faculty of Mathematics, 2021. 

[2] Džamić, Dušan, Pei, Jun, Marić, Miroslav, “Exponential 
quality function for community detection in complex 
networks,” International Transactions in Operational 
Research, 03 2018. 

[3] Fortunato, Santo, “Community detection in graphs” 
Physics Reports, 06 2009. 

[4] Havens, Timothy, Bezdek, James, Leckie, Christopher, 
Ramamohanarao Kotagiri, Palaniswami, Marimuthu, “A 
soft modularity function for detecting fuzzy communities in 
social networks”, IEEE Transaction on Fuzzy Systems, 12 
2013. 

[5] Girvan, M.,  Newman, M. E. J., “Finding and evaluating 
community structure in networks”, Physical Review, Feb 
2004.  

 

 

 

 

 

 

 

 

 

 

[6] Zaki, Mohammed, Meira Jr., Wagner, “Data Mining and 
Analysis: Fundamental Concepts and Algorithms” 05 
2014. 

[7] Yazdanparast, Audrey, Havens, Timothy, Jamalabdollahi, 
Mohsen, “Soft overlapping community detection in large-
scale networks via fast fuzzy modularity maximization”, 
IEEE Transactions of Fuzzy Systems, 03 2020. 

[8] Rossi, Ryan A., Ahmed, Nesreen K., “The network data 
repository with interactive graph analytics and 
visualization”, AAAI, 2015. 

[9] Kumar, Manish, Singh, Anurag, Cherifi, Hocine, “An 
efficient immunization strategy using overlapping nodes 
and its neighborhoods “, pp. 1269-1275, 04 2018. 

[10] Newman, M., “Finding community structure in networks 
using the eigenvectors of matrices “, Physical Review, 74 
3 Pt 2:036104, 2006. 

 
 
Vidojević Filip is a PhD student at the Department of 

Computer Science and Informatics at 
the Faculty of Mathematics, 
University of Belgrade. At the same 
faculty, he is working as a teaching 
assistant. He received his BSc 
(2019) and MSc (2021) in Computer 
Science from the University of 
Belgrade, Faculty of Mathematics.  
(email; filip_vidojevic@matf.bg.ac.rs)   
 

 Dušan Džamić, PhD, Orcid ID: 0000-0002-9088-879X, is a 
teaching assistant in the Department 
of Mathematics at the Faculty of 
Organizational Sciences, University 
of Belgrade. He received his BSc, 
MSc and PhD (2021) in Computer 
Science from the University of 
Belgrade, Faculty of Mathematics. 
He is the author of 10 research 
papers, cites: 41, h-index = 3, g-index 
= 6. His research is mainly focused 

on Complex Networks, Combinatorial Optimization, 
Mathematical Programming and Metaheuristic.  
Google Scholar Profile:  
https://scholar.google.com/citations?hl=en&user=MqyoG3AAAAAJ 
 
Marić Miroslav, PhD, Orcid ID: 0000-0001-7446-0577, is a 

Full Professor at the Department of 
Computer Science and Informatics at the 
Faculty of Mathematics, University of 
Belgrade. He received PhD (2008) in 
Computer Science from the University of 
Belgrade, Faculty of Mathematics. He is 
the author of 77 research papers, cites: 
603, h-index = 14, g-index = 21. His 
research is mainly focused on: soft 
computing, genetic algorithms, computer 
graphics, e-learning.  

(Email: maricm@matf.bg.ac.rs)  
Google Scholar Profile:  
https://scholar.google.com/citations?hl=en&user=qNma7xgAA
AAJ 
 

21



 

 

Abstract: The constant increase in the energy 
used by humanity is an extremely big problem. The 
introduction of efficient energy solutions will help 
alleviate the energy hunger caused by the 
problems. Examining energy balance can show 
systemically important factors influencing the 
system. Disruption of the system is also one of the 
factors influencing the energy balance. Social 
Engineering is a form of system disturbance that is 
covert and conscious system control. The present 
study examines the harmful energy effects of 
Social Engineering. The study is based on the 
combined model of cybernetic loop and social 
engineering, and the energy balance model of the 
systems. The energetic impact of social 
engineering is another reason to emphasize the 
importance of cyber defense. 
 

Index Terms: additional information, cybernetic 
loop, sampling method, energy model, energy 
importance, energy balance  

1. INTRODUCTION 

Examining systems can serve several 
purposes. One such goal may be to ensure 
sustainability. One of the problems with 
sustainability is the depletion of fossil fuels. This 
problem is due to the continuous development of 
the industry. It is therefore understandable that 
the use of climate-neutral resources is a priority 
in modern systems. Increasing efficiency helps 
mitigate the effects of problems. Among other 
things, the smart city concept is a product of the 
need for sustainability and livability, which puts 
energy efficiency first [1-6]. 

 

One possible way to examine efficiency is to 
test the energy balance of the system in terms of 
efficiency. The study also includes the 
examination of the system's own energy balance 
and the examination of the energy effect of the 
factors interfering with the system [7-9]. Both 
random impacts and controlled impacts hit the 
system. Controlled impacts occur to achieve a  
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specific goal. Social Engineering is one of the 
controlled disruptive effects [10-12]. 
 
The threat of cyberspace can be grouped 
according to two main aspects: threats of natural 
and technological origin and threats to the human 
mind. Efforts to increase IT security induce 
protection against natural and technological 
threats. The topic of cyber defense deals with the 
reduction of threats from the human mind. Both 
the device of the system, the process of the 
system, and the human mind in the system can 
be the target of an attack from the human mind. 
Thus, the cyber defense also addresses the 
psychological threat to humans and the 
deliberate causing of technological failure. 
Because of the above, Social Engineering is a 
very important topic in cyber defense. 
 

The present study examines the impact of 
Social Engineering on the energy balance of the 
system. The operating model of Social 
Engineering and control theory cybernetic loop is 
the same [10,12]. Thus, the two models can be 
combined. This unified model can be an 
appropriate basis for examining energy balance. 
The study uses the unified model and the energy 
balance model of the systems to model the 
impact of Social Engineering [8-10]. 

 

At the same time, the investigation may 
support the importance of cyber defense. This is 
because the negative impact of the result may 
show the importance of protection against Social 
Engineering. Negative effects would increase 
energy consumption. In addition to efficiency, this 
would further impair information security [13-19]. 

 
In today's systems, information security is as 

important as the functionality itself. Functionality 
is perfect when the structure and interface of the 
system can be changed with maximum flexibility. 
However, the security of a system can be most 
effectively organized if its structure is static. Also, 
it is safest for a system to have no interface. 
Although the system does not make much sense 
in this case. It follows from all this that the pursuit 
of perfect functionality and perfect security is 
completely contradictory. Therefore, any effect 
that reduces energy efficiency at the same time 
worsens long-term sustainability. This  
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1. Figure: Parallel between the Cybernetic loop and Social Engineering [12] 

 
 
is the reason why the present study may also 

show the importance of protection against Social 
Engineering from an energy point of view. 

2. SOCIAL ENGINEERING – THE HIDDEN CONTROL 

Social Engineering is the same age as 
humanity. Throughout history, there has been a 
constant need to be able to intervene in systems 
without the knowledge of the actors in the 
systems. This kind of influence can be directed 
directly at a person, but it can also have an effect 
indirectly through the means of the system. In all 
cases, the effect is controlled. 

 
The basic element of regulation in control 

theory is the cybernetic loop. The function of the 
cybernetic loop is to create the possibility of 
controlled intervention in the system. Intervention 
mechanisms based on this principle allow system 
operators to operate the system properly [20-28]. 

 

There are a number of disruptions to the 
system during operation. The origin of the 
disturbance can be both natural and initiated by 
the human mind. The disturbance initiated by the 
human mind is usually hidden and is not intended 
to sustain the system in the long run. Such 
covertly directed disturbance serves an unknown 
purpose for system maintainers by exploiting 
system resources. This phenomenon is called 
Social Engineering [10,12]. 

 

The mechanism of action of Social Engineering 
can be paralleled with the process model of the 
cybernetic loop. The process of Social 
Engineering also has three phases, as does the 
cybernetic loop. These three phases are 
information gathering, processing, and 
intervention [12]. Figure 1 shows the parallels 
between the two processes. 

 

Based on the parallel, Social Engineering can 
be considered as a hidden control process. A 
combined operating model of Social Engineering 
and the cybernetic loop can be developed. In this 
unified model Social engineering is a part of the 
cybernetic loop that is independent of the internal 
regulation of the system and is enforced through 
system disturbance [12]. Figure 2 shows the 
unified model. 

3. ENERGY MODEL 

The problem of searching for completeness is 
present in the design of any complex model. 
Therefore, it is worth placing the model on an 
aspect system that provides a solid foundation in 
human thinking. Because philosophy is the 
ancestor of all sciences, there is less chance of 
creating an incomplete model. Thus, the 
modeling of the energy balance of systems 
should also be placed on a philosophical basis. 
Like all models, this model contains a theoretical 
abstraction of reality. The model is based on 
abstract categories of human thinking. The 
elements of reality are categorized accordingly. 

 

Man classifies everything into one of three 
categories during the abstraction of reality. The 
following are the three categories [8,9]: 

 Thing: an expression of functionality. The 
energy equivalent is transformation. 

 Property: parameters for the operation of 
the functionality. The energy equivalent 
is stored. 

 Relation: the relation of the functions to 
each other. The energy equivalent is the 
transmission. 
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2. Figure: unified model [12] 
 
 

These three categories are used in the 
modeling. The elements of reality fall into one of 
these three categories. Accordingly, the systems 
are composed of combinations of energy transfer 
components, energy processing components, 
and energy storage components. The result of 
the energy modeling is the following equation:  

E (in) = ∆E (store) + E (out).  

This equation describes that the energy 
reaching the system covers the energy stored in 
the system and energy leaving the system [8,9]. 

The result of modeling is the same as that 
expected by logical thinking. Figure 3 shows the 
theory of modeling. The logical process of 
modeling: 

- The first step is to model closed systems. 
This is modeling systems that do not have an 
interface. 

- The second step is to model empty objects. 
This is the modeling of systems that do not 
contain anything within the interface. 

- The third step is to model the real operating 
time. This can be used to model the phenomenon 
that systems do not run at infinite speeds. 
 

 

- The fourth step is to synthesize the simplest 
energy flow structure in this model. 

4. ENERGY EFFICIENCY 

The previously developed unified model is a 
unified process model of Social Engineering and 
the cybernetic loop. The energy impact of social 
engineering can be modeled using the said 
unified model and the energy equilibrium model. 

 

Using the traditional model of disturbance in 
the system, the energy equilibrium of the system 
is described by the previous equation: E(in) = 
∆E(store) + E(out). That is, the amount of energy 
reaching the system is equal to the sum of the 
change in the stored energy and the amount of 
radiated energy [7-10]. Using the unified model, 
the equation E(in)’ = ∆E(store)’ + E(out) + 
E(SocEng) can be written.  Combining the two 
equations E(SocEng) = [E(in)’ - E(in)] - 
[∆E(store)’ - ∆E(store)]. From this equation, it can 
be read that the energy entering and stored in the 
system must balance the impact of Social 
Engineering. 

 

3. Figure: Energy modeling [8] 
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It follows from a comparison of the two effects 
that in the presence of Social Engineering, more 
energy must be invested to have the useful 
operational effect and/or the energy reserve of 
the system must cover the negative equilibrium 
effect of Social Engineering. These effects can 
significantly reduce efficiency. Therefore, cyber 
protection of the system is also extremely 
important from an energy point of view [29-35]. 

5. EFFECTS ON THE IT SYSTEM 

The energy impact of general systems can also 
be specialized in IT systems. For IT systems, it is 
worth using a model of the general architecture of 
IT systems to analyze the impact [3,6,20-22]. The 
structure of the model is shown in Figure 4. 

 
The model shows a two-dimensional structure. 

The vertical dimension of the model follows the 
general layer structure of IT infrastructures. 
These layers correspond to the levels of 
abstraction of human thinking [3]: 

 energy layer: this layer corresponds to a 
material-free natural environment, 

 physical layer or hardware layer: this layer 
can correspond to the material, 

 virtualization layer: this layer corresponds 
to the creation of the model in the human 
mind, 

 operation layer: this layer corresponds to 
the operational level of the model, 

 management layer: this layer ensures the 
long-term sustainability of the operation 
of the model. 

 
 

4. Figure: Layers of the IT system [3] 
 
The horizontal dimension of the model 

expresses the main functional aspects of IT and 

the temporal operation of the system [3]. The 
horizontal elements are: 

 storag: data storage, 
 transformation: data processing, 
 transmission: data communication, 
 statogenesis: system operation, 
 morphogenesis: change management 

6. CONCLUSION 

The history of energy use has reached a new 
chapter. Current energy use methods cannot be 
sustained due to the depletion of the old energy 
resources and waste. Current systems prioritize 
long-term sustainability to solve problems. New 
energy concepts are being made with this in 
mind. Such concepts include industry 4.0 and the 
smart city concept. The production, 
implementation and maintenance of concepts all 
require the identification of sustainability 
problems. Efficient energy management is also 
part of solving these problems. 

 
Perfectly closed systems do not exist. Thus, 

the system is constantly affected by disturbing 
effects. The effects on the system can be random 
or controlled. Social Engineering is one of the 
controlled disruptive effects. Social Engineering 
can be paralleled with the cybernetic loop 
because of the similarity in their operation. This is 
how the unified process model of the cybernetic 
loop and Social Engineering was created. 
However, one way to examine energy 
management is to examine the energy balance of 
the system.  

 

The general protection of systems consists of 
two important protection subsystems. One of the 
protection subsystems is the protection 
subsystem against threats of natural and 
technological origin. System disturbances of this 
origin usually occur randomly. The other 
protection subsystem is designed to protect 
against threats of human origin. Attacks of this 
nature no longer appear stochastically but are 
targeted or campaign-like. There are overlaps 
between the two types of protection. Social 
Engineering is one of the threats of human origin. 
An attack or even continuous disruption is hidden 
in the system during the disruption. The effects 
occur in all layers of the system  

 

A general model of the energy balance of the 
systems can be used to perform the study. The 
present study examines the impact of Social 
Engineering on the energy balance of the 
system. A combined model of Social Engineering 
and cybernetic loop is used for the study. The 
energy balance of the systems loaded with Social 
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Engineering was derived according to the 
processes and effect mechanisms of the unified 
model to demonstrate the energy effect. The 
study concludes that the energetic effect of this 
self-serving, hidden external regulation can be 
large. According to the modeling, the energy 
stored in the system and/or the energy entering 
the system must cover the negative effects of 
Social Engineering. This finding further confirms 
the importance of cyber defense. 
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Abstract: The application of solar energy and 

other renewable energy sources (wind, hydro, etc.) 
enables the connection of low-power electrical 
energy generation units to the grid. This new 
concept called distributed energy generation, 
provides opportunities to separate parts of 
existing distribution networks into smaller units, 
i.e., microgrids, which can be self-sufficient and 
sustainable for shorter or longer periods. In a 
smart grid environment, efficient usage of energy 
and better consumer energy supply is possible, 
especially in cases of failures in the main grid. This 
paper presents a method for the assessment of 
possible rooftop PV system power capacity in a 
smart city. Special attention will be paid to the 
generation units coming from renewable energy 
(solar) and the possibility of supplying existing 
loads. As a case study, the results of a 
hypothetical project on the possibility of PV solar 
energy application for the electricity supply in 
some cities in Serbia are presented. 
 

Index Terms: Smart City, PV Roof-Top Systems, 
PV supply 

1. INTRODUCTION 

HE concept of digitalization in all aspects of 
human life is spreading rapidly. After entering 

telecommunications (Smart Phones) and electric 
power systems (Smart Grids, Microgrids, 
Nanogrids, AC-DC grids), by involving all 
industrial processes (Industry 4.0) and 
revolutionizing the medical system (Smart 
Medicine), by using for management from the 
household (Smart Homes) to public governing 
(Smart Government), by changing business 
(Smart Banking, Smart Retail, etc.), 
transportation (Smart Mobility, Autonomous 
Vehicles), data information and science (Big 
Data, Open Data, Open Access), and by 
spreading to almost every item (Internet of 
Things), and other fields, such concepts are now 
aggregated in a Smart City vision [1, 2]. It is 
believed that such an approach will improve 
human lives, make living more comfortable, and 
result in more sustainable living by significant 
water saving, unrecycled solid waste decrease, 
better environmental quality, time-saving in 
commuting, city transport, and for all services in a 
smart city, improving safety, social contacts, and 
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job opportunities, and decreasing disease burden 
[3,4].  

However, this concept requires substantial, all-
time available energy resources. The use of 
energy must be efficient with minimum losses; 
therefore, advanced technologies are required. 
Furthermore, to enable a sustainable future, such 
energy needs to be from renewable sources 
without any greenhouse gasses (GHG) 
emissions, especially CO2. In this sense, a lot of 
research has been conducted in the past. The 
Scopus database (Fig. 1) shows that there are 
several hundred papers per year related to this 
topic (smart city energy). 

 

Figure 1. The number of papers published each year 
on the topics “smart city, energy” 

(Source: Scopus database, Dec.2021 https://www.scopus.com). 

 
Nowadays, the use of electrical energy is 

considered the most convenient and is in line 
with environmental protection and a sustainable 
future. It can be used directly, easily transform to 
other energy and its use is without any side 
effects, waste or leftovers, gas emissions, and of 
high efficiency. Thus, many devices have been 
invented and used in households, businesses, 
transportation, education, medicine, industry, and 
everyday life. However, the generation of 
electricity is mainly based on fossil fuels (coal, oil, 
or gas); therefore, they need to be gradually 
replaced by renewable energy sources [5]. 

Typically, the electrical energy supply of a city 
is provided by external (out-of-city) generation 
units. It is convenient as the power plants may be 
close to energy resources but require long 
transmission and distribution lines, which 
produce losses (8-10%). However, the main 
problem is in the highly negative effects of these 
units on the environment and significant CO2 
emissions [6]. To avoid these drawbacks, a 
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solution is sought by moving generation into the 
distribution network, which is known as 
distributed energy resources (DER) or distributed 
generation (DG) [7]. Regarding the concept of a 
smart city, it means that the electricity generation 
units will be placed within the city. However, the 
urban environment is very restrictive for any 
generation activity, and thus far, the only solution 
is to use photovoltaic (PV) modules and place 
them on rooftops, i.e., the top of buildings, 
industrial plants, parking lots, or other available 
in-the-city spaces. Many studies proposed 
different methods or techniques for the 
assessment of urban rooftop PV potential [8-11]. 
Thus, it was concluded that it can be considered 
a high-potential electricity producer. However, 
only a few studies have been related to the cities 
in Serbia, but without technical potential 
assessment [12,13]. 

The goal of this paper is to present the results 
of research on the possibilities of using rooftop 
PV solar systems for the power supply of a city. 
Among the three available PV systems, on-grid 
(grid-tied), off-grid, and hybrid, only on-grid PV 
systems were considered in this research. They 
are the simplest, require low out-of-the-roof 
space, are easy to maintain, and are cost-
effective. A method for estimating the available 
rooftop space in a city and the PV system power 
is presented, and the applied PV system 
technology and grid interconnection are 
described. Several case studies have been 
conducted in cities in Serbia. The results were 
compared with the actual data on the electricity 
consumption of a city, and the participation of the 
rooftop PV electricity generation was determined.  

2. METHOD OF PV SYSTEM POWER ESTIMATION 

2.1 General 

The applied method consists of several steps 
that must be conducted to obtain the final result. 

The first step is to determine the solar potential 
(irradiation) of a city. For this purpose, different 
software tools are available, but PVGIS software 
will be used here [14].  

The next step is to estimate the available 
rooftop space, using publicly available data from 
local cadaster and Google Earth images. These 
data should be processed, as not all available 
space is convenient for the placement of PV 
systems. Roof inclination, orientation, obstacles, 
shading from nearby objects or vegetation, and 
PV module type should be considered.  

The following step is the determination of the 
PV system. The on-grid PV system is the most 
convenient, and it can be designed with 
commercially available PV modules and 
inverters, and easily interconnected to the grid 
following the local grid code. 

Finally, the connection point to the low-voltage 
(LV) or medium-voltage (MV) distribution grid 
should be determined. 

The possible annual electricity generation from 
the designed PV system can now be estimated. 
The feasibility (techno-economic analysis), cost-
effectiveness, and justification of the project 
should be studied, at the end.  

2.2 Solar Potential 

The PVGIS software tool enables easy 
determination of the solar potential of any 
location on Earth [14]. It is simple, user-friendly, 
and freely available. It presents the required 
information of the solar irradiation energy in 
kWh/m2 or possible electricity generation from 
1 kWp PV modules in kWh/kWp/year with an 
assumption of a 0.75 performance ratio. As an 
example, in Fig. 2, a solar map of Serbia with 
global irradiation and solar electricity potential is 
presented. It can be seen that for a city in Serbia 
around 1,200 kWh of electricity can be expected 
in a year from 1 kWp of PV modules solar power. 
These data have been generally confirmed by 
comparison with the output of an actual rooftop 
PV plant located in the city of Novi Sad [15]. 

 

 

Figure 2. Solar map of Serbia [14] 

2.3 Estimation of Available Roof Space 

Different methodologies are available for 
assessing the roof space in a city. They can be 
divided into the sample ones, multivariable 
sampling-based, and complete censuses 
methods [16].  
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The third method was shown to be the most 
accurate [16]. It relies on the computing of the 
entire rooftop area in the study area. It was used 
in this paper, but in an adapted (simplified) form, 
i.e., a combination of public data and satellite 
images of a city were applied. 

For this purpose, local cadaster data of the 
total land area covered by houses, buildings, 
industrial halls, and other suitable objects for 
mounting rooftop PV systems were obtained. The 
land area is pre-calculated on the rooftop area 
depending on whether the roof is inclined or flat 
using standard mathematical trigonometric 
functions. The typical roof inclination of 32 
degrees was assumed.  

Google Earth images were used to determine 
the general orientation of the roofs such that the 
north side roof area was reduced from the total 
amount. In addition, the east or west side area 
was halved. The available roof area was further 
reduced taking into account the obstacles, 
shading from neighboring buildings, nearby 
objects, and vegetations. It is possible to use 
more advanced methods with pattern recognition 
[8, 9]; however, they are costly and must be 
adapted for typical roofs in a certain city block. 

The final result is the total available roof area in 
square meters where the PV modules can be 
mounted. 

2.4 PV System Design 

A rooftop PV system consists of PV modules 
connected in one or more strings placed on the 
available rooftop space. PV modules are 
mounted on special metal constructions that 
either follow the inclination of the roof or provide 
a suitable (optimal) inclination that enables 
maximum harvesting of solar energy. When 
placing PV modules on the determined roof 
space, it is necessary to provide an adequate 
distance between the panels for walking paths or 
cleaning and maintenance. These factors should 
be included in the calculation of the total number 
of PV modules that can be placed in a rooftop 
space.  

There are different types and manufacturers of 
PV modules, so it is the most convenient 
(economical) to select one type and to determine 
its main characteristics. In that way, the 
necessary roof area for placement of a 1 kWp of 
PV modules can be determined. Finally, as the 
number of PV modules is known (calculated 
before), the total power capacity of rooftop PV 
systems can be estimated. 

Besides the PV modules and mounting 
construction, the PV system design includes DC 
cables, switches, and fuses on the DC side, then 
DC/AC converter (grid-tied inverter) and AC side 
equipment with electric meter. This part is 
important for the feasibility study of the project. 

The block diagram of a complete rooftop PV 
system is shown in Fig. 3 [15]. 

2.5 Connection to the Grid and Electricity 
Generation 

Rooftop PV systems are connected to the 
distribution grid at nearby medium-voltage (MV) 
to low-voltage (LV) transformer stations or at the 
household LV busbar. Owing to changes in the 
classic power flow, updated grid codes must be 
followed carefully. To avoid negative effects, 
additional power flow studies and preventive 
maintenance are required. 

Finally, total monthly electricity generation can 
be estimated for the calculated power capacity 
and given solar potential. 

2.6 Feasibility and Cost-Effectiveness  

The results may be compared with the actual 
data on the electricity consumption of a city, and 
the participation of the rooftop PV electricity 
generation was determined. 

 

String A (20 PV modules)
Distribution box

Power 
network

DC 
switch

Inverter AC 
switch

String B (20 PV modules)

 

Figure 3. Block diagram of a roof-top PV system [15] 

3. CASE STUDIES 

The proposed method was tested for the power 
supply of several cities in Serbia. The project 
aims to equip all suitable rooftops with PV 
systems and enable the supply of local 
consumption from such “clean” energy sources. 
To realize such a hypothetical project, the 
following requirements need to be fulfilled: 
 Citizens must agree to participate; 
 Installation must be simple, inexpensive, and 

easy to realize; 
 Rooftop PV systems without storage (in-grid) 

should be considered only; 
 All the generated energy is to be delivered to 

the distribution grid; 
 Connection to local distribution transformer 

stations should be planned only; 
 Finance should be by private or by local 

public sources. Bank credit and other 
investment methods should also be 
considered; 

 Generated energy will be exchanged for the 
electricity based on annual balance: 1 kWh 
(PV) = 1 kWh (coal thermal plant); 
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 Delivered power energy should be awarded 
to avoid CO2 emissions from coal-based 
thermal plants. 

The results of this research are presented for 
the case studies of cities Šabac, Subotica, and 
Ljubovija. 

3.1 Case Study 1: City of Šabac 

Šabac is a city in the northwestern part of 
Serbia. It is an industrial, agricultural, cultural, 
and tourist city, with approximately 55,000 
inhabitants. It has average electricity 
consumption of 150 kWh/year per household. 
Fig. 4 shows a Google Earth image of the main 
part of the city. It can be observed that most of 
the houses are individuals with inclined rooftops. 
A significant part of the flat roofs is located in the 
city center and industrial zone. 

 

 

Figure 4. Google Earth view of Šabac 
 

Rooftop PV systems are envisaged as 
individual systems of low power (5 kWp per roof), 
which can be managed by private owners. The 
total monthly electricity generation is presented in 
Fig. 5, and the total annual generation is 
150,280,200 kWh. As the total annual city 
demand is 505,156,000 kWh, the PV generation 
participation is 29.7%. 
 

 

Figure 5. Monthly energy generation of the city of Šabac 

3.2 Case Study 2: City of Subotica 

Subotica is a city in the northern part of 
Serbia. It is an industrial, agricultural, cultural, 
university, and tourist city, with approximately 
100,000 inhabitants. It has average electricity 

consumption of 150 kWh/year per household. 
Fig. 6 shows a Google Earth image of the main 
part of the city. It can be seen that the majority of 
buildings are individual houses, with industrial 
and public houses concentrated in several zones. 
 

 

Figure 6. Subotica – Google Earth view 
 

Based on data from the cadaster, there is 
17,990,000 m2 of ground covered by different 
buildings. When orientation analysis for all roofs 
was conducted, it was calculated that 
5,702,267.83 m2 of individual (private) houses 
and 1,900,755.93 m2 of public or industrial 
buildings are suitable for the rooftop PV systems 
oriented towards the south, southeast, or 
southwest. For a rough estimation of the installed 
power of the possible PV system, a standard PV 
module should be selected. In this case, 1 kWp 
of the PV modules usually covers 6 m2. Thus, a 
total of 965.6 MWp can be installed on the 
rooftops of individual houses and an additional 
321.9 MWp on other buildings. The average 
monthly electricity generation of such PV 
systems can be estimated at 1,425,100 MWh 
using data from the PVGIS software. If compared 
with the average monthly consumption of all 
loads in Subotica, it can be seen that PV 
generation will cover approximately 58.6% of the 
total demand. 
 

 

Figure 7. Monthly energy generation (red columns) and PV 
generation (blue columns) in the city of Subotica [17] 

3.3 Case Study 3: City of Ljubovija 

Ljubovija is a city in western Serbia. It is an 
agricultural and tourist center on the banks of the 
Drina River (Fig. 8.). It has approximately 5,000 
inhabitants. From the cadaster, it was found that 
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there are 1,850 individual houses, 15 collective, 
and 15 public and industrial buildings. The total 
available roof surface is 182,500 m2, but suitable 
for rooftop PV systems are 73,000 m2. Therefore, 
the installed power of the PV system was 
estimated to be approximately 10,950 kWp.  

Again, rooftop PV systems are envisaged as 
individual systems of low power (5 kWp per roof), 
which can be managed by private owners. The 
total monthly electricity generation is presented in 
Fig. 9; the total annual generation is 11,800,000 
kWh. As the total annual city demand is 
11,208,000 kWh, the PV generation participation 
is 100.0%. 

 

 

Figure 8. Aerial view of Ljubovija 

 

 

Figure 9. Monthly energy generation of the city of Ljubovija 

4. CONCLUSION 

It can be concluded that a rooftop PV system 
can enable a “clean” energy supply for 
substantial or even complete city consumption. 
Of course, the generated energy is not equally 
distributed over the hours of the day, and in some 
periods is not available in the full amount (winter 
months); therefore, backup from the main public 
grid is needed. However, PV generation can 
significantly decrease CO2 emissions from 
thermal power plants and reduce electricity costs 
for PV system owners. 
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Abstract: Development of plaques compositions 

caused by atherosclerosis inside of coronary 
arteries is known as coronary artery disease. Its 
treatment includes the possibility of stent 
deployment through operation called 
percutaneous transluminal coronary angioplasty. 
In this procedure stent is delivered using a balloon 
catheter and then inserted across the lesion. The 
new stent design development or optimization of 
existing ones requires the performance of many 
expensive mechanical tests which are always 
followed by their time-consuming analysis. Thus, 
the possibility of those tests to be performed on 
computer, i.e., in-silico, instead of in reality, i.e. in-
vitro could remove the necessity of a greater 
number of in-vitro tests. With in-silico mechanical 
testing the analysis of all mechanical 
characteristics could be performed which would 
drastically decrease both the time and the 
expenses of the process and even gives the 
possibility to compare two or more designs. In this 
study, recently introduced material model of Poly-
L-Lactic Acid (PLLA) fully bioresorbable vascular 
scaffold and recently accredited numerical InSilc 
platform were used to perform in-silico mechanical 
tests on different stent designs that have different 
geometrical and material characteristics. In-silico 
tests include radial compression (RCI), inflation, 
three-point bending and two plate crush test 
whose results could provide well-grounded 
conclusions and thus a notable contribution in 
stent design and optimization. 
 

Index Terms: bioresorbable PLLA stent, design 
and optimization, finite element analysis, in-vitro 
mechanical test, vascular scaffold 
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1. INTRODUCTION 

oronary artery disease (CAD) is one of the 
world's major causes of mortality. 

Percutaneous transluminal coronary angioplasty 
(PTCA) can be used to treat CAD in a less 
invasive manner. The catheter balloon is used in 
PTCA to compress the arterial wall with an 
atherosclerotic plaque, allowing the stent to be 
delivered. PTCA generally results in good clinical 
success rates; nevertheless, the primary 
limitation of the procedure is restenosis of the 
treated artery in percentage of patient after 6–12 
months [2]. 

The influence of stent geometrical parameters 
on application characteristics is carefully 
investigated (artery surface ratio, strut spacing, 
cell length). The results of [3] for the Palmaz-
Schatz stent were compared to Carbostent and 
the Multi-Link Tetra stent from 2002, and 
geometric parameters revealed that deployment 
characteristics had a significant influence. 
Reduced artery surface ratio was associated with 
greater rates of radial and longitudinal reinvasion 
as well as reduced rates of dog boning. 

Because evaluation of performances of a 
coronary artery implanted stent may be 
challenging and costly, numerical computer 
methods have shown to be valuable tools for the 
evaluation of design and function of stents. All 
stents manufactured must pass standard, ISO-
compliant mechanical testing, a time-consuming 
and costly technique including several steps, 
multiple cycles of mechanical tests, and the 
modification of the underlying model is aimed at 
producing a stent design that passes all testing. 
The amount of genuine mechanical tests 
required, as well as their expenses, are reduced 
during in-silic mechanical testing. Manufacturers 
can compare the axial and radial conformance of 
their stent idea to market rivals or prior designs in 
their own portfolio using appropriate stress 
scenarios. 

Several studies have demonstrated that the 
finite element approach is an effective tool for the 
analysis of structural characteristics and 
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biomechanical impacts of stents in coronary 
arteries during deployment. The study [3] showed 
the usefulness of finite element method (FEM) for 
improving stent design. The use of FEM to 
anticipate the deterioration of a certain structure 
in response to cyclic stress can lead to significant 
advances in the design of biodegradable stent 
systems. The material model was created to 
account for the impacts of mechanical 
deformation during the accelerated biodegration 
process ([4] - [8]). In this model, material at fixed 
degradation is characterized with neo-Hookean 
purely elastic model, with energy density function 
dependent on the shear modulus and the first 
principal invariant of the right Cauchy-Green 
deformation tensor. 

We designed an Everolimus Eluting Platinum 
Chromium Stent – Boston Scientific Limited (SE) 
and subsequently an all BVS (the polymer 
bioresorbable stent produced from PLLA – [11]) 
model for a partly BVS stent (SYNERGYTM BP) 
in the [1] research. The PLLA material model 
combines average results of experimental 
uniaxial tensile testing carried out at three distinct 
temperatures in various dog-bone samples. 
There were three experimental PLLA curves 
available with different strain rates: 0.001 s-1, 
0.01 s-1 and 0.1 s-1. To compare the results of 
simulation and real-world tests for inflation, radial 
compression, and crush resistance testing, the 
coefficient of determination and correlation 
coefficient were employed. For the majority of the 
results, we obtained strong correlations between 
simulation and real experiments for the 
coefficient of determination (R2>0.99) and the 
correlation coefficient (R>0.99), demonstrating 
that in-silico tests can mimic the majority of the 
appropriate ISO standards for mechanical in-vitro 
stent device testing. This work contributed to the 
development of a novel method of evaluating 
stent performance in vivo and in-vitro since there 
is a significant shortage of knowledge, 
particularly in the field of implantable 
biodegradable stents, which may have several 
advantages. 

This article compares and examines the 
influence of strut thickness on the mechanics of 
the two stent BVS and PLLA stents, as well as 
the impact of extra pocket holes on the two stent 
geometries (slots). For chosen stent types, many 
mechanical tests are replicated and evaluated. 
The outcomes are contrasted and explained. We 
hope that the findings of this document will 
significantly contribute to the optimization and 
design of stents. 

2. METHODS AND MATERIALS 

2.1. Stent Designs 

Boston Scientific Limited [11] provided the 
model of a polymer prototype of a bioresorbable 
stent (Figure 1a). The stent measures 16 mm in 
length, 3 mm in internal diameter (the same as 
the tubing used for laser-cutting of stents), 184 
µm strut, and 115 mm strut thickness. The 
characteristics of the stent are: 

- AB-BVS: 
o Outer radius: 1.65 mm 
o Inner radius: 1.49 mm 
o Length: 12.18 mm 
o No of hexahedral elements: 46728 

- AB-BVS thinner: 
o Outer radius: 1.62 mm 
o Inner radius: 1.49 mm 
o Length: 12.18 mm 
o No of hexahedral elements: 46728 

- PLLA prot: 
o Outer radius: 1.62 mm 
o Inner radius: 1.5 mm 
o Length: 15.68 mm 
o No of hexahedral elements: 16488 

- PLLA prot-slots: 
o Outer radius: 1.62 mm 
o Inner radius: 1.5 mm 
o Length: 15.68 mm 
o No of hexahedral elements: 40908 

Figure 1 shows the geometry of all, previously 
mentioned stents. 

 

 
Figure 1: Stent geometry [12] 

Four tests are used to evaluate the model's 
properties: radial compression (RCI), inflation, 

crush test (two plate), and three-point bending.  
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2.2. Material Model of Stent Prototype 

The original stent polymeric device is 
constructed of Poly-L-Lactic Acid (PLLA), an 
elasto-visco-plastic polymer with a non-trivial 
mechanical behavior that is affected by both 
strain rate and operation temperature. The finite 
element PAK solver's material model [9] is based 
on experimental data given by the manufacturer 
[11]. The average results of uniaxial tensile tests 
performed on a number of dog-bone samples 
with gauge length L = 5 mm, width W = 2 mm, 
and thickness t = 0.105 mm were supplied by the 
manufacturer. Temperatures of 25°C, 37°C, and 
48°C were used in the tests. For each of 

previously mentioned temperatures, three distinct 
curves were available, corresponding to three 
different strain rates: 0.001 s-1, 0.01 s-1, and 0.1 
s-1. Figure 2 upper left panel depicts the uniaxial 
stress-stream curves for various strain rates at T 
= 25° C. Although stress levels grow at greater 
and lower temperatures, they reduce at higher 
and lower temperatures, respectively. The 
experimental results show an initial elastic 
response, a strain rate dependent yield point, and 
plastic behavior before hardening. Any 
experimental curve that is accessible to the 
stenting material, which is a significant advantage 
over commercial software, cannot be employed. 

 

 
Figure 2:Stress-Strain curves, unloading curves and contact properties of the model [12]

To be utilized in finite element numerical 
simulation, the 3D stress-strain state must be 
represented using uniaxial experimental data. 
The finite element model is based on the idea of 
virtual work equivalency in 1D and 3D stress-

strain. The following comparable stress   and 

strain e are used [10]: 
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where ij
 stress components; ije

 are strains, 

with ij
being engineering strains.  

The empirically determined uniaxial constitutive 
equations are utilized with these equivalent 
stress and strain, which are assessed at each 
integration point - within the finite element model. 
The schematic representation of uniaxial stress-
strain curves for varied strain rates at 
temperature T1 is given in Fig 2 upper right 
panel. Using an interpolation method, we derive 
equivalent stress for current strain based on 
these curves, which is then employed in our 
model. 

The computational procedures for a model 
based on experimental curves are separated into 
three phases: loading, unloading, and reloading 
[1]. In the loading phase, final stress and 
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factorize the tangent matrix are being calculated 
based on current equivalent strain and current 
equivalent strain rate, as described in the 
Appendix of [1]. Unloading happens in 
accordance with the unloading curves. Each 
loading curve corresponds to one unloading 
curve (Figure 2 bottom panel). In the unloading 
phase, we conduct interpolation in the following 
manner. If the strain is ue  at the end of the 

loading phase and the interpolation was between 
curves 1 and 2 (left panel of Fig. 2 bottom panel), 
then the unloading is linearly interpolated 
between curves d and f, with tangent elastic 
matrix and no change in permanent strains. 

The formation of the unloading curves is 
depicted schematically in Fig. 2 bottom panel 
right panel by translation of the rear half of the 

unloading curve for value 
1
u ue e e   . We must 

verify the reloading to see if it achieves the 
loading curves. For loading circumstances, we 

compute elastic equivalent stress 
t t
E


 and 

compare it to stress based on loading curves 1 . 
If elastic equivalent stress is greater than stress 
represented on the loading curves, the loading 
follows loading curves, through the use of scaling 
factor in order to meet the loading curves 
requirements. Additional information can be 
found in the Appendix of [1]. 

 

2.3. Verification and Validation of In-Silico 
Models 

The detailed verification of the material model 
utilized in the finite element PAK solver [9] is 
described in this paper [1]. The input data for the 
material model was based on experimental 

curves given by the manufacturer [11]. Authors 
found that the completed simulations replicate 
the genuine tests with extremely high precision 
by examining and comparing diameter-pressure 
curves and diameter-load curves produced from 
simulation with data from real experiments in 
various standard tests [1]. The authors offer 
validation of this new material model in this paper 
by evaluating and comparing simulation findings 
on two geometrically distinct models. 

3. RESULTS 

3.1. Radial Compression Test 

In order to assess the load/deformation 
properties of the stent, an in-vitro experiment 
applied circumferentially uniform radial load. In 
this simulation, the stent is positioned so that the 
central stent axis is parallel to the Z axis. One 
end of the stent's node movement is fixed in the 
Z direction. The stent was compressed at a 
consistent pace, with the contact boundary 
condition set between the stent's outer surfaces 
and the cylinder's interior surfaces [1]. The radial 
force is applied to the exterior surface of the 
cylinder, which is placed outside the stent, to 
simulate the “Mylar” loop crimping device. 
Similarly, the objective of the in-silico test was to 
compress the stent to a radius of 1 mm in order 
to assess the influence of strut thickness and 
slots on the stent's properties. This was 
accomplished through the use of cylinders (outer 
and inner), with the outer cylinder compressed to 
replicate a realistic test. Figure 3a depicts 
boundary circumstances that mirror the test [1].

Figure 3: Boundary conditions for: a) Radial compression test; b) Inflation test; c) Three-point bending test; d) Crush test [12]
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3.2. Inflation Test 

While the in-vitro experiment uses a computer-
controlled Nexus 500 syringe pump to inflate the 
stent with 99.96% accuracy in order to determine 
the diameter required to inflate the balloon to the 
nominal recommended pressure, the goal of this 
in-silico test was to inflate the stent up to the 
nominal radius [1] of 3 mm in order to determine 
the effect of a strut. This was accomplished by 
the use of cylinders (outer and inner), with the 
outer cylinder squeezed to replicate a realistic 
test. The stent is positioned for in-silico 
simulations so that the central stent axis is 
collinear with the Z axis. The movement of nodes 
at one end of the stent is fixed in the Z direction. 
A slower inflation rate ensures numerical stability. 
The pressure is applied to the inside surface of 
the balloon, which is inserted into the stent. In 
order to provide realistic findings, the Radial 
Compression test data were combined with 
residual stresses. The contact boundary 
condition is established between the internal 
surfaces of the stent and the outside surfaces of 
the balloon. Figure 3b depicts boundary 
circumstances that mirror the test [1]. 

3.3. Three-point Bending Test 

Test standard, ASTM F2606, provides 
recommendations for quantitatively evaluating 
stent flexibility utilizing three-point bending 
methods. It is offered to characterize the flexibility 
of deployed stents. The in-vitro test was carried 
out using an AMETEK Brookfield machine with a 
displacement precision of 0.05mm, a highly 
accurate low force load cell 9.8N (resolution of 
0.00098N), and a specifically developed tool for 
tiny size devices. At 37°C, pH 7.4 phosphate-
buffered saline is used for testing. pH and 
temperature are chosen for the test setting to 
imitate a therapeutically relevant environment. 
The sample is held in place by three-point band 
fasteners. At the start of the test, the axial load 
machine compresses the device at a certain 
location while the equipment measures load and 
displacement during the operation. 

The stent is positioned in the FE numerical 
simulation so that the central stent axis is 
collinear with the Z-axis. All stent nodes in the XZ 
coordinate plane are bounded in the Y direction, 
whereas all stent nodes in the XY coordinate 
plane are bounded in the Z direction. Three rigid 

body cylinders are arranged so that their central 
axes are parallel to the X-axis. The top cylinder 
applies an axial force, while the below cylinders 
are stationary. The contact boundary condition is 
established between the outer surfaces of the 
stent and the outer surfaces of the cylinders. 
Those boundary conditions are exact replicas of 
the genuine test. This test's objective was to 
bend the stent for at least half of its diameter. In 
order to provide realistic findings, the output of 
the inflation test was used as an input, along with 
residual stresses. Figure 3c depicts boundary 
conditions simulating the test [1]. 

3.4. Crush Test/Two Plate Test 

In-vitro test was done using two plates and a 
load force at a uniform rate in order to determine 
the load required to cause clinically relevant 
deflection or bulking equivalent to diameter 
reduction of at least 50%. Similar to that, the goal 
of this in-silico test was to compress stent for at 
least half of its diameter using two plates. One 
plate was acting as a support while other was a 
compressing stent. In this simulation, the stent is 
positioned in such a way that the central stent 
axis is collinear with Z axis, between the two 
plates (top and bottom). Node movement at one 
end of the stent is fixed in the Z direction. All 
stent nodes located in the XZ coordinate plane 
are bounded in the Y direction and all stent 
nodes located in the YZ coordinate plane are 
bounded in the X direction. The axial force is set 
on the top plate while the bottom plate is fixed. In 
order to provide realistic results, output of 
Inflation test was taken as an input together with 
residual stresses. The contact boundary 
condition is set between the stent outer surfaces 
and the surfaces of the plates. Boundary 
conditions mimicking the test [1] are presented 
on figure 3d. 

3.5. Computed Results for all Stents 

Figure 4 first panel and Figure 5 first panel 
show the stress distribution from the radial 
compression test of AB-BVS and AB-BVS thinner 
stents, respectively. 
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Figure 4: Stress distribution from all tests for AB-BVS stent 

As seen in Figures 4 and 5 first panels, 
reduced strut thickness (5) results in larger stress 
concentrations on struts. However, the 
concentration is primarily in the middle of the 
strut rather than on the junction between the strut 
and rings, as on the thicker model, where larger 
stress concentrations might result in a critical 
failure. 

Figures 4 and 5 second panels show the stress 
distribution from Inflation test for AB-BVS and 
AB-BVS thinner stents, respectively. 

As seen in Figures 4 and 5 second panels, 
reduced strut thickness (5) in the Inflation test led 
to lower stress concentrations on the struts, 
resulted in greater structural integrity.  
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Figure 5: Stress distribution from all tests for AB-BVS thinner stent 

Figures 4 and 5 third panels show the stress 
distribution from Three-point bending test for AB-
BVS and AB-BVS thinner stents, respectively. As 
it can be observed from the figures, lower 
thickness of strut in Three-Point bending test 
resulted in lower concentrations of stress on 
struts thus providing better structural integrity. 

Stress distribution from Crush test (Two plate 
test) for AB-BVS and AB-BVS thinner stents can 
be observed on figures 4 and 5 bottom panels. 
From the previously mentioned figures it can be 
observed that the reduced strut thickness (5) in 
the Crush test resulted in lower stress 
concentrations on the struts, resulting in greater 
structural integrity. 

Figures 6 and 7 first panels show the stress 
distribution from Radial Compression test for 
PLLA prot and PLLA prot-slots stents 
respectively. As it can be observed from Figures 

6 and 7 first panels, putting more slots (7) on the 
model results in better stress distribution than the 
model without them, thereby relaxing the stent's 
structure in terms of stress concentrations. 

Figures 6 and 7 second panels show the stress 
distribution from Inflation test for PLLA prot and 
PLLA prot-slots stents respectively. Figures show 
that adding extra slots on the stent (7) had no 
significant effect on stress distribution during the 
inflation test. The inflation test simulation also 
provides results for numerous other tests, 
including foreshortening, dog boning, and stent-
free surface area. 
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Figure 6: Stress distribution from all tests for PLLA prot stent 

Stress distribution from the Three-point 
bending test for PLLA prot and PLLA prot-slots 
stents have been presented on figures 6 and 7 
third panel. On them we can observe that having 
additional slots on stent (7) did not make any 
significant change on stress distribution during 
the Three-point bending test. 

Figures 6 and 7 bottom panels show the stress 
distribution from the Crush test (Two plate test) 
for PLLA prot and PLLA prot-slots stents 
respectively. As shown, adding extra slots on the 
stent (7) had no significant effect on stress 
distribution during the Inflation test. 
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Figure 7: Stress distribution from all tests for PLLA prot-slots stent 

4. CONCLUSION 

In this study we offered an in-silico 
environment for mechanical testing of several 
types of stent devices - a prototype bioresorbable 
stent from Boston Scientific Limited representing 
completely BVS devices with varying geometrical 
features. The in-silico platform is based on a 
newly created material model for simulation of 
PLLA that employs an experimental curve and 
has been proved to be a trustworthy technology 
based on a high level of agreement with 
experimental test results. The introduced FE 
model demonstrated the capacity to conduct 
simulations with various stent designs with 
varying geometry and material properties. 
Furthermore, any type of experimental curves 
available for the stent material may be utilized, 
which is a huge advantage over commercial 
software that does not allow for this. 

The proposed material model for PLLA, which 
was developed using original experimental data, 
contains average results of uniaxial tensile tests 
performed on a variety of dog-bone samples at 
three distinct temperatures. For boundary 
conditions, prescribing material models, material 
characteristics, and nonlinear interaction, all 

simulations require many hours of setup. The 
simulation takes a few hours to run due to the 
intricacy of the majority of the tests. 

Inflation, radial compression, and crush 
resistance tests were demonstrated. The residual 
stress and starting geometry for various tests are 
directly derived from prior running tests such as 
crimping and expanding. It has been 
demonstrated that in-silico tests using our 
material model for bioresorbable PLLA stents can 
mimic the majority of the appropriate ISO 
standards for mechanical in-vitro stent device 
testing. Such a method opens up a new avenue 
for in-silico tests that can partially or completely 
replace real mechanical testing. 
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Abstract: Cardiovascular disease (CVD) is one of 

the leading causes of death in urban areas. Carotid 
artery segmentation is the initial step in the 
automated diagnosis of carotid artery disease. The 
segmentation of carotid wall and lumen region 
boundaries are used as an essential part in 
assessing plaque morphology. In this paper, two 
types of Convolutional Neural Network (CNN) 
architectures are used for segmentation: U-Net and 
SegNet. The models used in this paper are applied 
on 257 ultrasound images containing a transverse 
section of the vessel acquired by ultrasound. 
Ultrasound imaging is noninvasive, completely 
unharming for the patient and a low-cost imaging 
method, but the main challenge when working with 
this kind of images is a very low signal to noise 
ratio and the process of imaging is highly 
dependent on the device operator. Different 
models are tested for various ranges of 
hyperparameter values and compared using 
different metrics. The model presented in this 
paper achieved over 94% Dice Coefficient for wall 
and lumen segmentation when trained during 100 
epochs. 
 

Index Terms: carotid artery, convolutional neural 
network, SegNet, segmentation, U-Net 

1. INTRODUCTION 

AROTID artery disease (CVD) occurs under 
the influence of atherosclerotic narrowing, 

which usually forms most rapidly in the neck 
where the carotid artery is branching [1]. CVD is  
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manifested by the formation of zones of lipid  
deposits, accumulated macrophages filled with 
lipids in the wall of the blood vessel. The 
deposition process continues and plaque forms. 
Narrowing of the arteries is usually caused by the 
accumulation of plaque, which consists of 
cholesterol, calcium, fibrous tissue and other 
cellular elements that keep forming at the 
microscopic sites of the lesion in the artery wall. 
In its early stages, carotid artery disease often 
shows no signs or symptoms. This condition can 
go unnoticed for a long time until the degree of 
stenosis and/or the shape of the plaque is such 
as to prevent blood flow to the brain, causing a 
stroke. Stroke is the third leading cause of death 
and disability in the world and 80% to 85% of 
strokes are ischemic strokes caused by stenosis 
[2]. A very important step in the prevention of this 
disease is understanding and constant 
monitoring of the changes in the geometry of the 
common carotid artery. Ultrasound examination 
is a non-invasive routine examination used to 
diagnose atherosclerosis. The manual 
examination consists of carotid artery ultrasound 
imaging and interpretation of acquired images by 
an expert. 
 Various systems have been created which can 
automatically segment the carotid artery in 
ultrasound images in a very efficient way, assess 
plaque morphology and single out a region of 
importance for diagnosis [3, 4, 5, 6]. These 
methods involve segmentation of the lumen and 
wall regions, which in combination give a 
segmented carotid artery.  
 Deformable models are shapes or curves on 
an image that can reshape or move under the 
influence of the information gathered from the 
image. These models found various applications 
in digital image processing such as edge 
detection, shape modeling and segmentation [7]. 
Mao et al. [8] developed a model for carotid 
artery segmentation in two-dimensional 
ultrasound images taken in B-mode based on a 
deformable model. The authors used one point 
for initialization of the deformable model, and 
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then based on mathematical morphologic 
operations generated the initial contour. The 
model was trained to fit the contour to the wall 
and lumen contour based on the geometric 
properties of the contour and gradient of the grey 
intensities calculated inside and outside of the 
current contour. Abolmaesumi et al. [9] presented 
their model for real-time segmentation of the 
carotid artery on the sequence of images 
acquired by ultrasound. They used the A* 
algorithm modified by temporal Kalman filter for 
tracking the center of the carotid artery through 
time, and spatial Kalman filter for contour 
estimation. Various methods have been also 
developed for the three-dimensional ultrasound 
image segmentation based on a geometrically 
deformable model [10, 11]. 
 Machine learning and deep learning methods 
are state of the art for digital image 
segmentation. Xie et al. [12] used U-Net 
convolutional neural network for carotid artery 
lumen segmentation in the ultrasound images 
containing the longitudinal section of the carotid 
artery and achieved 91.9-96.6% accuracy 
depending on the carotid artery region that was 
segmented. Jiang et al. [13] used a modified U-
Net architecture for carotid artery segmentation in 
the ultrasound images containing the transverse 
section of the artery. The authors used 3 different 
U-Net models along with SAN neural network for 
averaging the segmentation results given by 
three models and achieved a 70% Dice 
coefficient. Our goal is to improve the results 
achieved by current methods by extensive neural 
network architecture modifications along with 
preprocessing and postprocessing methods. 
 In this work, we present and compare the 
results achieved by convolutional neural network 
models based on U-Net and SegNet architecture 
for segmentation of lumen and wall regions of the 
carotid artery in two-dimensional greyscale 
ultrasound images. 

2. MATERIALS AND METHODS 

 The methodology consists of data 
preprocessing, model creation, and validation of 
created methods. 

A. Preprocessing the Data 

The dataset consists of original images 
acquired by an ultrasound exam and labels made 
by experts for the lumen and wall regions 
separately. The data was collected during the 
TAXINOMISIS project [14] by the University of 
Belgrade, Faculty of medicine, from 108 patients. 
The images in the dataset contain different 
segments of the artery in both the transverse and 
longitudinal sections. Every image in the dataset 

is anonymized for the data protection and 
security of the patients. 

Ultrasound examination is well established as 
a completely safe, non-invasive method for 
atherosclerosis diagnosis, but there are many 
issues when working with this kind of images in 
digital image processing [15]. Ultrasound image 
acquisition is completely operator dependant and 
inadequate settings of the device can lead to 
poor image quality and wrong interpretation. 
Ultrasound images are usually degraded by 
multiplicative noise resulting in low image quality. 
These images can contain a lot of shadows 
which can obscure the regions of interest and 
have poor contrast that makes it even harder to 
extract important data [16]. 

Firstly, we manually separated only the images 
containing the transverse section leaving a total 
of 257 images for both lumen and wall 
segmentation. Since the examination was done 
in B-mode and Color mode simultaneously and 
the images contained some unusable data for 
segmentation like frequency and the gain of the 
ultrasound device, we had to crop only the 
greyscale ultrasound image and resize the 
images to the 256x256 resolution to be forwarded 
as input to the model. An example of the original 
image is shown in Figure 1. 

 

 
Figure 1: Original image. 

 Segmentation information delivered by the 
experts were obtained in the textual form of the 
spatial coordinates of the polygon that represents 
the lumen or wall region contour. For 
segmentation masks creation these polygons are 
loaded over the original image and resized along 
with it. Input image, expert contour, and 
generated mask are shown in Figure 2. For 
SegNet two masks are generated, one for 
marking the carotid artery and one for marking 
the background. 
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Figure 2: Examples of a) an original image, b) lumen (upper) 

and wall (lower) contours marked by an expert and c) 
generated masks. 

 Some images in the dataset have a very poor 
contrast that makes it very hard for an expert and 
an automatic segmentation tool to extract a 
region of interest (ROI). To reduce the effect of 
this problem and to improve the training quality of 
the model, a contrast improvement technique is 
implemented. We used CLAHE (Contrast Limited 
Adaptive Histogram Equalization) [17]. CLAHE is 
based on Adaptive Histogram Equalization that 
works by calculating multiple histograms for 
different regions of the image and then modifying 
them by stretching out the intensity distribution 
thus improving the contrast of every local region 
of the image. The main problem with this method 
is that the noise in the homogenous area of the 
image will be amplified which is always present in 
the ultrasound images. CLAHE method 
diminishes this problem by limiting the contrast 
gain to some predefined value. In Figure 3 the 
contrast improvement on the original image from 
the dataset is clearly visible when CLAHE 
method with 8x8 sized grid and clip limit 2 is 
used. 
 

 
Figure 3: Contrast improvement using CLAHE method 

B. U-Net Model 

Two different models for wall and lumen 
regions are created. The architecture was based 
on [18], but it was modified in terms of finding the 
optimal hyperparameters. The modifications of 
the original architecture resulted in adding three 
additional blocks in the encoder and decoder part 
of the network. Additional block in the encoder 
part of the network consists of two convolutional 
layers with 3x3 kernels with a max-pooling layer 

with a 2x2 kernel following them. After each 
convolutional layer in the block, the ReLU 
activation function is applied. The additional 
blocks in the decoder part correspond to the 
blocks in the encoder part but with a 
deconvolutional layer for upsampling instead of 
max-pooling layer. These blocks are added at the 
start of the encoder part in the original 
architecture, that is after the last layer in the 
decoder part. In the original architecture, the 
convolutional layers in the first block have 64 
kernels, doubling in every next block up to 1024 
in the base of the network. The additional blocks 
have 8, 16 and 32 kernels. In addition, Dropout 
with probability 0.1 after every block in the 
encoder part is applied, and with 0.2 probability 
after every block in the decoder part to reduce 
overfitting of the model. The resulting architecture 
after modifications is shown in Figure 4.  

 

 
Figure 4: U-Net based architecture used for segmentation 

C. SegNet model 

Initially, the model was constructed based on 
[19]. This model was very prone to overfitting in 
the segmentation of both the lumen and outer 
wall regions and the training process was very 
time-consuming. We started by simplifying the 
architecture since the model already had batch 
normalization layers, so inserting the additional 
dropout layers made no difference. Simplification 
of the architecture resulted in removing 
convolutional layers from each block. Еаch block 
of the encoder part has one convolutional layer 
followed by ReLU activation function. After that, 
one batch normalization layer and one max-
pooling layer that stores the indices of the 
maximal elements are added. Blocks of the 
decoder part of the network have a similar 
structure with unpooling layers instead of max-
pooling layers that use the indices calculated in 
the max-pooling layer of the corresponding block 
in the encoder part. One block was also removed 
from both encoder and decoder parts of the 
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network resulting in an architecture shown in 
Figure 5. 

 

 
Figure 5: SegNet based architecture 

D. Post-processing 

We applied a post-processing procedure to 
reduce some of the false-positive pixels given by 
SegNet segmentation. The outputs of the SegNet 
model initially contained a lot of noise and 
disconnected components. The erosion and 
dilation operations were applied to the outputs. 
Firstly, erosion operation with a 3x3 sized kernel 
is applied to remove noisy parts and 
disconnected components except the one that is 
the wall or lumen region of the vessel. Because 
erosion reduced the area of the segmented wall 
and lumen region, dilation with 5x5 sized kernels 
is applied to expand the segmented area. We 
found that this technique significantly increased 
segmentation accuracy. 

3. RESULTS AND DISCUSSION 

Both models for wall segmentation and lumen 
segmentation with U-Net architecture were 
trained for 100 epochs and for 150 epochs for 
models with SegNet architecture. The batch size 
was 8 for both architectures and the Adam 
method for stochastic optimization was used. The 
training was done using Tensorflow and ran on 
Intel i3-9100F quad-core CPU.  

The models were trained on 231 images and 
tested on the remaining 26 images. Binary cross 
entropy metric was used to evaluate the U-Net 
models during training, and categorical cross-
entropy for SegNet models. Binary cross-entropy 
loss values during training for each epoch when 
U-Net is trained for lumen and wall segmentation 
are displayed in Figure 6 and Figure 7 
respectively. 

 

 
Figure 6: Loss function during training of U-Net model (lumen 

segmentation) 
  

Loss function has two spikes (around epochs 
40 and 80) when the U-Net model was trained for 
wall segmentation. This can happen due to 
batches containing unlucky data for optimization, 
e.g., contours with a deformed shape or a very 
small contour on the image.  
 

 
Figure 7: Loss function during training of U-Net model (wall 

segmentation) 
 

Categorical cross-entropy loss values during 
training for each epoch when U-Net is trained for 
lumen and wall segmentation are presented in 
Figure 8 and Figure 9 respectively. 

 

 
Figure 8: Loss function during training of SegNet model 

(lumen segmentation) 
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Figure 9: Loss function during training of SegNet model (wall 

segmentation) 
 
 Post-processing of the results improved 
segmentation given by the SegNet model by a 
significant margin i.e. from 62% Dice to 81% for 
wall segmentation and from 59% to 79% for 
lumen segmentation. Improvements after post-
processing are visible in Figure 10. 
 

 
Figure 10: Input image (top-left), manual segmentation (top-

right), SegNet output (bottom-left), Output after post 
processing (bottom-right). 

 
Testing results of the models on the 26 images 

that were not presented during training for both 
wall and lumen segmentation are shown in Table 
1. SegNet results are calculated after post-
processing of the outputs given by models. The 
models are evaluated using Dice similarity 
coefficient and IoU (Intersection over Union) 
metrics. 

 
Table 1: Dice coefficient and IoU values for U-Net and 

SegNet models 

 U-Net SegNet 
 Dice IoU Dice IoU 

Wall 94.91% 84.72% 81.23% 74.12% 
Lumen 94.22% 77.90% 79.11% 70.08% 

 
 

U-Net based model performs significantly 
better without any post-processing for both wall 
and lumen segmentation. The example of 
segmentation done by U-Net model is shown in 
Figure 11. 

 

 
Figure 11: Unet segmentation example (original image, lumen 

mask and U-Net model output), 
 
Segmentation outputs for wall and lumen 

regions can be overlapped to extract the 
important area which can be used for plaque 
assessment (Figure 12). 

 

 
Figure 12: Carotid artery extraction. 

4. CONCLUSIONS 

The main purpose of this work was to create 
an automatic segmentation system for both 
lumen and wall regions of the carotid artery from 
two-dimensional ultrasound images with 
transverse sections. Segmented wall and lumen 
regions are then overlapped, thus extracting the 
region of interest which usually takes up to 5% of 
the original image area. The extracted region can 
be used by an expert or another automated 
system for plaque assessment to detect the signs 
of CVD early on and prevent catastrophic events 
for the patient. 

Future work will be focused on creating an 
automatic plaque segmentation system from the 
extracted carotid artery. 
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Abstract: SGABU platform was created as a 

computational platform for multiscale modelling in 
biomedical engineering. This is one of the few 
proposed integrated platforms that include 
different areas of bioengineering. The platform 
includes already developed solutions, various 
datasets and models related to cancer, 
cardiovascular, bone disorders, and tissue 
engineering. The biggest obstacle in designing a 
platform of this type is the use of different tools for 
each of the layers of architecture for models which 
are created using different technologies and their 
integration and visualization within a platform. This 
study describes the technologies that were used 
for building the platform and methods for data and 
models visualization. The goal was to build the 
most flexible system capable of executing tools of 
various nature and connecting them into a 
platform.  
 

Index Terms: bioengineering, bone modeling, 
cancer modeling, cardiovascular disease 
modeling, platform, tissue engineering 

1. INTRODUCTION 

IOENGINEERING and biomedical research 
is becoming increasingly dependent on 

platforms that have the characteristics of rapid 
availability and scalability. Progress in bio-
engineering and biomedical research is driven by 
insight gained through the large amount of  
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biomedical data that has been generated and 
collected at an unprecedented speed and scale. 

There are some examples of successful 
platforms for biomedical research. For example, 
PANBioRA, a modular platform that standardizes 
the evaluation of biomaterials and opens the 
venue for pre-implantation and personalized 
diagnostics for biomaterial-based applications [1]. 
The SILICOFCM platform is a computational 
platform innovative in silico clinical trials solution 
for the design and functional optimization of 
whole heart performance and monitoring 
effectiveness of pharmacological treatment, 
integrated into the cloud [2]. The Bioengineering 
and Technology (BET) platform is primarily 
focused on the needs of the cancer research 
community and enables innovation, support 
research and federates the wider interdisciplinary 
community active in translational bioengineering 
[3]. 

This platform is developed not only for 
research purposes but to integrate teaching 
materials for various fields. SGABU is a web-
based platform that is available for users to 
access services and tools for biomedical 
research. In this paper, we present an overview 
of platform architecture, its features and the 
examples provided to illustrate the diverse data 
content, infrastructure, services, tools and 
methods for increasing access and use of 
biomedical research data and models. SGABU 

platform requires interconnecting several various 
tools into repeatable data-intensive pipelines of 
workflows. The integration of the platform is 
performed according to the standardized 
procedures, following the integration plan. The 
SGABU architecture will be presented in the 
following parts of this paper, along with open-
source technologies that were used to support all 
the functionalities and several services.  

2. DEPLOYMENT OF THE PLATFORM  

Deployment of the platform and its architecture 
are presented in this section. 

2.1 Architecture 

The SGABU platform architecture is presented 
in the following Figure 1 with the modules and 
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their corresponding engines and tools. The 
SGABU framework can be defined as a 
hierarchical multilayer schema. The framework 
comprises five layers. At the bottom lies the 
hardware layer where CPUs, RAM, and VMs are 
specified. Above the hardware layer lies the 
security layer with additional mechanisms for 
user access management, encrypted 
communication and user authentication within the 
platform. The next layer corresponds to the 
workflow layer which is the core of the services. 
The workflow layer includes the following 
engines: (i) the workflow engine, (ii) the Docker 
container engine, (iii) the data quality control 
engine and (iv) the visual analytics engine. Each 
one of these engines interacts directly with the 
SGABU tools and modules that lie on the back-
end layer. The last layer is the front-end layer 
which represents the user interface. 
 

 
Figure 1: SGABU architecture 

 
 

Common services are used by both 
Development and Testing. DBServer provides a 
standard relational MySQL (MariaDB) database. 
The most resource-demanding component is 
FunctionalEngineServer, responsible for the 
execution of the CWL [4] (Common Workflow 
Language) compatible scientific workflows. The 
virtual machines that build the Development 
deployment are identical to their counterparts in 
Testing (Figure 2). The services that belong to 
the Common Services group are already well-
established, adopted, and thoroughly tested 
modules. They do not require a separate 
development branch due to a slower pace of 
development compared to the core SGABU 
modules. The platform communication between 
different engines and tools is presented in Figure 
3. 

 

 
Figure 2: Logical architecture of SGABU platform 

 
The guest proxy server receives a request from 

the frontend and forwards it to the FES module, 
which returns a file (or multiple files) depending 
on the type of request. All HTTP traffic is routed 
by a central NGINX reverse proxy and is SSL 
encrypted. Paraview Glance [5] sends a request 
to the proxy server, which it forwards to FES and 
then FES returns a list of files that are displayed 
by Paraview Glance. The frontend sends a 
request to the proxy server whenever it needs to 
display an image. The backend creates and 
controls the work for FES. It receives results and 
a list of files that are used by FES for processing. 

 

 
Figure 3: Communication on the platform 

 

2.2 Hardware  

The hypervisor cluster consists of 96 CPU 
cores, 376 GB RAM and 1.89 TB SSD, 
interconnected with a 1 Gbps internal network, 
separate management network and the uplink. It 
runs KVM (Kernel-based Virtual Machine) under 
Proxmox VE 7 environment. 

2.3 Frontend  

As one of the most popular software 
development tools available, Angular [6] is used 
for building single-page client applications using 
HTML and TypeScript. This framework 
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implements core and optional functionality as a 
set of TypeScript libraries that are imported into 
applications. 

The core value proposition of Angular is to 
make it possible to build applications that work 
for nearly any platform - whether mobile, web, or 
desktop. SGABU frontend is developed 
responsively. It means that various devices 
(desktop computers, laptops, tablets, 
smartphones) can correctly render offered web 
pages. On small screens panels, forms and 
modals are minimized, while on big screens they 
are maximized. Thus, responsive web platforms 
are automatically modified for various web 
browsers and screens. 

Some models or datasets in the SGABU 
platform produce outputs intended for 
visualization with the goal of better 
understanding. Plotly.js [7] is implemented for 
interactive data visualization and it supports 
various graphs like line charts, bar charts, scatter 
plots, area plots, histograms, etc. Plotly uses 
javascript to make interactive plots where it is 
possible to zoom in on the graph or add 
additional information like data on hover. It allows 
endless customization of graphs that makes plots 
more meaningful and understandable for users. 

2.4 Backend 

Laravel [8] is a free and open-source PHP 
framework that provides a set of tools and 
resources to build modern PHP applications. It is 
used as a backend framework for the SGABU 
platform. It follows a model-view-controller design 
pattern, which generally makes it a lot easier to 
start creating and after that, to maintain the 
functionality of the platform. Additionally, on the 
SGABU platform, important built-in features like 
authentication, sessions, routing, migration 
system are provided. 

2.5 FES API 

The FES (Functional Engine Server) [10] API is 
a REST API developed in Python whose main 
purpose is to run and manipulate various 
workflows. FES-API implements the required 
executor for running workflows. The FES in the 
background employs Common Workflow 
Language (CWL) which provides portability of the 
workflows. It is possible to manage the entire 
lifecycle of a single workflow using the functional 
server interface, including the creation, handling 
of inputs and outputs. FES is in charge of 
providing input files to the workflow as well as 
storage space where the workflow stores its 
outputs. Additional communication between the 
workflow framework and the system file takes 
place during execution. Each workflow must have 
a repository (also provided by FES), where it will 
store intermediate data that is later passed 
through the workflows. Intermediate data is not 

permanent but exists only during the execution of 
the workflow and will be removed after its 
completion. 

The FES server is in charge of the entire 
workflow cycle, as well as execution monitoring. 
The workflow lifecycle consists of the following 
phases: 

1. Create 
2. Start 
3. Execute 
4. Download output 
5. Remove workflow 

FES classifies workflows in several different 
states or statuses they have: 

 not_yet_executed 
 terminated 
 running 
 finished_ok 
 finished_error 

 
The significant advantage of this system is an 

asynchronous execution of workflows as 
background processes, which allows multiple 
workflows to run simultaneously. The first phase 
of the workflow cycle is the creation of the 
workflow. While creating a workflow, the service 
must be provided with a "familiar" CWL template 
and input parameters. The space where the input 
data will be stored, as well as the space where 
the workflow will store the results, is provided. If 
the status of the workflow execution is successful 
and all the necessary parameters have been 
passed and validated, the creation status is 
returned. Starting a workflow is a simple 
transition from not_yet_executed to running 
state. Another important feature is downloading 
the entire workflow results. Removing a workflow 
involves deleting the workflow from the system, 
except the workflow template. 

2.6 Paraview 

SGABU platform integrates the Paraview 
Glance [5] module, as a 3D visualizer that is 
utilized in many simulation platforms. The 
Paraview Glance module accepts the standard 
file types as input files and allows the end-user to 
have a quick “glance” of the simulation results. 

The 3D visualization module is an integrated 
version of the ParaViewWeb [9] (the JavaScript 
library) which is a Web framework to build 
applications with interactive scientific 
visualization inside the Web browser. A number 
of models in the SGABU platform produce 
outputs intended for 3D visualization. However, 
different tools create different formats that create 
the problem of interoperability between the tools. 
One of the common formats for storing 3D 
simulation results is VTK files which can be 
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handled by any post-processing software and the 
Paraview Glance 3D [5] visualization framework 
adapted for the SGABU platform needs. 

2.7 UML Diagrams 

The purpose of the following UML diagrams is 
to visually present the platform along with its 
main actors, roles, actions, and artefacts, in order 
to document the needed information about the 
system. The sequence diagram shows the 
interactions between objects in the sequential 
order of these interactions. The sequence 
diagram for a user's login is presented in Figure 
4. The credentials are passed through the login 
form to the API which starts the validation of user 
credentials. The API communicates with the 
Database for user validation and if the credentials 
are valid, the API retrieves the access token. 

 

 
Figure 4: Sequence diagram for user's login 

 
The sequence diagram presented in Figure 5 

refers to the registration of a new user. On the 
register page, a user enters the new user 
information, which is taken by the user 
registration page and is sent to the API. If the 
validation is successful, the API creates a new 
user in the database. 
 

 
Figure 5: Sequence diagram for the registration of a new user 

 

The sequence diagram presented in Figure 6 
refers to the workflow creation. When a user 
selects a specific workflow type from the 
dashboard, the workflow creation sequence 
starts. After selecting the input parameters which 
are validated on the workflow page, the workflow 
page sends the data to the FES server. The FES 
server returns a success message regarding the 
start of the workflow. The workflow page checks 
the workflow status from the FES, and after 
execution of the workflow, the FES sends the 
data to the workflow page.  
 

 
Figure 6: Sequence diagram for workflow creation 

3. DEMONSTRATION OF THE PLATFORM 

A SGABU login page requires the user's 
access credentials for the user to have access to 
the platform. The user is also able to sign in with 
his/her Google account. The final user login form 
is presented in Figure 7. 

 

 
Figure 7: SGABU login page 

 
A new user can register to the platform through 

the registration page and after the administrator's 
authorization, provide his personal information 
such as email, first name, last name, and 
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password (Figure 8). 
 

 
Figure 8: SGABU registration page 

 
When the user registration is accepted by the 

administrator, the user can check his profile and 
personal information. Only the administrator of 
the platform has access to the user list and he is 
responsible for activating or deactivating the 
account of the user (Figure 9).  

 

 
Figure 9. User list 

 
After the login process, the end-user has 

gained access to the main page of the platform. 
The main user interface structure consists of four 
submodules and integrates sections of bone 
modeling, cancer modeling, cardiovascular 
disease modeling, and tissue engineering. As an 
example, two models have been presented in 
sections of bone modeling and cardiovascular 
disease modeling. Access to these modules on 
the SGABU platform is provided through the main 
dashboard. Figure 10 shows the dashboard and 
presents all the available modules for quick 
access to the user. Each entry is annotated with 
the name of the model and model's logo and 
direct links to the respective subpage so that the 
user can directly be forwarded to the desired 
submodule.  

 

 
Figure 10: Main dashboard 

 

A parametric heart model of the left ventricle is 
used to simulate the cardiac cycle with patient-
specific dimensions, which are provided by the 
user. User Interface for ParametricHeart is 
divided into 2 sections – Workflows and Add new 
workflow section. In the Workflows section of the 
window, users can see the names and statuses 
of the workflows (Figure 11). 
 

 
Figure 11: List of workflows section on the window 

 
In the Add new workflow section, users can 

create new workflows for this submodule. The 
exception handling is integrated into the user 
interface (UI) of the SGABU platform (empty 
forms, non-numerical forms, out of range values). 
Once everything is correctly filled, the workflow 
can be started. Results are displayed in the form 
of tables, data, plots, video and Paraview. The 
results can also be downloaded in the form of 
.csv files.  

Clicking on the Paraview tab opens a new 
browser tab with results. In Figure 12, results on 
velocity distribution of the left ventricle are 
shown. 
 

 
Figure 12: Paraview tab of the results section 

4. CONCLUSION 

In this paper, a platform for adaptive 
knowledge discovery of multiscale models and 
different datasets is provided. The major 
advantage is using new, modern, and different 
technologies for different layers of architecture 
while building a platform. These technologies are 
completely independent of the operating system, 
which allows easy transfer of the platform from 
the virtual machine to the public cloud if the need 
arises. There are many advantages for users 
who are using SGABU. Users can directly use 
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the platform without any new software 
installations on their local devices because 
SGABU platform runs within a web browser. We 
anticipate that new insights in area research will 
require a platform to support the integration of 
multiple data types for research projects and for 
practical application. 
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Abstract: Atherosclerotic plaque deposition 
within the coronary vessel wall leads to arterial 
stenosis and if not adequately treated, it may 
potentially have deteriorating consequences, such 
as a debilitating stroke, thus making early 
detection of the most importance. The manual 
plaque components annotation process is both 
time and resource consuming, therefore, an 
automatic and accurate segmentation tool is 
necessary. The main aim of this paper is to present 
the model for identification and segmentation of 
the atherosclerotic plaque components such as 
lipid core, fibrous and calcified tissue, by using 
Convolutional Neural Network on patch-based 
segments of ultrasound images. There was some 
research done on the topic of plaque components 
segmentation, but not in ultrasound imaging data. 
Due to the size of some plaque components being 
only a couple of millimeters, we argue that training 
a neural network on smaller image patches will 
perform better than a classifier based on the whole 
image. Besides the size of components, this 
decision is motivated by the observation that 
plaque components are not uniformly distributed 
throughout the whole carotid wall and that a 
locality-sensitive segmentation is likely to obtain 
better segmentation accuracy. Our model achieved 
good results in the segmentation of fibrous tissue 
but had difficulties in the segmentation of lipid and 
calcified tissue due to the quality of ultrasound 
images.  
 

Index Terms: carotid atherosclerotic plaque 
deposition, convolutional neural network, patch-
based segmentation, plaque composition, 
ultrasound 
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1. INTRODUCTION 

ORONARY artery stenosis (CAS) is one of the 
most occurring diseases that seriously 

threatens human health [1].  Early detection of 
this disease is very important, because if not 
adequately treated, it may potentially have 
deteriorating consequences, such as a 
debilitating stroke. Although this disease is often 
presented in the older population, there is an 
increasing number of young individuals that are 
at risk of premature CAS caused by poor life 
choices, obesity and other risk factors [2,3]. Many 
young people with early disease are at risk and 
consequently more patients are being treated at 
younger ages, requiring a direct assessment of 
treatment response [4]. 
 The main cause of CAS is a deposition of 
atherosclerotic plaque within the coronary vessel 
that significantly reduces blood flow. Carotid 
atherosclerotic plaque deposition over time often 
leads to stroke and Transitional Ischemic Attack 
(TIA). Stroke represents the third leading cause 
of death in North America with a high mortality 
rate [5]. These serious accidents occur when 
atherosclerotic plaques in the arteries suddenly 
rupture, leading to the obstruction of the blood 
flow to the heart or the brain [6]. Although it was 
thought that evaluation of the Intima-Media 
Thickness (IMT) of the Common Carotid Artery 
(CCA) is the most useful tool for the investigation 
of preclinical atherosclerosis, it is now generally 
accepted that carotid plaque composition is a 
phenomenon distinct from IMT and has a 
stronger association with cardiovascular disease 
events [7]. The consensus is that rupture-prone 
vulnerable plaques are characterized by a thin or 
ruptured fibrous cap and a large lipid core, with a 
presence of some amounts of calcified tissue [8]. 
This is the reason that identification of lipid, 
fibrous, and calcification atherosclerotic plaque 
components are essential to pre-estimate the risk 
of cardiovascular disease and stratify patients as 
a high/low risk. This would allow patients to be 
treated in a preventive and adequate manner [9]. 
 So far, most of the computational techniques 
for plaque tissue characterization have been 
developed for multi-contrast MRI. Besides MRI, 
computed tomography angiography (CTA), 
nuclear imaging and multi-detector computed 
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tomography are used for detection. The problem 
with all of the mentioned imaging modalities is 
the high cost and scanning limitations that make 
its use in daily clinical practice limited. On the 
other hand, B-mode ultrasound (US) is widely 
used for the detection of artery stenosis due to its 
ease of use, availability and drastically lower 
cost. Because of mentioned advantages, the goal 
of this research was to develop a reliable tool for 
identification and segmentation of the 
atherosclerotic plaque components, by applying 
Deep Learning methods on US imaging data of 
carotid artery. 
 There are various works done on the topic of 
plaque segmentation that approach the problem 
in different ways on different imaging data. 
Athanasiou et al. [10] achieved 0.81 and 0.71 
Jaccard similarity coefficients for calcification and 
lipid components, respectively. They used 
random forests algorithm for the classification of 
features that were extracted from Optical 
coherence tomography (OCT) imaging data. 
Rezaei et al. [11] proposed a set of algorithms for 
segmentation, feature extraction, and plaque type 
classification. A hybrid model using the fuzzy c-
means (FCM) and k-nearest neighbor (KNN) 
algorithm was proposed to accurately segment 
the plaque area of intravascular ultrasound 
(IVUS) images. On MRI images, Clarke et al.  
[12] achieved respectable results using a 
minimum distance classifier algorithm. On the 
other hand, Hofman et al. [13] tested multiple 
supervised learning algorithms on MRI images, 
but low accuracy for calcification components has 
been found in every model. 
 Unfortunately, there isn’t a lot of research done 
for plaque segmentation on ultrasound images of 
the carotid artery, due to their low image quality 
with incorporation of significant noise, artifacts 
etc. [14]. This is the reason why its role in 
vulnerable plaque assessment is overlooked, as 
most reviews focus on the limitations of Intima-
Media thickness (IMT) [15-17]. Some research 
papers accomplished localization of plaque 
segments but were not able to classify plaque 
composition [18,19]. Lekadir et al. [20] presented 
a convolutional neural network (CNN) model for 
automatic classification of plaque composition 
that showed good accuracy. The problem with 
their approach is the inability of CNN model to 
work with US image of the whole carotid wall, but 
with a patch image of each plaque segment 
individually. This is inconvenient because it 
requires a lot of manual plaque segments 
extraction. Also, due to the fact that their model 
only performs classification and not 
segmentation, there is a lack of clear visual 
representation of the carotid wall plaque 
constitution. Nevertheless, this paper and 
numerous other researches showed that 
convolutional neural networks are the state-of-
the-art in image segmentation.  

 In this paper, we describe the use of a deep 
learning CNN (U-net) for the identification of lipid, 
fibrous and calcification atherosclerotic plaque 
components on small patches of ultrasound 
images of the carotid artery wall, instead of 
working with the whole US image. These 
segmented patches are later reconnected in a 
way that shows plaque segmentation on an 
image as a whole. Reasons for using patch-
based segmentation are great segmentation 
results on different imaging data that were 
achieved in some previous research papers 
[21,22]. This is especially true when the size of 
the imaging dataset is extremely small, which is 
often the case with biomedical images [23]. 
Although patch-based segmentation is usually 
used on high-resolution imaging data [24], due to 
the small size of some plaque components (some 
calcification components are just a couple of 
millimeters in size), we argue that doing 
segmentation of US image in smaller patches 
would result in better results than what would be 
achieved by segmenting image as a whole. 

2. MATERIALS AND METHODS 

A.  Dataset 

In order to develop and validate a tool for 
identification and segmentation of the 
atherosclerotic plaque components on US 
images, a dataset of original and annotated US 
images was needed. Imaging data were collected 
during TAXINOMISIS project, from Ethniko kai 
Kapodistriako Panepistimio Athinon, Greece and 
Faculty of Medicine, University of Belgrade [25]. 
The dataset consists of 108 patients who 
underwent the US examination. Each patient had 
captured the common carotid artery, the 
branches and carotid bifurcation in transversal 
and longitudinal projections. It should be noted 
that only CCA images in transversal projections 
were used in the dataset. The examination was 
performed in B mode and Color doppler mode, so 
the dataset contained these types of images. 
Also, all imaging data were anonymized 
respecting the data protection and safety.  

During the preprocessing of the dataset, the 
US images were annotated together with the 
clinical experts, enabling efficient training, testing 
and validation of developed tools for detection 
and segmentation of atherosclerotic carotid 
artery. Two observers were participating in the 
image annotation. Image annotation has included 
labeling of atherosclerotic plaque components 
such as lipid core, fibrous and calcified tissue. All 
patients included in the dataset have fibrous 
plaque component as dominant one among other 
components. 

B. Image Preprocessing 

The image preprocessing module is composed 
of steps shown in Figure 1. 
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Figure 1:Ultrasound imaging data preparation process 
workflow of the image preprocessing module 

We are only interested in a region of 
ultrasound image where deposition of plaque 
takes place, which is, in this case, Media of the 
carotid artery wall. This is the reason why it is 
important to remove tissue that is surrounding the 
carotid artery in the imaging data and only extract 
the wall of the carotid. To perform Media 
segmentation, two different CNN models were 
used to segment the lumen and adventitia of the 
carotid artery. As input data for these two 
models, observers manually annotated lumen 
and adventitia of the carotid artery. An example 
of an original ultrasound image with lumen and 
adventitia annotated images is shown in Figure 2. 

 

 
 a)                          b)                        c) 

Figure 2: Original ultrasound image (a), annotated carotid 
lumen area (b), annotated carotid adventitia area (c) 

 
After successful segmentation, outputs of 

these CNN models are combined in a way that 
would construct imaging data that only shows 
carotid Media and thus gives a clear view of 
plaque deposition within it. 

With Media extracted, pictures were left with a 
large number of background pixels. This is 

extremely unfavorable, because it leads to a 
highly imbalanced dataset. For this reason, the 
excess background was cropped out, leaving 
only Media in the picture as shown in Figure 3b. 

With Media of carotid artery wall extracted, 
images were sent back to observers who 
annotated different plaque components. Images 
with plaque annotated are shown in Figure 3c. 

 

 
       a)        b)       c) 

Figure 3: Original ultrasound image (a), extracted 
carotid artery Media (b), annotated plaque (c) 

 
Unfortunately, due to the process of plaque 

components annotation being so time-consuming 
and high criteria for the selection of good 
samples, the dataset consists of only 67 
annotated images. This was one of the reasons 
for using a patch-based segmentation approach 
with U-net as a convolutional neural network 
model of choice. Images and corresponding 
masks were split into patches of size 16x16 
pixels resulting in a dataset of 9998 total patches.  
It should be noted that we tried to work with 
larger patches of size 32x32 pixels, but this didn’t 
show any improvement in segmentation results. 
The total dataset was split into two subsets: 90% 
of samples were part of the training dataset, 
while the remaining 10% represented the test 
dataset. 
 
C.  Methods 
 

Multi-class image segmentation (or pixel 
labeling) aims to label every pixel in an image 
with one of a number of classes. In this project, 
the problem of atherosclerotic plaque 
components segmentation is defined as a 
multiclass segmentation model, where four 
classes should be detected in images: 
background (area outside the segmented Media 
showed in Figure 3c), fibrous, calcified, and lipid 
atherosclerotic plaque components. 

Image input size was 16x16 pixels. Pixel map 
for the model was defined as follows:  
 
    background (0) is annotated with dark blue 

color,  
    fibrous plaque (1) is annotated with light blue 

color,  
    lipid plaque (2) is annotated with yellow color, 
    calcified plaque (3) is annotated with red 

color. 
 

We used U-net architecture in the plaque 
components segmentation model as many 
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previous reports showed that U-net achieves 
great results for the segmentation task on 
biomedical imaging data [26].  The original U-net 
model described by Ronnerberger et al. [26] was 
modified in a way that gives the best result on our 
dataset. The U-net model consists of an encoder 
to extract image features and a decoder to 
upsample feature maps to their original size. 

 

 
Figure 4: U-net model used for plaque components 

segmentation task 
 
 As seen in Figure 4, our U-net model is simpler 
than the original U-net model. The left branch is 
the encoder with five blocks, where each block 
contains two convolutional layers with a kernel of 
size 3x3 pixels followed by a 2x2 max-pooling 
layer. Encoder blocks use convolutional layers 
with 16, 32, 64, 128 and 256 filters respectively. 
The right branch shows a decoder with a 
structure symmetric to the encoder path. In each 
decoder block, 2×2 upconvolution and skip 
connection are followed by two more 
convolutional layers with 3×3 filters, and the last 
decoder block produces the segmentation mask 
with 1×1 convolution and sigmoid activation 
function. For each convolutional layer activation 
function of choice is a rectified linear unit (ReLU). 
All convolutional layers are padded so that the 
resulting segmentation map preserves the same 
height and width. In this way, the resulting 
segmentation map has the same resolution as 
the input image. Also, every other convolutional 
layer was followed by a dropout layer as a way of 
overfitting prevention. 
 For the training phase, we performed 100 
epochs, with batch size 16. Optimizers SGD, 
Adam and RMSprop were tested, but the results 
were fairly similar, so Adam was used in the final 
model. On the other hand, the choice of a loss 
function had a big impact on results. Categorical 
cross-entropy loss, which is often used in both 
multiclass classification and segmentation 
problems, had trouble with this dataset due to 
highly imbalanced classes. This imbalance is 
shown in Figure 5 where background and fibrous 
tissue constitute more than 95% of the image. 

 
Figure 5: Number of pixels for each class present on one 

image sample 
 

To handle this imbalanced data, a custom 
weighted loss function that combines categorical 
focal and dice losses was used. Weights for each 
class that gave best results are: [0.37 0.93 6.30 
7.41]. Weights were estimated according to the 
number of pixels for each class, resulting in 
classes 2 and 3 having larger weights values due 
to a lower number of pixels belonging to these 
two classes. 

3. RESULTS AND DISCUSSION 

For evaluation of the model, Jaccard similarity 
coefficient (JSC) is used, as is the case in 
segmentation tasks. JSC is computed as 
Intersection over Union between segmentation 
mask of one sample predicted by the U-net 
model and annotated image (ground truth) of the 
same sample. JSC values are shown in Table 1. 

 
Table 1. Mean and class-wise JSC scores 

 TEST DATASET 
Mean  
JSC 

53.75% 

Background class 
JSC 

95.94% 

Fibrous plaque class 
JSC 

67.34% 

Lipid plaque class 
JSC 

25.17% 

Calcified plaque class 
JSC 

26.54% 

 
As seen from the results, it was clear that the 

U-net model struggled to correctly segment lipid 
and calcified plaque components, while the 
fibrous component was mostly correctly 
segmented. This is due to previously mentioned 
imbalanced classes. Looking at the complete 
image created by connecting segmented patches 
presented in Figure 6c, another problem can be 
spotted. Instead of a couple of large segments of 
different plaque components (as seen on the 
annotated image in Figure 6b), the predicted 
segmented mask is filled with a lot of smaller 
segments. This is likely due to the small size of 
patches. It seems that splitting an image into 
patches also causes the loss of important 
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features in the process. Larger patches of size 
32x32 pixels were tested as well, but results did 
not improve.  
 

 
   a)        b)       c) 

Figure 6: Original ultrasound Media (a), annotated plaque 
components (b), U-net segmentation mask (c) 

  
 Since there isn’t other research done on the 
topic of plaque components segmentation in 
ultrasound imaging data, it is hard to compare 
results, but looking at JSC scores and 
segmented masks, it was clear that with the 
current ultrasound dataset, patch-based 
segmentation was not the right approach. It 
should be noted that some of the previously 
discussed works achieved better results but on 
different imaging data (MRI, OCT) with much 
larger datasets. 

4. CONCLUSION 

We developed a deep learning method for the 
segmentation of different plaque components of 
the carotid artery in ultrasound imaging data. 
Instead of using the whole image as input data, a 
developed U-net model was implemented to work 
on smaller patches that were then reconnected to 
display the segmentation mask of the whole 
ultrasound image. Unfortunately, it was shown 
that by splitting images into patches that are too 
small, deeper features of the image were lost 
along the way. This results in segmentation 
masks that are not accurate enough. There are 
strong indications that, with ultrasound images of 
higher resolution, bigger patches, that still contain 
enough features, should be extracted. 

Further research will focus on developing a 
method that would segment ultrasound images 
as a whole, instead of splitting them into patches. 
This way, important features would not be lost. 
The limitations of a small dataset will be handled 
in further research as well. 
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Abstract: The human body, as a complex 

biomechanical system, is daily exposed to 
oscillatory movements. Vibrations are observed as 
small displacements of points compared to the 
dimensions of the system. The body's sensitivity 
to vibration depends on many factors, such as 
body position, muscle tension, frequency, 
amplitude, and direction of vibration. Comfort is 
one of the important factors in the study of the 
quality of the vehicle. Exposure to vibrations over 
a long time can seriously and permanently damage 
some organs of the body. In this paper, the 
influence of vibrations on the lumbar part of the 
human body was investigated. Vibrations were 
determined experimentally while the vehicle was 
moving on the highway for the case of two 
different speeds. A 3D computer model of a lumbar 
spine was developed using CT scans. The 
acceleration values obtained by the experiment 
were the input values for the numerical analysis of 
the lumbar spine using the Ansys software 
package. 
 

Index Terms: Vibration, measurements, lumbar 
spine, numerical analysis  

1. INTRODUCTION 

IBRATIONS are a form of mechanical wave 
motion. The energy of vibration is transmitted 

to the human body. The effect of vibrations 
results in side effects (physical and psychological 
disorders) which are especially pronounced in 
cases of prolonged exposure. Negative effects of 
vibration were observed in the twenties and 
thirties of the last century with the rapid 
development of industrial machines and motor 
vehicles. Whole-body vibrations (WBV)   
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occur when the body is in contact with a vibrating 
surface. Vibrations are transmitted to the whole 
body through the passenger's legs, the seat part 
and contact with the steering wheel. The 
magnitude of this vibration depends on the road 
surface, vehicle speed, and is transmitted to the 
occupants through all points of contact between 
them and the vehicle. Much research in recent 
decades has been devoted to investigating the 
effects of vibration and the effects it causes [1], 
[2], [3]. Whole-body vibrations are especially 
significant in the frequency range from 1 Hz to 80 
Hz. This frequency range also includes the main 
resonance points of individual organs and parts 
of the human body (eg head, eyes, abdomen, 
and spine) [4], [5]. Adverse effects of these 
vibrations are related to the appearance of 
several health problems, among which the most 
characteristic is back and neck pain. Whole-body 
vibrations in the region of extremely low 
frequencies (below 0.5 Hz) cause “seasickness” 
[6]. Body vibrations are one of the risk factors for 
spinal diseases. Prolonged exposure of the body 
to vertical vibrations can lead to harmful effects 
on the musculoskeletal system, while reiterated 
repetitions can lead to the development of 
pathological changes in the spinal column. The 
vibrations absorbed by the body lead to muscle 
contractions that can cause muscle fatigue, 
especially at resonant frequencies. Vertical 
vibrations in the range from 5Hz to 10Hz cause 
resonance in the thoracic abdominal system, 
from 4Hz to 8Hz in the spinal part, from 20Hz to 
30Hz in the area of the head and neck and from 
60Hz to 90Hz in the area of the eyeballs [7]. 

Low back pain (LBP) can be defined as 
unpleasant pain or stiffness of the lumbar spine 
[8]. Low back disorders are anatomical or 
neuromuscular changes that in some cases can 
include the sources of LBP. These include 
intervertebral disc herniations, spinal stenosis, 
osteoporosis, osteoarthritis, ankylosing 
spondylitis, and spondylolisthesis. Although a link 
between Whole-body vibrations (WBV) and LBP 
is generally accepted, there is no consensus as 
to the mechanism of injury [9]. One mechanism 
by which WBV may lead to LBP is through 
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changes in the system of spinal stability control. 
Such changes in the spine dynamics could lead 
to increased dynamic loads of the spine and 
increasing out-of-range compressive loads. In 
order to study the effects of WBV exposure, there 
is the need to quantify the vibration 
characteristics of the human body. The two 
primary characteristics of vibration are frequency 
and amplitude, and both have been shown to 
affect the human body differently. 

The spinal column is the longest part of the 
axial skeleton [10]. It gives the trunk strength and 
its elasticity allows it to move. The spinal column 
is built of vertebrae, between each of them there 
are discs that function as shock absorbers (Fig. 
1). 33-34 vertebrae are interconnected by joints, 
ligaments, and muscles into to form a spine. 
Depending on the part of the spine they build, 
they are divided into: Cervical (neck) (C1 ‐ C7); 
Thoracic (middle back) (T1 ‐ T12);  Lumbar 
(lower back) (L1 ‐ L5); Sacrum (S1 ‐ S5); and 
Coccyx (tailbone). The basic functional unit of the 
spinal column is the so-called vertebral dynamic 
segment consisting of two adjacent vertebrae, 
the intervertebral disc, two intervertebral joints, 
and ligaments that connect them tightly together 
to the disc.  

 
Fig. 1: Human spinal column 

 
For many years, computer simulations have 

been present to study the loads on the spine and 
the stresses that occur during the movement of a 
person or certain body positions he occupies 
while performing daily tasks. 

The aim of the study [11] was to estimate the 
load on the lumbar spine based on a model that 
accurately symulated this body part. The model 
was developed using the finite element method 
(FEM). FEM and Ansys 8.0 were used to develop 
a three-dimensional model of the musculoskeletal 
system of the human body. The lumbar spine 
was modeled in detail including the difference in 

structure between the lumbar vertebrae. Other 
elements of the trunk were shown schematically 
because the emphasis in this study was on the 
lumbar spine. The model consisted of six 
intervertebral discs (Th12 / L1 – L5 / S1), part of 
the sacral bone with the upper edge of the pelvis, 
part of the trunk above the intervertebral disc 
Th12 / L1, ligaments, and muscles. A simulation 
of two body positions has been developed; 
forward-leaning position and upright sitting 
position. After the simulation, the results showed 
forces that muscles develop and stresses in the 
intervertebral discs and lumbar vertebrae. 
Computer calculations showed that the stresses 
and compressive forces in the intervertebral discs 
increased with increasing load force. Also, these 
forces were significantly higher in the bent 
forward position than in the upright body position. 

In this paper [12], a simulation of lumbar spine 
movement with serially connected parallel 
manipulators is proposed. The analysis of the 
structure of the human spine and its movements 
was calculated to simulate the movements and 
forces acting on the lumbar spine. A mechanical 
model with human spine parameters was 
designed using the characteristics of parallel 
manipulators and spring stiffness. The curvature 
(curvature) of the spine is an important aspect of 
the functionality of the human spine. The 
proposed model can include curvature inputs in 
the configuration of the entire spine model using 
proper relative positioning and movement of 
parallel manipulator units. The human spine 
model is modeled as a multi-module parallel 
manipulator with 3D-designed vertebrae. The 3D 
model was made in SolidWorks and then 
exported to the ADAMS software package to run 
the dynamic simulation. In ADAMS, the disc is 
modeled as a body attached to the vertebrae. 
The result of this work was a 3D model of the 
human spine used to simulate the behavior of 
intervertebral discs and muscle and tendon 
movements. The simulation results can provide 
an estimate of the forces supported by the 
intervertebral discs during the movement of the 
right spine. Another result of this work can be 
recognized in the provision of a virtual model that 
physicians can use to preliminarily study the 
functionality of the human spine or as an aid in 
the biomechanical study of torso functionality. 

In this paper [13], a lumbar spine is presented 
as a hybrid model, which enables static and 
dynamic simulations of disc pressure and spine 
mobility. It consisted of five lumbar vertebrae (L1-
L5) that meet the L5-based sacral spine C1. 
Each pair of vertebrae is separated by an 
intervertebral disc and connected by a pair of 
ground joints and a set of ligaments. The 
geometry was taken from the bodyparts3d 
database where all models are connected to 

63



 

calculate the FEM volumetric network of disks. All 
simulations were done using the SOFA library. 
Dynamic simulations were performed with the 
implicit Euler integration scheme. This work 
aimed to combine rigid bodies, finite elements as 
deformable bodies, joint constraints and springs 
into a spine model. Each vertebra is represented 
by a rigid body. The tetrahedral finite element 
was used for disks mesh. Brushed (faceted) 
joints are presented as elastic joints with six 
degrees of freedom, while the ligament is 
modeled using nonlinear one-dimensional elastic 
elements. The hybrid model presented in this 
paper greatly simplifies the modeling task and 
speeds up the simulation of the pressure inside 
the disks. This research represents the first step 
of a long process leading to solving biomedical 
problems. The model in this paper emphasizes 
the assumption of vertebral simplification 
because non-deformable body curls do not lead 
to loss of accuracy in movement quality, range of 
motion, and intradiscal pressure produced by the 
lumbar segment in three anatomical planes. 

With the progress and development of new 
technologies, new possibilities for monitoring the 
movement of certain parts of the body have been 
introduced, and thus, a better understanding of 
their behavior. Modern smartphones contain 
powerful sensors for measuring physical 
phenomena in the environment where they are 
placed. Acceleration sensors placed into 
smartphones are increasingly being used in 
laboratories. In this study, using a mobile phone 
we measured the vibrations that occur in the 
body of the driver driving on an asphalt road. 
After that, we modeled the 3D model of the 
human lumbar spine, according to the real 
dimensions. Finally, we applied to the model  a 
measured acceleration in order to study the Von 
Misses stresses of the human lumbar spine.. 

2. MATERIALS AND METHODS 

A. Numerical Part 

A 3D computer model of a lumbar spine was 
developed using CT scans. The CT scans were 
read into Mimics 17.0 (Materialize Inc., Leuven, 
Belgium) visualization software, where the 
images were segmented by the threshold to 
obtain a 3D model (Fig. 2). 

 

 
 

Fig. 2: The process for the 3D FE model - CT scan  
and 3D reconstruction 

 
Several stages make up this whole process: 
acquisition of CT images, segmentation of CT 
images and contours detection, generating 3D 
models, processing the 3D models, creating a 
mesh of finite elements, and setting boundary 
conditions. Ansys R14.5 was used to produce 3D 
mesh (Fig. 3). Linear tetrahedron was used as 
the final element, where the field of displacement 
over the tetrahedral element is determined by the 
three components ux, uy and uz. These 
displacements are linearly interpolated over the 
element from the node values: 
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where N1, N2, N3, N4 are interpolation functions 
that are simply the coordinates of the 
tetrahedron; and u11,…., u34 are nodal 
displacements. 
Finite element mesh consists of three groups of 
elements: finite elements that represent cortical 
bone, finite elements that represent nucleus and 
finite elements that represent annulus. 
Mechanical properties assigned to the each 
material are summarized in Table 1 [14], [15]. 
 

Name of the 
component 

Young’s 
Modulus 

[MPa] 

Poisson’s 
ratio 

Cortical bone 12000 0.3 
Nucleus 1 0.49 
Annulus 4.2 0.45 

 
Table 1: Material properties 
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Fig. 3: 3D model of the human lumbar spine 

 
One of the basic principles of continuum 
mechanics is the principle of virtual work.  
Starting from the equilibrium equations [16] by 
applying the boundary conditions, virtual work of 
internal and external forces can be equal 
 

int extW W          (2) 
 

Virtual work of the previous equation in matrix 
form can be written as: 
 

int
T

V

W dV   e σ
      (3) 

 iT V T S T
ext

iV S

W dV dV


      u F u F u F
   

 
where we used the relation for the deformation 
components 
 

(4) 
 
Applying the principle of virtual work and the 
constitutive relations for linear elastic material in 
matrix form 

 
σ Ce         (5) 

 
and by applying the concept of isoparametric 
interpolation [16]  in the finite element, we can 
write the equation of equilibrium finite elements 
as 
 

extKU F         (6) 
 

where K is element stiffness matrix, C - elastic 
constitutive matrix, e = BU - matrix deformation, 
U - displacements at the nodes, Fext - external 
forces in the element nodes.  

The equations of motion of a material system 
can be written by applying the principle of virtual 
work, taking into account the action of inertial 
forces. The elementary volume inertial force is: 

 
ind dm dV   F u u       (7) 

 
When the influence of inertial forces is taken 

into account, the virtual work of external forces is: 
 

   iT V T S T
ext

iV S

W dV dV


        u F u u F u F

(8) 
 

By time differentiation of equation (1) we obtain 
interpolations for velocities and accelerations of 
points: 

 

u NU           (9) 

u NU            (10) 
 

where are: 

u   - velocity of the material point in the element, 

u  - acceleration of the material point in the 
element, 

U - speed in nodes, 

U - acceleration in nodes 
 
By applying equation (1) for u, the equality of 
virtual works of external and internal forces will 
have the following form: 
 

   iT V T S T
ext

iV S

W dV dV


        u F u u F u F  

 (11) 
 
that is: 

 

 MU KU F      (12) 
 

where M is the finite element mass matrix. 
 
The previous equation can also be written in the 
following form: 
 

   1i it t t t t t
ext int

     MU K U F F  (13) 

 
In the linear analysis of solids, a basic 
assumption is that the moving solids are 
infinitesimally small and that the material is 
linearly elastic. Also, the assumption is that the 
nature of the boundary conditions remains 
unchanged under the action of external loads. 
Under these assumptions, the equation of 
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equilibrium is derived for finite element structural 
analysis. 
 

B. Experimental Part 

In this research we used vehicle RENAULT 
Megane 3. The car was driven on asphalt, on the 
straight highway Kragujevac - Batocina. All 
vibration measurements were written down using 
a Samsung Duos 3 phone at the position shown 
in Fig. 4. 
 

 
 

Fig. 4: The position of the smartphone  
and 3 accelerometer axes 

 
Accelerometers used in this smartphone is 

highly miniaturised and measure the acceleration 
around three axes. It is a digital, triaxial ±2g to 
±16g sensor BMA 250, (dimensions 2mm x 2mm, 
height 0.95 mm), with intelligent on-chip motion-
triggered interrupt controller, 10bit resolution  and 
a sample frequency from 7.81 Hz to 1 kHz [7]. 
The typical temperature measurement range is -
40°C up to 87.5°C. VibSensor application was 
used to measure vibrations. This application 
makes collecting, analyzing, and exporting high-
quality accelerometer data easy. The experiment 
included two driving speeds: 70 and 110 km/h. 
The following section will show the results of the 
two driving modes. 

 
The boundary conditions are defined so that 

the weight of the upper body (2/3 of the total 
weight) is set on the upper part of the L1 
vertebrae, while the acceleration measured on 
the three-axis accelerators is set on the sacrum. 
Fig. 5 presents the input boundary conditions 
given to the mobile device. 
 

   
Fig. 5: The input boundary conditions obtained to the mobile 

device; measured vibrations for the velocities of 70 km/h (left) 
and 110 km/h (right). 

 
 

3. RESULTS 

In this section, we present the results of 
numerical simulation. A numerical analysis of the 
impact of vibration on the human lumbar spine 
was carried out using the software package 
Ansys R14.5. Fig. 6 show von Misses stress 
distribution on the L4 and L5 vertebral body while 
driving speed was 70 km/h. The emphasis is on 
that part of the spine because most of the 
problems occur in that lower back when the 
driver is exposed to prolonged driving combined 
with continuous vibration action. Based on this 
analysis, it is clear that the highest load is on the 
vertebral body L5, so the highest recorded von 
Misses stress is 0.45 Mpa, mean 0.19 Mpa. 
Observing the vertebral body L4, slightly lower 
values were observed, so the mean von Misses 
stress value in that part was 0.14 MPa. 

 

 
 
Fig. 6: Von Misses stress distribution along the vertebral body 

L4 and L5 during driving speed of 70 km/h 

 
Fig. 7 show von Misses stress distribution on 

the L4 and L5 vertebral sections during driving at 
speed of 110 km/h. From the figure it can be 
concluded that a drastic increase in speed leads 
to a lower load on the spine. This is a 
consequence of the fact that at high speeds there 
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is a vibration reduction, so significantly less 
vibration (caused by bumpy roads) is transmitted 
to the body of the driver. The bigest load, in this 
case, is also on the vertebral body L5. The 
highest recorded von Misses stress is 0.36 Mpa, 
mean 0.12 Mpa. Observing the vertebral body 
L4, slightly lower values were observed, so the 
mean von Misses stress value in that part was 
0.08 MPa. 

 

 
 

Fig. 7: Von Misses stress distribution along the vertebral body 
L4 and L5 during driving speed of 110 km/h 

 
Fig. 8 shows the load of 5 intravertebral discs 

of the lumbar spine when speed was 70 km / h. 
The figure shows the S1-L5, L5-L4, L4-L3, L3-L2, 
and L2-L1 discs. It can be seen that the S1-L5 
disk is the most loaded, as well as the L5-L4 disk. 
The highest von Misses stress value is 1.42 MPa.  
 

 
 

Fig. 8: Von Misses stress distibution along the 
intravertebral discs of lumbar spine during driving speed  

of 70 km/h 

The mean von Misses stress of the intravertebral 
disc S1-L5 is 0.89 MPa, then of the disc L5-L4 
0.46 MPa, and much less of disc L4-L3 0.11 
MPa. This proves once again that the lower back, 
i.e., the lumbar spine with an emphasis on the 
L4-L5 region, suffers the greatest loads while 
driving a car. 

4. CONCLUSION 

The FEA performed in this study demonstrated 
pattern of von Misses stress distribution through 
the human lumbar spine during drives with 
different car speeds. Using a smartphone, we 
measured the vibrations and studied the impact 
on the modeled 3D model of the human spine. 
Results of this study, for the car speed of 70 
km/h, showed that the mean von Misses stress of 
0.19 MPa was on the vertebral body L5, while in 
the same case, the mean von Misses stress of 
0.14 MPa was observed on the vertebral body 
L4. In the second case, a drastic increase in 
speed led to a lower load on the spine. The 
results showed that the mean values of the von 
Mises stress decreased, for the L5 disk the stress 
was 0.12 MPa, and for the L4 disk it was 0.08 
MPa. We also showed the way of von Mises 
stress distribution in the case of intervertebral 
discs of the lumbar region. It has been observed 
that the highest loads during body vibrations 
when driving are on the S1-L5 disc as well as on 
the L5-L4 disc. The mean von Misses stress 
values of these discs were 0.89 MPa and 0.46 
MPa, respectively.  

The finite element method provides excellent 
opportunities to study the behavior of the spine 
during several daily activities. Conducted results 
give a clearer picture of the impact of vibrations 
on the human spine and its main parts. It would 
be interesting to see how the seating angle 
affects the amount of load while driving a car. 
Our future research will go in that direction.  
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