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Foreword

Dear Colleagues,

SCYR (Scientific Conference of Young Researchers) is a Scientific Event focused on exchange
of information among young scientists from Faculty of Electrical Engineering and Informatics
at the Technical University of Košice – series of annual events that was founded in 2000. Since
2000, the conference has been hosted by FEEI TUKE with rising technical level and unique
multicultural atmosphere. The 21st Scientific Conference of Young Researchers (SCYR 2021)
was held on April 9, 2021.Due to COVID-19 pandemics, the conference was held online.The
primary aims of the conference, to provide a forum for dissemination of information and
scientific results relating to research and development activities at the Faculty of Electrical
Engineering and Informatics, has been achieved. Approx. 70 participants, mostly by doctoral
categories, were active in the conference.

Faculty of Electrical Engineering and Informatics has a long tradition of students participating
in skilled labor where they have to apply their theoretical knowledge. SCYR is an opportunity
for doctoral and graduating students to train their scientific knowledge exchange. Nevertheless,
the original goal is still to represent a forum for the exchange of information between young
scientists from academic communities on topics related to their experimental and theoretical
works in the very wide spread field of a wide spectrum of scientific disciplines like informatics
sciences and computer networks, cybernetics and intelligent systems, electrical and electric
power engineering and electronics.

Traditionally, contributions can be divided in 2 categories:

• Electrical & Electronics Engineering

• Computer Science

with approx. 70 technical papers dealing with research results obtained mainly in university
environment. This day was filled with a lot of interesting scientific discussions among the
junior researchers and graduate students, and the representatives of the Faculty of Electrical
Engineering and Informatics. This Scientific Network included various research problems
and education, communication between young scientists and students, between students and
professors. Conference was also a platform for student exchange and a potential starting point
for scientific cooperation. The results presented in papers demonstrated that the investigations
being conducted by young scientists are making a valuable contribution to the fulfillment of the
tasks set for science and technology at the Faculty of Electrical Engineering and Informatics at
the Technical University of Košice.

We want to thank all participants for contributing to these proceedings with their high quality
manuscripts. We hope that conference constitutes a platform for a continual dialogue among
young scientists.



It is our pleasure and honor to express our gratitude to our sponsors and to all friends, colleagues
and committee members who contributed with their ideas, discussions, and sedulous hard work
to the success of this event. We also want to thank our session chairs for their cooperation and
dedication throughout the entire conference.

inally, we want to thank all the attendees of the conference for fruitful discussions and a
pleasant stay in our event.

Liberios VOKOROKOS
Dean of FEI TUKE

April 9, 2021, Košice
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Máté Hireš
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Geometrically Frustrated Magnetic Systems under High Pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

Daniel Gecášek
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Lukáš Hruška
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Discovering Testing Practices in GitHub

Open-Source Projects
1Matej MADEJA (4th year),

Supervisor: 2Jaroslav PORUBÄN

1,2Dept. of Computers and Informatics, FEI TU of Košice, Slovak Republic

1matej.madeja@tuke.sk, 2jaroslav.poruban@tuke.sk

Abstract—Software testing is one of the very important Quality
Assurance (QA) components. There are many instructions on how
to write tests correctly, but it is unknown how tests are written
in practice. To analyze such tests it is necessary to effectively
find them in a project. In this paper it was investigated whether
the “test” word correlates with the presence of test cases. The
analysis was performed on 38 GitHub open source repositories
thoroughly selected from the set of 4.3M GitHub projects with
the Java as majority language. We analyzed 20,340 test cases
in 803 classes manually and 170k classes using an automated
approach. The results show that there exists weak correlation
(r = 0.655) between the word test and test cases presence in a
class. Simultaneously, an automated script was proposed using
static file analysis with success of 95% correctly detected test
cases.

Keywords—Testing practices, program comprehension, test
case identification, searching test by name, GitHub.

I. INTRODUCTION

Many authors [1], [2], [3] define best practices for tests to

facilitate comprehension of the testing code and the identifi-

cation of test failure. Some guidelines lead to avoiding test

smells [4] because as reported by recent studies [5], [6], their

presence might not only negatively affect the comprehension

of test suites but can also lead to test cases being less effective

in finding bugs in the production code. All mentioned ap-

proaches are only recommendations, but do not really express

how the tests are written in real projects. That means we

know how tests should be written, but we do not know how

they are written in practice. Many researchers have tried to

clarify the motivation of writing tests [7], [8], [9], the impact

of test-driven development (TDD) on code quality [10], [11]

or the popularity of testing frameworks [12]. According to our

knowledge, there is no research that deals with the analysis of

tests in independent projects.

To reveal testing practices in real and independent projects

it is necessary to find a way to identify test cases in a

project, without the time-consuming code analysis. Much more

important than the number of test cases is the information

where they are located. When a testing framework is used,

the test identification is mostly straightforward, e.g. by the

presence of the framework imports. On the other hand, it

is advisable to consider tests that do not use any third-

party framework and can be regarded as customized testing

solutions. Considering the ways in which test cases were

identified in related work and based on the authors’ experience

of Java test cases development, it can be assumed that there

is a relation between the word test and the number of test

cases in a file. That means searching for the test string could

be beneficial for faster test case identification. Based on the

previous reasoning, we focused on finding the correlation

between the number of occurrences of the word test in the

project and real numbers of test cases.

II. METHOD

GitHub was used as data source of analysed projects. The

set of projects was obtained via GHTorrent [13] due to its high

availability. The experiment was limited to projects whose the

most used language is Java. In existing research is common

technique searching for testing frameworks’ imports [14] or

to search for files with the world test in the filename [15].

Instead of searching “test” string we could run test via

automated build tool (e.g. ant, maven or gradle) and collect

the number of tests. In that case, the issue is that building such

open source projects often fail [16] and we need to build every

single project and run tests what is a time consuming task.

Therefore, we tried to count and especially find the location

of such test cases without compilation.

Based on the meaning of the word test we assumed that

there will be a correlation between the occurrence of the word

test (in file content or filename) and the number of test cases.

Therefore, three datasets were created using the searching

GitHub API1 for:

1) the word test in filename,

2) the word test in file content,

3) frameworks’ imports in file content (38 collected frame-

works).

The word “test” was searched for every single project in 3

mentioned places, 4.3 million projects in total. It is possible

to expect that the more occurrences of the word test in the

project, the more test cases will be present in it. Therefore,

38 projects2 with the highest occurrence of the word test

(in file content or filename) or with the highest occurrence

of a specific framework’s import were selected for manual

analysis, during which an automated script3 was developed. A

script was created to automate the identification of test cases

in the future. Searching for test regardless of the framework,

we were also able to analyze testing practices without using

1https://docs.github.com/en/rest
2See more at https://github.com/madeja/unit-testing-practices-in-java.
3https://github.com/madeja/unit-testing-practices-in-java/blob/master/

AnalyzeProjectCommand.php
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any third-party framework, i.e. customized testing solutions.

Because GitHub contains many projects that are not relevant,

e.g. testing, homework or cloned projects, rules for searching

relevant projects have been defined, resulting in set of projects

used for the analysis.

III. RESULTS

Using the automated script all 38 repositories’ files were

processed, 38 repositories and 170,076 classes altogether, from

which 803 classes and 20,340 test methods were manually

investigated. To evaluate the precision of the proposed auto-

mated script results were compared to manual test identifica-

tion of 20,340 test cases across all three datasets. Accuracy of

95.72% for test cases detection was achieved by automated

identification. Most of false positives and false negatives

occurrences were caused by customized testing solutions, e.g.

when tests were performed directly from the main() function

by calling methods of the class. If the naming conventions

of the called (testing) methods were not governed by the

principles of frameworks (e.g. prepending method name with

“test” or using public methods), not all test cases were

detected in an automated way.

Figure 1 shows the correlation with the linear regression

line of the word “test” and the number of test cases in

particular class. A standard (pearson) correlation coefficient of

r = 0.655 was reached, that is not strongly significant when

considering significance level α = 0.05. However, from the

perspective of finding projects containing tests, this technique

is beneficial and can help future experimenters to filter projects

containing tests much more faster, without need of build.

Because projects had different numbers of test classes and

used different frameworks, the detailed ratio of the word “test”

occurence and test case presence per project can be found at

GitHub4.

Fig. 1. Correlation of the word “test” presence and number of test cases for
analyzed classes by automated script.

IV. FUTURE DIRECTIONS

As future work, we plan to find a solution for an accurate

identification of test cases in customized solutions. We believe

that by studying testing practices, it will be possible to train

4https://github.com/madeja/unit-testing-practices-in-java/blob/master/
correlation-boxplot.png

artificial intelligence to automatically recognize tests by the

structure and nature of the code. At the same time, we would

like to focus on mining tests for information that could support

the production source code comprehension and streamline the

development process.
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Abstract—Intelligent systems often adjust their behavior to the
needs of their users through the use of reinforcement learning,
but successful application is hindered by a combination of poor
sample efficiency and a lack of training data. We show that neural
network architectures tailored to the personalization problem
can mitigate some negative effects on a test scenario having
the characteristics of personalization problems while abstracting
away from their complexity. Our solution shows comparable or
better sample efficiency than existing methods, while leading to
a higher level of personalization and better overall policies.
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I. INTRODUCTION

As digital systems become an ever more important part of

everyday human life, it is desirable that they show behavior

tailored to the needs and preferences of individual users. This

process is called personalization, whose goal is to change

“the functionality, interface, information access and content,

or distinctiveness of a system to increase its personal relevance

to an individual or a category of individuals” [1].

One of the drawbacks of current personalization approaches

is that they only adjust an already defined functionality of

a system, which still requires that this basic functionality be

hard-coded. In some cases, the correct system behavior is hard

to define, or we would prefer if the system were to find it

autonomously using methods of artificial intelligence.

In this paper we present some results of our research into

using a neural network architecture specifically designed to

enable a system to learn a primary functionality and personal-

ize it at the same time. Section II provides a quick overview

of the state of the art in personalization with reinforcement

learning, Section III describes our architecture, Section IV

presents the methodology of our evaluation, the results of

which are included in Section V with Section VI concluding

the paper.

II. PERSONALIZATION AND REINFORCEMENT LEARNING

Reinforcement learning (RL) describes the learning problem

in the context of an interaction between a learning agent

and an environment, which makes it highly adaptable to the

problem of user interaction personalization. In this context, the

digital system, or a component of it, constitutes the learning

agent, while the interaction itself with the user’s preferences

represents the environment. The goal of the system is then

to get the environment to a desired state through careful and

deliberate action selection.

In [2], the authors provide a systematic overview of exam-

ples of using RL for personalization, and define three main

types of approaches. In the first one, each user is represented

by a separate environment and the system is equipped with

separate learning agents for each user. This approach does not

create an overhead for personalization, but experience transfer

is impossible. In the second approach, description of the user

becomes a part of the environment’s state, which enables

experience transfer, but it is still hard to find the user attributes

most relevant to the personalization. The third approach tries to

balance the advantages and disadvantages of the previous two

approaches in that it personalizes system behavior to a group

of users. Experience transfer is possible within a group, but

individual agents must be trained for each group. Additionally,

defining a function mapping users to their respective groups

is another challenge.

As shown in [3], the application of RL for personalization

might be hindered by poor sample efficiency. As most methods

of machine learning, RL often requires a large amount of

training data to learn the desired behavior, which is hard

to amass in the context of human–computer interaction: we

would like the system to personalize its behavior to the user’s

preferences in as few interaction steps as possible.

III. Q-NETWORK WITH DYNAMICALLY LOADED BIASES

While reinforcement learning is often used to adjust existing

system behavior, in many use cases it is not straightforward

what the system functionality should be. It is possible to define

the desired goal of the interaction, but the steps that need to

be taken to achieve this goal are unclear. Defining a single

system behavior might lead to monotonous interactions and

would reflect the bias and presumptions of the system designer.

We therefore propose to use Q-networks to learn the primary

system behavior as well as personalize it to preferences of

individual users. To this end (see Fig. 1), we define two

types of input: S is a vector representing the state of the

environment, while V is a vector identifying the user or group

of users through one-hot encoding. This means that in vector

V , apart from a single 1 value, all input values are 0. Hidden

and output units are then connected to all units in the previous

layer, and all input units of input V . Hidden and output units

have no biases of their own. Since we know that V corresponds

to a one-hot encoded identificator of an environment, we can

see that weights connecting input V to later layers serve as

biases that are loaded dynamically based on the environment
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Fig. 1: Dynamically Loaded Biases Q-Network architecture

the agent is interacting with. This lends the architecture its

name – Dynamically Loaded Biases Q-Network (DLBQN).

Unlike table-based Q-learning, Q-networks can diverge, an

issue that can be addressed through stabilization methods.

Our solution uses two main stabilization methods, experience
replay [4] and separate target network [5]. To better support

experience transfer and sample efficiency, we introduce fed-
erated learning into the learning algorithm [6]. We tested

two variants of the algorithm: in which federated learning

was used to train the primary network – FedDLBQN, and in

which federated learning was used to train the target network

– TargetFedDLBQN.

IV. METHODOLOGY

We tested our network in a scenario that has the character-

istics of personalization problems while it abstracts away from

their complexity, the Push The Box environment. In this task,

the agent must learn to cooperate with a simulated human to

push a box to a certain goal position of a 2D environment

along the shortest way. The box’s position is updated only

if the human and the agent push it in the same direction.

We defined three types of humans: 1) pushing the box first

to the same column as the goal position, then to the same

row; 2) pushing the box vertically first, then horizontally; 3)

pushing the box along the dimension where the distance is

higher (or horizontally). A reward of 1 was observed upon

reaching the goal position, and a punishment of -1 was given

for all additional steps.

We trained Q-networks with three hidden layers with 24, 48,

and 24 nodes respectively. As a benchmark, we considered

a simple Q-network corresponding to the second approach

described in Section II (SwitchQN): the network had the

same inputs, but V was only connected to the first hidden

layer, and nodes had biases. We ran 500 test runs on eight

3 × 3 worlds with randomly generated goal positions and a

maximum of 100 training iterations per world. Training was

stopped once the agent found the optimal policy – learned to

replicate the humans’ actions for all positions in all worlds.

We used two types of state representation: box position only

(2 parameters) and goal position with box position (4 parame-

ters). We considered the average number of iterations needed

state method
mean

iterations
mean

precision
mean
RMS

2
SwitchQN 153.55 99.98 0.48
FedDLBQN 163.22 100 0.57

TargetFedDLBQN 159.83 100 0.56

4
SwitchQN 148.43 99.96 0.31
FedDLBQN 152.61 100 0.37

TargetFedDLBQN 146.21 100 0.36

TABLE I: Experiments results

to find the optimal policy to evaluate sample efficiency, and

root-mean square distance of predicted Q-values to calculate

the level of personalization.

V. RESULTS

The results of our experiments are shown in Table

I. As can be seen, only the proposed FedDLBQN and

TargetFedDLBQN methods were able to find the optimal

policy for all test runs. With two-parameter state representa-

tion, SwitchQN had a slightly better sample efficiency, but

the difference is smaller than 1 iteration/world. FedDLBQN

showed slightly more personalized behavior when compared

to TargetFedDLBQN. Both approaches resulted in higher

level of personalization than SwitchQN.

VI. CONCLUSION

In this paper we described our method, Dynamically Loaded

Biases Q-Network, which addresses some issues characteristic

to personalization problems. Compared to existing methods,

our approach shows a comparable sample efficiency, but a

higher level of personalization. Additionally, while existing

methods only adjust a system’s existing behavior, our method

can be used to find that primary behavior as well. Extended

results of our research have been published at the 19th World

Symposium on Applied Machine Intelligence and Informatics

and are in the review process to a special issue of IEEE

Transactions on Human-Machine Systems. In future research,

we will look for ways to ensure better sample efficiency and

test our approach in a real-life personalization setting.
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Abstract—The theme of this dissertation is malware detection
based on static and dynamic analysis of machine learning. The
work details the topics of malware, static analysis, dynamic
analysis as well as the technology of machine learning, which has
enriched us with knowledge necessary for research in this area.
The goal of previous work has been to process available harmful
samples into a form which allows analysis and the preparation of
safe environment for realizing predictions of static and dynamic
analysis of malware samples. The next step is the realization of
the prediction of static and dynamic analysis itself using machine
learning algorithms (Decision Tree, Random Forest, Naive Bayes,
and Support Vector Machine). After the prediction, the static and
dynamic analysis algorithms will be compared, and the success
of the results evaluated for research purposes.
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I. INTRODUCTION

Today, we already live in the age of predictive marketing,

autonomous driving, facial recognition, and personalized dig-

ital assistants using machine learning – artificial intelligence.

The extent to which these inventions make our lives easier,

increase our security or threaten our privacy is up to our

judgement, but we can say for sure that the rate of cybercrime

will not decrease even due to these technologies, rather the

opposite [1]. This invites the question, why not use these

technologies to fight against cybercrime?

The goal of this work is to suggest a model of classification

of machine learning predictions, which will be able to sort

samples into safe and dangerous categories. The emphasis

will be placed on minimizing mistakes where the system

labels a dangerous sample as a safe one, because we consider

minimizing real vectors of attack a priority and consider the

side effect of false identification of safe samples as dangerous

to be the lesser security risk.

This work could potentially bring new light on the subject

of malware identification, new services of companies which

are oriented on fighting cyber-attacks or at least expand the

set of data available for dynamic analysis which are available

to be used again to come up with a new solution, which can

help combat these cybernetic threats.

II. SOLUTION PROPOSAL

This chapter describes the steps made to obtain the suc-

cessful results necessary for the research of this dissertation.

It describes the environment for testing, used test samples,

data processing and prediction step by step. The specification

of the order of the problem-solving process is displayed in

picture 1.

Fig. 1. The sequence of steps of the solution process

A. Environment Preparation

We chose Microsoft Windows 7 as a suitable environment

for static and dynamic analysis for two reasons [2]:

1) The greatest sample of malware available to us is up to

date for this version of the OS.

2) Newer versions of Windows OS include better security

systems and the activation of the malware would not be

guaranteed.

After installing and activating the OS, we installed applica-

tions on it which have nothing to do with the solution itself

and whose only purpose is to create an environment similar

to a computer of a common user. For the same reason we

did not install VirtualBox Guest Additions, which will lower

the performance and possibilities of the virtualization, but also

lower the risk of detection by malware.

B. Data Collection

The basic input for the prediction model is data. Considering

that the task was classifying an unknown sample into two

categories (clean sample, harmful sample), it was necessary

to acquire a sufficiently large amount of clean and harmful

samples. We decided to study the executable files on Windows

because these files are attacked most often. We succeeded

in creating a set of approximately 2000 clean samples and

about 5000 harmful samples. The set of harmful samples was

acquired from an online repository virusshare.com [3], which
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provides a collection of many harmful samples for malware

research and analysis. Because not all these samples were

executable files, we had to write a script in Python which

sorted these samples and collected only executables.

After collecting the necessary samples, we needed to collect

information about every single sample. For this task, we chose

the freely available tools Dependency Walker and Robotask

for static analysis and Cuckoo Sandbox for dynamic analysis

[4]. After analyzing the samples using these tools, we saved

the acquired data in a text file. It was unthinkable to do so

manually, considering that 7000 samples had to be analyzed,

which is why we utilized above mentioned tools to do so.

C. Data Processing

The acquired text files contained a huge amount of data

on the samples. We only wanted to focus on the important

details, based on which we would be able to differentiate a

clean sample from a harmful one. Publicly available Windows

API gives malware creators huge possibilities [5], which is

exactly what we wanted to focus on. The book [6] describes

which of the functions are most often used by malware.

For outcome prediction we have used Anaconda and Python

in version 3.6. The Anaconda package presents a toolbox for

Data Science, which is the use of scientific procedures for

processing data in order to make conclusions. From a scientific

perspective, this package provides tools for quick work with

different kinds of data, the possibility of quick environment

switching and the use of prediction tools without previous

experience.

Scikit-learn

Scikit-learn provides a library for Python, which aims to

facilitate the tasks of mining and analyzing data. Not only

does this package provide tools for classification, regression,

or clustering, but also the tools for preprocessing and dimen-

sionality reduction of data.

III. FOLLOWING STEPS

For predicting the results it necessary to find suitable

parameters, using which the algorithm returns the best results

overall. The procedure for static analysis will be differentiated

from dynamic analysis.

A. Static Analysis

Static analysis [7] will be done using DependencyWalker.

The generation of files will be realized using Robotask. Which

function was used is an interesting part of the generated data,

which is why a final .csv file will be created, containing:

• a column for each function used,

• a row for each malware analyzed.

Subsequently, this .csv file will be used as the data set for

chosen algorithms.

B. Dynamic Analysis

The dynamic analysis [8] of malware samples consists of ac-

tivating them and observing their behavior and interaction with

the environment. To lower the risk of infecting real systems,

this will be done in a secure virtual environment. Executing the

samples is the responsibility of Cuckoo Sandbox. The sample

can be uploaded through a web interface or using the command

line. After uploading, the sample is activated inside a virtual

environment prepared in advance. The execution of malicious

code and its effects on the system are observed for a certain

predetermined period.

Cuckoo Sandbox can analyze malware and record informa-

tion such as:

• the system calls of all malware created processes,

• created, modified, and deleted files,

• network activity, and

• memory registry.

All this information is saved into an analysis message in

.json format. Information about system calls will be used for

the purposes of this work. The records of all malware samples

will be processed into a table to create a dataset for machine

learning. The table will contain:

• columns representing the names of system functions,

• rows representing single malwares analyzed and

• cells at the column and row intersection representing the

number of calls for a given function for a given sample.

The purpose of the data set is to train and test the qualifier.

C. Results Comparison

After a successful prediction of all chosen qualifiers, it is

possible to continue to analysis and interpretation of results.

The easiest way of rating qualifier success is to determine

its classification accuracy. Accuracy is given as the ratio of

correctly classified samples to the ratio of incorrectly classified

samples.

IV. CONCLUSION

In this paper we describe the steps already determined and

the steps which we will undertake to successfully realize our

research. Based on our research a security tool able to detect

unknown samples of harmful software might be developed in

the future. Using different models or creating a new one might

be an interesting expansion of the solution which has not been

included in this paper.
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Abstract—This article deals with the investigation of Shell 

DIALA S4 ZX-1 insulating oil subjected to accelerated thermal 

aging. The first part contains the measured data in the time 

domain of impedance spectroscopy, from which in the second 

part the data were subsequently converted to the frequency 

domain, using two mathematical transformations with reference 

to dielectric losses of insulating oil in the low-frequency band.  
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I. INTRODUCTION 

Electrical insulating oils are one of the main components of 

the insulation system of power equipment, including 

transformers, as the most important equipment in the power 

system. It is necessary to use reliable methods of examination 

and diagnostics to eliminate problems caused by equipment 

failure during operation, which could cause technical and 

economic damage [1]. 

This experiment is aimed at measuring and investigating 

the world-unique inhibited insulating oil Shell DIALA S4 ZX-

1 (SD), produced in Qatar based on GTL (gas to liquid) 

technology. This technology involves the process of 

converting natural gas into liquid hydrocarbons, which results 

in pure insulating oil, which is characterized by high oxidative 

stability, zero sulfur content, and excellent thermal properties. 

SD insulating oil was diagnosed by impedance spectroscopy 

(IS) [2]. 

The essence of the non-destructive IS method lies in the 

analysis of dielectric relaxation to reduce dielectric losses in 

materials that reflect the condition of insulation to prevent 

damage related to the failure of electrical equipment [1]. 

II. INVESTIGATION OF THE CONDITION OF INSULATING OIL 

The continuity of the transformer power depends to a large 

extent on the quality of the insulating oil. Thermal 

degradation and chemical reactions such as oxidation reduce 

the performance of transformer oil, deteriorating its insulating 

and cooling properties. The degradation of transformer oil is 

affected by the high temperature at which the oil is loaded by 

accelerated thermal aging [5]. 

A. Experimental measurements 

Experimental measurements were performed in the time 

domain IS on a sample of insulating oil SD, which was 

stressed by accelerated thermal aging at a temperature of 90 

°C for 1830 hours. Measurements at 0 h were not performed 
due to the high moisture content in the oil, as it is not known 

how the oil was stored before. Several measurements have 

been made, but in this publication, only the first measurement 

(after 250 h) and the last measurement (after 1830 h) of 

charging currents at 1000 s at an applied voltage of 40 V will 

be pointed out. The experiment contained professional 

measuring components in the form of Keysight 16452A 

electrode system, KEITHLEY 6517B meter, laptop, and 

UF55plus universal oven, which ensured accelerated thermal 

aging.  

Fig. 1 shows a graphical dependence of the charging 

current on time at different times of thermal aging of oil SD, 

where it is possible to see an increased current in the form of 

capacitive, polarization, and conductivity current at 

accelerated thermal aging of 1830 h. 

 
Fig. 1.  Measured data in the time domain of impedance spectroscopy 

 

B. Mathematical transformations 

The frequency domain of impedance spectroscopy (IS) was 

performed through mathematical transformations from the 

time domain to the frequency domain. These mathematical 

conversions were performed using the Fourier transform and 

Hamon approximation, with their subsequent comparison. Fig. 

2 shows the graphical dependence of the imaginary part of the 

complex susceptibility on the frequency at different times of 

thermal aging through both mathematical transformations. 
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Fig. 2.  Calculated data in the frequency domain of impedance spectroscopy 

 

The imaginary part of the complex susceptibility χ’’ was 

obtained using the Fourier transform from the dielectric 

response function φ(t), which is closely related to the charging 

current [3]: 𝜒∗(𝜔) = 𝜒′(𝜔) − 𝑗𝜒′′(𝜔) = ∫ 𝜙(𝑡)∞0 𝑒−𝑗𝜔𝑡𝑑𝑡       (1) 

where ω is the angular frequency and t is time. The second 
transformation method was the Hamon approximation, by 

which the imaginary part of the complex susceptibility was 

obtained from the dielectric response function via the formula: 

 𝜒′′(𝜔) = |−𝜙(𝑡)𝐶0𝑈|𝜔𝐶0𝑈 − 𝜎0Ɛ0𝜔                      (2) 

where C0 is the no-load capacitance, U is the voltage, σ0 is the 

unidirectional conductivity and Ɛ0 is the permittivity of the 

vacuum [4]. 

From the graphical dependencies in Fig. 2, it is possible to 

see increased values of the imaginary part of the complex 

susceptibility in the low-frequency band after thermal aging of 

1830 h. It means, there was an increase in the dielectric losses 

of the SD oil similar to that shown in Fig. 1 via charging 

currents. From the comparison of transformation methods, it 

can be stated that the Fourier transform achieves more 

accurate results than the Hamon approximation, whose 

behavior is similar to a certain oscillation around the values of 

the Fourier transform. Therefore, the Fourier transform, 

whether its direct or inverse function, will be used in 

preference to the Hamon approximation in further 

measurements and investigations of insulating materials, or 

possible conversions between time and frequency domain in 

impedance spectroscopy. 

III. CONCLUSION AND FURTHER RESEARCH 

This publication provides a graphical interpretation of 

dielectric losses in SD insulating oil using two transformation 

methods in impedance spectroscopy. Further research will 

focus on the temperature characteristics of SD oil and 

magnetic nanofluid from SD insulating oil, respectively. 
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I. INTRODUCTION

Initial research in the Internet of Things was related to

exploring the possibilities of data transmission, the origin of

which was formed by intelligent devices such as various sensor

systems that measure environmental characteristics such as

temperature, pressure, humidity, etc. Due to the increasing

number of IoT devices, the network infrastructures themselves

and the quality requirements in such infrastructures have also

started to increase. Current researches are beginning to deal

with the classification of transmitted data as stated in [1] and

also the need to create systems that can assess the quality of

the IoT transmission network.

Before it is possible to start detecting anomalies, it is

necessary to classify the observed data. Several procedures

have been developed for classifying data, including Port-based

that was described in [2], [3] and [4], Payload-based [5] and

Behavioural-based approaches. For our purposes, where we

want to work efficiently using the smallest possible resources,

the most appropriate approach to classification is Statistical-

based, that according to the authors in [6], use only statistical

data of data transmissions, without the need for their in-

depth control, which reduces the requirements for computing

resources and speeds up the classification. Examples of statis-

tical data are data such as duration of communication, size of

transmitted packets, frequency of sending messages, etc.

II. PROPOSAL OF MONITORING ARCHITECTURE

Part of this work was to design a comprehensive solution

that would allow monitoring the environment of the Internet

of Things. At the same time, it should be able to implement

simple integration and cooperation with existing monitoring

systems. The key components of the proposed system are

mainly the IoT gateway and the collector. The monitoring of

the IoT environment will be based mainly on the monitoring

Fig. 1. Architecture of monitoring system

of the qualitative characteristics of data streams, on the trans-

mission of which the TinyIPFIX protocol (data transmission

in a limited IoT environment) and the IPFIX protocol (data

transmission over a regular network) will be used. The archi-

tecture of the proposed system is shown in Fig. 1. The design

also included a proposal for the functionalities of two main

elements, namely the IoT gateway and the IPFIX/TinyIPFIX

collector.

The IoT gateway has the following functionalities:

1) Receive data from IoT environment via technologies

such as LoRa, WiFi

2) Selection of observed transmission parameters - depend-

ing on the transmission technology

3) Creation of a data model - selection of data intended for

export

4) Data Export Process in IPFIX / TinyIPFIX format

The IPFIX/TinyIPFIX collector has the following function-

alities:

1) Ability to collect data in IPFIX / TinyIPFIX format
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Fig. 2. Attack detection using Random Forest model - 1

2) Data analysis by statistical models of machine learning

3) Detection of infrastructure anomalies

4) Mediation process enabling conversion between TinyIP-

FIX and IPFIX protocol

5) The process of exporting data in IPFIX format, which

will allow connect the monitoring of IoT environment

with existing monitoring tools in common network in-

frastructures

The proposed architecture was also implemented and made it

possible to perform the following experiment, which made it

possible to verify the possibility of the proposed monitoring

system to perform attack detection.

III. ANOMALY DETECTION BASED ON IPFIX DATA

Due to the demanding process of creating a data set describ-

ing the real environment, publicly available data sets were used

in our experiment. Anomaly detection was performed based on

dataset, which was published in [7]. In this case, an anomaly is

considered to be a situation where an attack is transmitted over

the network. The data contained in the dataset were transferred

by the TinyIPFIX protocol from the IoT device to the collector,

where machine learning models were subsequently analyzed.

The use of the KNN and Random Forest algorithms proved to

be the most suitable for this purpose.

Datasets were created from a pcap file from which infor-

mation about data streams was identified. We worked with

two datasets. The first dataset, called NF-ToN-IoT, consisted

of 1,379,274 data streams, of which 80.4% of data traffic was

attacks and 19.6% of traffic was normal traffic. The dataset

contained the following attacks: Backdoor, DoS, DDoS, Injec-

tion, MITM, Password, Ransomware, Scanning and XSS. The

following confusion matrix shows the success of the detection

of the used machine learning model, while in our case the

best results were shown by the Random forest algorithm,

which can be seen on Fig. 2. The second dataset, called

NF-BoT-IoT, consisted of 600,100 data streams, of which

97.69% of data traffic was attacks and 2.31% of traffic was

normal traffic. The mentioned dataset contained the following

attacks: Reconnaissance, Theft, DoS and DDoS. The following

confusion matrix shows the success of the detection of the used

machine learning model, while in our case the best results were

shown by the Random forest algorithm, which can be seen on

Fig. 3.

This experiment was performed to confirm the possibility

Fig. 3. Attack detection using Random Forest model - 2

of using the IPFIX and TinyIPFIX protocols to transmit

all important information about IoT data streams through

the environment thanks to exporter and collector that was

implemented within this work. Another goal was to point out

that based on the information about data flows obtained by

the IPFIX protocol, it is possible to detect different types of

attacks and at the same time to show which types of attacks are

reliably detectable by the model created by us. In our case,

based on the used datasets, it turned out that the proposed

model is able to reliably detect the Reconnaissance, DoS and

XSS attacks.

IV. CONCLUSION

It has been shown that the TinyIPFIX and IPFIX protocols

can be used as protocols for the transmission of information

about data streams also in the IoT environment. The created

collector was able to capture and store this data in a form that

was then easily used to detect attacks. Based on the positive

results from the experiment, it is possible to continue to expand

the functionality of the created system.

Further work will focus on capturing, transmitting and

storing information about other anomalies, which may include

detection of changes in data transmission frequency, loss of

transmitted signal strength, monitoring of interference inten-

sity and detection of changes in transmitted data content in

IoT environment.
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Gcgf9C=>?=9A9B;CDB=BaCe=De=DGBC9aeDGH=¶9aC=f¶=¶9aC6=F·DB·=BaG=
aAe>=f9=e99G=DG=;·9=?>AA>FDGH=?DHcC9<=®G=Í=¶9aCe6=;·9DC=Gcgf9C=
·ae=DGBC9ae9̀=?C>g=�<ÎÏ=gDAAD>G=;>=aAg>e;=Ð=gDAAD>G6=F·DB·=
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22



Protection system for microgrid and smart grid 
systems 

1Róbert Štefko (1st year) 

Supervisor: 2Michal Kolcun 

1,2Dept. of Electric Power Engineering, FEI TU of Košice, Slovak Republic 

1robert.stefko@tuke.sk, 2michal.kolcun@tuke.sk 

 

Abstract— In recent years, the issue of the smart grid has 

become more significant because of the shortening of the time to 

decarbonize power engineering sources by 2050. With this fact, 

current challenges are emerging in the field of active protection 

systems and fault localization. The excellent aim is to amply 

provide unique designs using already deployed equipment in 

operation in protection system and fault localization or to 

efficiently develop intelligent facilities that will be made for this 

modern concept of smart grids. 

 
Keywords — microgrid, smart grid, renewable energy sources, 

fault localization, protection system.  

I. INTRODUCTION 

In 2011, the European Commission presented a plan to 
reduce CO2 emissions from power engineering by more than 
80% by 2050. Therefore, increasing the efficiency of power 
sources and renewable energy sources will be crucial. The 
plan aims to significantly reduce carbon emissions by 2050 
and ensure a stable energy supply. For this reason, changes 
will be necessary, which brings new challenges in the 
construction of a smart grid and microgrid. 

Smart Grid is a system that makes certain the transmission 
of electricity from the producer to the consumer and at the 
same time controls and monitors current flows to achieve the 
highest energy efficiency and ensure a continuous supply of 
electricity. Smart Grid analyzes information accessed from 
local microgrid control equipment and accordingly optimizes 
power generation, reduces costs, and increases the reliability 
and efficiency of power organization. 

Microgrid is a system designed to provide local control and 
monitoring. In the event of faults, switch to island mode and 
selectively rectify the fault location. For this reason, it is 
necessary to pay attention to the design of a suitable energy 
mix of power sources in each area to ensure the supply of 
electricity even in a purely island mode [1].  

These changes equally affect the protection system and the 
location of faults. We currently have several devices for fault 
localization currently used in distribution networks. As the 
development of microgrid systems together with smart grids is 
gradually advancing, it is necessary to pay attention to these 
devices for locating faults together with the protection system 
and to propose new solutions that can be applied in these 
smart grid systems. This article describes some of these fault 
location devices in more detail. 

II. SMART GRID AND MICROGRID 

Key benefits of the smart grid are uninterrupted power 
supply for all consumers, reduced transmission and 
distribution loss, high penetration of renewable energy 
sources, cyber secured electrical network, large-scale power 
storage, flexibility to consumers to interact with energy 
market, market-based electricity pricing and demand side 
management [1]–[2]. 

When designing the smart grid, we must choose the 
appropriate size of local microgrids systems and not forget to 
select the right energy mix of sources that will power these 
local systems and therefore ensure a continuous supply of 
electricity due to the possibility of switching to island mode 
[4]–[5]. Fig. 1 shows the share of all sources in production in 
the Slovak Republic in 2019, while the share of energy 
produced from renewable energy sources (RES) is 24.2%. Fig. 

2 shows the share of all sources in total consumption, while 

 

Fig. 1.  Share of sources in electricity production in SR in 2019 [9]. 

 

Fig. 2.  Share of sources in electricity consumption in SR in 2019 [9]. 
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the share of RES is 22.9% and this figure could be increased 
by at least 5.6% of overall consumption in the Slovak 
Republic to achieve a balance between production and 
consumption [9]. Transmission system has constantly 
provided a balancing and management role in the electricity 
supply chain, while distribution networks have been designed 
to be passive (adapted and forgotten) in operation. The role of 
distribution companies is to take over the same services 
offered by the transmission system, such as energy flow 
control, contingency analysis and balancing in distribution 
networks. Distribution networks will need to be able to 
respond or adapt in real time to the complex interactions of all 
these challenges and to provide better information to various 
actors to enable different services to be traded in real time [6]. 

Key elements and priority components [6]: 
• Simple, robust, secure, and flexible communication 

infrastructure to allow monitoring, management, control, and 
dispatching operations at all levels down to the distribution 
and customers. 

• Common information and data models for all information 
building blocks, to ensure consistent database management, 
need to be defined at all levels of the power system and 
electricity supply chain. 

• Well functioning Information and Communication 
Technology solutions are essential for maintaining the 
security of supply and for the efficient interaction of the 
market players. 

• A truly competitive situation for all kinds of products 
relying on multi-vendor strategies can only be achieved with 
well-defined and standardized Information and 
Communication Technology solutions. 

Fig. 3 shows a comparison of the power engineering 
organization currently used with smart grids, with significant 
differences when looking at the Fig. 3. The difference in 
production is the transition from large power plants to many 
small power plants, which changes centralized production to 
decentralize, which is a significant change in smart grid 
systems. Another significant difference is distribution, where 
the transmission structure is lightened, and a distribution 
system with compensation is used.  

While the direction of energy flow has a major impact on 
these facts. In the current system, we use only one direction, 
from production to consumption, but in smart grid, this fact 
changes into a two-way flow of energy, with the consumers 
themselves also participating in the production[2]–[10]. 

Among various grid-connected devices, smart meters are 
considered one of the most successful applications of the 
Internet of things (IoT) technology. In 2019, 14% of all the 
global meters were intelligent devices [11]. 

III. RENEWABLE ENERGY SOURCES 

The fluctuating and unpredictable nature of RES as 
photovoltaic station and the windmills require complex 
technologies to integrate to an existing grid. The harmonics 
developed from the complex control electronics circuits used 
for integration also make many troubles in the power system. 
Another disadvantage of renewable energy production is the 
need for a large area and a small short-circuit current 
contribution. The reliability of protection circuits to isolate it 
from the existing grid whenever required is a great challenge 
in the integration of RES [6]–[7]. The evolution in the power 
electronics to handle high power by fast semiconductor 
switching using IGBTs plays a major role in integration of 
renewable energy sources. These power electronics circuits 
may cause harmonics in the power system. The FACTs 
devices like static synchronous compensator (STATCOM), 
static series synchronous compensator (SSSC) and unified 
power flow controller (UPFC) will help to improve the 
stability and reliability of the grid which has large amount of 
renewable energy penetration. The filter circuits provided 
with these systems will mitigate the harmonics injected into 
the grid due to power electronics circuits. Realtime computer 
controllers which can implement advanced and complex 
algorithms also help to extract maximum power from 
renewable energy sources and reduce fluctuation in the 
renewable energy generation. It also protects the storage 
devices like battery from over charging. This will enhance the 
life of battery. It is more economical and grids friendlies if the 
fluctuated power generated by the renewable energy sources 
is utilized for irrigation purposes [8]. The fluctuation in 
renewable energy generation can also be reduced by 
distributed renewable energy generation to a larger 
geographical area in small power plants instead of the large 
power plant concentrating in one area. The output of solar 
photovoltaic may change 70% within five to ten minutes due 
to the local phenomenon like cloud passing. The vast land 
area requirement and the fluctuation of renewable energy can 
be minimized by distributed renewable energy generation [3]–
[7]. Assigning a place to operate one of the RES technologies 
involves on many elements, that make integration under 
challenge. To begin with, some RES is unavailable in each 
region. Second, distance between RES and the grid remain a 
significant aspect in term of cost and efficiency. Moreover, 
RES depends on weather, climate, and geographical location. 
For example, solar energy in state of Arizona or Texas is more 

 

Fig. 3.  Comparison of the current power engineering system on the left side 

with the smart grid on the right side [11]. 

SCYR 2021 – 21st Scientific Conference of Young Researchers – FEEI TU of Košice
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efficient than in Michigan due to the significant percent of sun 
radiation time per day in Arizona and Texas. As a result, the 
integration will be more flexible in these states than Michigan 
[12]. 

IV. FAULT LOCALIZATION IN MICROGRID 

The provision of power supply is equally affected by 
disturbances, the poor localization and elimination of which 
can cause cascade spread and, in the worst case, the 
disintegration of the electricity system and following 
blackout. In the possible future, the upcoming smart grid 
systems and the decentralization of RES should progressively 
eliminate these acute problems. 

A. Use of a magnetic field to localization the fault area.  

The measured magnetic field (B-field) is applied to an 
adaptive sensor. Slow variations in the load current will not 
affect the detector. A fault current will cause a rapid increase 
in the measured magnetic field which the sensor will respond 
to [13].  

The detector will require two conditions are satisfied 
[13][14][15]: 

1. The relative increase magnetic field percentage exceeds a 
configurable level. 

2. The absolute increase magnetic induction (µT) is greater 
than a pre-set value. 

It is important to notice that the indicator measure a B-field 
which is a product of the current flowing in the feeder [13]. 

B. Embedded systems.  

In recent years, the number of articles for the integration of 
embedded systems into distribution networks has increased 

significantly, which has a positive effect on progress in smart 
grids, while the issue of communication is still being 
addressed. Currently, the main wireless communication 
modes configured for the fault indicator are General Packet 
Radio Service (GPRS) and 3G/4G. However, there is limited 
or no communication coverage in remote mountainous or 
forest areas. Hence, it is impractical to deploy GPRS-based or 
3G/4G-based fault indicators in the power distribution 
network in the abovementioned areas. It is of paramount 
importance to deal with this problem [16]–[18]. 

When LoRa and NB-IoT are combined and applied in the 
power distribution network, it can also be realized to achieve 
long-distance data transmission and low power consumption 
in fault localization [19]–[20]. 

The operating principle of the intelligent fault indicator 
based on LoRa and NB-IoT is shown in Fig. 6. The acquisition 
unit of fault indicator samples current waveform of the line 
continuously at a frequency of 4 kHz. When a fault occurs on 
the line, the short-circuit and grounding fault measuring a 
module of the acquisition unit measures the fault signal on 
time and sends an interrupt signal to the single chip 
microcomputer, the single chip microcomputer responds to 
the interrupt, calibrates the fault occurrence time, and makes 
the acquisition unit store the data of 10 cycles before and after 
the fault occurrence time. Based on this data, the fault location 
can be judged whether it is upstream or downstream of the 
fault indicator. At that point, the acquisition unit sends the 
judgment information to the nearby collection unit by LoRa 
communication technology. The collection unit needs to 
summarize the judgment information sent by the acquisition 
unit to realize the fault location. The collection unit has LoRa 
and NB-IoT communication functions and can send the fault 
information of the line to the monitoring center by NB-IoT 
communication technology. Therefore, the staff can know the 
fault information of the entire distribution network in the 
monitoring center [16]. 

C. Detection, and fault localization using Petri Nets.  

Petri nets were first invented by Carl Adam Petri in 1939. 
The invention was first used to get a good understanding of 
chemical reactions. Later the approach proved to be a good 
method in finding communication errors to a great extent. The 
same method has been proposed for finding fault location in 
power plants which is not being extended to a complete 
distribution network [21]. The algorithm has been tested 
creating three simultaneous faults in the network topology in 
the zones 2, 4 and 7. The relevant petri net token distribution 
are shown in Fig. 7 [17]. 

 

Fig. 4.  Comparison of the change of the magnetic field in normal operation 

(left side) and in the fault state (right side) [13]. 

 

Fig. 5.  Measured magnetic fields along different axes under single-phase 

short-circuit conditions. The figure shows the magnetic-field waveform 

along the x axis [14]. 

 

 

Fig. 6.  The working principle of fault indicator based on LoRa and NB-IoT 

[16]. 
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V. CONCLUSION 

A major effort will be required for the successful rebuild of 
the current power structure to a smart grid. This article points 
out promising possibilities for use in protection and fault 
localization systems, which can help in the rebuild of the 
power system to a smart grid. In recent years, microgrid 
systems related to the smart grid have also gained attention. 
Therefore, it is necessary to draw thinking to research dealing 
with the selection of a suitable power mix of sources. The 
research shows that it is necessary to constantly pay attention 
to the development of communication of devices and smart 
grids systems. To successfully rebuild the current power 
system to a smart grid, it will be necessary to find answers to 
the following questions: 

1. What is the appropriate source of energy mix for 
Slovakia according to geographical location?  

2. What is the appropriate way of data processing and 
communication for a smart grid? 

3. Is it necessary to develop new devices for protection 
and fault localization systems or is it enough to modify 
the current system? 
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Abstract—This article deals with the temperature time course 

calculation of ACSR conductors according to the methodology 

stated in CIGRE Technical Brochure 601. Calculations of the 

conductor temperature time course were performed by three 

different calculation methods and the results were compared with 

the measurement under laboratory conditions These laboratory 

measurements were investigated by application of different 

current step change with and without the wind blowing.  

Keywords—CIGRE Technical Brochure 601, temperature time 

course calculation, ACSR conductor. 

I. INTRODUCTION 

One of the most important factors influencing the operation 

of overhead power lines is the conductor temperature [1]. The 

temperature of the conductor is affected by several factors, 

which can be divided into two groups [2], [3]: 

 characteristics of overhead power lines (current flowing 

through conductors, type, geographical location, sag, tension 

of conductors, ground clearance, etc.), 

 climatic conditions in which the power lines are located 

(wind speed and direction, ambient temperature, global solar 

radiation, precipitation, etc.). 

 

Dynamic thermal rating of overhead power lines provides a 

real conductor ampacity based on operating parameters 

(climatic conditions and current flowing through the conductor) 

in real time. If the conductor has a certain heat capacity, it can 

be used for short-term current overload without exceeding its 

maximum allowable temperature. This short-term current 

overload represents a transient state and is related to a limited 

overload time. This method of calculation is focused on the 

change of the conductor temperature with respect to time, it 

takes into account changes in operating parameters over time 

[4]. 

II. MATHEMATICAL MODEL FOR CALCULATION OF 

CONDUCTOR TEMPERATURE IN THE TRANSIENT STATE 

According to CIGRE Technical Brochure 601 (TB 601), the 

general heat equation of the conductor in the case of the 

transient-state can be expressed by Eq. (1) [5]: 

s J s c rd d     m c T t P P P P , (1) 

where 

m  is the conductor mass per unit length (kg/m), 

c  is the conductor specific heat capacity (J/(kg·K)), 
sd dT t  is the conductor temperature time change (°C/s), 

JP  is the Joule heating (W/m), 

sP  is the solar heating (W/m), 

cP  is the convective cooling (W/m), 

rP  is the radiative cooling (W/m). 

Analytical Calculation of Conductor Temperature 

The easiest way to model changes in operating parameters is 

a step change. The conductor temperature does not change 

immediately after a step change in operating parameters, but it 

takes some time. In the case of an analytical solution, this 

change is mathematically represented by an increasing or 

decreasing exponential function expressed by Eq. (2) [4], [5]: 

   s sm sm s1 exp    T T T T t τ , (2) 

where 

s1T  is the conductor temperature at time 0t   (°C), 
sT  is the conductor temperature at time t  (°C), 
smT  is the conductor temperature at time t  (°C), 
τ  is the global thermal time constant (s), 
t  is time (s). 

 

The global thermal time constant includes the effects of 

changes in all operating parameters, i.e. in climatic conditions, 

but also in the current flowing through the conductor and it can 

be determined from Eq. (3) [4], [5]: 

   sm s1 J s c rΔ Δ Δ Δ      τ m c T T P P P P , (3) 

where 

JΔP  is the change in Joule heating after a step change in 

current (W/m), 

sΔP  is the change in solar heating after a step change in 

global solar radiation (W/m), 

cΔP  is the change in convective cooling after a step change 

in ambient temperature, wind speed or wind direction 

(W/m), 

rΔP  is the change in radiative cooling after a step change in 

ambient temperature (W/m). 

 

Numerical Calculation of Conductor Temperature 

The numerical method of conductor temperature calculation 

represented by Eq. (4), also called temperature tracking, is 

based on the numerical expression of Eq. (1) [4], [5]: 

                 1
s s s c rJ Δ       kk k k k k k

T T P P P P m c t , (4) 

where 

k  is the number of iterations (–), 

Δt  is the time step (s). 

 

Eqs. (1) to (4) represent basic equations that describe the 

thermal behavior of a conductor in the transient state The 

equations for the calculation of the quantities given in Eqs. (1) 

to (4), as well as a detailed explanation of the analytical and 

numerical method for calculating the conductor temperature 

time course are given in [4]-[6]. 
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III. CONDUCTOR TEMPERATURE CALCULATION BASED ON 

REAL MEASUREMENT UNDER LABORATORY CONDITIONS 

This section deals with the calculation of conductor 

temperature time course according to TB 601 based on real 

measurement in laboratory conditions. As presented in [6] by 

M. Kanálik, A. Margitová, Ľ. Beňa, several measurements 
were performed for two types of ACSR conductors. During 

these measurements, step changes in the current flowing 

through the conductor were made, as well as a step change in 

the wind speed, which led to a change in the conductor 

temperature. In [6], the authors deal with the calculation of 

conductor temperature only in a steady state, the conductor 

temperature was calculated only after its stabilization. Then, 

steady-state temperature dependencies on the current flowing 

through the analyzed conductors were created.  

The paper [4] expands the issue examined in [6] by the 

calculation of the conductor temperature in the transient state, 

i.e. it takes into account changes in the conductor temperature 

over time. The conductor temperature change over time was 

calculated by three methods: analytical solution, simplified 

temperature tracking, and detailed temperature tracking. A 

more detailed description of the given measurements and 

calculation methods is given in [4], [6]. 

Measured and calculated steady-state temperature of 

analyzed conductors as well as the considered operating 

conditions for two selected measurements are shown in 

TABLE I. Measurements were divided into two time intervals 

(I. and II.). At the beginning of the first interval, a step change 

in current at a wind speed of 0 m/s was considered. At the 

beginning of the second interval, a step change in wind speed 

to 2 m/s were considered. 

 
TABLE I 

MEASURED AND CALCULATED STEADY-STATE TEMPERATURE, OPERATING 

PARAMETERS FOR TWO SELECTED MEASUREMENTS 
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429-AL1/ 

52-ST1A 

0t   0 

90 0 

23 0 22.2 23 

I. 0 290.1t   0 23 1001.3 108.7 110 

II. 290.1t   2 24.5 1013.5 49.7 52 

352-AL1/ 

59-ST1A 

0t   0 

90 0 

22.3 0 21.7 22.3 

I. 0 297.7t   0 22.3 698.3 78 77.7 

II. 297.7t   2 23.5 703.3 40.5 39.7 

 

Only the step changes in the operating parameters listed in 

TABLE I were considered in the case of the analytical solution 

and simplified temperature tracking. However, the ambient 

temperature and current were not constant during the 

measurements for analyzed time intervals. Considering the 

average values of measured ambient temperature and current 

for analyzed time intervals therefore caused some inaccuracy 

in the calculations for these two methods. A time step of 1 s 

was considered for simplified and detailed temperature 

tracking. In the case of detailed temperature tracking, the input 

values of measured ambient temperature and current were 

updated for each second.  

Conductor current, conductor temperature and ambient 

temperature time variations during two selected measurements 

are shown in Fig. 1 and Fig. 2. The calculated conductor 

temperature by analytical solution, simplified temperature 

tracking, and detailed temperature tracking is also shown in 

Fig. 1 (for conductor 429-AL1/52-ST1A) and Fig. 2 (for 

conductor 352-AL1/59-ST1A). The relative deviation of 

calculated conductor temperature (by three above-mentioned 

methods) from measured data for the presented measurements 

(Fig. 1 and Fig. 2) is shown in Fig. 3 and Fig. 4. The individual 

figures show a good correlation between the calculated and 

measured values of the conductor temperature, which indicates 

that the calculation results performed by all three methods are 

close to real measurements. 

 

 
Fig. 1.  Current and temperature time variations during measurement with the 

conductor 429-AL1/52-ST1A [4]. 

 

 
Fig. 2.  Current and temperature time variations during measurement with the 

conductor 352-AL1/59-ST1A [4]. 
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28



 
Fig. 3.  Relative deviation from measured data for conductor 429-AL1/52-

ST1A [4]. 

 

 
Fig. 3.  Relative deviation from measured data for conductor 352-AL1/59-

ST1A [4]. 

IV. CONCLUSION 

In this article, the calculation of the conductor temperature 

time course can be realized in three different ways: analytical 

method, simplified/detailed temperature tracking. For all these 

methods, the key values are the operating parameters before 

and after the step change. An analytical method is based on 

steady-state values of the conductor temperature before and 

after a step change of the given operating parameters. The 

advantage of temperature tracking is that this method makes it 

possible to estimate the temperature of the conductor accurately 

quite enough even in the case of changes in operating 

parameters during the transient, i.e. during the state when the 

conductor is not in thermal equilibrium. Further research will 

be focused on the use of the temperature tracking method for a 

real overhead power line ampacity computation in the case of a 

long time step interval of input data measurement, which 

usually is about 10 or 15 minutes. 
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Abstract— The article is focused on the display of the courses 

of individual monitored quantities using WAMS systems in the 

Slovak electricity transmission system in the time span when 

there was a major outage of electricity production in continental 

Europe in neighboring Austria. After a more detailed description 

of the event from January 8, 2021, simulations from phasor units 

of PMU measurement from 400 kV power stations are plotted 

using the PhasorPoint program, which focus on how the 

controllers or dispatching reacted to ensure a steady state - a 

look at changing values of individual parameters. at a given point 

before failure to a steady state. The paper points out the 

functions and reactions of WAMS systems in the event of faults 

and simulations. It shows how the development of control shifts 

from the level of static stability to dynamic stability. 

 

Keywords— WAMS, PMU, power system, dynamic stability, 

synchrophasor. 

I. INTRODUCTION 

On January 8, 2021 at 14:05 Central European Time, the 

synchronous area of continental Europe was divided into two 

separate areas due to the failure of several elements of the 

transmission network in a very short time. The route where 

the two areas were separated is as follows [12]: 

 

 

 

System division registered in the synchronous area of 

continental Europe - incident overview: 

At approximately 14:05 Central European Time, the 

frequency in the northwestern part of continental Europe 

initially decreased to 49.74 Hz in about 15 seconds. Then the 

frequency reached a steady value of approximately 49.84 Hz. 

At the same time, the frequency in the southeast region 

initially increased to up to 50.6 Hz and then stabilized at a 

stable steady frequency between 50.2 Hz and 50.3 Hz. This 

can also be observed from the graph below [12]. 

 

II. EVENT DESCRIPTION 

Due to the reduction in frequency in the north-west, 

contracted support services (discontinued) were disconnected 

in France and Italy, for a total of around 1.7 GW, to reduce 

frequency deviation. These services are disconnected by large 

customers who are contractually bound by the relevant 

transmission system operators (TSOs) if the frequency falls 

below a certain threshold. In addition, 420 MW of support 

capacity and 60 MW of UK support capacity were 

automatically activated from the Nordic synchronous areas. 

These countermeasures ensured that as early as 14:19 (CET) 

the frequency deviation was limited to a deviation of about 0.1 

Hz in the north-western region from the nominal frequency of 

50 Hz (see Fig. 1) [12]. 

 

Due to the high (excessive) frequency in the southeastern 

region, automatic and manual countermeasures were activated 

(i.e., reduced power supply to production units). Thus, at 

15:05 (CET), the frequency deviation in the southeast region 

could be limited to +0.1 Hz from the nominal frequency of 50 

Hz (see Fig. 1) [12]. The automatic response and the 

coordinated action taken by transmission system operators 

(TSOs) in Continental Europe have ensured that the situation 

is quickly restored to normal operation. Activities were 

coordinated between the TSOs in order to reconnect the two 

areas as quickly as possible. Therefore, contractual support 

(interruptible) services could reconnect at Italy at 14:47 (CET) 

and in France at 14:48 (CET). At 15:08 (CET), the two areas 

were again merged into one synchronous area in Continental 

Europe [12]. 

 

The area in the south-eastern region of the interconnected 

network was separated from the rest of Continental Europe 

during this period. A temporary decrease in frequency of 

approximately 250 mHz was noted. Coordinated action and 

immediate response by Continental European Transmission 

System Operators have ensured that system stability has not 

been affected in larger European countries [13]. 

 

Due to a sharp drop in frequency in the electricity 

transmission system, there was a threat of a massive blackout 

outage in Europe on Friday. With reference to the energy 

supplier Wien Energie and EVN, the APA informed about it. 

To stabilize the grid, Austrian power plants had to supply 

energy immediately. According to EVN, electricity from 

Fig. 1 Map of Continental Europe showing two separate areas during the 

systemic event and frequency in Continental Europe during the event on 

January 8, 2021 
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nuclear and coal-fired power plants in neighboring countries 

has also helped Austria to cope. 

III. EVALUATION OF THE SITUATION IN THE PHASORPOINT 

PROGRAM - USING PMU UNITS 

 

 

Fig. 2 Courses of combined voltages and voltage angles in the substation on 

the overhead line and curves of the magnitude of currents and current angles 

in the distribution station on the overhead line  

 

 

Fig. 3 Frequency course in the substation on the overhead line  

 

 

Fig. 4 The course of active power in the substation on the overhead line and 

course of reactive power in the substation on the overhead line 

 

 The graphs (Fig. 2-Fig. 4) show the courses of voltages, 

currents, frequency, active and reactive power in the power 

substation at the event of 08.01.2021. With the help of the 

PhasorPoint (GE) program and the suitable location of the 

measuring phasor units PMU, it is possible to see 

continuously (according to the sampling frequency) the 

courses of all observed quantities. Such advantages are also 

provided by WAMS systems, which can eliminate and reduce 

the risk of e.g. BlackOut with early warning (alarm) and 

earlier (more accurate) response of dispatchers thanks to a 

more thorough display (at a dynamic level) than previous 

SCADA / EMS interfaces [2], [5], [9], [10]. 

CONCLUSION 

The research is focused on the appropriate use of PMU 

units in the power system in order to monitor and control the 

operation and modernize the dispatching - the transition from 

SCADA to the PMU system; i.e. from the area of visibility of 

static stability only (2-4 samples per second) to the area of 

visibility of dynamic phenomena (60+ samples per second). In 

this way, it is possible to control the operation more safely, 

which will then be reflected in a high-quality and stable 

supply of electricity. Last but not least, the work deals with 

the initial analysis of the assessment of the current 

possibilities of using the WAMS system for dispatch control 

in PhasorPoint, detection of island operation, control of 

oscillation damping, detection of generator oscillation, 

evaluation and prediction (estimation) of system status and 

alarm and warning settings [1], [3], [4], [8].  
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I. INTRODUCTION

According to Cisco annual internet report [1], between the

years 2018-2023, we can expect 1.5-2 times growth in the

number of mobile devices. There will be 25-50% of the

devices connected to a RAN network. In central Europe,

this means 1 billion devices connected to the RAN network,

whereas in 2018 it was 0.6 billion. This massive growth in

connections will lead to enormous traffic.

The 4G infrastructure is slowly replaced by the new 5G

network. The 5G is relying highly on small cells [2]. The high-

frequency signal used in 5G is more susceptible to Line-of-

Sight (LOS) problems and can successfully travel way lower

ratio. Considering that people are moving, a dynamic network

architecture seems to be a good solution. As can be seen during

the Covid-19 pandemic, human habits can change rapidly.

As the Google mobility trends report shows, lock-downs and

restrictions around the world have caused that mobility in

the urban area dropped by 20-30%, while the mobility in

residential locality increased by 15-20% and in parks, the

mobility grew by 109% at its peak on August 12, 2020 [3].

Such events indicate that there can be a demand for a better

connection in some situations that can not be covered by static

infrastructure that is currently in use. The possible solution for

such scenarios, where the end-users ground terminals (GT)

move to the territory with bad signal coverage is to use a

dynamic network of moving base stations - either on the

ground or in form of unmanned aerial vehicles (UAVs), often

referred to as drones. However, in such a scenario, there is

a demand for efficient algorithms for moving the UAVs to

the best possible location. This paper focuses on generating

a synthetic dataset for machine-learning (ML) purposes with

the aim to efficiently position the UAVs in the area.

II. AVAILABLE DATASETS

In a 5G environment, obtaining a dataset is not a major prob-

lem, the positions are captured in real-time by the operator.

However, such a dataset contains sensitive data and operators

must follow local regulations. In common, the operators are

not willing to share their data. A possible solution is to create

a new dataset by getting volunteers to be tracked. Such data

collection is however limited to the number of volunteers, their

routes, and habits. Another option is to obtain a dataset from

publicly available sources. Website data.world [4] provides

84 mobility datasets for various use cases. However, those

datasets are very limited. Some of the datasets are related

to traffic signalization, others are related to bike or sports

activities, several address mobility in means of traveling, or

simply are surveys on mobility trends. We found several

datasets that partly fit our needs in means of data structure,

but the density of the trajectories was low and there was no

data at all for some parts of the selected area. The best-fitting

dataset we were able to find was a taxi trajectories dataset

from Beijing, China named T-Drive [5], [6], [7]. This dataset

is however very inconsistent and barely reflects pedestrian

motion. For this reason, generating a new dataset based on

simulations reflecting real end-users habits comes as a good

option.

III. END-USER MOTION SIMULATIONS

Trajectory can be formally defined as a sequences of GT

positions T = xt1 , xt2 , ..., xtn |xi = (latitudei, longitudei),
where n represents the number of time frames. To gener-

ate a trajectory dataset we need to create a simulator that

can create realistic samples. Analysis of the GT motion is

necessary. The average human speed when walking ∆v is

established to be around 5km/h, 6km/h is considered a fast

walk, and speed above is usually running speed [8]. Speed

under 5km/h is a slow walk. Keeping this in mind, we need to

set a random speed to the simulated GTs with median value

∆v = 5km/h, minimal value vmin = 3km/h and maximal

value vmax = 9km/h for runners. We do not consider cars that

are expected to be equipped with MFemtocells in the future

[2]. MFemtocells are vehicle-mounted cells that are covering

users inside the vehicle and connecting to a macrocell. Cyclists

are not considered, the use of data transitions while riding

can bring up legal issues and road traffic hazards. The second

important parameter is the time between two measurements

∆t. In the T-Drive dataset, the measurement time was very

variable, from measures at each second to up to several

minutes. Because of the slow speed of considered end-users,

we can not expect the average distance ∆d to exceed values

more than 2,5m (1,4m on average) per second, which is not a

reasonable value for the needs of ML purposes. Because the

end-user can theoretically pass 150m in a minute, averaging

at about 85 meters, this seems also as a high value. To select

the best fitting ∆t we also considered the practical use of

the data. Because we need the data for machine learning
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purposes and we track 24h periods of end-users behavior,

we consider the reasonable count of measurements of end-

users positions to be a power of two. Because a day has

1440 minutes, we need a higher number than this. The closest

power of two to this value is 2048, which would mean that

we need to save end-users’ position each 1440

2048
min ≈ 42s.

In t = 42s an average human moves d = 60m, which

is a reasonable distance for RAN re-orchestration. The last

important feature to be considered is the area to be simulated.

Analyzing other works that are using end-user mobility data to

predict future trajectories or UAV positions such as [9] or [10],

the trajectories are located within a relatively small restricted

area. In the same manner, we have chosen to cover an area

of one square mile in Košice, Slovakia. The area in which the

GTs move was restricted within latitude and longitude bounds

as follows: lat ∈< 48.7171252, 48.7027684 >, lon ∈<
21.2497423, 21.228062 >. Because we model a theoretical

end-user mobility pattern generator, we consider all users to

stay within the given bounds. In real conditions, some users

leave the area and others enter. The average mobility does not

change if we do not consider this fact.

To simulate all the trajectories, the simulator is not only

simulating one but n users. n is an input parameter of the

simulator. Along with n, lat/lon bounds enter the simulator

as well. The simulator then creates n GTs with the routine

presented in algorithm 1. Each of the GTs gets one of

the roles - scholar (pupils, students, etc.), working (people

having casual working habits - create semi-iterative trajectories

to/from work), and random. Random class is representing

neither of the previous categories, random can stand for free

time activities, seniors, people with no daily job, etc. Each

GT in the simulator gets assigned random home coordinates

from the restricted area. We used an OSMNX library [11]

to select valid house/flat coordinates for this purpose. The

same was used for selecting random coordinates of working

buildings (business centers, restaurants, factories, etc.), and/or

schools. Each GT gets a set of up to five random places where

they can move with random probability representing hobby,

free time activities, friend/family visits, etc. The probability

for these actions is always lower than 15%. Random GTs

have their work or school coordinates set, but they do not

visit it periodically but on random occasions. periodic GTs

(scholar/working) do attend their school or work in periodical

time with a set duration of their visit to 8 hours, while in

case of students this can vary by 25%. After leaving the

school/work, simulated GT moves either home or to one of

his favorite places where he spends a random period of up

to 6 hours. The simulated moving from place A to place B is

realized through the closest route calculated with the OSMNX

library.

All GTs are moving independently, and each period ∆t the

information about their position is saved. We have been able

to simulate thousands of GT trajectories with this approach

and have created a robust dataset for possible ML usage.

IV. CONCLUSION AND DISCUSSION

The GT mobility patterns play a key role in the process

of 5G network design. Massive increase of the RAN infras-

tructure complexity creates additional requirements on precise

network planning and overall orchestration of the network as

such. The possible solution to enhance the statistics feeding

Algorithm 1 Initializing the end users.

1: Require number of end-users n
2: Initialize end-users roles R =

{scholar, working, random}
3: Require coordinate bounds B =

{latmin, latmax, lonmin, lonmax}
4: Create empty users set U = ∅
5: for n > 0, n = n− 1 do

6: Create user u
7: Set a random role to user from R
8: Set random home coordinates within the bounds B for

user u
9: Set random work/school coordinates within the bounds

B for user u
10: for it = random(1, 5), it > 0, it = it− 1 do

11: Select random point r within the given bounds B
and random probability p < 0.15

12: Assign the point r to set of users u favorite places

uf = uf+r with random probability ufproba = ufproba+p

13: Append the created user to the set of end-users U =
U ∪ {u}

the network planning process is to generate massive dataset of

the GT mobility patterns.

Many existing mobility datasets are not suitable for ML

purposes of network orchestration. The GT mobility simulator

was described in this paper and a huge dataset of simulated

data was created.

This dataset can be applied to feed a neural network to

generate new realistic trajectories in way lower time and time-

slices of the generated data can be used to teach a neural

network how to correctly orchestrate the RAN network for

better throughput and lower latency.
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Abstract— This work is focused on the design of a linear 

stable reference model control structure for continuous 
nonlinear systems, the stability conditions of which were 
determined in accordance with Lyapunov´s theory. This 
structure will be further applied in the control of angular speed 
of an asynchronous motor drive and compared with classic 
vector control. In terms of control, an induction motor drive 
represents a highly nonlinear higher order system. Comparison 
of scalar control method with classic vector control will be on 
the basis of stability, invariance and robustness.  
 
Keywords—Dynamics of Speed Control, Reference Model 

Structure, Induction Motor Drive, Nonlinear System.  
 

I. INTRODUCTION 

Induction or asynchronous motors are a type of electrical 
drives powered by an alternating current and converting 
electrical energy – from either stored power or direct 
electrical connection – into mechanical energy through 
production of rotational force. They are used widely because 
of their robustness, reliability and low maintenance. 
However, controlling an induction motor is rather difficult 
due to variable frequency, complex dynamic and parameter 
variations, etc. [1] – [3]. In terms of control, the induction 
motor presents a typical example of a nonlinear system, as it 
is a significantly oscillating system incorporating also 
positive feedback. Besides this it is very often influenced by 
unknown external disturbances and its parameters tend to 
change depending on the temperature, frequency and other 
operational conditions, all of which significantly influence the 
accuracy of its speed control.  

The scalar speed control method has a simple control 
structure [4], [5] and is implemented easily in general-
purpose industrial applications. However, in order to improve 
the control performance of the scalar control method, an 
encoder or speed tachometer is required, which makes it an 
expensive and less reliable solution.  

Nowadays various modifications of vector control are 
applied to get a high quality control of induction motor 
drives. They enable to control the induction motor as a 
separately excited DC motor [6] – [9]. This type of control 
usually requires transformation of induction motor variables 
into a rotating system, which implies of using powerful 
computational means (digital signal processors) for its 
implementation.  

Various sensorless methods for rotor position of electrical 
drives with induction motors [10] – [13] have also been 
proposed for decades with the aim of overcoming the 
disadvantages of hardware complexity and cost, which at the 
same time are able to ensure higher mechanical robustness 
and reliability.  

Also sliding mode control presents an effective and robust 
method of controlling nonlinear systems [14] – [17] which 
can be employed in position and speed control of an AC 
drive. One of the recent very popular and promising methods 
for solving control tasks in various nonlinear systems are soft 
computing methods which include fuzzy logic, artificial 
neural networks, evolutionary algorithms and their 
combinations. They have already been applied in induction 
motor drive control [18] – [23]. However, compared to the 
classic control theory the intelligent controllers usually are 
very complex; they require powerful calculation processes, 
especially in real-time implementation and, moreover, the 
fuzzy control theory does not pay much attention to the 
stability of the system. 

From the above it is clear that the effort of ensuring a high 
quality of induction motor control involves to take into 
account a nonlinear oscillating character of its dynamics, the 
changes of parameters, the influence of external disturbances 
and simple implementation of the control algorithm. All this 
factors makes development of advanced induction machine 
control still a challenging task. 

The paper deals with the design and verification of a stable 
control structure with a parallel model which is applied in 
speed control of a drive with an AC motor. In comparison 
with vector control structures, the proposed control structure 
is considerably simpler, linear, strongly stable, robust, and it 
shows identical dynamical properties. 

I. DESIGN OF MODEL REFERENCE CONTROL STRUCTURE 

The desired behaviour of a controlled system (i.e. the 
system dynamics with which the desired values of its output 
and possibly also of state variables are to be obtained) is very 
often described by a reference model. It is suitable to choose 
this model as a linear system, because then it can be optimally 
designed using standard methods of optimal control theory.  

Let us select the reference model for the controlled system 
in the form of the state-space description 
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 ୢ𝐱౉ୢ௧ = 𝐀୑𝐱୑ + 𝐁୑𝐰, 

where xM is the state vector of the reference model, AM is the 
state matrix of the reference model, BM is the input matrix of 
the model and w is the vector of the desired values. 

The controlled structure is described in state space as 
a nonlinear continuous system with parametric as well as with 
additive disturbances (or „deviations“ from the reference 
model) in the form 

 ୢ𝐱ୢ௧ = (𝐀୑ + ∆𝐀)𝐱 + (𝐁୑ + ∆𝐁)𝐮 + 𝐯 = 

 = 𝐀୑𝐱 + 𝐁୑𝐮 + (∆𝐀𝐱 + ∆𝐁𝐮 + 𝐯), (2) 

where x is the state vector of the controlled structure, u is its 
input variable, ∆A, ∆B are the matrices of the parametric 
disturbances and v is the vector of additive disturbances. Let 
us connect the reference model with the controlled system in 
accordance with the following relation, where e is the vector 
of the deviation of state variables of the model (1) and of the 
system (2) 

 𝐞 = 𝐱୑ − 𝐱. (3) 

This expanded system can then be described regarding to 
the vector e by the equation 

 ୢ𝐞ୢ௧ = 𝐀୑𝐞 − 𝐁୑𝐮 + 𝐟, (4) 

 𝐟(𝐱, 𝑡) = −∆𝐀𝐱 − ∆𝐁𝐮 − 𝐯 + 𝐁୑𝐰. (5) 

In (4), f is the generalised vector of the parametric as well 
as additive disturbances that we wish to be compensated by 
the vector u. 

In order to investigate the system´s asymptotic stability of 
(4) in terms of Lyapunov, let us use the positive definite 
Lyapunov function in the form 

 𝐕 = 𝐞୘𝐏𝐞, (6) 

the derivation of which in terms of (1), (2), (3) and (4) after 
simple modifications is as follows 

 ୢ𝐕ୢ௧ = 𝐞୘൫𝐀୑୘ 𝐏 + 𝐏𝐀୑൯𝐞 + 2(𝐟୘𝐳 − 𝐁୑𝐮୘𝐳) = 

 = 𝐞୘𝐐𝐞 + 2(𝐟୘𝐳 − 𝐁୑𝐮୘𝐳), (7) 

where the vector z is given as 

 𝐳 = 𝐏𝐞 

In (6), (7), (8) P is the positive definite matrix which 
satisfies the Lyapunov matrix equation 

 𝐀୑୘ 𝐏 + 𝐏𝐀୑ = −𝐐 

According to the optimal control theory [24] for the state 
matrix of the reference model AM in the controllability form 
it is possible to use the positive definite matrix Q = -P.  

The system (4) will be asymptotically stable if the 
derivation of Lyapunov function (6) is negative definite. If 
the control law of the controlled system is chosen in the form 

 𝐮 = 𝐊୘𝐳 

and then (7) will be negative definite at the condition that 

 |𝑧௜| ≥ |௙೔|௄೔     𝑖 = 1, 2, … , 𝑛 

In order to achieve zero control deviation of the output 
variable in steady state, we will choose the first component of 
vector e to be the integral from the difference between the 
output variable of the reference model and the controlled 
system 

 𝑒ଵ = ∫(𝑦ெ − 𝑦) 𝑑𝑡 

If we assume the maximum values of the individual 
components of the disturbance vector |fi| are physically 
limited, then it is possible to ensure the condition (11) via 
relevant increase of values of the optional vector K. 

The block diagram of the designed controlled system is 
shown in Fig. 1. 
 

 
Fig. 1. Block diagram of the proposed controlled system. 

The following basic features result from design of the 
above mentioned control structure:  

 The desired dynamical performance of the controlled 
system is prescribed by the reference model (1), which in 
fact presents a stable linear system and thus it can always 
be designed to be optimal in terms of the chosen criteria, 
using control theory standard methods the for linear 
systems. Because the reference model prescribes the 
desired performance dynamically, during the whole 
transient state of the control process, it allows setting of an 
optimal motion dynamics of the controlled system. 

 If the reference model is chosen optimally according to 
standard criteria of the optimization theory (based on the 
Riccati equation), then we are able to set its dynamics 
using a single parameter (parameter α) and by this the 
matrix P is defined at the same time such, that satisfies the 
Lyapunov matrix equation (9), which does not need to be 
solved, see [24]. 

 Control stability is ensured by condition (11), in which the 
optional parameter is the vector of gains KT, or its 
individual positive components. It can be assumed that in 
technical systems the size of the individual components of 
the disturbance vector f is physically limited, and so, at 
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36



a sufficient size of components of the vector K, it is 
always possible to achieve zero control deviation of the 
output (controlled) variable in steady state. 

II. INDUCTION MOTOR AND ITS ANALYTICAL MODEL 

A squirrel-cage induction motor is described by stator 
currents and rotor fluxes by a current-flux model [9] in the 
{x, y} reference system, where the equations are as follows 

 ௗటమೣௗ௧ = −𝜔௚𝜓ଶ௫ + 𝑀𝜔௚𝑖ଵ௫ + (𝜔ଵ − 𝜔)𝜓ଶ௬, (13) 

 ௗటమ೤ௗ௧ = −𝜔௚𝜓ଶ௬ + 𝑀𝜔௚𝑖ଵ௬ − (𝜔௞ − 𝜔)𝜓ଶ௫, (14) 

 𝑚 = 𝑀 ௣௅ଵ ൫𝜓ଶ௫𝑖ଵ௬ − 𝜓ଶ௬𝑖ଵ௫൯, (15) 

 ௃௣ ௗఠௗ௧ = 𝑚 − 𝑚௓, (16) 

where, for the sake of simplification, the following constants 
have been introduced 

 𝜔௚ = 𝑅ଶ/𝐿ଶ, (17) 

 𝑀 = 𝐿௛. (18) 
and the used mathematical symbols are: 

i1x, i1y components of stator current space vector ix 
  motor mechanical angular speed 
1  angular speed of the stator voltage 
2  slip angular speed 2 = 1 - m 
R2  rotor phase resistance 
2x,2y stator and rotor magnetic flux 
Lh, M  main inductance 
L1, L2  leakage inductance 
m  motor torque 
p  number of pole pairs 
J  moment of inertia 
mz  load torque 

It is obvious from (13) – (18) that the induction motor 
presents a strongly nonlinear higher-order controlled system 
with oscillating character (in case of induction motor current-
flux model it presents a 3rd order system).  

For illustration, Fig. 2 shows the motor torque and angular 
speed responses at step change of motor inputs, with power 
supply from a current converter having a built-in current loop 
that compensates the circuit time delays. 

 
Fig. 2. Time responses of mechanics characteristics of the motor model at 

suplying by current vector. 

Let’s note that according to (13) – (18) the motor model is 
supplied by current where, in this case, the stator current vector 
was set at i1y = 15 A and the angular speed reaches the value 
of  = 200 rad/s. The induction motor parameter values are 
specified in the Appendix.  

In the systems of this type it is not suitable to design the 
control law using methods valid for linear systems. For this 
reason for control of the angular speed of the AC drive with 
induction motor we apply the control structure derived in the 
Chapter II.  

III. DESIGN OF CONTROL FOR  INDUCTION MOTOR DRIVE 

The objective of AC induction motor drive control is 
controlling its angular speed, the dynamical behaviour of 
which is prescribed by the reference model. 

As in our case the induction motor drive presents the 3rd 

order system, according to the optimization theory [24] for 
the reference model we can choose a system with matrices in 
the form 

 𝐀୑ = ቎ 0 1 00 0 1− ఈయଶ − ଷఈమଶ − ଷఈଶ ቏     𝐁୑ = ൥100൩. (19) 

According to [24] the optimal matrices P and Q for this 
system satisfying the Lyapunov matrix equation (9) are as 
follows 

 𝐏 = ⎣⎢⎢
⎢⎡ ఈఱଶ 𝛼ସ ఈయଶ𝛼ସ ହఈయଶ ଷఈమଶఈయଶ ଷఈమଶ ଷఈଶ ⎦⎥⎥

⎥⎤   𝐐 = 𝛼 ⎣⎢⎢
⎢⎡ ఈఱଶ 𝛼ସ ఈయଶ𝛼ସ ହఈయଶ ଷఈమଶఈయଶ ଷఈమଶ ଷఈଶ ⎦⎥⎥

⎥⎤ = 𝛼𝐏.  (20) 

In this model, the desired dynamics can be conveniently set 
by a single parameter α, and quality of the dynamics does not 
change; there are only changes in the settling time of the state 
variables or of the output variable of the reference model. The 
settling time for this model is equal approximately to Ts  5/α. 
Let’s select the state variable of the controlled system (of the 
induction motor) y = x2 = ω (the rotor angular speed) and 
x3 = dx2/dt =  (acceleration of the motor on the shaft that 
corresponds to its dynamic moment m). From the time 
responses in Fig. 2 it follows that the concrete model of the 
induction motor starts up in about 2.5 sec, so let us choose for 
the model dynamics the value α = 5. Let the optional vector 
KT is equal to [0.001 0.001 0.001].  

The resulting control scheme for controlling the angular 
speed of the induction motor drive in accordance with the 
derived control structure presented in Fig. 1 is shown in Fig. 3. 
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Fig. 3. Block diagram of induction motor control. 

In order the induction motor would operate in the stable 
part of its torque characteristics, the diagram in Fig. 3 has 
been completed by conversion of the actuating signal into the 
slip, and also its limitation has been added. This, however, 
does not imply any changes in general character of the 
structure presented in Fig. 1. 

The limitation of magnitudes of the state variables of the 
controlled system (current, torque) can be realized in the 
reference model without affecting stability of the control loop 
(because the reference model is linear and the poles of the 
linear system are not changed with the limitations). 
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Abstract—The subject of my PhD thesis is the study of the in-
fluence of low dimensionality and nano-size effects on supercon-
ducting properties of ultrathin films. I study physical properties
of highly disordered superconducting ultrathin MoN films near
the superconductor-insulator transition (SIT). The disorder is
introduced into the samples by reducing their thickness. In this
article, I present our experimental results, obtained via trans-
port and low temperature STM/STS measurement in highly
disordered 3 nm ultrathin films, which are near the critical
disorder in the vicinity of the SIT. The inhomogeneous supercon-
ducting properties observed on the surfaces of the studied thin
films are rather associated with locally different disorder than
with the Bosonic localization of the superconducting condensate.
Our results indicate the presence of Fermionic localization
and the closeness of Fermionic SIT in this system.

Keywords—superconductivity, disordered system, scanning
tunneling microscopy (STM), scanning tunneling spectroscopy
(STS), superconductor-insulator transition (SIT), molybdenum
nitride (MoN)

I. INTRODUCTION

The superconducting state is characterized by the wave

function ψ(~r) = ∆eiΘ(~r), with the amplitude ∆ and phase Θ.

The increase of disorder can destroy superconductivity in two

different ways, either by suppressing the amplitude ∆
(Fermionic scenario) [1] or by breaking the phase coherence Θ
(Bosonic scenario) [2]. In the case of Fermionic scenario

the increased disorder due to enhanced Coulomb interactions

breaks Cooper pairs into fermionic states, which leads to

the suppression of superconducting properties. The bosonic

mechanism acts through fluctuating phase coherence. While

the Fermionic scenario predicts homogeneous superconducting

properties, in the Bosonic scenario due to the phase fluc-

tuations the Cooper pairs start to form locally fluctuating

superconducting islands (in the range of the superconducting

coherence length), which can persist as phase incoherent

superconducting areas even in the (insulating) normal state.

In this paper we study the superconducting properties

in strongly disordered MoN ultrathin films, where the disorder

is introduced through reducing thickness. Our preliminary

results show [3], that our 3 nm thin samples studied in this

paper are near the critical disorder, where the SIT occurs.

Applying low temparature STM/STS measurements we show,
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Fig. 1. The temperature dependence of sheet resistance RS of 3 nm
ultrathin δ-MoN film near TC is shown in the main panel with green line (a).
The lower inset (b) is a 3D plot of the typical temperature dependence
of locally measured STM differential conductance spectra. All spectra were
normalized to their values in the normal state at 2 meV bias energy.
The upper inset (c) shows the temperature dependence of the superconducting
energy gap (X-symbols) obtained from fitting the tunnelling spectra from (b)
to the BCS model. The solid blue line shows the predictions of the BCS
theory for the strongly coupled superconductor with the coupling strength
2∆(0)/kBTC = 3.98.

that the observed local superconducting inhomogeneities are

related to the variation of disorder in the highly corrugated

surfaces and not the bosonic effects.

II. EXPERIMENT

The MoN ultrathin film of 3 nm thickness was prepared

by reactive magnetron sputtering onto a sapphire substrate
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Fig. 2. (a) STM surface topography of a 20 × 40 nm2 surface area
at 500 mK. (b) superconducting energy gap map obtained from tunneling
spectra measured at each point of the topography from (a). The top view
of the tunneling spectra measured along a 40 nm long line plotted in Fig. (a)
in a voltage window ±2 meV in the marked colour scale is shown in (c).

in an argon-nitrogen mixture [4]. The crystallographic struc-

ture of MoN ultrathin film was characterized by XRD mea-

surements. We found that our film has a hexagonal structure.

It is a stoichiometric phase of δ-MoN. Transport measure-

ments of the sheet resistance RS were performed using

the Van der Pauw four-probe technique [5]. The STM/STS

measurements were carried out via a sub-Kelvin STM sys-

tem developed in the Centre of Low Temperature Physics

in Košice. The value of the upper critical magnetic field deter-

mined from suppression of the superconducting energy gap is

HC2 = 6 T, the calculated coherence length is ξ = 7.41 nm
[3].

III. RESULTS AND DISCUSSION

Fig. 1 a) shows the temperature dependence of the sheet

resistance RS(T ) of a 3 nm ultrathin δ-MoN film near

the transition temperature TC . The sheet resistance starts to

drop at T = 3.5 K and the zero resistance is obtained

at about T = 1.8 K. The temperature dependence of the sheet

resistance shows a single-phase superconducting transition

width ∆TC/TC ≈ 0.16, where ∆TC is the difference in TC
determined at 10 % and 90 % of the normal state sheet

resistance RN ≈ 830 Ω.

Fig. 1 b) represents the 3-dimensional (3D) plot of a typical

temperature dependence of the STM differential conductance

spectra in zero magnetic field. All measured spectra were

normalized to their normal state values at U = 2 meV.

As we can see, the tunneling spectra reveal evident super-

conducting gap structure with symmetric maxima positioned

at the gap energies. The gap structure is strongly suppressed

with increased temperature and totally disappears at the critical

temperature at around 3 K. The precise value of the supercon-

ducting gap and the critical temperature can be determined

from fitting of the temperature dependence of the tunnelling

spectra. It is well known, that the tunneling conductance,

measured between a superconductor and a normal metal is

directly proportional to the superconducting density of states

(DOS), defined in the BCS theory as NS(E) = E/
√
E2 −∆2,

where E is energy and ∆ is the superconducting energy gap.

This DOS function taking into account the finite tempera-

ture and the additional spectral smearing effects defined as

E = E + iΓ (Γ is the spectral smearing parameter) enables

precise determination of the energy gap ∆ values at differ-

ent temperatures [6]. Fig. 1 c) shows the obtained ∆(T )
dependence (X-symbols) and the theoretical predictions of

the BCS theory for superconductors with the coupling strength

2∆(0)/kBTC = 3.98 [7] (blue line). It is evident, that

the ∆(T ) values obtained from fitting follow the BCS curve

for strongly coupled superconductors.

The surface of the studied MoN ultrathin film was investi-

gated by means of STM topography measurements. Fig. 2 a)

shows images of a 20 × 40 nm2 surface area measured

at 500 mK. This surface reveals well defined yellow-red

30 − 100 nm2 areas protruding 0.8 - 1.2 nm above the

deepest green-blue regions. We performed local STS mea-

surements in each point of the surface topography shown

in Fig. 2 a). The local value of the superconducting energy gap

was determined from fitting the locally measured tunneling

spectra to the BCS DOS, as described in the text above.

The superconducting gap map of the surface in Fig. 2 a) is

constructed in Fig. 2 b). Fig. 2 c) plots the top view of the

evolution of the STM spectra measured at 500 mK along the

black line in Fig. 2 a).

The almost continuous contrast lines between different

colours of Figure Fig. 2 c) which characterize the super-

conducting energy gap indicate homogeneous superconducting

properties. However, the gap map, shown in Fig. 2 b) reveals

evident gap inhomogeneities in well-defined areas. Comparing

figures Fig. 2 a) and Fig. 2 b), it’s evident, that the local

values of the energy gap are highly sensitive to the surface

corrugations. ∆ has approx. 20 % bigger values in protruding

red surface areas than in the deeper blue regions. Hereby,

these areas with different gap values cannot be formed through

Bosonic localization. Similar variation of ∆ has been observed

in ultrathin MoC thin films [8], where the correlation of the ∆
inhomogeneities with the surface corrugation has been ex-

plained with differences in the local disorder in thinner and

thicker parts of the thin film. It has been shown, that the thicker

parts of the samples reveal lower disorder, which causes

a weaker suppression of superconductivity and higher values

of ∆. Comparing the conclusions of the paper [8] with our

data, it’s evident that the local variation of ∆ in our MoN films

is due to the change of their thickness and the superconducting

state remains spatially homogeneous in all flat sample areas

with constant thickness. This excludes the Bosonic origin

of the local variation of the superconducting energy gap and

strongly supports the Fermionic localization of quasiparticles

in our 3 nm ultrathin MoN films.

IV. CONCLUSION

This paper is dealing with the experimental study of the su-

perconducting properties in strongly disordered 3 nm ultrathin

MoN films, which are near the critical disorder in the vicinity

of the superconductor-insulator transition. Our low tempera-

ture STM/STS data detected local inhomogeneities of the su-

perconducting energy gap ∆, which can be correlated with

the corrugation of the studied surfaces. Due to lower disorder,

the superconducting properties in thicker areas of the thin films

are less suppressed and the energy gap reveals higher values.

This suggests, that the observed islands with locally different

values of the superconducting energy gap are not related

to Bosonic localization. The increase of disorder in MoN sam-
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ples suppresses superconductivity through Fermionic mecha-

nism. These results indicate the closeness of the Fermionic

suprconductor-insulator transition in this system.
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Abstract—In this paper, we propose a facial expression recog-
nition approach where we combined features extracted from
2D textured images and 3D geometric data using Local Binary
Pattern (LBP) and 3D Voxel Histogram of Oriented Gradients
(3DVHOG) respectively. We carried out some pre-processing
methods on the MDPA-FACE3D and Bosphorus datasets. The
features were used to classify faces into seven universal emotions,
namely anger, disgust, fear, happiness, sadness, neutral, and
surprise. Using Support Vector Machine classifier, we achieved
the accuracy of 88.5% and 92.9% on the MDPA-FACE3D and
the Bosphorus datasets, respectively.

Keywords—facial expression recognition, histogram of oriented
gradient, local binary pattern, descriptors, feature extraction

I. INTRODUCTION

As human beings, we use many channels to communicate

our thoughts and emotions; verbal, gesture of gait, language of

the body or facial expressions. 3D images can be computation-

ally intensive to work with in comparison to 2D images. How-

ever, they have a more accurate and comprehensive description

of the face. They give the parameter of face depth, which is

important for the recognition of face and facial expression

because muscles can not be easily seen with 2D images such

as a concave or convex facial structure. For facial expression

analysis, the muscle activity of the face may significantly help

to understand what emotion is conveyed, and these muscular

movements can be captured in detail by 3D imaging. In order

to change all the 2D image processing problems of technology

that is shifting facial imaging to other dimensions, the 3D

mapping will be addressed. For 3D imaging, variations in

lighting are not a problem, since the mask is not deformed

and the geometric data does not differ based on the lighting.

II. RELATED STUDIES

Until around the early 2000s, algorithms integrating effects

from 2D and 3D data did not exist. Nowadays, the most direct

techniques in this field use the combination of characteristics

acquired independently of bi-dimensional or three-dimensional

methods, such as texture details, position of landmarks, facial

forms, and curvature, to identify expressions and calculate

their intensity. Experiments show that integrating features

obtained in various modalities helps to capture the general

features of facial deformation and increases the precision of

identification. The topic of facial expression recognition was

explored by berretti2010set. To this end, an initial method

is suggested that measures scale-invariant feature transform

(SIFT) descriptors on a range of depth image facial landmarks,

and then selects the sub-set of most the important characteris-

tics. An overall identification rate of 77.5% on the BU-3DFE

database was obtained using SVM classification of the chosen

features. Comparative assessment of a typical experimental

setup illustrates that state-of-the-art outcomes can be obtained

from their approach.

III. DATASETS DESCRIPTION

A. Bosphorus

The Bosphorus database [1] was also used for scientific

purposes by Savran et al. A total of 4,666 scans obtained from

105 subjects are included in the collection, 61 of which are

male and 44 are female. Included are some facial expressions

that are expressed in two ways, first being the fundamental

expressions of happiness, surprise, fear, sadness, anger, disgust

. The other are Action Units-based expressions. For each

word, each subject will preferably include a single frontal face

picture and a 3D landmark file,

B. IMPA-FACE3D

To assess the analysis of facial expression recognition, in

2008, the database IMPA-FACE3D was developed, in particu-

lar. The neutral face (face with the location of the front camera

-0 degrees and without facial expression) and the six universal

expressions suggested by Ekman amongst human races are the

basis for this purpose: happy, sad, surprise, anger, disgust, and

fear. Overall, the data collection consists of 22 men and 16

women, the bulk of which are between 20 and 50 years of

age. For all entities, 14 samples were acquired, summarizing

532 samples.

IV. PROPOSED APPROACH

A. Experimental Setup

Fig. 1. Pipeline of the proposed approach

Figure 1 represents the overall architecture of the proposed

approach, it consists of three parts, image pre-processing of

both 2D and 3D input images, as well as the feature extraction

phase, where Histogram of oriented gradients (HOG3D) and

Local Binary Patterns (LBP) used on 3D and 2D images

respectively to extract features, the two features vectors are
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concatenated, the integration of the two feature vectors are

fed to different classifiers to assess the facial expression

classification process.

B. Data pre-processing

Table I presents the transformation approaches applied to the

Bosphorus and IMPA-FACE3D datasets. Figure 2 represents

an example of the pre-processing phases applied for the 3D

images from the IMPA-FACE dataset.

TABLE I
TRANSFORMATION METHODS APPLIED TO BOSPHORUS AND

IMPA-FACE3D

dataset Bosphorus IMPA-FACE3D

2D 3D 2D 3D

write Point cloud files x

face cropping x

grey scale x x

uniform down-sampling x x

region of interest x x

occupancy grid x x

(a)
Point cloud image

(b)
Region of interest

(d)
Occupancy Grid

Fig. 2. Pre-processing methods applied in our experiment on IMPA-FACE3D
dataset

C. Feature Extraction

3D Voxel HOG [2] is based on Dalal and Triggs’ original

Histogram of Oriented Gradients [3] By using voxels over

pixels, it extends the approach and stretches the original

histograms into 2 dimensions. This implementation was de-

veloped for the identification of local object structures, for

use in a context for risk analysis in which it is used to define

the object’s risk-related properties figure 3

HOG3D

Feature
 Vector

Fig. 3. Feature Extraction from the 3D images

Figure 4 presents the local binary pattern extraction from

Bosphorus dataset where the number of neighbors is 8.

input image 

Features Vector

Fig. 4. Feature extraction from the 2D images using LBP

V. DISCUSSION

Tables II reports the confusion matrix and show the result

obtained on the IMPA-FACE 3D dataset. We achieved a model

accuracy of 88.5%.

TABLE II
CONFUSION MATRIX; PC: PREDICTED CLASSES; AC: ACTUAL CLASSES

PC/AC anger disgust fear joy neutral sadness surprise

anger 29 7 0 0 0 0 0

disgust 0 28 8 0 0 0 0

fear 0 0 35 1 0 0 0

joy 0 0 1 34 1 0 0

neutral 0 0 0 1 35 0 0

sadness 0 0 0 0 0 36 0

surprise 0 0 0 0 0 10 26

Tables III presents the confusion matrix and show the result

obtained on the Bosphorus dataset. We achieved a model

accuracy of 92.9%.

TABLE III
CONFUSION MATRIX; PC: PREDICTED CLASSES; AC: ACTUAL CLASSES

PC/AC anger disgust fear joy sadness surprise

anger 103 3 0 0 0 0

disgust 0 62 4 0 0 0

fear 0 1 68 2 0 0

joy 0 0 3 68 1 0

sadness 0 0 0 7 62 0

surprise 0 0 0 0 12 58

The findings demonstrates that the proposed approach out-

performs the results obtained in recent research, table IV

TABLE IV
COMPARISON IN TERMS OF CLASSIFICATION RATE

Reference Database Methodology Expressions Accuracy %

vretos20113d Bosphorus Zernike moments + SVM 6 60.00
chun2013facial Bosphorus LBP + SVM 6 76.98

wang2013learning Bosphorus LBP + SVM 6 76.56
azazi2015towards Bosphorus SURF + SVM with PE 7 79.00
azazi2015towards Bosphorus SURF + SVM with EPE 7 84.00

li2015efficient BU–3DFE/Bosphorus Multi-modal 2D and 3D descriptors 6/7 79.72
yang2015automatic BU-3DFE Geometric scattering representations 6 82.73

berretti2010set BU-3DFE scale-invariant feature transform (SIFT) 6 77.5
Our Approach Bosphorus HOG3D+LBP+SVM 6 92.9
Our Approach MPA-FACE 3D HOG3D+LBP+SVM 7 88.5

VI. CONCLUSION AND FUTURE WORK

In this paper, we proposed a new approach to effectively

recognize human facial expressions. We applied cutting edge

techniques for 3D image pre-processing, We used Local Bi-

nary Patterns and 3D voxel Histogram of Oriented Gradients

to extract features from 2D and 3D images respectively. Then

we used a Support Vector Machine to assess the classification

of the facial expression. We test the approach using the

Bosphorus and the IMPA-FACE 3D dataset and obtained an

accuracy of 92.9% and 88.5% respectively.
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B. Sankur, and L. Akarun, “Bosphorus database for 3d face analysis,” in
European workshop on biometrics and identity management. Springer,
2008, pp. 47–56.

[2] R. Dupre, V. Argyriou, D. Greenhill, and G. Tzimiropoulos, “A 3d
scene analysis framework and descriptors for risk evaluation,” in 2015

International Conference on 3D Vision. IEEE, 2015, pp. 100–108.
[3] T. Q. Nguyen, S. H. Kim, and I. S. Na, “Fast pedestrian detection

using histogram of oriented gradients and principal components analysis,”
International Journal of Contents, vol. 9, no. 3, pp. 1–8, 2013.

SCYR 2021 – 21st Scientific Conference of Young Researchers – FEEI TU of Košice
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Abstract—This publication deals with the technical analysis of 

hybrid FSO / RF systems and the effects of the environment on 

individual lines. Since we want to achieve almost 100% reliability, 
it is important to know the parameters of the transmission 

environment for FSO and RF line. Each of them has its limitations 

and, as a result, a weather monitoring station is created. The FSO 

is most affected by fog and the concentration of particles in the air,  

while the RF line is affected by rain and snow. Therefore, it is 

important to record these conditions using a weather monitoring 

station to ensure smooth transmission for both lines. 

 

Keywords—FSO, RF, Hard Switching, weather conditions.  

I. INTRODUCTION 

In recent decades, FSO (Free Space Optics) optical fiber 

less communication systems have become an important 

direction in the application of optoelectronic technologies. 

FSO is also known as fiber less photonics. To obtain a 

broadband communication channel, high frequency modulated 

light pulses are used to transmit data over the atmosphere [1], 

[2]. FSO is an optical communication technology in which 

data is transmitted by light propagation in free space, which 

allows optical connection. FSO works similarly to Optical 

Fiber Cable (OFC), but the only difference is that optical 

beams are emitted through air instead of OFC cores, which are 

glass fibers. The FSO system consists of an optical transmitter 

and a receiver at both ends, which provides two-way (full 

duplex) communication. FSO is a technology that for its 

proper functioning needs direct visibility of the so-called LOS 

(Line of Sight) [3], [4]. The use of lasers is a simple concept 

like optical transmission using cables from Optical fiber; the 

only difference is the transmission media. Light passes 

through air faster than glass, so FSO technology can be 

classified as optical communication at the speed of light. FSO 

communication is considered as an alternative to long distance 

radio communication (LOS) communication systems [5].  

 

Figure 1 The principle of operation of the FSO system. 

II. THEORY 

Visibility is an important and integral condition for the 
functioning of FSO systems. This is described as the 

transparency of the atmosphere estimated by the observer. The 

current value of visibility is useful due to the occurrence of 
different types of particles in the atmosphere (smog, fog, haze, 
clouds, etc.). Dense fog between the two FSO heads reduces 

visibility to a few meters, with haze or clouds having the same 
impact on FSO systems. Deteriorated or even low visibility 

reduces the overall efficiency and availability of FSO systems. 
It follows that attenuation and scattering are precisely in these 
conditions. The attenuation of the optical signal can reach 

several hundred dB/km in conditions of reduced visibility; 
specifically, for short wavelengths [6].  

Commercial hybrid RF/FSO system performs well in 

temperate regions as reported in many literatures. Tropical 
region has different scenario where rain frequency and 
intensity are high. Since optics transmission uses light-wave 

that transmits particle-like electromagnetic signals, large 
particles floating in the open space block the transmission 

path. Commercial hybrid systems have self-mitigating 
mechanism by transmitting lower data for both RF and optics 
transmission channels to sustain high link reliability [7].  

For FSO systems, there are several transmission windows 
that are almost transparent (attenuation <0.2 dB/km), in the 
wavelength range from 780 nm to 1600 nm. These windows 

are located around several specific wavelengths: 

• 850 nm 

• 1060 nm 

• 1250 nm 

• 1550 nm [5]. 

The installation of FSO heads within the premises of the 
Technical University in Košice ensures communication at a 
wavelength of 850 nm. The distance between the heads is 

approximately 250 m. 

 

Figure 2 Location of FSO heads in the TUKE complex. 
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A. Atmospheric properties affecting the transmission of FSO 

systems  

The FSO system enables the transmission of information by 
carrying an optical signal via an unregulated channel. FSO 
systems facilitate a secure way of communication without 

electromagnetic interference at high bandwidth. They are used 
in terrestrial and satellite connections. However, the main 
problem with the external FSO system is the random nature of 

the atmosphere, which causes a deterioration in connection 
performance. Turbulence caused by the formation of vortices 

of different sizes and refractive indices and weather 
conditions, such as fog, smog, rain, etc., can result in severe 
performance degradation [8]. The performance of the FSO 

system is affected by many factors such as: 

• Absorption. 

• Scatter 
o Rayleigh scatter. 

o Mie scatter. 

The main parameters of the transmission environment that 
affect the transmission of the optical signal are mainly rain, 

fog, snow, turbulence and scintillation. These phenomena 
occurring in the atmosphere to some extent affect the optical 
beam, whether they attenuate or degrade it, which causes the 

FSO line to fail. Therefore, the availability and reliability of 
FSO systems is reduced. phenomena that affect the 
transmission environment are: 

Rain 

Rain is formed by water vapor contained in the atmosphere. 
It consists of water drops, the shape and number of which are 
variable in time and space. The scattering due to precipitation 

is called non-selective scattering because the radius of the 
raindrops (100-1000 μm) is significantly larger than the 
wavelength of typical FSO systems. The laser can pass 
through the raindrop particle, with less scattering. The 
turbidity particles are very small and remain longer in the 

atmosphere, but the rain particles are very large and remain 
shorter in the atmosphere. This is the main reason why rain 
attenuation is less than turbidity [5]. 

Fog 

Fog significantly attenuates visible radiation. The optical 
beam of light is absorbed, scattered and reflected by an 
obstacle caused by fog. The scattering caused by fog, also 

known as Mie scattering, is largely a matter of increasing the 
transmitted power in FSO, the wavelength of the signal is 

chosen to operate in the low absorption bands. Therefore, the 
contribution of absorption to the overall attenuation 
coefficient is very small compared to the scattering effect. It is 

important to study the dispersion of fog particles in order to 
predict the attenuation in the planning and installation of a 
wireless network [5, 9]. 

Snow 

Snow also affects the performance of FSO connections. 
The attenuation caused by snow varies depending on the 
location and atmospheric conditions at a  particular location. 

The physical properties of snow are the main factor causing 
the degradation of the optical connection of the free space. 

The attenuation coefficient is given by:  

 𝛾 = 𝑎. 𝑠𝑏 (1) 

where γ represents the attenuation due to snow, s is the 
amount of snow and a, b are constants depending on the 

physical properties of snow [10]. Snow attenuation can be 
caused by wet or dry snow. The moisture or dryness of the 

snow determines the amount of liquid content in the falling 
snow. When the temperature in the air drops just above 

freezing, part of the snow melts and falls like wet snow. In dry 
snow, the temperature is completely below freezing, which 
means that the snow has a low liquid content [11]. 

Beam spreading 

Beam propagation describes the expansion of the beam size 
in the target above the expected limit due to diffraction when 
the beam propagates in a turbulent atmosphere. 

Turbulence 

Turbulence can lead to degradation of the optical 
transmission beam. A change in the refractive index causes 
the refraction of the beam at different angles and the 

propagation of the optical beam occurs. Turbulence adversely 
affects the reliability and quality of the connection. There are 
short-term and long-term signal outages, attenuation. A partial 

solution to this problem is the hybridization of communication 
systems such as optical and radio frequency (FSO/RF). These 

hybrid FSO/RF are systems that operate on an optical line in 
good weather conditions and on a backup RF link during 
outages. Clean air turbulence phenomena affect the 

propagation of the optical beam by both spatial and temporal 
random fluctuations in the refractive index due to changes in 
temperature, pressure and wind along the optical propagation 

path. Atmospheric turbulence primarily causes phase shifts of 
propagating optical signals, leading to distortion in the front 

end of the wave [5]. 

Scintillation 

Scintillation is a flash of light produced in a transparent 
material by the passage of a particle (electron, ion or high 

energy photon). Scintillation is a natural molecular property in 
conjugated and aromatic organic molecules and arises from 
their electronic structures. Scintillation also occurs in many 

inorganic materials, including salts, gases and liquids [5]. 

BER and SNR 

The most used characteristics, not only in optical commu-
nication, are the bit error rate - BER and the value of the 

signal to noise ratio - SNR (Signal to Noise Ratio). The BER 
value depends on the average received optical power, the 
intensity of scintillation and the noise of the receiver. By 

selecting suitable dimensions of the receiving aperture, it is 
possible to increase the intensity of the received optical power 

and at the same time reduce the negative impact of 
scintillation. The value of the SNR parameter can be 

expressed by the relation [5] due to turbulence: 

 𝑆𝑁𝑅 = 10,31𝐶𝑛2𝑘7/6𝑙11∕6 (2) 

where 𝐶𝑛2 is the refractive index structure, k = 2π / λ is the 
wave number (an expression suggests that longer wavelengths 

experience a smaller variance), and l is the link range (m). 
FSO systems use ON/OFF modulation, for which it is possible 

to express BER according to equation [3]: 

 𝐵𝐸𝑅 = 𝑒𝑥𝑝(−𝑆𝑁𝑅 ∕ 2)(2𝜋𝑆𝑁𝑅)0.5  
(3) 

If we assume that the receiving area of the photodetector of 
the FSO line head is large enough, it is necessary to consider 
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the influence of the optical beam propagation when 
calculating the SNR. In this case, the so-called effective SNR 

(SNReff), calculated according to [5]: 

 𝑆𝑁𝑅𝑒𝑓𝑓 = 𝑆𝑁𝑅1 +1,33𝜎𝑖2 [ 2𝑙𝑘𝜔(𝑙)2]5/6 
 

(4) 

where 𝜎𝑖2 is scintillation index. 

B. RF system 
Radio frequency (RF) wireless communication systems 

have existed for many years. These technologies cover a wide 
range of options tailored to different uses and needs. In RF 
wireless communication systems, radio waves are used to 

transmit information between a transmitter (Tx) and a receiver 
(Rx). RF systems can be classified as terrestrial or space 
systems. Terrestrial systems include microwave point-to-point, 

wireless local area networks (WLAN) and cellular mobile 
radio. Terrestrial microwave systems are limited in distance 

and the limiting factor is the spread of visibility (LOS). 
Radio frequencies or radio waves form part of the 

electromagnetic spectrum ranging from 3 kHz to 3 THz. The 

entire RF spectrum is classified into different bands and 
ranges based on propagation properties. Baseband signals or 
source signals (eg, audio signals) are in the low frequency 

range below 30 kHz. This frequency range is classified as 
very low frequency (VLF), which must be translated into RF 

before transmission [12]. 
FSO connections suffer mainly from fog attenuation and 

are sensitive to allegedly long periods of complete connection 

loss. When available, the FSO system provides very high 
bandwidth without the need for licensing. The RF link for 
FSO / RF hybrid systems should therefore meet the following 

requirements:  

• availability during the period of loss of the FSO link, 
i.e., during the fog event, 

• bandwidth comparable to the FSO link to provide 
similar performance,  

• unlicensed operation. 

As it turns out, these requirements are contradictory. High 

carrier frequencies must be used to achieve high bandwidths. 
These frequencies, on the other hand, are strongly affected by 
precipitation and fog, although the attenuation caused by fog 

is much lower than in the case of FSO connections. Still, due 
to limited transmission power (EIRP) or limited antenna gain 
in unlicensed bands and much greater geometric loss for RF 

connections, the available error margin is also much lower, 
causing significant availability problems. Especially in times 

of rain and fog, as is often the case in continental climates, 
both connections suffer from the weather at the same time. To 
overcome these problems, it is necessary to increase 

transmission power, which often requires authorization [12]. 
On the other hand, lower frequencies are not affected by fog 
at all. Unlicensed systems in the ISM bands (2.4 or 5 GHz), 

because they are used for IEEE 802.11a/b/g compliant 
wireless LAN devices, are only affected by rain or multi-user 

interference. 

C. Hybrid FSO/RF systems 

The rapid development of information technology, the 
overcrowding of the high-frequency spectrum, and the 
pressure on mobile data services have led to a huge demand 

for the establishment of high-speed ubiquitous wireless 

networks. Due to the limitation of data transfer speed, security 
and power consumption in traditional RF communication, 

many researchers are looking for new technology to overcome 
these problems. FSO communication is one of these 

technologies [13]. 

 

Figure 3 Principle of operation of a hybrid FSO/RF system. 

Due to very different carrier frequencies, FSO and RF lines 
have different channel failures. The short wavelengths used in 

FSO lines are severely affected by fog scattering and 
atmospheric scintillation, while high frequency links are 
particularly sensitive to rain scattering. The above factors 

make the presence of the FSO link not a conventional 
technology compared to the method of communicating with 
optical fibers. On the other hand, RF communication can 

combat weather conditions. The hybrid structure of the FSO 
system with a backup RF line combines the advantages of 

both technologies, such as low cost, unattended applications, 
high data rates and low latency. The disadvantage is that RF 
typically provides an order of magnitude less channel capacity 

compared to optical communications. Other challenges for RF 
include lack of bandwidth due to licensing, interference 
sensitivity, and vulnerabilities in detection and eavesdropping. 

Using both channels cooperatively allow hybrid FSO/RF 
systems to combine high baud rates of FSO systems and 

reliability of high frequency connections through a variety 
channel. As a result, it was possible to create a hybrid network 
that can eliminate the failures of FSO systems and ensure a 

network that is almost 100% operational [14]. 
To improve the performance of the FSO joint and increase 

its reliability in various weather conditions, the FSO system 

can be combined with an RF system to form a hybrid FSO/RF 
system. This hybrid transmission system has two switching 

configurations [15]: 

• Hard Switching, 

• Soft Switching 

 

Figure 4 Hard switching scheme of a hybrid FSO/RF system. 

 

Figure 5 Soft switching scheme of a hybrid FSO/RF system. 

Configuration with hard switching, shown in. Figure 4 

selects an FSO or RF data transmission channel on both 
transmitter and receiver side. The communication itself 
always takes place only on one line. However, the connection 

is primarily realized by means of an FSO line, the RF channel 

      

         
      

        
      

         
      

         
      

    

               

      

    
        

      

    
        

     
       

     
       

  

SCYR 2021 – 21st Scientific Conference of Young Researchers – FEEI TU of Košice
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serves only as a backup. In this switching configuration, there 
is feedback between the receiver and the transmitter, allowing  

the switching of lines on both sides to be coordinated. The 
main disadvantage of this system is usage of only one line at a 

time. On the other hand, soft switching utilizes both lines, 
which is shown in Figure 5. Data is sent to both lines at the 
same time, leaving only the one that arrives earlier. Thus, if 

the transmitted data is previously received by the FSO line, 
the data sent by the RF line is discarded. This method of 
communication is a bit more complicated, as both lines 

communicate at the same time. This leads to higher energy 
consumption [16, 17]. 

III. RECORDING WEATHER CONDITIONS USING A MONITORING 

STATION 

The reliability and availability of FSO systems is a complex 

problem and its solution requires real-time analysis of 
atmospheric conditions during the entire transmission route. A 
weather-monitoring station shown in Figure 6 was created for 

this purpose [18]. The station measures following parameters: 

• Visibility. 
• Temperature. 

• Concentration of particles in the fog. 
• Wind speed. 
• Humidity. 

• Barometric air pressure. 

 

Figure 6 Weather monitoring station together with FSO head and RF line.  

IV. FURTHER RESEARCH DIRECTION 

In my further research, I will work on further research of 

the transmission channel between FSO heads as well as the 
effects of the environment on this transmission. As this is a 
communication based on direct visibility, mirrors for signal 

reflection could be used to improve communication in the 
built-up area and thus ensure communication even in the 
event of obstacles on the transmission path. Another important 

component is the RSSI parameter, i.e., the received signal 
strength indicator, which determines whether the signal level 

transmitted by one of the pair of FSO heads is sufficient for 
communication. I consider the work on hard switching 
between individual lines of the hybrid FSO / RF system to be 

a substantial part, as we want to ensure almost 100% 

functionality of both lines even in bad weather conditions. In 
the case of hard switching, the RSSI parameter is decisive, 

and we can decide whether the FSO or the RF line should 
work. 
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Abstract— Functioning of high voltage equipment depends on 

good heat transfer and insulation qualities of combined solid and 

liquid insulation. Research of fluid insulation is crucial for this 

insulation pair as the heat transfer medium. Striving to create the 

best possible insulating liquid with environmentally friendly 

properties is the main goal of this field of study. There is a need to 

have enough comparable information to prove that biodegradable 

insulation fluids or nanofluids meet or overcome qualities of the 

oils currently in use. This paper compares different insulating 

liquids, its properties and describes the possible improvement of 

used fluids by nanoparticles to get better and more efficient 

insulating and heat transfer medium. 

 

Keywords— Biodegradable oils, esters, insulation properties, 

nanofluid, transformer insulation.   

 

I. INTRODUCTION 

Power transformers are of crucial importance devices in 

power engineering. They are used for transformation of voltage 

from one level to another, or for galvanic separation of different 

electrical systems on the same level of voltage. To ensure the 

functioning of this device, the heat transfer and electrical 

insulation need to be secured. Until today,  the most frequently 

used insulation in power transformers are oils. Their important 

properties are viscosity, thermal conduction, fire point, 

biodegradability as physical properties and breakdown voltage, 

dissipation factor and resistivity of fluid as dielectric properties 

[22]. A huge number of transformers are filled with mineral oil. 

However, they are currently considered unsatisfactory due to 

their environmental footprint. The effort of today’s research is 

to replace mineral oils with a more environmentally friendly 

alternative e.g. natural (vegetable oils) or synthetic esters [30]. 

Natural or synthetic esters as environmental friendly oils have 

biodegradability over 80 percent whereas mineral oils reach 

values less than 30 percent [33]. Dielectric properties of 

mineral oils are comparable or better than in esters what is one 

of the reasons for the usage of mineral oils.  Current research 

has shown the possibility of improving dielectric and thermal 

properties by modifying liquids with nanoparticles. This 

mixture of base fluid and nanoparticles is called nanofluid. 

Nanofluids are considered as a future substitute for the current 

generation of insulation and heat transfer fluids used in high 

voltage equipment [19]. The mixture of nanoparticles and 

biodegradable base fluids seems to be a good solution for 

maintaining sustainable development.  

II. INSULATING FLUID CHARACTERIZATION 

To compare different insulating fluids, the quantities are 

given that describe its heat transfer and dielectric properties or 

other physical properties. Physical properties are characterized 

by viscosity, flash point, flash point, freezing point, and thermal 

conductivity. Electrical properties are described by AC 

breakdown voltage, dissipation factor and resistivity. Chemical 

properties are related to reactions in a fluid or with other 

materials in high voltage equipment.  An important chemical 

factor that affects the main insulation quantity is water content 

of the liquid [19], [26].  Next part of this paper deals with a 

description of properties important for insulation fluids, for 

more information and insulation fluid requirements see [5].  

A. Physical properties 

Viscosity is in general resistance to flow that means we need 

value as low as possible. In other words, it can be also described 

as an ability of the liquid to transfer heat by conduction. 

Cooling of high voltage system by conduction is major heat 

removal system. With high fluid viscosity, there may appear 

hot spots that are caused by inefficient circulation [21], [22]. 

Flash and fire points are important values to describe the 

safety of insulating fluids in extreme conditions at particular 

high temperature. Flash point shows the tendency of fluid to 

create a flammable compound with the atmosphere. This value 

designates very combustible materials [19]. The fire point is a 

safety value connected with the ignition of material [2]. 

Pour point is the low value of temperature down to 

approximately -65 °C when liquid is no more flowable. This 

value is important for example when the power transformer is 

operated in the outer environment in geographical regions with 

very cold seasons [33]. 

Thermal conductivity describes fluids ability to transfer heat 

and also shows its temperature dependence.  

B. Chemical properties 

Acidity is value describing the chemical stability of fluid. It is 

measuring of number of acidic components in the fluid. Not 

aged or unused fluid should have no acidic substances, however 

working device after some time creates acidic derivates as the 

product of oxidation [19], [33].  

Moisture in insulating fluids is very dangerous for the high 

voltage equipment. Moisture in every of its state influences 

mainly electrical properties of a fluid. It is very important in 

practical usage, but also in experimental conditions to have a 

low amount of moisture or to lower moisture in fluid before its 
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usage in a power transformer or for experimental 

measurements [7]. 

C. Electrical properties  

AC breakdown voltage is the most important insulating 

property as it describes electrical strength of the insulating fluid 

or in other words, it describes the amount of electrical stress 

that fluid can withstand without collapsing. Breakdown voltage 

is a value when current start to flow between electrodes so fluid 

(or solid insulation) lose its insulating properties. This value 

determines the suitability of insulation for application in high 

voltage equipment [10], [14]. 

Dissipation factor is mainly connected with dielectric loss 

caused by impurities or oxidation derivates and also very 

important value that increases dissipation factor is content of 

moisture in liquid. This factor is one of the options to compare 

the quality of insulation materials [7], [19].  

Reference [7] describes resistivity of material as “ratio 

between the intensity of a continuous electric field and the 

steady state value of the current density in the material”. 

Higher value of resistivity means better insulating properties as 

it was with breakdown voltage.  

 
TABLE I 

EXAMPLE OF REQUIREMENTS FOR INSULATING ESTER FLUID [26] 

Properties Unit 
Standard for 

evaluation 

Required value 

Density at 

20 °C 
Kg/dm3 ISO 3675 Max. 1 

Viscosity at 

40 °C 

mm2/s 

 

ISO 3104 Max. 35 

Flash point °C ISO 2719 250 

Fire point °C ISO 2592 300 

Pour point °C ISO 3016 Max. -45 

AC 

breakdown 

voltage 

kV IEC 60156 Min. 45 

Dissipation 

factor at 

90 °C 

- IEC 60247 Max. 0,03 

Resistivity at 

90 °C 

GΩm IEC 60247 Min. 2 

 

Table 1 shows requirements specified in IEC 61099 for fresh 

synthetic ester, but for other fluids, it can be different according 

to basic features of insulating fluids, for example, mineral oils 

are not able to reach as high fire point as synthetic ester [26]. 

III. SHORT HISTORICAL REVIEW ON INSULATING FLUIDS 

In reference [19] a nice historical review can be found. 

Accordingly, short history information is compiled: First oil-

immersed transformer was developed in 1890 with petroleum-

based liquid. Paraffin oil with small viscosity and outstanding 

insulation properties was used until 1925 and then it was 

replaced because of its high pour point and insoluble particles 

caused by oxidation that reduced its heat transfer and lifespan. 

For short time, paraffin oils have been replaced by naphthenic 

oils, which have provided a higher pour point as well as better 

oxidative stability. However, with high flammability and with 

the fact it was environmental contaminant it had to be replaced, 

too. For 40 years, till 1970, the most commonly used were 

PCBs oils (polychlorinated biphenyls). They were found toxic, 

so they were no longer environmentally acceptable.  Finally, 

PCBs were banned in 1978[19], [20].  

After PCB oils were banned mineral oils and silicone fluids 

were introduced, and its usage continues till nowadays. The 

demand for better properties of insulating fluids, mainly the 

importance of the environmentally friendly features, like 

biodegradability, led to the need for ecologically safe fluids, 

like natural and synthetic esters. Biodegradability of natural 

esters is around 98% and synthetic esters around 80%, while 

mineral oils have biodegradability under 30% and silicone 

fluids are almost undegradable. Research of nanofluids started 

in the 1990s and  P. Kopčanský et al. started to study nanofluids 
in the publication “Magneto-dielectric behavior of 

concentrated magnetic fluid” in 1996 and from that point, there 

were many papers written in Slovakia which dealt with 

nanofluids [12]. Technical University of Košice (TUKE) is in 
fourth place when we talk about publications about nanofluids 

worldwide, after NECEPU, XJTU and Chongquind University 

all from the Republic of China [20]. Cooperation of TUKE and 

SAV (Slovak Academy of Sciences) from Slovakia made 

numbers of publications for example [9], [13], [15] or [23] 

where the greatest merit for the development of this area of 

research had P. Kopčanský, K. Marton, F. Herchl and M. 

Timko. 

Till today, the most frequently used oils worldwide are 

mineral oils (MO), silicone fluids (SF), natural esters (NE) and 

finally synthetic esters (SE) [30]. Difference between these oils 

is in various factors. They are discussed in following chapter 

IV. 

IV INSULATING LIQUIDS COMPARED 

A. Mineral oils 

Mineral oils (MO) are the most frequently used oils worldwide. 

It is mainly because of their excellent performance in practice. 

Generally, MO is made of fossil fuels (crude oil) that contain 

hydrocarbon compounds of different bonds [4], [33]. The 

critical issue of this kind of oil nowadays is its low 

biodegradability and the fact that it is a potential environmental 

contaminator. Safety for people and environment is endangered 

by its relatively low flash and fire point, when it could cause 

great damage after ignition (1000 kg of burnt, under 

unfavorable conditions, MO can emit 10 kg of harmful 

substances to the atmosphere caused by a short circuit in power 

transformer [27]) and leakage of power transformer oil to the 

outer environment can result in a serious ecological problem of 

the affected region [11], [27]. However, Table 2 shows 

excellent values of some important properties when we talk 

about heat transfer and insulation. For example, the viscosity of 

MO is significantly better in comparison with other oils. The 

most expressive value when we talk about electrical properties 

is dissipation factor of MO. Dissipation factor relates to 

dielectric loss, so MO have outstanding efficiency, low 

dielectric loss and therefore also little financial loses if we talk 

about operation of a power transformer.     

B. Silicone fluids 

The evident difference between the silicone fluids (SF) and MO 

is their flammability. SF is less-flammable liquid with 

comparable electrical properties with MO. In Table 2, there is 

a difference in fire point between SF and MO from 145 to 

240 °C what makes a significant contrast in safety between 
them. SF is chemically known as polydimethylsiloxane and this 

insulation liquid is barely used worldwide mainly because of a 
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higher price than MO, and because of ecological issues 

connected to the biodegradability of this fluid [29], [33].  

C. Synthetic esters 

A major component of synthetic esters (SE), which are used for 

power transformer electric insulation, is pentaerythritol tetra 

ester and this fluid is developed from chemicals. However, by 

reason of its chemical structure, SE is biodegradable. The first 

transformer filled with this insulation liquid was introduced in 

1976. Nowadays, it is applied mainly in distribution and special 

transformers at relatively low levels of voltage or power ranges 

[19], [26]. From Table 2, is clear that properties of SE are 

comparable to MO or they are even better. The noticeable 

disadvantage of this fluids is dissipation factor and low 

commercial availability that relates to economic factors [22]. 

D. Natural esters 

Natural esters (NE) are the most “eco-friendly” solution for 

insulation and heat transfer in high voltage equipment. 

Availability of NE is growing year by year in insulation fluid 

market that makes it the most likely option of refilling the 

power transformers in future. NE is refined vegetable oil or in 

other words, it is a plant-based ester derived from crops. These 

oils are mainly extracted from the seed, but also other parts of 

the plant can yield oil [19]. The most significant advantage of 

these oils is biodegradability as it was mentioned. This fact is 

connected with the safety of this insulation liquid during 

possible leakage, but its high fire and flame point secure its 

reliability what confirms that in 2014 there were over 600 000 

transformers filled with NE worldwide with no reported fire or 

environmental incident [24]. Disadvantages of this insulating 

fluid are high pour point and not excellent dissipation factor. 

However, the electrical properties of dielectric fluids can be 

improved by adding nanoparticles. NE may be an ideal fluid for 

refinement because of its biodegradability. Moreover, 

improvement of NE with nanoparticles may create “eco-

friendly” insulation fluid with enhanced properties.  

A comprehensive compressed review of the current insulating 

fluids and their physical and electric properties are in Table 2. 

TABLE II 

DIFFERENT PROPERTIES OF BASIC INSULATING FLUIDS 

Properties MO SF NE SE Reference 

Biodegradabilit

y in 21 days 

[%] 

< 30 very 

low 

97-99 80-89 [19], [27] 
[33]  

Viscosity at 

40 °C [mm2/s] 

3-16 

 

35-40 16-37 14-30 [8], [22]  

Flash point 

[°C] 

100-

175 

300-

310 

250-

316 

260-

343 

[22], [27], 
[33] 

Fire point [°C] 110-

185 

330-

350 

300-

370 

300-

322 

[22], [27], 
[33] 

Pour point [°C] -30 to -

63 

-50 to -

60 

-10 to -

33 

-40 

to -

60 

[22], [27], 
[33] 

AC breakdown 

voltage [kV] 

30-85 35-60 49-97 43-75 [19], [22], 
[27], [33] 

Dissipation 

factor at 90 °C 
[-] 

<0,001 0,0016 0,005-

0,009 

0,001

-0,03 

[33] 

Resistivity at 

90 °C [GΩm] 
1013-

1015 

1014 1013-

1014 

1013 [19], [33] 

IV. NANOFLUIDS 

Enhancement of properties in insulation fluid is possible by 

nanoparticles (NP). There are used three main groups of 

nanoparticles, namely insulating (Al2O3, SiO2 or SiO), 

conductive (Fe3O4 or ZnO) and semi-conductive (TiO2, Fe2O3, 

CuO or CuO2). The typical diameter of nanoparticle in the 

insulating fluid is in the range of 10 to 60 nm [17]. Nanofluid 

is created by one-step or two-step process. One-step process 

involves contemporaneous synthesis and dispersion of 

nanoparticles into the base fluid. Two-step processes have two 

phases preparation of nanoparticles which are usually in the 

form of powder and the second phase is a dispersion of this 

prepared nanoparticles into fluid during magnetic stirring or 

ultrasonication. Addition of dispersant to nanofluid during this 

process enhances the stability of nanofluid [1]. Simple 

illustration of this process is in Fig. 1.  

 

 
Fig. 1.  Preparation of nanofluid [21]. 

 

Origin of the word “nanofluid” is associated with Choi et al. 
when they did research about connecting fluids and 

nanoparticles back in 1995 [19]. From that point, a lot of 

research has been made and number of scientific papers about 

this topic rapidly increased. Till 2005 publication on this topic 

did not exceed number 100 per year. From this year they started 

to grow and in 2019 there were over 3000 papers published, so 

that fact confirms actuality and future direction of this field of 

study [6].  
 

 
Fig. 2.  Number of papers according to Web of Science with the word 

“nanofluid” in the title [6]. 

 

Moreover, in the year 2019, there were over 3600 

publications in 2020 over 4100 and in the current year, there 

are already 283 at the beginning of February.  
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50



TABLE III 

BREAKDOWN VOLTAGE (BV) IN DIFFERENT NANOFLUIDS 

Base 

fluid 
NP 

NP 

size 

[nm] 

Concentratio

n [%] 

BV 

[kV] 
Reference 

NE Al2O3 50 0,004 63,8 [14] 

NE SiC 50 0,004 71,3 [14] 

NE - - - 61,3 [14] 

MO Fe3O4 10 0,005 52,68 [6] 

MO Fe3O4 10 0,01 54,41 [6] 

MO Fe3O4 10 0,015 52,38 [6] 

MO TiO2 <20 0,05 [g/L] 53,25 [3] 

MO TiO2
 10 0,06 [g/L] 51,24 [28] 

NE C60  4-6 0,1 [g/L] 68,2 [31] 

NE C60 4-6 0,15 [g/L] 64,1 [31] 

NE C60 4-6 0,2 [g/L] 58,8 [31] 

 

Table 3 indicates the behaviour of different nanofluids 

according to base fluid, type of NP, size of NP, its concentration 

and breakdown voltage. Same base fluid with different 

nanoparticles shows different results. NE with silicon carbide 

has a higher breakdown voltage than the same fluid but with 

aluminium oxide. However, both of these nanofluids express 

improvement in comparison with clear base fluid. Another 

factor that affects the results of breakdown voltage 

measurements is a concentration of nanoparticles in the base 

fluid. Same fluid with same NP of the same size, but with 

different concentration present different values. In every 

combination of the base fluid and NP, there is a value of 

concentration that shows better results than others. In this 

example, the best option of concentration of magnetite NP is 

0,01 % of NP in the fluid. If we add or reduce amount of NP in 

fluid breakdown voltage will decrease that is approved by C60 

(Fullerene) nanoparticles in vegetable oil [31]. The last factor 

that will be mentioned is the size of NP. MO with titanium 

dioxide NP with almost the same concentration have different 

results. In Table 3 can be seen that nanoparticles with lower 

size enhance insulation properties of base fluid more 

significantly. Moreover, other factors can affect the results of 

various investigations like different base fluid with the same 

type, size and concentration of NP will show distinct results. 

This fact is important in future practice because it will be 

necessary to distinguish different types of nanoparticles for 

different types of insulating fluids. Other factors that may affect 

measurements are content of moisture, the process of 

production of nanofluid, aging, temperature of fluid, pressure 

etc. [21].  

V.  PRESENT AND FUTURE DIRECTION OF INSULATING FLUIDS 

Mineral oils are the most frequently used insulating fluid 

worldwide as was mentioned. The lifespan of mineral oil 

specimen according to Mohammad R. et al. at 60 °C is around 
28,5 years [16]. In real conditions aging of insulating oil is 

influenced by various factors like temperature, working 

conditions, quality of oil and so on. After oils lifespan, there are 

few options to solve this problem concretely retro filling 

transformer oil or improvement of its qualities by 

reconditioning. Process of reconditioning is connected mainly 

with vacuum processing and filtering of aged liquid. High 

Vacuum Oil Purifier and filters are used to remove 

contaminants from transformer oil mainly moisture, acids and 

sludges created by the oxidation process. With 2 cycles of 

reconditioning values of breakdown voltage test in MO can be 

almost doubled in experimental conditions [25]. This process 

of reconditioning is one of the options but is more suitable for 

maintenance of used oil because the ability for reinstatement 

decreases with the aging of insulation oil and its quality. Sooner 

or later transformer oil must be retro filled. The future of this 

field depends on which oil will be mostly used in high voltage 

equipment.  

A. Retro filling of transformer oil 

Retro filling of transformer oil means that insulation fluid in 

the transformer is exchanged by another same or different fluid. 

This process begins with pumping of old oil out of the 

transformer tank than windings and core are rinsed with heated 

new fluid, next step is fully drained of all fluids out of the 

transformer and finally refilling of new heated fluid into power 

transformer [36]. After this process, there are 3% of old 

transformer oil contained in the refilled one [35]. A good 

example of retro filling is an exchange of mineral transformer 

oil by synthetic ester in Berlin (Germany) where 350 power 

transformers were retro filled in the 1990s led by European 

utility Vattenfall [32]. After years of monitoring synthetic ester 

in practice this insulation oil shows these advantages:  

• Prolonging of oil (also transformer) lifespan. 

• Esters have much better moisture saturation, so 

they are not as affected by moisture content as MO. 

• They are safer than MO, that means they have 

higher fire and flash point, and they are readily 

biodegradable, unlike MO which is toxic and 

barely biodegradable. 

• Financial savings connected with lowering of 

operating expenses, insurance cost (NE are much 

safer), prolonged lifespan, removal of possible 

environmental damage [26], [34]. 

However, there are possible technical complications 

connected with application of esters in high voltage equipment. 

The price of esters is dependent on feedstock cost, storage and 

management are problematic and challenging, the different 

base of fluids can show different quality, approval of this kind 

of insulation fluid by manufacturers can be an additional 

problem, pour point must be modified by additional depressants 

[19].  

B. Nanofluids as the future option of transformer oil 

Power transformers need to have oil with excellent cooling 

and insulation abilities that can be enhanced by nanoparticles. 

For example, MO improved by conductive nanoparticles is able 

to reduce hot spot and top-oil temperature in power transformer 

by almost 5 °C if we compare it to base fluid (MO) [18]. 

Reliability and lifespan of the existing transformer can be 
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prolonged and improved by nanoparticles that in the future 

might be added or whole insulation fluid may be replaced by 

nanofluid to enhance the quality of insulation. As the possible 

future alternative of insulation fluid nanofluids have 

advantages and disadvantages. Let us start with advantages: 

• Nanofluids have better AC and impulse breakdown 

voltage as compared to the base fluid. 

• AC breakdown strength of nanofluids is less 

affected by the content of moisture than MO so the 

lifespan of the transformer is prolonged. 

• Partial discharge characteristics are improved. 

• transformer oil-based nanofluids are less influenced 

by aging that relates to lifetime and operational 

reliability. 

• Nanoparticles enhance the thermal conductivity of 

the base fluid and show better cooling performance 

[18].  

On the other hand, there are disadvantages connected with 

nanofluids which slow down the development and use of 

nanofluids in practice:  

• Stability of nanofluids is theoretically confirmed 

when the size of nanoparticles is not higher than 100 

nm, but the challenge is to eliminate forces like 

gravity because of sedimentation and agglomeration 

of nanoparticles in a fluid. 

• Possible health issues with nanofluids mainly 

connected with nanoparticles can cause various health 

problem after reaching the lungs, digestive or nervous 

system.  

• Some kinds of nanoparticles may be toxic that cause 

problem with mentioned health issues for example 

carbon and graphite nanoparticles can cause skin and 

respiratory infections.  

• Environmental problems can be caused by toxic 

nanoparticles spreading in the air and reaching water, 

vegetation, or soil. 

• High manufacturing cost inhibits the implementation 

of nanofluids into practice [18].  

VI. CONCLUSION: THE VISION FOR FURTHER 

RESEARCH 

To sum up, the change of insulation fluids in future is almost 

certain. Our vision for further research raised from the biggest 

challenge of today: an implementation of environmentally 

friendly nanofluids, biodegradable fluids, or their mixture into 

the practice. The future research will be focused on the research 

and confirmation of all good features that nanofluids and 

biodegradable oils can offer. Before the implementation, there 

is a need to approve all insulating oils properties necessary for 

the functioning of a transformer by many measurements and 

experiment in laboratory conditions and then confirming the 

results in practice.  
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Abstract—Transmission and distribution of electricity are 

a significant part of the electricity supply system. A decrease in 

the reliability of the electricity supply can affect our daily life. The 

part of this system that provides insulation of power lines is the 

insulator. Insulators protect the transmission and distribution 

lines from electric connection with transmission and distribution 

towers, which hold individual wires above the ground. If the 

insulator is damaged by the influence of any stress, a failure like a 

short circuit can occur. Two of them are stresses caused by 

pollution that covers the surface of the insulator and the level of 

humidity that can affect withstand voltage of the insulator. 
Therefore, it is important to find ways how to monitor and prevent 

insulators against a decrease in electric strength caused by 

stresses. This paper describes some methods by which insulators 

can be monitored and can help to improve failure prediction in 

polluted and wet conditions.  

 

Keywords—Insulator, pollution, flashover, leakage current, 

numerical models 

I. INTRODUCTION 

Insulators are one of the basic components which are used on 

transmission and distribution lines. The main function is to 

isolate the phase conductor from other phases and insulate 

the conductor from the ground. 

Insulators are mostly at risk when they are exposed to various 

stresses. The first is electrical stress which affects insulator 

constantly due to electric and magnetic field and in situations 

as short circuit or overvoltage.  

The second stress that influences the performance of 

the insulator is the weather. There are different weather 

conditions in different environments, and it is important to 

choose the insulator adapted to these conditions.  

The next is pollution which can cause a reduction of flashover 

voltage of the insulator by tens of percent. Pollution is defined 

by equivalent salt deposit density (ESDD), which represent 

different environments. The most dangerous areas are that with 

heavy industry and coastal areas.  

II. INSULATORS 

A. Classification of Insulators  

Generally, insulators are assembled from 2 parts. Metal fittings 

are normally made from iron, steel, or aluminum and insulating 

materials where basic materials are porcelain, glass, and 

polymeric materials. Two types of insulators are mostly used to 

suspend conductors from towers on transmission lines. Disk 

insulators which have high tensile strength and long-rod 

insulators where voltage is distributed more evenly than on disk 

insulators [1]. 

 

Fig. 1 a) disk insulator, b) long-rod insulator [1]. 

B. Stresses on insulators  

Two stresses influence the performance of insulators the most. 

Pollution and humidity. In general, when the Obennaus 

pollution flashover model is used, a surface conductivity is 

affected by the amount of soluble salt contained in 

the contamination layer and the flashover voltage of the 

polluted insulator is related to this surface conductivity. When 

the wetting process of the contamination layer on the insulator 

surface starts, the conductivity of the insulator surface increase. 

To determine the amount of soluble salts in the contamination 

layer, equivalent salt deposit density (ESDD) is used, where 

values ≤ 0,06 mg/cm2 of ESDD are light pollution level and 

values > 0,1 mg/cm2 are heavy pollution level. 

The contamination level has non-soluble deposit density 

(NSDD) which forms a sealant layer for the ESDD. The liquid 

electrolyte that is created on the surface of the insulator can be 

measured as surface conductivity (μS) [2], [3], [4].   

III. FLASHOVER PERFORMANCE OF INSULATORS 

Failures of high voltage insulators on transmission lines can 

lead to transmission line outages, thereby every failure of 

the insulator can decrease system reliability. One form of 

insulator failure is flashover which is unintended disruptive 

electric discharge over or around the insulator [5]. 

K. A. Aravind, P. Rajamani, B. Krishna made a basic 

measurement on composite and porcelain insulator where they 

apply AC breakdown voltage, 50 % impulse flashover voltage 

of standard lightning, and switching wave with positive and 

negative polarity.  

They find out that the AC breakdown voltage is higher for 

composite post insulators when compared to porcelain 

insulators. 50 % lightning impulse flashover voltages are 

almost the same for both porcelain and composite post 

insulators. 50 % switching impulse flashover voltage is high for 

composite post insulators compared to porcelain post 

insulators. The performance of composite insulators is better 
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than porcelain post insulators for a longer duration of voltages 

which are switching impulse voltage and AC voltage [6].  

IV. LEAKAGE CURRENT MEASUREMENT 

A. Leakage current  

Leakage current flows on the surface of the insulation when 

the insulation is subjected to an electric field. If the insulation 

is not a perfect insulator, there is always conducting layer on 

the surface of the insulator. This conductive layer on the 

surface of the insulator is formed because of comprehensive 

reflection of factors such as pollution, humidity, voltage, and 

other factors on the surface.  

The conductive layer that is formed on the surface is caused by 

contamination of the insulator that decreases the value of 

resistance. Reduction of resistance caused an increase of 

leakage current [3], [7], [8]. 

B. Measurement methods  

Leakage current could be measured in different ways with 

different equipment.  

J. Dadashizadeh Samakosh and M. Mirzaie analyze leakage 

current during the aging process of SiR insulator. Variable 

shunt resistors (Rsh) are used as leakage current measuring 

device. They also use a high voltage probe (PINTEK HVP-40) 

with the ratio of 1000 to 1 and maximum AC voltage of 28 kV 

for measuring of applied voltage waveform depicts a two-

channel digital oscilloscope (RIGOL DS1102E) to record the 

applied voltage and LC waveforms as you can see in fig. 2 [9].  

 

Fig. 2 Schematic diagram of the experimental set-up, [9]. 

Isaias Ramirez, Ramiro Hernández, and Gerardo Montoya 
presents an analysis of the monitoring of various types of 

insulators, namely, porcelain, room temperature vulcanizing 

silicone (RTV)-coated porcelain, toughened glass, and 

nonceramic insulators. The monitoring system classifies 

leakage current peaks and the microprocessor monitors all 

leakage current pulses in each half cycle (8.33 milliseconds) for 

all three phases and provides a data summary every 9 hours. 

The data contain the maximum leakage current pulses, have the 

accumulated peaks classified into each of the five ranges, and 

have autonomy for 6 months, after which the data need to be 

downloaded and the system reset to begin a new monitoring 

period [10]. 

C. Results of leakage current measurement 

Samir Ahmed Al-Gailani and Ali Ahmed Salem measured 

leakage current on high voltage glass insulators with 

uniform/non-uniform pollution and in wet conditions. They 

create artificial pollution by mixing kaolin at 10, 40, and 120 g, 

mixed with one liter of distilled water and an appropriate 

amount of NaCl which is common salt, according to 

the ESDD (mg/cm2) severity required. The contamination 

severity is categorized into four levels of pollution based on 

ESDD value as: low (0.03 mg/cm2), moderate (0.09 mg/cm2), 

high (0.15 mg/cm2), and severe (0.24 mg/cm2). 

They experimentally measured leakage current and do its 

analysis. The characteristics of leakage current as peak value, 

harmonic components, harmonics index of the leakage current 

signal for the insulators were evaluated for identification and 

prediction of flashover or risk usage according to the 

conduction of the leakage current. The shape of the leakage 

current waveform was used to monitor insulators. There is a 

nonlinear impedance of the pollution layer on the insulator 

surface which can be used to evaluate leakage current index RHI 

which identify changes of 3rd, 5th, and 7th harmonic 

components:  

 𝑅𝐻𝐼 = 𝐼3(𝐼5+𝐼7)                     (1) 

 

Where I3, I5, and I7 represent the amplitude of 3rd, 5th, and 7th 

harmonic components of leakage current. 

The proposed index provided, can be used as an effective tool 

in predicting the contamination severity on outdoor insulators. 

The increase of the leakage current index influences the 

decreased flashover voltage gradient [11]. 

 

Next researchers who use leakage current to study the 

performance of insulators in polluted and wet conditions are 

Dini Fauziah, Heldi Alfiadi, Rachmawati, Suwarno. By leakage 

current measurement they prove that silicone rubber coating 

can improve the performance of ceramic insulators due to better 

hydrophobicity. 6 silicone rubber coated, and 6 uncoated 20 kV 

distribution insulators have been installed in the field to get a 

natural aging process for 5 years and 4 months. The experiment 

was located in a coastal area that is heavily polluted by sea salt.  

Measurement of leakage current which flows on the insulator 

surface was done by measuring the voltage across a series 

resistance using a Digital Oscilloscope. Leakage current 

waveforms including low and high-frequency components 

were obtained. So fast Fourier transform was conducted to find 

out harmonic content and calculate Total Harmonic Distortion 

(THD): 𝑇𝐻𝐷 = √∑ 𝐼𝑛2∞𝑛=2𝐼1                    (2) 

 

Where In represents harmonic components and I1 is 

fundamental current. 

The results show that the leakage current of both coated and 

uncoated insulators increase and decrease with the change of 

environmental condition. Humidity degree affected leakage 

current magnitude while THD was affected by the distribution 

of pollutants at the insulator’s surface. Morning time was a 

susceptible condition to flashover occur because it has 

the average highest humidity, so it was important to monitor 

the condition of the insulator to avoid unexpected flashover. 

Silicone rubber coating can increase hydrophobicity and 

surface thermal capacity of ceramic insulators so it can be a 

solution to improve its performance especially for heavily 

polluted areas with high humidity. After the experiment in the 

coastal area, they prove that silicone rubber coated ceramic 

insulator has better performance [12]. 

 

A. Salem, R. Abd-Rahman, Samir A. Al-Gailani create 

a formulation of a new severity of harmonic index refers to a 

ratio of the sum of 5th
 and 7th

 to the 3rd
 harmonics component of 

leakage current. Laboratory tests were conducted on glass and 

porcelain insulators in dry and wet conditions with artificial 
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pollution created by salt-fog. Harmonic index K(5+7)/3 is defined 

as follows: 

 𝐾(5+7)/3 = (5𝑡ℎ+7𝑡ℎ)3𝑟𝑑                   (3) 

 

Where 5th, 7th, and 3rd represent the fifth, seventh, and third 

leakage current harmonics components. 

After measurement in dry and wet conditions with pollution 

levels represent light (ESDD = 0,06 mg/cm2), medium 

(0,12 mg/cm2), and heavy (0,2 mg/cm2) pollution they 

successfully proposed and verified a new technique based on 

harmonics component of leakage current which is referred to as 

K(5+7)/3 indicator, where they correctly recorded 90 from 96 

tests. The proposed index, K(5+7)/3 can be effectively used as 

a tool to predict the pollution severity of an outdoor insulator. 

The insulator is considered under a normal and clean condition 

if K(5+7)/3 > 3 %. Next, pollution severity is classified as 

moderate if 2 % < K(5+7)/3 < 3 %, while the pollution level is 

considered to be in heavy or extreme condition if K(5+7)/3 < 2 %. 

The insulator is predicted to be in a critical condition when 

K(5+7)/3 < 1.7 % whereby the probability of flashover occurrence 

is high [13]. 

 

R. Gulasekara and P. Subburaj measured flashover voltage and 

leakage current at a rated frequency of 50 Hz and the ambient 

temperature of 30 ˚C on a porcelain cap-and-pin insulator 

where contamination layer was made by bird excretion. They 

measured in wet and dry conditions.  

Results show that wet pollution from birds decreases flashover 

voltage by 28 %. Leakage current increase in dry and polluted 

conditions by 14 %. This research presents the basic changes of 

insulator performance when the insulator is wet and polluted 

and how any kind of pollution can affect the insulator´s electric 
strength [14]. 

V. NUMERICAL SIMULATION MODELS  

Simulated studies had become important as studies with 

an experimental component. Recent studies with numerical 

simulation models of insulators show us that numerical 

techniques are valid to calculate the electric field and potential 

distribution on insulators such as the Boundary Element 

Method (BEM), the Finite Difference Method (FDM), and 

the Finite Element Method (FEM) [15]. 

A. Finite Element Method (FEM) 

Generally, in engineering, the FEM has already been 

established for a long time and is a successful numerical 

method to solve electric field problems, using the discretization 

of the domain, as well as coupling with other physical 

processes. 

C. Mateus, F. A. Barata and R. Luís studied the Effects of 

Broken Skirts and Pollution on Voltage Distribution for Cap 

and Pin Glass Insulators (I160BS), where they create 

a mathematical model in finite element software (FEMM©). 

After simulation of voltage distribution profile across fourteen 

units of glass insulators string with stubs in clean and in 

polluted conditions, results show that the pollution presence 

alters and exacerbates the stubs effect in the voltage distribution 

profile along the glass insulator string, being the worst-case for 

total polluted conditions compared to clean conditions and 

partial pollution [15]. 

 

Fig. 3 Glass insulator U160BS [15]. 

B. Boundary Element Method (BEM) 

Boundary Element Method (BEM) is a numerical method to 

solve the partial differential equations which are represented in 

boundary integral equations. It is based on the principle of 

weighted residuals, where the fundamental solution is chosen 

as the weighing function. According to the method, 

the boundary is discretized into many elements over which 

the weighing function is evaluated by error minimizing of 

weighted residuals [16]. 

M. Ramesha, L. Cui, R.S. Gorur presents measurements and 

calculations of an electric field in samples with deliberately 

planted superficial and internal defects. Composite insulators 

and cylindrical rods of the housing material was used. The goal 

of this work is to find out indicators of impending failure by 

measuring and calculating the viability of electric field of 

composite insulators that can develop such defects during 

manufacture and service. Measurements were performed with 

an Electro-optic probe based on the Pockels effect. Calculations 

were performed using a 3-dimensional Boundary Element 

Method package. 

After the electric field on composite insulators and cylindrical 

samples with different kinds of defects was measured and 

computed, results show good agreement between 

measurements and computational method. Tests represent 

various defects that can occur in composite line insulators. 

Defects change the electric field beside healthy insulator and 

decrease as the distance between the probe and defect 

increases. Also, they refer that Defects that are internal or 

nonconducting do not produce a significant change in 

the external electric field [16]. 

C. Finite Difference Method (FDM) 

Finite Difference Method (FDM) provides the approximate 

solution of the partial differential equation. The aim of 

the FDM is to replace the electromagnetic field problems in 

the continuous domain with a discretized domain with a finite 

number of regular nodes [17]. 

As in [12] M. Ramesh and R.S. Gorur study composite 

insulators with and without defects. An electric field is 

calculated by a 2-dimensional stretched grid finite-difference to 

examine composite insulators up to 1000 kV. This method is 

shown to be applicable for composite insulators with defects. 

Different cases, such as single string, double string with and 

without corona, and grading rings were evaluated for healthy 

insulators. A conducting defect was simulated at the high 

voltage electrode to evaluate 69 and 138 kV insulators. The 

electric field computed for 69 kV composite insulator with a 

conducting defect at the high voltage electrode was compared 

with the actual measurements [17].  
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56



 

Fig. 4 Comparison of the measured and calculated electric field, [17]. 

Figure 4 shows us that experimental methods have 

comparable results as numerical simulation using the finite 

difference method [17].  

VI. THE SUMMARY OF SOLVED AND UNSOLVED PROBLEMS   

Nowadays the biggest problem of insulator´s performance is 
how they withstand industrial and environmental stresses in 

form of pollution and rainy, foggy, dusty, snowy weather. 

That’s why researchers continuously measure stress 

influence on insulators.  

Basic researches monitored insulators by application of AC 

and DC breakdown voltage as well as impulse voltages that 

can be generated by switching processes. Results of this 

measurement can give us fundamental values about 

insulators withstand voltage level in different environmental 

conditions and to compare which type of insulator is suitable 

for which environment. Results show us that composite 

insulators are beneficial if we compare them with porcelain 

insulators of the same type because of their electric strength 

which was higher in cases where AC and switching impulse 

voltages were used and reach the same electric strength in 

case of atmospheric impulse voltage. Question is, how their 

electric strength changes after a long period when aging 

occurs [6]. 

The further the more numerical simulation models are 

popular because of the software improvement that can 

simulate and calculate almost every situation in almost every 

condition. A wide range of modeling programs is available 

to create a very accurate copy of a real insulator. Then it is 

possible to create punctures, insulator surface damage, 

pollution layer with the accurate specification, and 

simulation of humidity and wet layer. The most frequently 

used is the finite element method which has already been 

established for a long time and is a successful numerical 

method to solve electric field problems. The advantages of 

FEM are the capability of handling complex geometry. The 

second is the finite difference method (FDM) which 

provides the approximate solution of the partial differential 

equation. If we compare FEM and FDM, FDM is simpler 

than FEM if we need to solve fewer complex problems. 

Boundary Element Method (BEM) is a numerical method to 

solve the partial differential equations which are represented 

in boundary integral equations. That means this method is 

advantageous when a small surface is needed to be studied. 

So appropriate numerical method for insulators depends on 

the complexity and conditions in which is insulator 

investigated [15], [16], [17]. 

The last measuring method that is described in this article is 

the measurement of leakage current. Measurement of 

leakage current is used to indicate a danger of failure of an 

insulator. Leakage current that is measured on the surface of 

the insulator can help us to estimate contamination level 

taking into account the humidity of the polluted layer, of the 

insulator that decreases the value of resistance. Researchers 

start to analyze the harmonic content of leakage current to 

find the way how to predict contamination level and evaluate 

the decrease of flashover voltage gradient. Two leakage 

current indexes are mentioned in the article, leakage current 

index RHI and Harmonic index K(5+7)/3. Both can predict the 

contamination severity on outdoor insulators and help us to 

prevent failures. 

My research will continue with the next way how to use 

leakage current as an indicator of contamination level. We 

will measure leakage current in the wide range of voltage 

frequency with a constant value of voltage and check how 

frequency changes will influence the value of leakage 

current in different humidity and pollution level.  
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58



A survey on deep learning based pathological

speech detection

1Máté HIREŠ (2nd year),

Supervisor: 2Peter DROTÁR

1,2Dept. of Computers and Informatics, FEI TU of Košice, Slovak Republic

1mate.hires@tuke.sk, 2peter.drotar@tuke.sk

Abstract—This paper presents an overview of the most fre-
quently used datasets that contain pathological speech samples.
A survey of related best resulting works on deep learning
approaches for pathological speech detection or classification is
also provided. A brief analysis of the mentioned databases is
included as well.

Keywords—Deep learning, Parkinson’s disease, Pathological
speech, Speech processing

I. INTRODUCTION

Pathological voice can be caused by many neurodegen-

erative or respiratory system disorders. The most common

diseases affecting the human voice are the Parkinson’s disease,

lung cancer, cystic fibrosis, nodules, polyps and others. Since

the detection of such diseases is very important to prevent

other chronical lesions, automatic diagnosis systems has re-

ceived more attention. The traditional diagnostic methods are

more expensive and time-consuming. In the recent years, the

machine learning based speech processing methods became

more commonly used. Since then, many accurate methods

have been developed with notable results achieved. The most

important part of the pathological speech detection process is

the appropriate choice of features. Mekyska, et al. [1] provided

a set of 92 speech features with description. They verified the

importance of the given features on three different datasets:

the Massachusetts Eye and Ear Infirmary Voice Disorders

Database (MEEI) [2], Príncipe de Asturias Database (PdA)

[3] and the Czech Parkinsonian Speech Database (PARCZ) [4].

Pishgar, et al. [5] proposed a classification model based on the

Mel-frequency Cepstral coefficients (MFCC) and the MFCC

delta features extracted from the speech signals. They tested

their model on the Far Eastern Memorial Hospital database

(FEMH) [6]. Orozco-Arroyave, et al. [7] analyzed the spectral-

cepstral features of the data to classify the speech pathologies

for the patients from the FEMH and the PC-GITA database

[8]. Martinez, et al. [9] pointed out the importance of noise-

related features while classifying the pathologies in the MEEI

and the Saarbruecken Voice Database (SVD) [10].

The aim of this paper is to provide an overview on some the

existing pathological speech datasets and works dealing with

pathological speech processing using deep learning methods.

II. PATHOLOGICAL VOICE DATASETS

This section provides an overview of the most frequently

used datasets containing pathological speech samples.

A. Saarbruecken Voice Database

The SVD dataset is the most comprehensive dataset con-

taining pathological speech. It consists of 2042 samples, from

which 687 are from healthy and 1355 from pathological

subjects. The samples are recorded at 50 kHz rate and 16

bit resolution. Every session consists of three tasks:

1) sustained phonation of the vowels [i, a, u] with normal,

high and low intonation,

2) sustained phonation of the vowels [i, a, u] with rising-

falling intonation,

3) Reading of the sentence "Guten Morgen, wie geht es

Ihnen?".

This databse includes 71 different pathologies [10].

B. The Massachusetts Eye and Ear Infirmary Voice Disorders
Database

The MEEI database is the most frequently used dataset

containing pathological speech samples. It consists of two

sessions:

1) sustained phonation of the vowel /a/

2) reading the text of the “The Rainbow Passage”

The first session includes 657 pathological and 53 healthy

samples, the second session contains 661 pathological and 53

healthy samples. The healthy samples are recorded at 50 kHz,

while the pathological samples are recorded at either 10, 25

or 50 kHz [2], [1].

C. Far Eastern Memorial Hospital database

The FEMH database consist of 60 healthy and 402 patho-

logical voice samples, which include voice pathologies, such

as vocal nodules, polyp, cyst, glottic neoplasm, vocal atrophy,

laryngeal dystonia, unilateral vocal palsy and sulcus vocalis.

The dataset contains recordings of sustained phonation of the

vowel /a/. The recordings are sampled at 44,1 Hz and 16 bit

resolution [6].

D. PC-GITA

This database includes 100 samples: 50 samples from

patients with Parkinson’s disease (PD) and 50 from healthy

subjects. The samples were recorded at 44100 Hz sampling

rate and 16 bit resolution. One recording includes five different

tasks: (1) sustained phonation of vowels /a/, /e/ /i/, /o/, /u/;

(2) Reading of 25 different Spanish words; (3) Reading of a

dialog; (4) Reading of sentences with different emphasis in

some marked words; (5) A spontaneous speech [8].
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E. Príncipe de Asturias Database

The PdA database was recorded at the Hospital in Alcalá

de Henares, Madrid. It consists of 439 speech recordings,

from which 239 are healthy and 200 pathological. The present

pathologies are polyps, nodules, carcinomas and oedemas.

The PdA dataset contains one recording per subject, which

is the sustained phonation of the vowel /a/ [3].

F. Czech Parkinsonian Speech Database

The PARCZ database contains voice samples from 52

healthy and 57 pathological speakers, which were diagnosed

with Parkinson’s disease. The recordings contain 91 different

tasks to analyse the speech disorders caused by PD. The

samples are recorded at 48 kHz. The detailed description of

the speech tasks are available in [4].

III. RESULTS

The following table contains a list of related articles with

the best achieved results in the field of pathological voice

detection and classification. All the proposed approaches use

deep neural networks to achieve the results. On the SVD we

were able to reach 74 % testing accuracy using only the /a/

vowel subset. We proposed another deep learning approach,

reaching 94,33 % accuracy using the /u/ vowel subset of the

PC-GITA dataset [11].

Reference Database Best accuracy

Fang, S., et al. [6] MEEI 99,33 %

Lee, J., et al. [12] MEEI 99,3 %

Hireš, M. [11] PC-GITA 94,33 %

Fang, S., et al. [6] FEMH 94,26 %

Chuang, Z. Y., et al. [13] FEMH 93,1 %

Vasquez-Correa, J. C., et al. [14] Multimodal data 92,3 %

Wodzinski, M., et al. [15] PC-GITA 91,7 %

Vasquez-Correa, J. C., et al. [16] PC-GITA 85,6 %

Vasquez-Correa, J. C., et al. [16] PARCZ 89,2 %

Lee, J., et al. [12] SVD 75,18 %

Hireš, M. [11] SVD 74 %

Harar, P., et al. [17] SVD 71,36 %

Wu, H., et al. [18] SVD 71 %

TABLE I
LIST OF SOME ARTICLES RELATED TO DEEP LEARNING BASED

PATHOLOGICAL SPEECH DETECTION OR CLASSIFICATION

IV. CONCLUSION

Even, when the best results were obtained on the MEEI and

FEMH datasets, they contain imbalanced data. Furthermore,

the recordings of the MEEI dataset are sampled in three

different environments. The results obtained on these datasets

may not be accurate.

The SVD dataset contains the most data for pathological

speech detection and classification. However, its data is also

imbalanced. The PARCZ and the PC-GITA datasets contain

only a few samples (<110), which is insufficient to train an

accurate model on. Moreover, the PARCZ dataset is focusing

rather on older people, the average age of the speakers is

approximately 65. Another hindering factor is the availability

of the data. From the datasets mentioned in this work, only

the SVD and the PC-GITA dataset is freely available.

A sufficient amount of well balanced freely available speech

data could become a milestone in the field of pathological

speech processing. Research work in this field has a wide

area based on its applicability. Working on specific speech

dysfunction, analysing other acoustic features, applying new

methods of speech processing or development of standardised

databases could provide improvements in this field.
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I. INTRODUCTION

In recent years, a giant amount of data has been generated

through many computer applications. Data obtained from

social media and the growing Internet of Things and cloud

computing often have an extremely large number of attributes

(variables, features). These high-dimensional datasets pose

a serious challenge for researchers in the field of data mining

because when applying machine learning algorithms with tens

or hundreds thousands of attributes, a phenomenon known as

the curse of dimensionality occurs. This causes a noticeable

reduction of the prediction performance of the algorithms

originally designed for low-dimensional data. Moreover, high

dimensionality increases demands on computational resources

and prolongs computational time.

There are two means of reducing dimensionality: feature

extraction (FE) and feature selection (FS). FE reduces dimen-

sionality through mapping a high-dimensional feature space to

a new low-dimensional space. Its drawback is that the newly

constructed features have no physical meaning for interpreta-

tion. FS methods utilize certain criteria to evaluate the quality

of features, based on which they select a smaller subset of

relevant features from the original feature set, while other

features evaluated as irrelevant or redundant are removed.

FS can increase learning performance and save computational

resources. It also contributes to a better understanding of the

learning model and data.

In recent years, much attention has been paid to artificial

neural networks and deep learning, which have been successful

in solving many current machine learning problems, such

as image and speech recognition and processing, machine

language translations, games, and medical diagnostics. An

interesting question is the impact of FS on the performance

of neural networks, but also the use of neural networks and

deep learning for FS.

This paper focuses mainly on FS methods based on neural

networks. The rest of the paper is organized as follows:

Section II discusses the relationship between FS and neural

networks. Section III presents some FS approaches based

on neural networks and examples of their use. Section IV

summarizes our conclusions and outlines further research.

II. NEURAL NETWORKS AND FEATURE SELECTION

Deep learning is one of the major advances in machine

learning in recent years. Deep learning algorithms construct

new abstract high-level features from the original low-level

variables and form distributed representations of data [1].

Consider an arbitrary feedforward neural network with m

input neurons, i.e., original input variables. If h is the number

of neurons of any hidden layer, then the output of this

layer presents a complex transformation from the original m-

dimensional space to the h-dimensional space. When m ≫ h,

it is a dimensionality reduction and the neural network can

be used to transform the original dataset to a new dataset in

a lower dimensional space.

The built-in FE ability of neural networks may be even

more interesting if the input variables have a certain structure.

For example, a photograph or recording of an audio signal

can first be processed by a convolutional neural network

and converted to a multidimensional vector of real numbers

representing the values of new abstract features. Time series

can sometimes be interpreted as sequences of different lengths.

Such sequences can be converted to vectors of real numbers

of a fixed dimension using a recurrent neural network.

Although it seems that advanced machine learning can be

done without the use of FS methods, in some cases, when

the number of data points is not large enough, deep learning

should be combined with FS to obtain better learning perfor-

mance [2]. Moreover, irrelevant features might cost a great

deal of resources during the neural network learning process,

and removing them can save training time [1]. FS reduces

the complexity of the model at the input level and makes its

interpretation easier.

On the other hand, because the weights of irrelevant features

will be close to zero during neural network training, deep

learning can also be used to FS. Deep-learning-based feature

selection as well as feature-selection-based deep learning are

approaches that should be further investigated [1].

III. FEATURE SELECTION BASED ON NEURAL NETWORKS

Let F = {X1, X2, . . . , Xm} be the set of m explanatory

variables or features, {x1, x2, . . . , xn} be the set of n obser-

vations of a dataset X ∈ R
n×m, and let Y = (y1, y2, . . . , yn)

be the target variable. The goal of FS is to find a set

S ⊂ F of p features, p ≪ m, that optimally characterizes

the target variable Y . Based on the features in S , a new

dataset X
∗ ∈ R

n×p is extracted, which keeps most of the

information about X . The quality of the selection is assessed

according to various criteria. The most important of them is

usually considered to be the impact of the selection on the

performance of classifiers.
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A. Determining Salient Input Variables

Some FS methods are based on the assumption that the

weights of the trained neural network corresponding to irrel-

evant features are close to zero. To determine the importance

of features for making a correct prediction, they define various

saliency metrics that involve the weights of the network or the

derivative of the network error function, or both [3]. A simple

example is the sum of the squared weights between a given

input variable and the first hidden layer. The values of these

saliency metrics are calculated from the network trained with

all input variables, and based on them, the variables are ranked

from most significant to least significant.

Several FS algorithms sequentially eliminate irrelevant vari-

ables according to some criterion evaluated in each step for

the remaining variables. In [4], the importance of a variable

is measured by the difference of the values of the objective

function before and after its removal. In [5], variables are

excluded based on the prediction accuracy after their removal.

B. Sparse FS Using Neural Networks

Another FS methods try to reduce the number of non-zero

weights during network training using appropriate regular-

ization techniques, and thus obtain a smaller number of the

most important features. The idea of regularization is to add

a penalty term to the objective function minimized during the

process of learning network parameters.

Let us consider a feedforward neural network with H hidden

layers in the model. We denote the set of model parameters

by θ = {W 1, b1, . . . ,WH+1, bH+1}, where W
h = (wh

ij) is

the matrix of weights of the connections between the (h− 1)-

th and h-th layers and b
h is the bias in the h-th layer for

h = 1, . . . , H + 1. The regularized objective function has the

form:

f(θ) = L(θ) + λ

H+1
∑

h=1

Ω(W h), (1)

which is the sum of the loss function L(θ) and the regular-

ization term
∑H+1

h=1
Ω(W h) multiplied by the regularization

parameter λ ∈ R+

0 , which controls the balance between the

loss term and the regularization term.

Many well-known regularizers are based on the p-norm,

defined for the vector w = (w1, . . . , wn) and p ∈ R+

0 as

follows:

‖w‖p =

(

n
∑

i=1

|wi|
p

)
1

p

. (2)

Sparse regularization causes the reduction of many weights

to zero during network training. The most used sparse reg-

ularizer is ℓ1 based on the ‖w‖1 norm. This is a convex

approximation of the ℓ0 regularizer based on ‖w‖0 norm,

which determines the number of non-zero weights. Although

ℓ0 appears to be ideal, it has been shown that solving an ℓ0-

regularized learning problem is NP-hard. To improve ℓ1, some

other non-convex metrics have been introduced, for example

ℓp based on the ‖w‖p norm for p ∈ (0, 1). Another alternatives

are combinations of ℓ1 and ℓ2 (based on ‖w‖2 norm), such as

ℓ1−2, which is the difference of ℓ1 and ℓ2, and their convex

combination known as the elastic-net regularization defined

for the vector w and α ∈ [0, 1) by

α‖w‖22 + (1− α)‖w‖1. (3)

Neural-network-based FS methods presented in [6], [2] se-

lect important input variables of a feedforward neural network

utilizing the ℓ1 and ℓ1/2 regularization. In the FS method

introduced in [7], a sparse one-to-one FS layer is included

between the input layer and the first hidden layer. The network

is trained using the elastic-net regularization.

C. Applications of Neural-Network-Based FS Methods

Several works introduce neural-network-based FS methods

and their successful applications in bioinformatics [7], [8].

Deep-learning-based FS approaches are presented in [9], [10],

where they are used for selection of important features in the

context of action recognition from video records and remote

sensing scene recognition.

IV. CONCLUSION

FS is an important pre-processing step of machine learning

algorithms. The success of neural networks in solving many

nonlinear learning problems has led to the question of their

relationship with FS. This paper shows that FS can be useful

for neural networks and also neural networks can be the basis

for FS methods. The paper presents some neural-network-

based FS approaches.

Further research will focus on the development of the new

neural-network-based FS method proposed in [11], which

selects important features using a special sparse FS layer.
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Abstract — The paper describes s system for data collection 

from a CNC milling machine. Data collection is performed for the 

purpose of making a thermal model. The first part contains the 

definition of the concept of the entire system. The method of 

communication between the individual nodes of the system is also 

explained. The next part deals with the description of the 

graphical interpretation of collected data and the explanation of 

the need to collect certain data. 
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I. INTRODUCTION 

Proper temperature monitoring is required to understand the 

individual events and determine the effect of temperature. 

There are currently a number of sensors and measuring 

instruments for measuring temperature. But if you want to carry 

out a detailed analysis of the events affecting the heating of the 

system and the subsequent effect of temperatures on other parts 

of the system, it is necessary to create a robust database with 

the appropriate data[1]. The main information collected by our 

system includes temperature, stepper motors velocity, executed 

machine code, machine calibration parameters and milling 

information. Such an extensive database will allow us to 

research the effects of processes and heating in the system. 

Therefore, in this article we will focus on tools suitable for data 

collection and visualization.  

II. THE SYSTEM CONCEPT 

The first main part of system is focused for temperature 

measurement. The design of this part consists of the InfluxDB 

database, the Grafana visualization tool, sensors DS18b20[1] 

and the ESP8266 microcomputer. The communication of the 

system between these nodes of the measuring system is ensured 

by the Mosquitto broker in combination with the MQTT 

communication protocol. 

The next part provides the collection of data about 

movements, calibration parameters of the CNC machine and 

the current milling process. The collection of this data from the 

control program of the CNC milling machine(Machinekit) is 

implemented using the Python interface module. This module 

ensures direct communication with Machinekit and Python 

software, which send data to database InfluxDB. A diagram of 

the described system for data collection and visualization is 

shown in Fig. 1. 

 
Fig. 1 The system diagram 

Description of the Individual System Tools 

Python and Micropython(Python version for ESP8266) 

programming languages. In Python are created programs for 

collecting data and sending them to the InfluxDB database.  

 MQTT is a standard messaging protocol for the Internet of 

Things (IoT). It is designed as an easy messaging for publishing 

and subscribing in which is ideal for connecting remote devices 

and is widely used in industry. The basis of MQTT 

communication is a publish / subscribe system. Each message 

is published with the topic name, which the broker sends to all 

clients who have subscribed to it[3]. 

 InfluxDB is a time series database designed to handle high 

load during writing and querying. Contains dashboards, 

queries, tasks, and agents. In our case we use it to store all 

measured data. Subsequent data analysis requires a suitable 

selecting of data from the database, for this purpose was chosen 

Grafana visualization tool[4]. 

The last tool most important for visualization is the Grafana 

platform that allows to visualize data by creating graphs, 

dashboards and other visualization elements[5]. 

III. PARTS OF GRAPHICAL VISUALIZATION 

 Fig. 2 shows the layout of the Grafana visualization. The 

individual parts of it will be shown and described separately. 

 

Fig. 2 Visualization layout in the Grafana environment 
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The first part of the visualization contains display of graphs. 

The graphs show temperature data and information about the 

current speed of the machine drives. Temperature visualization 

is needed due to future verification of the thermal model. The 

current speed of the drive is another necessary parameter for a 

more accurate analysis of iron losses, which are dependent on 

the speed of rotation of the motor. You can see the individual 

parameters depending on the time in Fig. 3. 

 

 

Fig. 3 Graphs of temperatures and speeds of CNC machine drives (part A) 

The input parameter for the future thermal model is the 

machine code of the CNC machine. This code consists of G-

codes and M-codes, which are technical and geometrical 

information about the work process for the CNC machine. For 

the subsequent comparison of models and real machining, it is 

necessary to store this data in our database. You can see his 

interpretation in our Grafana visualization in Fig. 4. 

 

Fig. 4 Tabular representation of executed machine code (part B) 

The system stores the temperatures of all motors, the 

temperature inside the cover and the ambient temperature out 

of the cover. The current values of these temperatures are 

visualized in layer C. In its lower part there is information about 

the state of the CNC machine. Layer C of the Grafana 

visualization is shown in Fig. 5. 

 

 

 

Fig. 5 Visualization of the current state of temperatures and machine 

operation (part C) 

In the last part of the visualization, information about the 

machining process is displayed. Data such as workpiece 

material, tool used, maximum machine speed and drive 

calibration are factors influencing the heating temperature of 

the entire CNC machine. Therefore, for future analysis, it is 

necessary to be informed about these properties. Their 

visualization is shown in Fig. 6. 

 

 

Fig. 6 Milling and machine calibration information (part D) 

IV. CONCLUSION AND NEXT STEPS 

The article described a comprehensive data collection 

system implemented by us for the purpose of manufacturing a 

thermal model of a CNC machine. The main advantage of the 

system is robustness and flexibility. The system also allows you 

to enter temperature prediction data and set alerts to parameters 

that should not exceed a certain value, such as temperature. The 

data stored, in the future can create a suitable set of data for a 

machine learning application and other methods of modeling. 
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Abstract— Study impacts of photovoltaic systems and electric 

vehicles in low voltage residential networks based on real 

historical smart meter data in suburban or rural area with 

household this time without photovoltaic systems and without use 

electric vehicles considering unbalanced loads across phases in 3 

phase network feeder and 3 phase consumer connections.  
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Battery storage, Impact calculations 

I. INTRODUCTION  

Installations of rooftop photovoltaic systems in households 

powered by low voltage local distribution network is gaining 

increasing popularity in recent years. Rooftop photovoltaic 

systems inject active power during the day at a time when there 

is usually a minimum level of household consumption.  

Therefore, in recent years, the authorities and system operators 

must have adopted several limitations on photovoltaics systems 

installations as maximum total system power or maximum load 

per phase. 

Likewise, in recent years, the popularity of electric vehicles 

among the general population living in family house has 

increased due to some of their valuable options like reducing 

greenhouse gasses by offering low or free emissions 

transportation as an alternative to conventional vehicles. 

Charging and discharging activities of electric vehicles have a 

direct impact on the distribution network by step changes in 

power flow. One of the main impacts on distribution network 

power flow and overall local area load profile is a significant 

increase in power peaks because charging electric vehicles 

which usually takes place on the afternoon consumption peak 

after coming from work. 

My work studies the integration and impacts of photovoltaic 

systems and electric vehicles in low voltage residential 

networks based on real historical smart meter data in a 

suburban or rural areas with households that time without 

photovoltaic systems or use of electric vehicles.  from last year 

in rural in the form of single-phase slow charging during the 

night, excluding vehicle-to-grid capabilities. 

Several levels of vehicle ownership penetration and 

photovoltaics system installations with or without battery 

storage will be chosen to identify possible impacts to overall 

substation load profiles in the local power grid.   

II. METHODOLOGY 

The calculations are based on veritable smart meter data used 

by local distribution system operator (DSO) company 

Vychodoslovenska Distribucna a.s., This DSO operates on its 

own territory with circa 9500 MV/LV substations, own or 

foreign, with more than 660k electricity meters, of which is 95k 

smart meters. We choose a distribution substation with the 

highest smart meter ratio to a total number of electricity meters 

and the total number of connected households is more than 30, 

which represents a common suburban or rural area. 

Distribution substation in suburban municipality Hriadky  

fed 55 customers with 54 installed smart meters. The 1 

remaining household has insignificant annual consumption. 

The selected substation distribution feeder illustration is 

figured in Fig. 1. The selected test network is a 400 V 3 phase 

four-wire low voltage network with a radial feeder. It is to be 

noted that although this type of low voltage network is common 

in many parts of world except Northern America.  

As the power grid is dynamic in nature, with its operation 

change from minutes-to-minutes, we subdivide load profiles 

time horizon into 15-minute time slots, t, such that  

t = {1,2, …, T}.   

Total time step load profile of distribution station Psum can be 

described as a sum of load profile Pi for each connected 

household i for time step t. Figured in Fig. 2. 

 

 
Fig. 1. Selected substation distribution feeder illustration  

 
Fig. 2. Actual day load profile of transformer and randomly selected 

household    
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𝑃𝑠𝑢𝑚 (𝑡) = ∑ 𝑃𝑖 (𝑡)𝑛
𝑖=1  

According to the analysis of household load profiles, we can 

conclude, that those are simple loads without the usage of 

electric vehicles or photovoltaic systems, as we plan to 

simulate.   𝑃𝑖 = 𝑃𝑃𝑉 + 𝑃𝑏 − 𝑃𝐸𝑉  
The available output power PPV(t) of photovoltaic system at 

maximum power point in time interval can be calculated based 

on global horizontal irradiance Q, photovoltaics panels area 

SPV, system ambient temperature T, and photovoltaics system 

efficiency η [1]. 𝑃𝑃𝑉(𝑡) = 𝜂 𝑆𝑃𝑉𝑄(𝑡) (1 − 0,005 (𝑇(𝑡) − 25)) 

 

In Fig. 3 is figured calculation of photovoltaic system power 

output profile based on historical data from Solcast [2] and 

technical parameters one of the most used solar panels [3] for 

one day at middle of summer and overall photovoltaic capacity 

is 3,36 kWp. 

 The sizing of simulated battery systems is based on available 

models for households with consideration of the economic 

efficiency of these solutions. Battery load or the state of charge 

of the battery can be calculated by the following equations [4] 

[5] 𝑃𝑏 (𝑡) 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = 𝑃𝑏(𝑡−1)(1 − 𝜎) − (𝑃𝑃𝑉(𝑡)𝜂𝑖 − 𝑃(𝑡) ) 𝑃𝑏 (𝑡) 𝑐ℎ𝑎𝑟𝑔𝑒 = 𝑃𝑏(𝑡−1)(1 − 𝜎) + (𝑃𝑃𝑉(𝑡) − 𝑃(𝑡)/𝜂𝑖)𝜂𝑏 

 

Where Pb(t) and Pb(t-1) represent battery load demand in adjacent 

time intervals, σ is the battery self-discharging factor and ηi, ηb 

are the efficiency of inverter and battery charging.  

 

Power grid structure needs to be analyzed, developed, and 

improved due to the increased utilization of electric vehicles. 

Vehicle charging scenarios used in the simulation are real 

historical smart meter data from DSO fleet cars used by 

company workers. These charging systems are “slow”, which  

means 1 phase about 4 kW and does not correspond to the 

actual mixed types of charging. Simulation of charging, defined 

by power load PEV, will be based on various types of charging, 

1 or 3 phases, slow or fast with the statistically expected use of 

vehicles during the days and the corresponding needs to 

recharge the battery [6]. 

Most analysis of the impact of photovoltaics system or 

electric vehicles load profiles is tied to balanced residential low 

voltage networks with 1 phase customer loads.  

As we can see in Fig.4, in real conditions is low voltage 

network unbalance due to various loads across phases caused 

by 3 phase household connection of most suburban residential 

houses. The individual points represent the measured effective 

voltage values in the individual smart meters arranged 

according to the distance from the transformer station. For a 

better illustration of the voltage drop in the network due to 

unbalanced load, the maximum measured values for each phase 

at the individual supply points are connected by a line. 

III. NEXT STEPS  

Impact calculations of photovoltaic systems and usage of 

electric vehicles on the load profile of residential low voltage 

power grid must take into account of the facts unbalanced 

consumers three-phase loads along with popular and economic 

available single-phase rooftop photovoltaic systems 

with/without battery units and charging of electric vehicles.  

This means that we cannot count on a decrease or increase in 

load uniformly, but we must divide load into the individual 

phases and assume the installation of PV or EV on one of these 

phases. This step seems to be complicated due to the fact that 

smart meter customer data contains only the current effective 

value of voltage in a specific time interval and load for a certain 

time period (Fig.5). 
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Fig. 3. Output profile of photovoltaic system in of middle summer 

 
Fig. 4. Voltage unbalance changes along the network according to the 

distance from transformer in randomly selected time interval during day  

 
Fig. 5. Load profile and Voltage measurement timeline   
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Abstract— This work introduces a Multi-user adaptive 

interface integrated into LIRKIS G-CVE web-based global 

collaborative virtual environments. In the last years, the rapid 

development of Extended Reality (XR) introduced novel 

technologies that differ in peripherals and inputs. Utilizing 

adaptive interfaces can be efficient to solve XR support for web-

based CVEs. In this study, we present the adaptation of user 

peripherals to corresponding 3D interaction under WebXR 

standards. Our goal is to minimize the redundancy of user 

interfaces in collaborative virtual environments. 

 

Keywords— extended reality, web-based, user interaction, 

virtual collaboration, adaptive interface.  

I. INTRODUCTION  

Globalization of web-based collaborative virtual 

environments (CVEs) gained potential for multipurpose use. 

However, global usage increases the number of users that 

access CVEs through different hardware platforms and 

operating systems [1]. This causes a variety of issues 

associated with multi-platform accessibility and cross-device 

support. In 2014, the JavaScript API standard called WebVR 

was released to provide access to commercial Virtual Reality 

(VR) devices via web browsers. The WebVR has positively 

affected the development of web-based 3D graphics libraries 

and frameworks for multipurpose VR usage. However, cross-

platform development is extremely affected by the increasing 

novelty of technologies and devices. Therefore in 2017, the 

WebVR introduced the next standard called WebXR to open 

web access for Extended reality (XR) devices and interfaces. 

Extended reality includes the Virtual Reality (VR), Mixed 

Reality (MR), and Augmented Reality (AR) for the same 

purpose. Later in 2019, we implemented the LIRKIS G-CVE 

[2] web-based system that offers fully immersive and globally 

accessible CVEs under different platforms and web browsers. 

The general purpose of the LIRKIS G-CVE is to provide a 

testing web-platform for developing user XR interfaces and 

evaluating their usability and performance. 

II. MULTI-USER ADAPTIVE INTERFACE 

In general, globally accessible CVEs utilize a client-server 

architecture where the server replicates data between all 

connected clients in real time [3]. However, global CVEs are 

facing massive user access from different devices and 

platforms. Centralizing a wide range of user interfaces into the 

client-side causes frequent performance issues and high 

latencies during virtual collaboration. Therefore, most of the 

global CVEs provide only limited support of interaction and 

user devices. The introduction of XR technologies affected the 

whole development of CVEs [4]. The XR covers a wide range 

of devices and interfaces to fulfill users' experiences and 

interactions. Integrating XR support for global CVE purposes 

becomes the primary objective of researchers and 

experiments. Therefore, the multi-user adaptive interfaces 

(MUAI) were proposed to provide only the 3D interaction 

techniques that correspond to user devices and peripherals.  

III. DESIGN AND IMPLEMENTATION 

In the previous state, the LIRKIS G-CVE included 

redundant peripheral interfaces and scripts on the client-side. 

These negatively affected its performance and load balancing 

while running CVE. We aimed to enhance LIRKIS G-CVE 

with the MUAI interface for XR purposes by utilizing the 

WebXR standard. Our goal was to provide corresponding 

interfaces for client peripherals from the server-side and 

ensure their assignment to the proper 3D interaction 

techniques. Therefore, we proposed two MUAI interfaces 

(Fig.1) integrated on the client-side (MUAI-C) and on the 

server-side (MUAI-S). Both interfaces were implemented in 

JavaScript utilizing WebXR API.  

The MUAI-C contains three components responsible for 

assigning proper 3D interaction techniques corresponding to 

the client’s device and its peripherals. The first one represents 
the WebXR component which performs peripherals detection 

and requests the server to send the correct peripheral script. 

The second component called 3D Interaction Tools 
Assignment compares the relation between CVE interactions 

and the peripheral features. The resulting comparison is 

processed by the 3D Interaction Technique Assignment 
component, which attaches detected peripherals to proper 3D 

interaction techniques. Subsequently, the interaction 

techniques are executed as interaction commands and sent 

into the CVE. 

The MUAI-S mediates all resources for clients and 

monitors their interaction commands in shared CVE. Each 

client informs MUAI-S of the resulting peripheral detection 

and chosen interaction technique. If some of the MUAI-C 

components work incorrectly, the MUAI-S obtains an error 

message from a client and requires him to reconnect. The 

error message contains issue description and the name of the 

troubleshooting MUAI-C component. 
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Fig. 1.  The simplified model of LIRKIS G-CVE architecture with integrated Multi-user Adaptive Interfaces (MUAI-S and MUAI-C). 

IV. EXPERIMENTAL EVALUATION AND RESULTS 

After integrating the MUAIs in the LIRKIS G-CVE, we 

performed several measurements to find out how the interface 

affects client latency when communicating to the server. Our 

experiments were carried out under Glitch cloud platform 

with Amazon Web Services (AWS) EC2 - M4 server instance. 

On the client-side, there were utilized Oculus Quest 1 and 

ASUS FX504 SERIES notebook (CPU Intel Core i5-8300H, 

8.00GB RAM, NVIDIA GeForce GTX 1050 4GB). The 

experiment was held in two stages. In the first stage, the client 

obtained all peripheral scripts from the server and then ran the 

CVE while in the second stage the MUAIs were utilized. 

During both stages, the measurements started immediately 

after the client was connected to the server. 
 

 
 

Fig. 2 Experimental results of measuring client latency with and without 

MUAI-C under Oculus Quest 1 and ASUS FX504. 
 

After finalizing the experimental evaluation, it has shown, that 

utilization of both MUAIs positively affects the latencies on 

client-side. Each measurement was replicated 50 times. The 

results shown in Fig.2 describes average latency in 

milliseconds obtained within 60 seconds during the client 

communication to the server. In each of the measurements, it 

is visible that during the first 10 seconds the clients get 

resources and content from the server. When utilizing MUAI-

C, the maximum latency on client-side was 720 ms (during 

the first 10 seconds) while without MUAI-C the latency 

increases in each case above 860 ms. After the latency 

stabilized, the lowest values were visible when utilizing 

MUAI-C with ASUS FX504 (49ms) and Oculus Quest 1 

(62ms).  In contrast, the highest latencies reflected on ASUS  

 

FX504 (200ms) and Oculus Quest 1 (290ms) when both 

MUAIs were deactivated. Each experiment resulted in 

observation that utilization of MUAIs positively affected the 

reliability of user interaction. Before deploying MUAIs, the 

interaction techniques were often unrelated to client devices. 

This caused a significant failure of interaction. Integrating 

MUAIs enhanced the client interaction by providing only 

interaction techniques that correspond with its peripherals. 

V. CONCLUSION 

In this paper, we have introduced the Multi-user adaptive 

interface for XR purposes. We demonstrated the whole 

process of adapting user inputs to 3D interaction techniques 

for controlling virtual environments. We assume that our 

contribution can be useful for the next research of web-based 

CVEs and user interfaces. Based on the experimental results, 

we confirm that reducing the number of client-side interfaces 

can increase its performance and reliability of user interaction.  
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Abstract —Energy storage systems play a significant role in 

proper integration of renewable energy resources in maintaining 

reliable and modern power system. They can reduce power 

fluctuation, enhance electric system flexibility, and enables the 

storage and dispatching of the electricity produced by variable 

renewable energy sources. Battery energy system seems to be 

necessary addition for future of the power system. This paper 

deals with utilization of battery energy storage in power systems, 

specifically in frequency regulation.   

 

Keywords—frequency regulation, battery energy storage 

systems, energy storage, BESS.  

 

I. INTRODUCTION 

The electric power system, as any part of the industry, is 

undergoing a constant development. In the recent years has 

tendency to incline more toward so called “green sources” or 
in other words renewable energy sources (RES), mainly from 

environmental reasons. The Renewable Energy Directive 

enact goal for European Union to achieve its 20% renewables 

target by year 2020 [1] and 27% by year 2030 [2]. Electric 

power systems need to preserve stable balance between 

production and consumption of electric energy. Penetration of 

RES such as, photovoltaics and wind energy has brought new 

issues for the stable operation of power system, due to their 

unpredictable electricity production character. Recent 

development in field of RES. mainly in photovoltaic, and 

emission free transport brought increased interest in energy 

storage. Due to unpredictable electricity generation from RES, 

energy storage plays important role in maintaining stable and 

secure operation of power grid, system flexibility and enables 

the storage of electricity in time of their increased production. 

On other hand, at time of insufficient production it can 

dispatch stored energy for their immediate usage.  Energy 

storage can be utilized in power systems as stable source of 

ancillary services to provide reliable operation of power grid. 

My dissertation thesis will be focused on collaboration of 

renewable energy sources with battery energy storage systems 

(BESS), mainly on utilization of BESS in frequency 

regulation and self-sufficient usage of RES with battery 

storage collaboration.  

II. RECENT RESEARCH 

Our preliminary research is focused on investigating usage 

of RES and energy storage in field of power engineering. 

Serval usage scenarios were examined in past for example 

implementation of small wind turbine in simulation carried 

out in Matlab Simulink also usage of electric vehicle in 

household as power source and energy storage device, 

implementation of PV[3][4]. Since overhead power lines are 

still relevant topic even in the new age of power engineering 

focused on so called smart grids, we were examining also 

ampacity of overhead power lines[5][6].  

III. CURRENT RESEARCH 

Our current research is focused on utilization of energy 

storage systems in frequency regulation (FCR-N – frequency 

containment reserve for normal operation). There was created 

a model of BESS in simulation software Matlab Siumulink 

(see Fig. 1 and Fig. 2). Capacity of system is 1MWh and 

maximal output power is 1MW. Simulation step was 1s.  

 
Fig. 1 Block diagram of the model 

 

 
Fig. 2 Implemented model in Matlab Siumulink Software 

Model consist of lithium ion batteries, controller unit, two-

way DC/AC inverter, transformer (in simulation it is 

considered as reduced efficiency of the system). 

In the model we are considering charging strategy of 

maintain state of charge of BESS around 50%. Energy in 

model is dispatched from and to BESS according to algorithm 

shown at Fig. 3. 
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Fig. 3 Control algorithm for maintaining SOC by charging / discharging in 

the dead band 

Fig. 4 Characteristics of a) actual frequency, b) frequency deviations, c) 

control power of PRV unit, d) charge level BESS (with and without SOC 

maintenance) for a time interval of 60m 

At Fig. 4 a) it is possible to see actual characteristic of 

frequency. At Fig. 4 b) there is calculated frequency deviation 

from nominal frequency of 50Hz. At Fig. 4 c) there is 

characteristic of power output of controller according to 

frequency deviation based on FCR-N characteristic shown at 

Fig. 5. At Fig. 4 d) there is comparison of BESS SOC (state of 

charge) with and without control strategy. Characteristics at 

Fig. 4 b) c) d) are output of our model. 

 
Fig. 5 FCR-N characteristics with dead band 

 

 
Fig. 6 Characteristics of the BESS SOC level in 30 days 

We have simulated month consisted of 30days. The 

maximum SOC level of BESS for the simulated month was 

56.208% and the minimum was 35.402%. The average SOC 

value for the simulated month was 50.937%. 

 We also estimated battery degradation level caused by 

charging and discharging shown shown in Table I.   

We successfully developed working model of FCR-N with 

control strategy for maintain BESS SOC at level around 50%. 

FUTURE RESEARCH 

In our future research we want to estimate investment 

return of 1MW/1MWh BESS project used for FCR-N. We 

would like to also develop hybrid model of RES source with 

BESS collaboration using optimization software HOMER pro 

and examine optimization its features. 
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TABLE I 

DEGRADATION OF BESS CAPACITY 

SOC 

deviation(%) 

Lower limit 

(%)t 

 

Upper 

limit 

(%) 

 

Cycles 

(-) 

Capacity loss 

(%) 

 0 2 44813 0,0265412 

From 2 to 4 2 4 107 0,0001644 

From 4 to 6 4 6 23 8,4436.10-6 
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Abstract— In this article we describe the topology and theory 

of DWDM system, the phenomenon affecting the transmission of 

the optical network and our goal of 64-channel DWDM system 

with center frequency of 193.1 THz, which will be designed in the 

Optisystem program. The theory of DPSK modulation is 

described. We will evaluate BER and Q factor parameters for 

100 Gb/s systems with changing DPSK and DQPSK modulation.  

Keywords— BER, DPSK, DQPSK, DWDM, non-linear effects, 

Q-factor.  

I. INTRODUCTION 

In DWDM system frequency spacing between adjacent 

channels should be less than or equal to 200 GHz [1]. This 

technique is used to make full use of huge bandwidth 

resources of low-loss standard single mode fiber. Here the 

optical signals of different frequencies are highly coupled and  

transmitted through a single fiber. The basic components o f 

optical communication systems are a laser, optical f iber a nd  

receiver. DWDM (Dense Wavelength Division Multiplexing) 

systems transmit signals from multiple optical sources over a 

single fiber. DWDM systems must include some components 

to combine incoming signal. Multiplexer takes optical 

wavelengths from several fibers and converts them into a 

single beam [2]. Demultiplexers perform the function of 

separating the individual light components from the received 

beam. Demultiplexing is performed before light is detected by 

the photodetector, because photodetectors are essentially 

broadband devices that cannot selectively detect a single 

wavelength. Increasing transmission power leads to a 

distortion of the transmitted signal due to the nonlinear Kerr 

effects or interference between adjacent channels. These a re 

the main limitations that set the upper limit of the maximum 

effective SNR (Signal-to-Noise Ratio) of the optical link  a nd 

limit the performance of the whole system [3]. 

II. COMPARISON OF DWDM RESEARCH 

There are many research results about DPSK perf ormance 

analysis and DWDM systems. Chandra and Bose show 

analytic results of the DPSK modulation in  DWDM system 

with maximum ratio combining (MRC) in a single inpu t  a nd 

multiple output environment. The main scope of Chandra and  

Bose is analyzing single input and multiple outpu t d iversity 

effect on system performance. It does not solve the repetit ion 

scheme [4]. S. Vats and V. Kakar shows the perf ormance of 

64-channel 40 Gb/s DWDM system with frequency spacing 

200 GHz. It was used RZ modulation and EDFA dopped 

amplifier with gain 10 dB. Conclusion from this work  is tha t 

maximum Q factor and minimal BER is at launch power -

2 dBm [5]. 

III.  MODULATION METHODS 

A key functionality of an optical system is therefore the 

modulation operation, it converts the high bit-ra te elect rical 
data signal into the optical domain. Ideal modulation is 

therefore equivalent to performing a f requency t ra nslation 
from the baseband to an optical carrier frequency [6 , 7 ]. An  
optical transmission system of more than 40 Gb/s needs to  be 

established to succeed the conventional 10 Gb/ss transmission  
system. However, if 40 Gb/s signals with narrow pulse wid th  
for 1 bit and wide frequency bands are transmitted through the 

existing fiber transmission system, the signals are affected  by 
amplified spontaneous emission noises which occur and 

accumulate at the repeater amplifiers, as well as by chromatic 
dispersion or polarized mode dispersion at the erbium doped  
fiber amplifier (EDFA) or in the fibers. It is well known that 

the differential phase shift keying (DPSK) transmission  does 
not require a reference phase and reduces the computat ional 
complexity and power consumption of the receiver at the cost  

of the transmission reliability. To improve the reliability of 
transmission under such scenario, we use a symbol repet it ion 

scheme to the DPSK modulation. However, the message 
symbol repetition with interleaving in conventional manner as 
in coherent modulation schemes may degrade the receiver 

performance because of the noise characteristic of the 
differential demodulation structure [8]. Fig. 1 shows DPSK 
modulation system and Table 1 shows parameters f o r DPSK 

modulation.  

 

Fig. 1 Differential phase shift keying modulator system model  
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TABLE I PARAMETERS AND IDENTIFICATION 

Parameters Identification 

η the number of symbols 

B input bits sequence 

bk kth input bit 

Θ presymbol sequence 

Λ 
permutation matrix for 

interleaving 

Φ repeated presymbol sequence 

sk kth symbol 

D 
interleaved presymbol 

sequence 

Differential QPSK (DQPSK) is a variant that is compatib le 
with noncoherent receivers that mean receivers do not 
synchronize the demodulation oscillator with the modulation 

oscillator. Differential QPSK encodes data by producing a 
certain phase shift relative to the preceding symbol. By using 

the phase of the preceding symbol in this way, the 
demodulation circuitry analyzes the phase of a symbol using a  
reference that is common to the receiver and the transmit ter.  

By using relative phase instead of absolute phase, DQPSK is 
not affected by a fixed phase offset introduced by lack of 
phase synchronization between transmitter and receiver; the 

fixed offset affects both symbols equally and is elimina ted in  
the subtraction process. DQPSK is also robust against 

transmitter–receiver frequency discrepancies. 

IV. PHENOMENA AFFECTING TRANSMISSION LOSSES 

 Losses by nonlinear scattering occur especially  at  h igher 

optical power densities in the optical fiber. Nonlinear 
phenomena cause the transition of opt ical power f rom one 
fiber to another, which propagates in the same or opposite 

direction. The performance dependence of the refractive index 
is responsible for the Kerr effect. Depending on the type of 

signal input, the Kerr effect is manifested by three effects such 
as SPM (Self-Phase Modulation), CPM (Cross-Phase 
Modulation) and FWM (Four-Wave Mixing). At high 

performance levels, Stimulated Brillouin-Scattering (SBS) and 
Stimulated Raman-Scattering (SRS) are manifested [9].  

A. Raman Scattering 

It is one of the nonlinear phenomena affecting the 
transmission via optical fiber. The classical description of  the 

interaction of radiation with intramolecular motions is ba sed 
on the consideration of the dependence of the electronic 
polarizability of α molecules on nuclear coordinates. The 
electron polarizability of the molecules can be calculated using 
equation (1): 𝛼(𝑄) = 𝛼0 + (∂𝛼∂𝑄)0 𝑄+…      (1) 

Q is the temperature movement in the substance, which is 
equal to spontaneous Raman scattering. Induced dipole 

moment depends on the sum (anti-Stokes Raman) and 
differential (Stokes Raman) frequency. The subscript depends 

on the number of molecules in the macroscopic volume 
defined by the light field. [10]. The force can cause resonant  

oscillations. However, the radiation field consists of two 
waves - the exciting radiation wave and the Stokes wave. 
Under such conditions, there are chaotic intramolecular 

movements having a fluctuating character, they impose forced 
oscillations, the phases of which in individual molecu les are 
determined by the phases of the components of the ra diat ion  

field (phasing of molecular vibra tions) in the macroscopic 
volume defined by the light field. 

Stimulated Raman Scattering (SRS) - is a  threshold 
phenomenon that occurs when the intensity of a light wave of 

frequency ω incident on a substance environment exceeds the 
threshold value I ≥ I thr. When this condition is met, the Stokes 

wave with frequency ω amplifies exponentially as it 
propagates through the environment. Assume its propagation 
in the positive direction of the z-axis, g denotes the gain 

coefficient. The exponential gain is calculated using 
equation (2): 𝐼𝑆 = 𝐼𝑆0exp⁡(𝑔𝐼𝐿𝑧)         (2) 

Stimulated Raman scattering leads to the transfer of energy 
from the doped wave to the constricted high -f requency  and  

higher frequency waves through the transmission of the optical 
phonon in the transmission medium. The stimulated gain 

coefficients for different processes are determined by the 
properties of the optical phonons. The approach commonly  
used to describe the Raman interaction in optical f ibers is to  

divide the problem into equations for doped waves and Stokes 

wave cascades [11]. 

B. Brillouin scattering 

Stimulated Brillouin Scattering (SBS) is classified as a 
nonlinear process that allows the detection of optical 

components. It was first observed in 1964. The threshold value 
is calculated as for SRS. Exceeding the threshold results in the 
generation of a return Stokes wave that carries a higher input  

power. SBS limits channel performance in optical 
communication systems. It focuses on the generation of Stokes 
waves, the frequency of which is shifted downwards from the 

incident light by a value that depends on nonlinear media. The 
SBS phenomenon is similar to the SRS phenomenon. The first 

difference between SBS and SRS is that the Stokes wave in  
SRS propagates in both directions and in SBS it  is only the 
reverse direction within single-mode fibers [12]. St im ulated  

Brillouin scattering (SBS) is well known for its excellent 
performance in phase conjugation, pulse compression , beam 
shaping, Brillouin-enhanced fourwave-mixing slow ligh t  a nd  

beam combination. For instance, SBS phase conjugate mirrors 
(SBS-PCMs) can be adopted to compensate a beam distortion 

caused by optical elements in the system, which would 
improve brightness and performance of high power 
lasers. SBS was demonstrated in a number of different media 

including liquids, gases, and fibers. To improve SBS 
performance, new media are exploited such as heavy 
fluorocarbon liquids, chalcogenides, photonic crystal f ibers 

(PCF), on-chip waveguides, silicon, and diamond [13]. In 
Brillouin scattering a pump photon at a  frequency ωp produces 

an acoustic phonon at a frequency ωΩ and a downshifted   
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V. DESIGN OF 64 CHANNEL DWDM SYSTEM 

The OptiSystem allows users to plan, test and simulate 

schematics of various kinds. For advanced modulat ions a s 
DPSK and DQPSK is added a subsystem with this modulation. 
In the WDM transmitter, we set the frequency of 

193.1 THz [16]. Frequency separation for the 100 Gb/s 
system, is 200 GHz. Another important para meter is the 
assigned power of 0 dBm, which we can change according to  

requirements. The channel part uses a loop that passes through 
the channel system only once. Inside are two amplif iers that  

are set to amplify a 10 dB signal. Used single m ode op tical 
fiber is 60 km long. The multiplexer is set to receive 64 
channels and send a one complex signal to channel pa rt. The 

demultipexor receives one signal as opposed to the multiplexer 
and transmits more signals according to the user's needs. I n  
addition to the signal separation function, it provides 

frequency assignment parameters, which should  be equal to  
the transmitting part, frequency bandwidth separation. Optical 

receivers are a suitable choice for receiving a signal from a 
demultiplexer. The last part is BER analyzer that examines 
and transparently renders the BER function. The Q factor is a  

function of the OSNR (Optical Signal to Noise Ratio) and 
represents the tolerance of the system in dB. BER and Q factor 
are close parameters. Equation (3) expresses the f ormula f o r 

calculating the BER and equation (4) expresses the f o rmula 
for calculating the Q factor.  

 𝐵𝐸𝑅 = 12 𝑒𝑟𝑓𝑐 ( 𝑄√2) ⁡≈ ⁡ 1√2𝜋𝑄 exp⁡(− 𝑄22 )  (3) 

 𝑄 = 𝐼1−𝐼0𝜎1+𝜎0  (4) 

 
In these equations, I1 is the mean value and σ1 is the 

impediment of pulse 1, I0 is the mean value and σ0 is the 
deviation of pulse 0. These parameters create a comprehensive 

DWDM system for basic modulations. On Fig. 2 is shown 
DPSK subsystem simulation scheme in Optisystem. On Fig.3  

is shown DQPSK subsystem simulation scheme in 
Optisystem. On Fig. 4 is shown scheme of a 64x100 Gb/s 

system that will be simulate in Optisystem. 

 

Fig. 2 DPSK modulation scheme in Optisystem  

 

Fig. 3 DQPSK modulation scheme in Optisystem 

 

Fig. 4 General diagram of the 64-channel system from the OptiSystem program 
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VI.  FUTURE WORK 

Our future work is defined by dissertation thesis: 

1) Design of high-capacity Ultra -DWDM systems for the 

investigation of nonlinear effects (SPM, XPM and FWM) 

for transmission speed above 40 Gb/s and 100 Gb/s in 

fully optical transmission networks. 

2) Design of implementation of modified a dvanced op tical 

modulation formats to reduce the impact of  nonlinear 

phenomena for Ultra -DWDM optical transmission 

systems. 

3) Optimization of optical link with the optical amplifier 

(EDFA) transmission paths in high-capacity Ultra-DWDM 

optical transmission systems. 
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Abstract—This paper is intended as an overview of the 

research area of Autonomous Mobile Robot (AMR). It describes 

in first part basic design and usage of AMR with related 

problems and already used solutions and strategies to solve these 

problems. Second part is dedicated to cooperation and 

communication among multiple AMRs, fleet architecture design 

and description of algorithms which could be used to solve path 

planning problems. 

Keywords—AMR (Autonomous Mobile Robot), AGV 

(Autonomous Guided Vehicle), Fleet. 

I. INTRODUCTION 

With increased automatization in industry, Autonomous 
Mobile Robots are more and more used to perform various 
tasks in the logistics segment of factories. Usually they are 
assigned to a task which contains moving from point A to 
point B and some basic manipulation. Usually they are loaded 
with an operator or other arm robot then they are moving to 
destination stations where they are unloaded or if they contain 
some automatic load/unload device they are capable to do this 
task fully automatically [1]. 

Another area of usage are warehouses. This is a logical and 
straightforward application for AMRs because of their nature 
to carry stuff but the main problem here is that AMR have to 
be capable of automatically loading and unloading items from 
and to shelfs. This could sound like an easy task but in reality 
it is a difficult operation. AMR has to perfectly know its 
environment and also items which are going to operate. But 
this could be partially solved with adjusting the environment 
for AMR. It means that AMR will operate only with items 
which are suitable for it.  

And there is one new area of usage for these robots. It is in 
a civil environment. There are a lot of opportunities to carry 
some stuff but cooperation in this environment is really hard 
because it is very variable, always changing, and interacting 
with people. But again, we could find some subareas where 
AMR would fit. E.g. for cleaning surfaces in hospitals [2] or 
offices during night  to avoid interaction with people. Or a 
really new concept of disinfection of surfaces with germicidal 
UV lamps “Fig. 1”. 

II. AMR (AUTONOMOUS MOBILE ROBOT) 

AMR or Autonomous Mobile Robot is the successor of 
AGV (Autonomous Guided Vehicle). AMR are considered as 
more intelligent robots which are capable of better navigation 
in its environment. AGVs are navigated with magnetic tape on 
the floor. It is closer to the railway system. While AMR is  

 

Fig. 1. AMR with germicide addon. 

capable of navigation without this floor tape. Basically, you 
define a goal station and AMR should be able to find a path 
there and even avoid collisions with people or other objects 
which it meets during movement [3]. 

Eyes for AGV are only sensors for magnetic tape. And 
navigation is to follow tape until it reaches goal station which 
has to be somehow marked on the floor. But AMR needs more 
sophisticated eyes and more intelligent navigation. There are 
two main components which can provide this functionality. 
3D cameras and lidars. Both measure distance to the 
surrounding environment [2]. 

A. Navigation 

Navigation is the process of finding a path from point A to 
point B while tracking the actual position. To know the actual 
position is an essential requirement of navigation. This could 
be achieved in various ways. Maybe the simplest solution is 
to use GPS but for many AMRs this is not an option. Because 
AMR usually operates under a roof where there is no GPS 
signal. 

 Another option is to use a known position of some signal 
beacon. E.g. Wi-Fi access points. If AMR is able to receive 
signals from at least three beacons then relative position to 
these beacons could be determined. This process is called 
trilateration. For these solutions AMR has to be able to 
determine beacon straight distance. This could be achieved 
with measurement of time which is required for signals to 
travel from beacon to AMR. One distance defines the 
perimeter of possible positions. If AMR is able to collect three 
of these distances then position is the intersection of all 
perimeters. 
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Fig. 2. Vizualization of lidar lasers. 

There is also one relatively simple solution for position 
tracking. It is called wheel odometry [5]. And it means that 
AMR is precisely tracking movement of wheels. If AMR is 
able to measure linear velocity and also angular velocity then 
it should be able to determine position in time. But this 
technique has one big disadvantage. It is precision of 
measurement. In the real world measurement is never ideal 
and error is increasing in time. So longer this technique is used 
then a bigger inaccuracy in position is received. 

But this could be a complementary technique to something 
else. And it is measuring distance to static objects in an AMR 
environment. Lidar and 3D cameras are used for this. But 
these sensors are weak if the observable environment is not 
changing. Imagine a long narrow corridor and AMR moving 
through. Even though AMR is moving all observable elements 
have always the same distance. So for calculating position 
relative to static objects some inequality is required. And 
exactly in this case wheel odometry could be helpful to 
determine position. 

Algorithm which is able to combine these two approaches 
is called AMCL (Adaptive Monte Carlo Localization). Is 
probabilistic localization system which is based on particle 
filter to track position against known map [4]. 

B. SLAM 

All previous navigation approaches used some known 

entities. Position of beacons, starting position or map. But 

what to do if none of this is known? This area of research is 

called SLAM (Simultaneous Localization and Mapping). 

SLAM is “is the computational problem of constructing 
or updating a map of an unknown environment while 

simultaneously keeping track of an agent's location within it.”  
Input for SLAM are sensors. Mainly 3D cameras or lidars. If 

AMR can “see” its environment, then SLAM algorithms can 

determine position relative to seen objects. If the robot starts 

to move, then seen objects are observed from different angles. 

Therefore, the SLAM algorithm can determine the new 

position of AMR. It means that movement can be tracked. 

But what to do if objects in the environment are also 

moving? Then it is hard to determine what is moving. If it is 

an AMR or observed object. For this reason, SLAM must use 

also other sensors for detecting its own movement. It is the 

accelerometers, gyroscopes and magnetometer. All together 

form Inertial Measurement Unit (IMU). Which can provide 

orientation, position and velocity. So, if AMR with SLAM 

can detect its own pose change and also surrounding changes 

due to movement then SLAM can provide exact pose inside 

the observed environment. 

To successfully operate AMR in some environment both 

of attitudes must be used. First stage is to use SLAM to map 

new unknown environment and create map from it “Fig. 3”. 

This could be done manually with controlled movement of 

AMR or automatically where AMR is roaming around to 

discover a new environment. And when a map is created the 

operator can perform a second stage where he/she specifies 

some points in the known map where AMR should go to 

perform some action. It is also possible to update map during 

the second stage if the observed environment is changing [6]. 

III. FLEET 

This was a brief introduction into AMR navigation. 

But if somebody wants to use more AMRs simultaneously a 

new area of problems arises. How to do navigation, 

operations and management of more than one AMR? It is 

important to note that more AMRs does not mean that the 

fleet system will be N times more effective than one AMR 

while N is count of AMRs. E.g. fleet can contain ten AMRs 

and if nine of them are blocked by one then the effectiveness 

of the whole fleet equals to only one. Therefore, management 

of the fleet needs to be designed in a robust way to use the 

whole potential of multiple AMRs together [7]. 

The first question which needs to be answered is whether a 

centralized, decentralized “Fig. 4” or distributed system for 

fleet management will be used. Both have their pros and cons. 

A. Centralized 

This approach consists of building one powerful master unit 

which can control each AMR. But it would be impractical if  

the master would have to control each step of AMR. But 

usually the master sends the whole path which is followed by 

AMR. From this point of view the master needs to solve 

optimization problems of generating proper paths to achieve 

its goal. Because this approach knows the whole system it can 

find optimal solutions but even though this approach has 

some drawbacks [14]. 

• High network traffic - All AMRs communicate with 
master therefore it needs to be able to handle traffic 
from all AMRs simultaneously. 

• Failure in master means failure of whole system. 

• Lack of scalability - If the master system is scaled for 
a certain amount of AMRs then adding some more 
could result in overload of the master system. 

B. Decentalized 

Another approach is to leave organization of AMRs to 

themself. This will lead to faster responses of AMRs because 

they must solve their goals be themselves. To use this 

approach could be also beneficial to avoid problems 

mentioned in the centralized approach. But a decentralized 

system is weaker to find optimal paths because of deadlocks 

[4]. 
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Fig. 3. Occupancy grid created by lidar SLAM. 

C. Combined 

It is usually a good approach to combine various 

approaches to get best results. In this case a centralized 

system could be used to plan global paths and goals. But 

reacting to environment events could be left for specific 

AMR. Collision avoidance is a good example. AMR could 

change the planned path to avoid obstacles and only notify 

the master system about this event. [9] 

IV. COMMUNICATION 

Communication for AMR is essential functionality. 

It means that one AMR must be able to connect to another or 

to master a system depending on fleet architecture. Because 

of the nature of AMR communication must be wireless. For 

these purposes, a lot of wireless protocols could be used. E.g. 

Wi-Fi, Bluetooth, ZigBee. For main communication with 

master systems Wi-Fi is often used because of its widespread 

usage. But for communication between two AMR or direct 

communication with some other devices as charges, 

Bluetooth is more suitable [10]. 

Other layer of communication transport. Transport 

layer is responsible for sending and receiving data from and 

to AMR. Wi-Fi physical layer is often used with TCP/IP 

protocol. This protocol is heavily used for computers local 

and wide network. Therefore, AMR could be easily 

connected, and they behave in network as another computer. 

This is an advantage because an AMR logic program could 

be used as tools which are also available for computers [11]. 

Last layer of communication is the application layer. 

This layer describes the logic of communication. And it 

depends on the use case and requirements of the fleet. One 

popular pattern is publish/subscribe. It consists of publishers, 

subscribers and one broker. The major advantage of this 

pattern is that entities are decoupled. It means they do not 

know each other. Which support scalability and robustness of 

whole implementation. This pattern works in this way. 

Publishers only publish data. Usually the state of some 

component. (velocity, position). Subscriber subscribes for 

some specific data. It means that it receives data from the 

publisher. Communication entity between publisher and 

subscriber is called topic. Topic has its own name and on this 

Topic name publisher can publish something and subscribers 

are able to receive data from Topic. But they do not have to  

 

Fig. 4. a) centralized, b) decentralized arhitecture of fleet management 

system. 

know who the publisher is and who is the subscriber. All this 

is managed by broker which is joining publisher to subscriber 

over topic [12]. 

V. PATH PLANNING ALGORITHMS 

It is an intelligent process of finding a path from 

point A to point B while avoiding obstacles which are placed 

in the environment. The Resulting path could be defined as a 

curve or set of small segments connected. This quite popular 

research subject which has been studied since 1970. And 

resulting algorithms are used in robotics but also in the game 

industry [13]. All these algorithms are solving optimization 

tasks of finding the best path. The best path could not be 

considered as only the shortest but also time and cost factor 

needs to be taken in account. Sometimes the shortest path 

could lead through areas which will result in other costs for 

the robot or whole fleet of robots.  

According [13] path planning methods could be 

categorized according to environmental conditions as static 

and dynamic. Static is defined as an environment which is not 

changing in time. And dynamic is an environment which 

Global planner with local planer for obstacle avoidance.  

could be changed in time. It means that it could contain  

elements which are moving and are considered as obstacles. 

For that reason, path planning algorithms are divided into two  

categories. Global and local. Global algorithms are meant for 

static environments or at least for static parts of the 

environment. And their job is to find the optimal path through 

this environment. Whilst local planning algorithms are used 

for finding paths to avoid obstacles which were not 

considered during global planning. Local planners use robot 

sensors to detect obstacles and avoid them. While a global 

planner is not able to see moving objects in the environment 

“Fig. 5”. 

Path planning algorithms are in nature optimization 

problem algorithms. There is a wide range of heuristics 

methods which could be used to solve this problem. Such as 

Particle Swarm Optimization (PSO), Artificial Neural 

Networks (ANN), Fuzzy logic (FL) and Genetic Algorithm 

(GA) [15]. 

VI. PATH PLANNING IN FLEET 

Planning paths simultaneously for multiple AMRs is 

a complex problem. Because one AMR to another means 

obstacle. The main requirement of the fleet is to generate 
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Fig. 5. Global planner with local planer for obstacle avoidance. 

paths which will not collide, and each AMR time is used as 

effectively as possible. Another problem besides collision 

avoidance is deadlock. Meaning that group of AMRs is 

waiting for each other and none of them is moving. The 

problem is known as multiple robot path coordination 

problem and leads researchers to finding advanced 

approaches to how to solve it. In the author leaves bigger 

autonomy for specific robots. But they share the same 

network of paths. Each robot must acquire free paths to be 

able to use them. Fleet server is responsible for keeping track 

of acquired path segments. This approach should prevent 

collisions. But deadlocks and overall effectiveness is 

questionable. 

Another approach was to plan paths in a static 

environment and later adjust velocities of robots to prevent 

collisions [17]. This approach was later tuned with 

prioritization in a way that the robot got priority level and 

therefore it was preferred during conflicting movement [18]. 

Prioritization is a useful strategy also in 

decentralized fleet architecture [19]. For decentralized 

system Leader-Follower algorithm could be used [20]. In this 

scenario one robot is the leader and knows the global goal and 

another robot or robots are only followers. Their 

responsibility is only to keep track of the leader and follow 

him. Leader supplements work on the master system for a 

group of robots. 

VII. CONCLUSION 

This paper was written as an overview of the 

Autonomous Mobile Robot research area. Intention was to 

collect information about usage of AMRs, related problems 

and methods used to solve these problems. Another part was 

about cooperation among multiple AMRs and identifying 

problems and possible solutions for these problems. 

Intention of the author is to continue in research of multiple 

robot path coordination problem and try to design algorithm 

for effective usage of each AMR. 
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Abstract— Glass-coated microwires are perfect materials for 

theoretical study as well as for practical applications. Amorphous 

ferromagnetic glass-coated Fe-based microwires exhibit bistable 

behavior. These microwires are characterized by a rectangular 

hysteresis loop. In this work, some magnetic properties of 

amorphous glass-coated microwires are described. The study of 

dynamics of a single domain wall, its velocity, nucleation of 

reversed domains and critical fields in amorphous ferromagnetic 

Fe-based microwires is presented. 
 

Keywords— amorphous ferromagnetic microwire, domain wall, 

bistable behaviors. 

I. INTRODUCTION 

Amorphous magnetic glass-coated microwires have 

attracted considerable attention because of their interesting 

magnetic properties and their use in sensor devices and other 

applications [1], [2], [3]. The domain structure of microwires 

with positive magnetostriction consists of one large domain in 

the central part of the metal core, which is covered by a domain 

structure with a radial direction of magnetization (Figure 1). In 

addition, small closure domains (domain structures) appear at 

the wire end to reduce stray fields. The magnetization reversal 

occurs by one large Barkhausen jump [4], [5]. The hysteresis 

loop of such a microwire is perfectly rectangular and the 

magnetization can have only two values ± Ms (where Ms is the 

saturation magnetization). Switching between two 

magnetization values  occurs at a critical, so-called switching 

magnetic field Hsw. The switching field is highly dependent on 

external parameters such as temperature [6], mechanical stress 

[7] etc. 

 
 

Figure 1 Schematic domain structure of amorphous glass-coated 

microwire with positive magnetostriction [8]. 

Magnetization process runs through large Barkhausen jump 

of a single domain wall along entire microwire. This process 

provides possibility to study a single domain wall propagation. 

As a result of their complex anisotropy distribution, the glass 

coated microwires exhibit very fast domain wall propagation, 

sometimes faster than sound speed [9]. There are two processes 

that are usually the subjects of study. The first one is the process 

of free domain wall release. This occurs by depinning a domain 

wall from the closure domain structure at the wire end [10] or 

by nucleation of a reversed domain in regions far from the 

microwire ends [11]. The second topic consists in 

measurements of domain wall velocity as a function of an 

external magnetic field (v(H) dependences) [12]. 

A magnetic glass-coated microwire is a composite material 

that consists of a metallic nucleus of 0.5–30 μm in diameter and 
glass coating of thickness of 1–20 μm. Glass-coated magnetic 

microwires are prepared by so called Taylor-Ulitovsky 

technique [13]. In this way, the Taylor-Ulitovsky method is the 

unique technique allowing fabrication of microwires by rapid 

melt quenching. The presence of a flexible, thin, 

biocompatible, and insulating glass-coating allows to enhance 

the corrosive resistance. And therefore makes these microwires 

suitable for novel applications including biomedicine, 

electronic article surveillance, non-destructive monitoring 

external stimuli (stresses, temperature) in smart composites or 

construction health monitoring [14], [15], [16]. 

II. THEORY 

 

In general, microwires are divided into three groups according 

to magnetostriction. The orientation of the circular shell 

magnetization domain structure is usually considered for Co-

based microwires with negative magnetostriction. Fe-based 

microwires with positive magnetostriction have essentially an 

outer domain envelope with a radial orientation surrounding 

one axially magnetized domain (figure 1). The last group are 

microwires with low magnetostriction. Their domain structure 

is characterized by a large number of circular domains below 

the surface of the metal core and the structure of the axial 

domain in the center of the wire. 

The main emphasis will be on microwires with positive 

magnetostriction, which show spontaneous magnetic 

bistability. The popular study of remagnetization processes is 

associated with bistable microwires. Remagnetization 

processes includes the depinning or nucleation and movement 

of one or more domain walls. 
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Damping mechanisms, such as eddy current damping and 

spin relaxation damping, have a great influence on the 

remagnetization process during the movement of a single 

domain wall. 

The magnetic properties and dynamics of a single domain 

wall have been studied for last two decades [17]. These topics 

are still very important, both in terms of basic research and 

practical applications. This is due to the complexity of 

understanding the dynamics of domain walls, which depend on 

internal and external mechanical stresses distribution [18], 

magnetostriction and heat treatment. The complexity lies in the 

fact that these factors are often interdependent. Thus, the actual 

value of magnetostriction usually differs from the composition 

of the microwires and depends on the internal mechanical stress 

induced in process of fabrication [18]. Clarifying the dynamics 

of the domain wall could allow a deeper understanding of 

nature of the extremely fast propagation of domain walls in 

magnetic microwires, and consequently control the domain 

wall motion more effectively. 

The domain wall propagation 

Understanding and describing the dynamics of domain walls 

(movement of the boundary between magnetic domains), 

became an important topic with a view to the dynamics of 

remagnetization processes in microwires and their use in 

practice followed. Thanks to such a study, microwires have 

found application in many ways, including a wide range of 

magnetic logic devices and nanoscale data storage devices [19]. 

Domain wall displacement plays a significant role in the 

remagnetization process [20]. This requires the essential 

mechanisms of nucleation of reverse domains and of 

propagation of domain walls upon their enlargement.  

The motion of the domain wall induced by the applied field 

in the ferromagnetic microwire is similar to the oscillation of a 

mechanical oscillator system, with the body oscillating under 

the influence of an external force in a viscous medium [21], 

[19]. By analogy, the equation for domain wall propagation is: 

 𝑚 𝑑2𝑥𝑑𝑡2 + 𝛽 𝑑𝑥𝑑𝑡 + 𝛼𝑡𝑥 = 𝑏𝜇0𝑀𝑠𝐻 
(1) 

where b = 2 for 180 ° domain wall, m is the effective wall 

weight, x is the position of the domain wall, β is the damping 

coefficient of the domain wall, αt is the coefficient proportional 

to the back pressure on the domain wall [21], Ms is the 

saturation magnetization and H is the applied magnetic field. 

Suppose a domain wall that propagates at a constant velocity. 

From this linear dependence we can derive the relationship 

between the domain wall velocity and the applied magnetic 

field H [22]: 

 𝑣 = 𝑆(𝐻 − 𝐻0) (2) 

where the coefficient of proportionality S is the mobility of the 

domain wall: 

 𝑆 = 𝑏𝜇0𝑀𝑠𝛽  
(3) 

and H0 is the critical field of domain wall propagation: 

 𝐻0 = 𝛼𝑥𝑏𝜇0𝑀𝑠 
(4) 

under which the spread of the domain wall is not possible. 

An important task for the study of domain wall dynamics is 

to determine the damping coefficient of the domain wall β. 

Several terms contribute to such a damping. The first 

mechanism is the effect of eddy currents, which prevent the 

domain wall propagation. For the eddy current dumping 

coefficient βec we can write the equation [23]: 𝛽𝑒𝑐 = 𝜇02𝑀𝑠2𝜌 𝑅𝑎𝑑(ln 𝑅𝑅𝑎𝑑 + 8𝜋2) 2𝑅𝑎𝑑𝑙  
(5) 

  

where 𝜌 is the resistivity (for our samples 𝜌 = 1.3.10−6 Ωm), Rad 

is the radius of the axial domain, 𝑙 is the length of the wall in 

the axial direction and 𝑅 is the radius of the metal core. For our 

samples Rad ≈ 𝑅 ≪ 𝑙. 
The contribution of damping from the relaxation of magnetic 

moments, the so-called the spin relaxation damping coefficient 

βsr [23], is given by: 𝛽𝑠𝑟 = 2𝑀𝑠𝛼|𝛾| √3𝜆𝑠𝜎 2𝐴𝑒𝑥  

(6) 

where 𝛼 is the Gilbert damping coefficient, 𝛾 is the 

gyromagnetic ratio, 𝐴𝑒𝑥 is the exchange interaction constant, 𝜆𝑆 

is the saturation magnetostriction, and 𝜎 is the tensile stress. 

III. EXPERIMENTAL 

The Sixtus-Tonks experiment 

The most widely used method of examining domain wall 

velocity was introduced by Sixtus and Tonks in 1932 [19][24]. 

The method is based on measuring the time for which the 

domain wall travels a defined distance between two places 

(pick-up coils). 

A very simple experiment consisting of a primary coil 

(solenoid), two magnetizing coils and two pick-up coils. 

Primary coil creates a homogeneous field in which the domain 

wall propagates. The magnetizing coils are located at the ends 

of the wire. Then the domain wall propagates from particular 

end of the wire. A signal from two pick-up coils is measured by 

the oscilloscope. After passing single domain wall through the 

pick-up coils, two sharp pulses (peaks) appear on the 

oscilloscope (positive and negative if the coils are properly 

connected). The speed of the domain wall is then given by the 

ratio of the distance between the pick-up coils L and the time 

between the peaks t: 𝑣 = 𝐿𝑡  
(7) 

In the pick-up coil, the magnetization changes over time at a 

specific location of the sample, due to the movement of the 

domain wall. As a result, an induced voltage is generated at the 

ends of the coil due to a change in magnetization. The pick-up 

coils are very short and the distance L between them is large. 

In this method, it is necessary to rule out the possibility that 

one wall is successively running along the microwire and at the 

same time another opposite domain is formed in the volume of 

this microwire (more domain walls). The movement of multiple 

walls can affect the result of the speed measurement. It can deal 

with this problem in different ways. One way is to use a system 

of multiple coils, where one pair of coils is used to measure the 

speed and the other to check the existence of other walls. On 

the other hands we can use one pair of coils for measurement 

and other coils are used to prevent the movement of another 

domain wall. Thus, if we know that only one domain wall is 

propagating, the dependence of the velocity on the applied field 

v(H) can be measured. In our experiments we used two 

blocking coils at the ends of the microwire, which allowed us 

to influence the direction of the domain wall propagation. In 
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the middle between blocking coils is a pick-up coil to measure 

individual points of the hysteresis loop. 

Unidirectional effect 

For a given part of microwire (the part of the wire between 

the pick-up coils in the Sixtus - Tonks experiment), it is 

possible to measure four different domain wall 

velocities [12], [25]. For example, say that the wall moves from 

the end A to the end B of the wire, then it is possible to 

distinguish two types of wall (head – to - head or tail – to - tail) 

depending on the direction of the magnetic field. If the letters 

A, B indicate the direction of movement of the domain wall, 

index 1 means the head-to-head wall type and index 2 the tail-

to-tail wall type respectively, then the so-called unidirectional 

effect (Figure 2.) fulfil the condition [25]  𝑣AB1 (𝐻) ≈ 𝑣BA2 (𝐻) and 𝑣AB2 (𝐻) ≈ 𝑣BA1 (𝐻). 

In other words, the speed of the wall depends on the 

orientation of the magnetization to which the microwire is 

magnetized by the propagation of the wall. The physical origin 

of this phenomenon is unknown. 
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Figure 2 Domain wall velocity with unidirectional effect 

(FeSiB) [25]. 
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Figure 3 Four different velocities of a domain wall moving without 

unidirectional effect(Fe42,5Co35Si7,5B15). 

The unidirectional effect does not occur in every type of 

microwire (Figure 3). Using this experimental method, a 

unidirectional effect was found only for one type of  Fe-based 

microwires [12], [25]. 

Distribution of critical fields 

Another experiment was to measure the distribution of local 

critical fields [26], [27]. Local critical fields were measured 

using the following procedure. First, the wire was axially 

saturated using the negative magnetic field Hmax generated in 

the solenoid. Then, a constant small positive HSo field in the 

solenoid was turned on. The HSo field was lower than the lowest 

critical field for magnetization change, but high enough for the 

existing free domain wall to move along the entire microwire. 

When a free domain wall was produced, the magnetization 

reversal in the pickup coil was detected. Subsequently, the final 

information on the magnetic state of the wire in the pick-up coil 

was obtained by means of an integrator. In the next step, the 

pick-up coil was shifted by 0.5 mm along microwire and the 

measurement was repeated until the distribution of critical 

fields along the entire microwire was measured (Figure 4). An 

amorphous glass-coated amorphous ferromagnetic microwire 

Fe49,6Ni27,9Si7,5B15 produced by the Taylor-Ulitovsky method 

with a metal core diameter of 15 μm was used. 

 

Figure 4 Distribution of local critical (nucleation) fields along the 

microwire (x - distance between the wire end and the center of the 

magnetized coil) [26]. 

Closure domain structure  

The information about the closure domain structure by 

measurements of hysteresis loops could be obtained. Therefore, 

the following experiment was proposed. The scheme of the 

apparatus is shown in Figure 5. The set-up consists of a sliding 

coil placed inside a solenoid which generates a homogeneous 

magnetic field. The slide coil could be shift along the entire 

microwire. 

Figure 5 Experimental set-up. (x - distance between the wire end and 

the left end of the pick-up coil) 
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Figure 6 Measurement of hysteresis loops on different parts of the 

sample. 

The rectangular shape of the hysteresis loops confirms the 

bistable behavior of the microwires with a positive 

magnetostriction constant. Axial loops were measured at 

different distances of the end of the sample from the end of the 

sensing coil. As can be seen, the measured results are as 

expected, with greater distance from the sensing coil the 

inductive flux decreases (Figure 6). This experiment could be 

helpful to study closure domain structure. 

IV. CONCLUSION 

The research results presented in this paper show that the 

microwires are still interesting both from a theoretical and an 

application point of view. The main emphasis was on 

microwires with positive magnetostriction, which show 

spontaneous bistability. The velocities of one domain wall were 

measured using a simple Sixtus-Tonks experiment. A 

unidirectional effect was observed when single domain wall 

moved in a different direction of magnetization, into which the 

microwire is magnetized. The process of release of a single 

domain wall from the closure domain structure at the microwire 

was studied. 
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Abstract—The article describes the design of a device for cyclic
testing of battery cells. It describes the basic concept of the whole
device. The concept is divided into colored blocks. Besides, the
components for the construction of the device are selected in the
article and the resulting diagram of the power part of the battery
tester is attached. Based on this scheme, the device shown in the
last figure was built.
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I. INTRODUCTION

In recent years, batteries have become a very important

part of our lives. They provide power for the portable elec-

tronic devices that we use everyday. For example, we can

mention mobile phones, laptops, watches, electric cars and

much more. With increasing technological advancements in

portable electronic devices, the market for affordable batteries

is also growing. Many different types of batteries are available

on the market today, such as nickel-cadmium (NiCd), nickel-

metal hydride (NiMh) or lithium-ion (Li-ion). The latter Li-ion

batteries make up the majority of the market. They are used in

mobiles, laptops and many other industries. These batteries are

also used in electric vehicles. Batteries used in electric vehicles

are called traction batteries. Traction batteries consist of a large

number of small battery cells which, by suitable series–parallel

connection, form an electric vehicle battery with the required

properties such as output voltage, current and capacity. Final

battery quality, then, defines the basic characteristics of the

vehicle such as power, range and weight. From the point of

view of cyclic testing of batteries, this process is energy, time

and financially demanding (the battery pack is expensive, in

the case of an electric car it is also heavy and has a high

capacity) therefore, we will simplify testing and we will test

the basic building blocks of these batteries, namely battery

cells itself [1], [2], [3].

II. BATTERY TESTER CONCEPTION

When choosing the concept, we focused on the modular

design of testers, as we want to create several devices that

will be connected via CAN bus to the main device, which

will have a programmed HMI interface for setting tests and

various charging and discharging profiles. The result is the

following concept in Fig. 1. The concept is divided by colors:

• Blue - Non-power parts of the device (control and com-

munication)

• Red - Power parts of the device where a higher current

is expected

• Yellow - device control (in our case we assume digital

control using MCU)

• Green - Battery

Fig. 1. Conception of battery tester [2]

III. DESIGN OF INDIVIDUAL PARTS

Devices is able to discharge batteries with the following

parameters:

• All types of Li-Ion batteries

• CC/CV charging with max current 5A and max voltage

4.2V

• Maximal discharging current 20A

A. Control and Comunnication MCU

The NUCLEO-F303K8 module with a DSP core was se-

lected as the control and communication processor. This MCU

supports all functions necessary for the controling of the power

part, such as [4]:

• Core frequency up to 72MHz

• Up to 16 PWM channels

• Up to 9 ADC channels and 3 DAC

• SPI, I2C, USART, CAN

Fig. 2. NUCLEO-F303K8[4]

In addition to the communication with the master MCU, this

processor performs a control activity, i.e. the regulation block

is performed software in the processor.
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Fig. 3. Power part of schematic

B. Power Part

As a consequence of the different desired accuracy of cur-

rent sensors for charging and discharging processes, the battery

tester (Fig.3) consists of two step-down dc/dc converters

• Charging circuit – The circuit consists of the components

X2, D3, T1, U2, L1, BT1 and D2. The 12V voltage

from the power supply is changing using T1, L1 and

D2 according to the PWM duty cycle. The control of

the charging process is in previous article [3]. Besides

power components, the charging circuit also contains the

MOSFET driver U1, the isolated power supply U7 and

the optocoupler U4.

• Discharging circuit – The circuit consists of the com-

ponents BT1, U3, L2, R1, D1 and T2. The role of the

power supply plays the battery BT1. Energy is consumed

by all components but primarily by the 100 W power

resistor. Besides playing the role of a load, the power

resistor is responsible for short current protection since

its value was chosen to constrain the maximum value of

the discharging current to 25 A.

.

Fig. 4. Final device mounted to power supply

IV. CONCLUSION AND FUTURE WORK

The article describes the design of a device that is used for

cyclic testing of battery cells. It is a modular device design

that will be connected via a CAN bus to a master MCU with

HMI interface. The device is currently in the same state as

in Fig. 4. A larger number of such modules (40 and more)

is expected, which will test selected battery cells with a large

number of cycles for 24/7.

Future work on the device will be its programming and tuning

of the program to control the whole power part according to

requirements, ie charging with constant current/voltage and

discharging with a constant current or variable current, which

will change over time according to our specified profile.

Besides, stable protection protocols have to be programmed

into the device to protect the cells during the charging and

discharging processes. Last part that needs to be programmed

is the battery analysis during test cycles when important data

will be stored on the SD card and then evaluated. Thanks to

this data accurate models can be created.
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Časti testéra li-ion batériových Článkov,” Electrical Engineering and
Informatics, vol. 11, pp. 385–389, 2020.

[3] J. Bil’anský and M. Lacko, “Overview of the battery types and their
testing,” SCYR 2020 - Nonconference Proceedings of Young Researchers,
pp. 143–146, 2020.

[4] STMicroelectronics, NUCLEO-F303K8, 2021. [Online]. Available:
https://www.st.com/en/evaluation-tools/nucleo-f303k8.html

[5] A. MicroSystems, ACS713, 2021. [Online]. Available: http://www.
allegromicro.com/~/Media/Files/Datasheets/ACS713-Datasheet.ashx

SCYR 2021 – 21st Scientific Conference of Young Researchers – FEEI TU of Košice
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Abstract— This paper presents requirements for building the 

functional dynamometer. In the last section, the developed 

experimental system for testing high precision actuators where the 

load cycle is defined by a spreadsheet is presented. The 

experimental system disposes of a user interface for full control 

over measurement which facilitates the process of measurement.  

 

Keywords—Dynamometer, experimental system, variable load 

I. INTRODUCTION 

In modern companies, there is a constant request for 

shortening the period of the processes connected with the 

production, and every delay is costly. Also, in the stage of 

development and testing, it’s desired to test and evaluate every 
possible issue that can encounter in the future process. In such 

cases, it’s suitable to imitate a specific type of load which will 
be driven by an electric machine in operating conditions. As it 

would be very difficult and costly to equip the laboratory with 

all the equipment to simulate all kinds of mechanical load, 

simulating with a dynamometer is a satisfactory alternative. 

Such a type of simulation is commonly known as emulation. In 

general, researchers use electrical drives to emulate different 

mechanisms, such as combustion engines [1], gas engines[2], 

wind turbines [3], electric vehicles[4], and more[4]. In this 

paper, the experimental dynamometer system for high 

precision actuator testing will be presented. 

II. DYNAMOMETER SYSTEM 

The dynamometer is a device that can deliver a particular 

steady-state torque-speed relationship and is often equipped 

with devices for measuring the position and speed of the shaft. 

Mostly we use the second electric motor as a dynamometer, 

which is coupled to a tested motor via a shaft. The proposed 

system is shown in Fig.1, where Load Machine (LM) represents 

dynamometer and the Drive Under Test (DUT) represents 

tested machine. Te is the applied electrical torque of the drive 

machine, and TL is the applied load torque of the load machine. 

To achieve the proper function of a system the actual position 

θ or actual angular speed ω of the shaft has to be measured. 

III. REQUIREMENTS ON THE EXPERIMENTAL SYSTEM 

To construct a functional test bench, we have to 

consider multiple necessary components, such as a load 

machine, power converter which provides energy to the LM, 

equipment for measuring and gathering data from the testing 

system, construction of the test bench, and different types of 

sensors depending on measured variables. 

The power and torque level of LM should be selected higher 

or equal to the power level of the DUT so it can’t overload LM. 
If this is not the case, it is necessary to constrain the torque 

operation range of the drives. The LM should be capable to 

operate in all four quadrants so it can recuperate energy when 

operating in generator mode. Also, it is suitable to power both 

drives from the same DC-bus as it allows the transfer of energy 

between both machines. SMPM motor is often selected as LM 

because it has high dynamics and can be exposed to a short-

term overload.  

To achieve the best possible dynamic response with LM it 

is desirable to operate it in the torque control loop. The control 

of LM depends on the DUT actual torque value which can be 

obtained from an estimator or observer by monitoring DUT 

current. Also, the torque sensor attached to the shaft can be 

used. DUT mostly uses a speed or position control loop 

depending on the final implementation. If it’s possible, it’s 

beneficial to feed DUT with the same converter as in the final 

implementation so the whole technology can be tested. This 

way we can also avoid implementation of errors into control 

structure which can occur during code rewriting between 

laboratory and final technology.  

 

Fig.1 Basic structure of dynamometer 

IV. DEVELOPED EXPERIMENTAL SYSTEM 

A subset of the test bench for testing high precision 

actuators is shown in Fig.2 The whole system is designed to 

measure the performance of DUT when operating under a 

defined load cycle. The main concern is to monitor the 

temperature rise of the tested actuator to verify correct drive 

dimensioning. The other measured variables are torque, speed, 

and position of the shaft. Measured torque is used in a closed-

loop torque control system of the LM, with a sampling period 

of 800 µs. The measured speed obtained from the DUT encoder 

is used in the closed-loop speed control structure of the tested 

machine. 

Currently, the B&R 3,64 kW SMPM with 11,6 Nm nominal 

torque is used as LM. It is fed by B&R 8V1180 9 kW ACOPOS 
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 type converter. The measurement system disposes of multiple 

ACOPOS converters on different power levels for powering 

DUT. The LM is coupled with planetary gear with a 1/50 ratio. 

The actual torque is measured with Magtrol torque flange 

sensor TF 215 with nominal torque 2000 Nm and possible 

200% overload. The position is measured with Renishaw high 

accuracy optical rotary encoder based on stainless steel ring and 

two TONiC series incremental encoder readheads. It provides 

a basic resolution of 40 000 ppr and with possible interpolation, 

it is up to 8 000 000 ppr. Both sensors are coupled with the 

common shaft of the testing system. Temperature is measured 

on multiple locations of the actuator with PT 100 temperature 

sensors. Measured data are processed and displayed by the 

measuring station NI PXI with the graphical user interface 

which provides full control over the measurement process. The 

user interface is shown in Fig.3. The load cycle of the system 

is defined by the spreadsheet including time dependence of 

torque, speed, and position. This spreadsheet is created using 

MS Excel and is uploaded to the interface before measurement 

starts. Uploaded data are converted to the required form and 

subsequently sent to the PLC which provides the control of 

both machines. Defining the load cycle with a spreadsheet 

allows us to easily apply almost any type of load on the 

common shaft. The graphical interface also allows user to 

generate a report from past measurements.  

V. CONCLUSION 

This paper has described a laboratory system for 

investigating the performance of high precision actuators with 

a special approach of determining the load cycle by 

spreadsheet. The use of this type of data input makes the 

implementation of the load cycle simpler and allows user to 

easily determine the parameters of the cycle. The future work 

will be focused on creating an application to automatically 

prescribe a load cycle from real measured data and 

methodology proposal for simulation of the loads with a fast-

changing moment of inertia. This type of load cycle 

implementation can be enhanced in the future for use in the 

more complex system - emulator of dynamic loads. 

 

Fig.3 User interface 
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Abstract—Rare-earth tetraborides (REB4) crystallize in 

tetragonal crystal structure, where the sublattice of rare-earth 
ions forms in ab-plane a geometrically frustrated Shastry-
Sutherland lattice. During my postgradual studies I am going to 
construct detailed TN vs. B phase diagram of three tetraborides 
(TmB4, ErB4 and HoB4) from data of temperature and field 
dependencies of resistance, magnetization and heat capacity. We 
will apply hydrostatic pressure up to 15 GPa using a piston 
cylinder cell as well as diamond anvil cell in temperature range 
1.8K – 300K and in magnetic field up to 6T to our samples. The 
obtained results will show us shift of ordering temperature TN as 
well as shifts of boundaries between different magnetic phases. 
The effect of pressure on magnetic ions in those tetraborides will 
be discussed and compared between studied tetraborides. 
 
Keywords—geometrically frustrated magnetic systems, high 

pressure, tetraborides  
 

I. INTRODUCTION 

Magnetic systems with geometrically frustrated interactions 
have attracted widespread interest in the last years due to 
discoveries of various new types of complex ground states [1]. 
The interest in such systems, in particular, is related also with 
magnetization plateaus at fractional values of saturation 
magnetization. It was shown that rare earth tetraborides 
(REB4), with tetragonal crystal structure, represent 2D 
frustrated magnets on the Shastry-Sutherland lattice (SSL), 
which are relatively easy and fully accessible for experiments 
up to the saturation magnetic field.  

Probably the most studied among tetraborides is TmB4, 
which exhibits a rich phase diagram as a function of 
temperature and field with TN = 11.7 K and J = 6 (total 
angular momentum of Tm3+). [2], [3] During my postgraduate 
study I am studying TmB4 together with another two 
tetraborides ErB4 and HoB4. The main purpose of my thesis is 
to explore influence of high pressure on magnetorezistivity, 
heat capacity and magnetization as well as on changes in the 
magnetic phase diagram of these compounds.  

II.  GEOMETRICALLY FRUSTRATED SYSTEMS 
Research of geometrically frustrated magnetic systems has 

supported new theories dealing with interaction of magnetic 
spins, which indicate strong anisotropy. The same studies 
contribute to development of new materials in all classes of 

magnetic systems. Based on site disorder and frustration we 
can divide magnetic materials into four categories (Fig. 1). As 
we can see on Fig. 1 there are two categories which exhibit 
frustration: spin glasses and geometrically frustrated systems. 

It is important to know the differences between those two 
kinds of materials. In the majority of spin glasses the reason 
of site disorder is connected to frustration. Very simple and 
clear example is illustrated in Fig. 2 top. 

 

 
Fig. 1. Ground states of insulating magnets from the perspective of site 

disorder and frustration. [4] 
    

If we modify lattice where are originally exist only 
antiferromagnetic bonds (AF) by random spreading spins with 
ferromagnetic bonds (FM), it creates site disorder which leads 
to frustration. Another type of frustration occurs if the lattice 
itself is responsible for frustration Fig. 2 bottom. Due to 
triangular symmetry we can observe quantitative same 
geometrically frustration as in spin glasses but without 
necessity of spin disorder. [4] Further we will be discussing 
only geometrical frustration systems which show low spin 
disorder but strong geometrical frustration. 

Importance of study of geometrically frustrated systems has 
shown in supersolid phases research. This new type of matter 
has property of both solid crystal and superfluid substance. 
Whereas there is still no convincing experimental realization 
of supersolid matter, geometrically frustrated systems appear 
like right candidate for modeling this new sort of matter. [5] 

 Geometrically frustrated systems hold another important 
role in searching for skyrmion crystals. Those extraordinary 
objects, whose spins are oriented in all directions on the 
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sphere surface, attracted attention in last years due to their 
potential usage in future memory technology with remarkable 
properties such as nano size scale, high stability or ultralow 
critical drive current. Skyrmions were already discovered and 
theoretically confirmed in chiral magnets. It is assumed that 
next suitable systems for generating skyrmions close room 
temperature are geometrically frustrated systems with 
Shastry-Sutherland (S-S) lattice (Fig. 3). [6] Well known 
representatives of magnetic materials with S-S lattice are rare 
earth tetraborides, as already mentioned TmB4, ErB4 and 
HoB4. 
 

 
 

Fig. 2. Top plaquette of the square AF  lattice with one bond replaced by a 
FM bond, illustrating frustration induced by site disorder common to most 
spin glasses. Bottom plaquette of the triangular lattice, showing frustration 
occurring among spins in a site-ordered system. [4] 

III. TETRABORIDES 
 
 The rare earth tetraborides crystallize in the tetragonal 
structure P4/mbm, where the boron network is formed by 
chains of octahedral along the c-axis. In the c-plane four 
octahedral chains are linked by a pair of boron atoms. While 
one additional electron is available in the conduction band, so 
the tetraborides are good metals. 
 Along the c-axis the rare earth ions are fixed in the a-b-
plane (Fig. 3) between B6 – B2 layers. In the c-plane the ions 
are surrounded by boron octahedral. In doing so, the 
lanthanoid inos form a square in the a-b-plane, which is 
rotated by a small angle around the c-axis. Each ion has two 
nearest neighbors on the square and two in the neighboring 
square. One next nearest neighbor is located in the neighbor 
unit cell nearly in the same distance. Starting from this 
structure it is possible to map the rare earth ion grid to the 
Shastry-Sutherland lattice. 
 

In 1981 Siriam Shastry and Bill Sutherland established a 
model which describes the behavior of antiferromagnetic 
Heisenberg spins in consideration of nearest and next nearest 
neighbor interactions in two and three dimensions. [7] The 
featured of the model is that exact results for the ground state 
could be found for a wide range of parameters. 
 The moments, located at nodes of square lattice, interact 
with their neighbors via the dashed diagonal bonds J and via 
black bonds J’ with their next nearest neighbors (Fig. 3). J and 
J’ are the coupling constants. The model shows that for a 
large interaction on the bond J’ the systems is similar to a 
normal Heisenberg antiferromagnet with Néel ground state, 

but for a strong coupling on the J bond the system behaves in 
a different way. The lattice build dimmers on the diagonal 
bonds, which are antiferromagnetical coupled and the ground 
state of each dimer is a singlet. Shastry and Sutherland called 
this phase a “quantum spin liquid” because the interaction of 
the states is liquid like with only short range order. The 
excited triplets on a dimer can hop between the J/J’ ratio and 
the spin S.  

As the ground state of many-particle systems is usually not 
exactly known, the model was interesting from the theoretical 
point of view. Without any analogous material, the model was 
without any importance in experimental physics up to end of 
the nineties. In 1999 Kageyama et al. [8] studied the magnetic 
properties of the SrCu2(BO3)2 which was the first example of 
the Sastry-Sutherland lattice. 
   
 

 
Fig. 3. The Shastry – Sutherland lattice. J and J’ are the exchange energies on 
the bonds. [9] 
 
 As already mentioned, the rare earth tetraborides are good 
metals, therefore one expects the RKKY exchange interaction 
to be relevant between the localized moments. 
 The RKKY exchange is an indirect interaction, which is 
mediated by the conduction electrons. The localized magnetic 
moments polarize the surrounded conduction electrons. These 
polarized electrons interact with other localized magnetic 
moments. This leads to an indirect coupling between the 
localized moments. The exchange energy depends on the 
distance between the magnetic ions and the Fermi surface 
radius. The magnitude of the energy decreases with the 
distance between the ions and the sign alternates. Therefore 
the interaction can be ferromagnetic or antiferromagnetic. [10] 

 

IV. EXPERIMENTAL METHODS 
 

To acquire all necessary data for fulfillment every goal in 
my PhD thesis I will be using several experimental methods. 
Major experiments will be realized in helium-4 cryostat 
together with high pressure cell. 

Helium 4 cryostat 
 The temperature range 1.3 K < T < 4.2 K is determined by 

the normal boiling point of 4He and the temperature at which 
its vapor pressure has become very small. There are two ways 
to reach this temperature range using pumped vapors above 
liquid 4He. 

The simplest way is just pump the vapor above the liquid 
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4He bath away to decrease its temperature. This is very 
uneconomical because about 40% of the liquid 4He has to be 
evaporated to cool it from 4.2 K to 1.3 K due to large change 
of its specific heat in this temperature range. On the other 
hand, the specific heat of solids is rather small in this 
temperature range. To cool them from 4.2 K to 1.3 K we have 
to evaporate only a small fraction of liquid 4He. It is therefore 
much more efficient to leave the main part of the liquid at its 
normal boiling point of 4.2 K and just pump on a small 
fraction of it in a separate container to reach the lower 
temperature for experiment. This type of cryostat is located in 
laboratory at Centre of Low Temperature Physics, Institute of 
Experimental Physics of the Slovak Academy of Sciences in 
Košice. 

The design of continuously operating 4He evaporation 
cryostat is on Fig.4. In such a refrigerator a small fraction of 
the liquid from the main 4.2 K bath flows through a suitable 
flow impedance into a small vessel of several cm3. Through 
the central tube we pump on the liquid arriving in this 
evaporation vessel. The liquid from the main bath at 1 bar is 
enthalpically expanded trough the impedance and will arrive 
at a lower temperature in the evaporation vessel. Again, 
almost half of the heat of evaporation is used for cooling the 
liquid, the other half can be utilized to fill up the inner vessel 
with liquid and to cool sample. This vessel will continue to fill 
up the inner vessel with liquid and to cool something else. 
This vessel will continue to fill until the level of the liquid in 
the pumping tube is at height at which the heat transferred 
from the main helium bath through this column of liquid, plus 
the heat from the experiment, just balances the cooling power 
of the refrigerator available from the latent heat L of 
evaporation.  

 

 
Fig. 4. A continuously operating 4He refrigerator for the temperature range 
between 1.3 K and 4.2 K. [11] 
 
The refrigerator is self-regulating, if we increase the external 
load, the level of the liquid in the pumping tube will drop, so 
its contribution to the heat transferred to the inner vessel is 
reduced. This experimental equipment create basis for our 
current and future experiments. [11] 

 
Piston cylinder cell 

In addition to the now common diamond anvil cells 
(DACs), hydrostatic piston cylinder cells have a large field of 
application where large volume and electrical input are 
necessary. The physics of semiconductors and 
superconductors, in particular, is a field of rather wide 
application of hydrostatic pressure. The electron energy 

spectrum and carrier concentration strongly change under 
pressure and can be investigated by transport and optical 
methods. Therefore for the majority of physical applications a 
hydrostatic cell has to have an electrical or an optical input or 
both and it has to be non-magnetic, and quite small. 

 

 
Fig. 5. Piston cylinder cell from Centre of Low Temperature Physics, Slovak 
Academy of Sciences in Košice. Top pictures shows detail on sample, which 
maximum dimension is about 350µm on bottom picture is disassembled 
whole piston cylinder cell. 
 

From the point of view of the pressure limit the cylinder is 
obviously not the weakest part of the cell, in spite of the fact 
that it works in tension. The cell also includes a piston, plugs, 
seals and electrical leads. The choice of materials for specific 
applications, such as low temperatures, magnetic fields or 
neutron diffraction is limited. The cell must be reliable and 
safe. It is desirable to have a simple cell which does not need 
much attention and is suitable for not very specialized 
experiments. Clamped cells of small dimensions as possible 
are preferable for easy combination with cryostats, solenoids 
and other set-ups. [12] 

A particular actual cells has to fulfill these requirements. 
Therefore the working pressure limit of 3-3.5 GPa may be 
expected for materials and designs available now. Piston 
cylinder cell with those properties which is suitable for very 
low temperature experiments (Fig. 5) is situated at Centre of 
Low Temperature Physics, Institute of Experimental Physics 
of the Slovak Academy of Sciences in Košice. 

V.  EXPERIMENTAL RESULTS 

Measurement of pressure inside cells is also very important 
for high pressure experiments. In DAC or in piston cells with 
transparent window it could be done by using small pieces of 
ruby. Then by shift in light spectrum we can find amount of 
pressure in cell. This method is contactless and very simple, 
but it works only if area of high pressure has a transparent 
properties. 

SCYR 2021 – 21st Scientific Conference of Young Researchers – FEEI TU of Košice
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Fig. 6. Superconducting phase transition of lead at atmospheric pressure and 
under pressure of 7 kbar in piston cylinder cell. 
 
 

In our pressure cell (Fig. 5) and others which do not have 
transparent window, we can use well known element and 
measure shift in superconducting phase transition temperature. 
In Fig. 6 is shown how pressure affects superconducting phase 
transition of lead. Through equation [13]: 

(GPa) ݌  = 7.19 − ஼ܶ0.348  
 

where p is pressure in piston cylinder cell and TC is 
temperature of phase transition of lead under pressure, we can 
calculate the value of pressure locked in cell. We use this 
equation in pressure measurement in piston cylinder cell (Fig. 
6) by very pure lead sample, and we successfully generate 
pressure p = 7.18 kbar. After test measurements we are ready 
to insert our tetraborides samples into piston cylinder cell and 
perform measurements.  
 

VI. CONCLUSION 
 The experimental study of geometrically frustrated systems 

has a huge potential not only for basic research but also for 

applications. The future of information technologies is in 
quantum computers and geometrically frustrated tetraborides 
with S-S lattice seems to play important role in it. During my 
studies I will try to shed more light to the investigation of 
tetraborides and their phase diagrams which shows several 
different magnetic phases under extreme conditions such as 
very low temperatures, pressure and magnetic field. 
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I. INTRODUCTION

This work uses a model for the evaluation of cosmic ray

trajectories as a case study and the first application for the

wider framework to be developed to automate scientific mod-

els. The cosmic rays were discovered more than a century ago

[1] in 1912. The early age of trajectory simulations starts with

manual solutions, but very soon computers are used. In [2]

authors used “Bush’s differential analyzer” [3] to investigate

allowed cones of cosmic radiation.

Computer power increased continuously in the next decades

and tracing techniques become widely used to explain cosmic

ray observations in the magnetosphere. However, at the same

time, the model of the geomagnetic field becomes more

complex and complicated for numerical evaluation. Thus the

whole task becomes more and more complex and numeri-

cally expensive. The first authors, that used a model of the

geomagnetic field for trajectory simulations were Gall and

coauthors [4] in 1968 using Williams and Mead model of the

geomagnetic field.

The task is still computationally expensive. A huge report

from 2020 [5] with rigidity tables covering the whole globe in

last decades state “The extreme requirement of intensive com-

putation to obtain a sufficient number of particle trajectories to

evaluate cosmic ray access to a specific location on the earth or

in the earth’s magnetosphere may involve obtaining solutions

to millions of individual cosmic ray trajectories. Therefore

efficient computation is essential (and a very fast computer

desirable).”

II. STATE OF THE ART

The COR system, for evaluation of cosmic ray trajectories

in the geomagnetic field, was developed in cooperation with

the Technical University of Košice (TUKE) and Institute of

Experimental Physics Slovak Academy of Sciences (IEP SAS)

in the last 4 years. The system typically traces one million tra-

jectories for evaluation of cosmic ray intensity at the requested

location, which takes 10-20 hours on a node with 32 cores.

The COR model as an example of a computationally expensive

model is a suitable case study for the design specification of

a framework that aims to simplify the automation of scientific

models.

III. COR SYSTEM FOR COSMIC RAY TRAJECTORIES IN

EARTH MAGNETOSPHERE SIMULATION

We presented an article about the COR system at the

20th conference of Czech and Slovak physicists [6]. In the

article, we mainly described a new module for historical

effective cutoff rigidity evaluated in period 1-1901 CE. We

also described the following features of the system:

• Our efforts in optimizing the simulation runtime by

creating formulas to estimate starting rigidity just below

lower cutoff rigidity.

• Simulations of the multidirectional cosmic ray trajecto-

ries.

• Visualization of cosmic ray particle trajectory. In the

figure 1 we can see an example of a 3D view selected

from the available projections and 3D view.

Fig. 1. Visualization of cosmic ray trajectory in GSM coordinates in Earth
radii (Re) units.

The main added feature was a module for historical effective

cutoff rigidity evaluation. The module allows users to evaluate

magnetosphere transparency (cut off rigidity and spectrum of

allowed and forbidden rigidities) for cosmic rays in the last

two millennia. In the current version of the module, trajectories

are simulated only for vertically incoming particles.
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Fig. 2. Visualization of effective cutoff rigidities for years 1 to 1901 with a 100 year interval.

In figure 2 long term changes of effective vertical cutoff

rigidities at the longitude 30° for selected latitudes of the

southern hemisphere for years between 1 and 1901 CE are

presented. The time of calculation is 1st January 00:00 for each

point in time. The inspection of the figure shows that Earth’s

magnetosphere is more transparent for cosmic rays now than

it was two thousand years ago. Cutoff rigidities were higher

in first century than now. The figure presents only selected

positions, but the trend is general for the whole Earth surface.

Further, inspection shows that some points could see opposite

trends for some period of times, and thus could be relevant to

investigate local changes of magnetosphere transparency for

cosmic rays and consequences to carbon 14 (14C) production

and distribution.

Another notable activity was the optimization of starting

rigidity. In the multidirectional simulation, all directional

simulations in COR 1.0 started at 0.01 gigavolt (GV). With

this optimization, the following formulas to estimate starting

rigidity for any direction of any point were derived:

• Formula based on vertical cutoff rigidities, used only for

simulations of vertical incoming directions.

• Formula based on simulations along the selected merid-

ian.

• Formula based on simulations covering whole Earth’s

surface with selected steps in latitude and longitude.

As a result, the optimization of running times described in

Table I was achieved.

TABLE I
TABLE OF DURATIONS OF SIMULATION FOR SELECTED POSITIONS WITH

OPTIMIZATIONS TURNED ON OR OFF.

Latitude Longitude Optimization Duration

−60.15° 287.79° No 14:04:31

−60.15° 287.79° Yes 09:12:33

−10.05° 287.79° No 05:05:36

−10.05° 287.79° Yes 04:24:15

40.21° 287.79° No 14:11:44

40.21° 287.79° Yes 10:28:57

IV. FUTURE RESEARCH

In the future we plan to examine suitability of existing

standard data formats that could be used in our proposed

system. Candidate file formats that we plan to examine further

are CSV [7], JSON [8], XML [9], CDF [10], NetCDF [11],

HDF [12] and FITS [13].

We also plan to examine magnetic field models based on

their runtime performance and compare their result values to

each other. The models we plan to compare are:

• Newest International Geomagnetic Reference Field

(IGRF) implemented in Python

• Older version of IGRF implemented in Fortran-77.

• CHAOS-7 implemented in Python

• Tsyganenko models of external geomagentic field imple-

mented in Fortran-77 (T89 [14], T96 [15] and TS05 [16]).

The test of the system should be proven in the simulation of

historical cutoff rigidities for a grid of points with a resolution

of 1° in both latitudinal and longitudinal directions for the last

two thousand years. The meaning of this simulation is to find

the distribution of 14C isotope produced by cosmic rays in the

atmosphere for different historical epochs, and consequently,

to elaborate necessity of modification of current 14C dating

models [17].
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I. INTRODUCTION

Medical imaging is considered a key contribution to the

patient’s well-being and overall health-care. Medical imaging

utilization increases rapidly, up to 50% more than the last

decade [1]. Computer tomography (CT), X-ray, sonography,

and magnetic resonance imaging are all considered medical

imaging techniques. We divide the tasks solved on medi-

cal imaging into localization, detection, classification, and

segmentation. Localization is a process of finding a square

bounded object on the image. Detection is a process similar

to localization; however, we find the bounding for multiple

objects, where each object can be a different class. Segmen-

tation is another popular task, where the process aims to

finds and highlights the contours of desired objects. Finally,

classification is the most popular process to correctly evaluate

the patient’s current health state (healthy/ill).

Several studies focused on automatic chest X-ray descrip-

tion for diagnosis of viral or bacterial pneumonia induced

by COVID-19, Tuberculosis, etc. Apostolopoulos et al. [2]

classified COVID-19 off chest x-ray images using models

pretrained on ImageNet. Similarly, Minaee et al. [3] used

Resnet18, ResNet50, Squeezenet, and Densenet models pre-

trained on ImageNet to solve the COVID-19 classification task.

So far, the published studies focused on the classification of

respiratory diseases from chest x-ray utilized the deep neural

network models either trained from scratch or pretrained

from natural image datasets such as ImageNet. We focus

on self-supervised pretraining on pretext task solved on big

unlabeled chest x-ray dataset and transferring the knowledge

to downstream task.

II. OVERVIEW OF CHEST X-RAY DATASETS

Classification of chest x-ray by convolutional neural net-

works (CNN) is a very studied and promising task. Several

chest x-ray databases were created and labeled composed of

tens of thousands of images, including CheXpert [4], Chest-

xray14 [5], CELL [6], and more specified on COVID-19

COVIDGR and C19-Cohen [7]. We also include COVIDX

database [8] created as a combination of the C19-Cohen and

CELL database.

A. CheXpert

CheXpert [4] is a collection of 224316 chest x-ray images

of 65240 patients. Patients are labeled for the presence of

14 most common chest x-ray observations as No finding

(healthy), Support devices, Fracture, Cardiomegaly, Pleural

Other, Pleural Effusion, Pneumothorax, Edema, Consolidation,

Pneumonia, Lesion, Atelectasis, enlarged cardiom, and lung

opacity. Labels were extracted from the free-text radiology

reports by natural language processing tools.

B. Chest-xray 14

Chest-xray14 [5] is another dataset of chest x-ray images

composed of 108948 frontal-view X-ray images from 32717

patients, and each patient is labeled by one or multiple pathol-

ogy keywords. Again, similarly to CheXpert, the labels were

automatically extracted from radiologists’ reports by natural

language processing tools.

C. CELL

Another dataset consisting of 5232 chest x-ray images

from children was published in the prestigious journal CELL

[6]. Out of 5232 chest x-ray images, 3883 was depicted as

pneumonia (1345 viral and 2538 bacterial) and 1348 healthy

patient. Note the chest x-ray images are only from children,

and those images differ in comparison with Chest-xray 14 or

CheXpert databases.

D. C19-COHEN

C19-Cohen [7] is one of the first publicly available datasets

of chest x-ray images labeled as covid-19 and other pneumonia

types. COVID-19 can be diagnosed based on x-ray or CT

images of the chest. C19-Cohen consists of 481 samples where

320 patients were suffering from COVID19, and others suf-

fered from other kinds of illness such as Legionella, Influenza,

or bacterial pneumonia.

E. COVIDGR

COVIDGR [9] is the second dataset of chest x-ray images

of healthy patients and patients suffering from the COVID-

19. COVIDGR dataset contains 426 chest x-ray images of

COVID-19 patients with four different severity levels and the

same number of control subjects.
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TABLE I
PERFORMANCE OF DEEP LEARNING MODELS ON DIFFERENT CHEST X-RAY

DATASETS

Reference Dataset Task Accuracy

Pham et al. [14] CheXpert Cardiomegaly 91%
Yao et al. [15] Chest-xray14 Cardiomegaly 85.8 %

Kermany et al. [6] CELL Pneumonia 96.8%
Wang et al. [8] COVIDX COVID-19 99.7%
Tabik et al. [9] COVIDGR COVID-19 76.16 %

Our results CELL Pneumonia 95%

III. PROPOSED METHODS

CNNs are achieving state-of-the-art results for computer

vision tasks for both natural and medical images. On the

other hand, they are data-hungry, and therefore, their use on

medical images is a bit harder as the image needs to be

annotated by experts in the domain. On top of that, they are

still not extensively used in production, as various concerns are

raised by studies like [10] and [11]. Oakden [11] claims that

even larger databases contain false labels that were extracted

automatically from radiology reports. The solution to that

would be to adhere to the TRIPOD (Transparent reporting of

a multivariable prediction model for individual prognosis or

diagnosis ) [12] statement, which introduces requirements for

applying artificial intelligence models in clinical practice.

We explore the possibility of self-supervised pretraining in

the medical domain. The representations are first learned in

the self-supervised fashion on the pretext task and further

reused on the the downstream task. The quality of features

are evaluated by t-SNE algorithm and by the model’s accuracy

achieved on the various target datasets. Our work is summed

up in [13], where we propose self-supervised neural network.

Table I depicts results of various tasks for 4 datasets: CheX-

pert, Chest-xray 14, COVIDGR and COVIDX. For CheXpert

and Chest-xray 14, we chose to report the task of diagnosis

of cardiomegaly. To evaluate the quality of the model’s pre-

diction, accuracy metric was used and it can be defined as the

ratio of correctly predicted observations to number of all the

observations.

It seems that the results provided by [14] and [15] are a bit

different, but the distinction is not so huge. We hypothesize

that this may be caused by the variety of the testing parts of

both datasets and slightly different deep learning approaches.

The model provided by [6] correctly diagnose pneumonia

on CELL dataset of chest x-ray images with accuracy over

92%. Surprisingly, the achieved precision is far better than

other studies detecting pneumonia on datasets like CheXpert

and chest-xray 14, where they achieved 65.8% ACC [5], but in

multi-class settings. The age limitation of the patients in CELL

dataset may cause this difference. Our self-supervised neural

network achieved with linear evaluation protocol on CELL

dataset similar results to its supervised counterpart (95%),

however with significantly lower number of labeled samples.

The results of the correct diagnosis of COVID-19 on

COVIDX can be overly optimistic, as the captured chest x-ray

images were taken in different settings, which may contribute

to the final accuracy. Furthermore, Tabik et al. [9] created

a model with 76.16% AUC metric on COVIDGR dataset.

IV. CONCLUSION AND FUTURE WORK

CNNs are achieving state-of-the-art results for computer

vision tasks. One major drawback of the CNNs is the un-

availability of huge labeled datasets. Recent self-supervised

learning approaches provide quality of learned features on

par with supervised counterparts. The idea is to implement

a self-supervised model aimed at chest x-ray and use it either

as a fixed feature extractor or fine-tune it over the specified

dataset with some labels. Self-supervised pretraining could

decrease the required number of labeled images significantly.

We showed that self-supervised learning can also be used in

the medical imaging domain but needs further research. Future

work includes the more sophisticated self-supervised methods

to capture the more important features out of the image. The

neural network is considered a black box model; however,

some visualization techniques like deep taylor decomposition

or layer-wise propagation to explain its decision exist.
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I. INTRODUCTION 

The process of digitization and transformation of energy is 

a picture of the requirements of market participants, which 

consists of legal entities conducting business activities in this 

sector, state institutions and other persons. The whole process 

consists of a few positives, and of course a lot of hard work, 

which will achieve the expected goal. The digitization and 

transformation of energy requires a few amendments to be 

tabled in the areas of law at international and national level, in 

the financial sector, in the technical and IT fields (Cyber and 

Information security), but also in the field of psychology. In 

which it is necessary to focus on changing the thinking of 

market participants and preparing them for changes that are 

irreversibly approaching. Thus, there is a wide-ranging 

development of many areas of industry that are 

interconnected. 

 

Part of the energy transformation is the digitization and 

transformation of smart grids. Smart Grids are basically 

automated control systems that monitor the parameters of the 

transmission and distribution network also with the help of 

elements of artificial intelligence. An important element of 

smart grids is smart metering systems (SMS), also known as 

"Smart Metering". The data collected by SMS have huge 

potential and wide use in several areas of industry, such as 

electricity, gas and water. By analysing the obtained data, it is 

possible to achieve efficient operation and management of the 

electricity system, optimization of costs of individual market 

participants or automation of the electricity system. With the 

growing volume of data, it is necessary to focus our attention 

on the area of cyber and information security, which are one 

of the crucial components of the security environment. Cyber 

security cannot be tied to an area of society, as its specificity 

has an impact on the functioning of society. 

II. CURRENT MARKET SITUATION 

The current structure of energy is slowly but surely 

changing. The energy sector is being transformed and the 

concept of "4-D" is becoming more and more important. You 

can hear the voices that this is the future of energy. This term 

conceals the following four "D's": 

1. Decentralization of electricity generation; 

2. Decarbonization - reducing the carbon footprint; 

3. Digitization; 

4. Deregulation. [1] 

 

The heading of decentralization of electricity generation can 

be understood as DER - Distributed Energy Resources. These 

resources include: 

• Wind, photovoltaic/solar and hydro power plants; 

• Accumulators (batteries); 
• Diesel generators; 

• Cogeneration units; 
• Charging infrastructure for Electromobility; 
• Heat storage (underground and above ground); 

• Fuel cells. [2] 

 

Simply, all elements that are a source of energy can be 

considered distributed energy sources. The most widespread 

sources include photovoltaic power plants due to simple 

installation, low maintenance and relatively low acquisition 

costs for the solar panels and batteries themselves. Distributed 

energy sources can economically manage the demand for 

electricity. The new requirements of the energy market will 

require the combination of more burdens with electric cars, 

energy sources and batteries, with the possibility of adapting 

to demand. In California, for example, there was a regulation 

that all newly built buildings must contain photovoltaic 

panels, which will reduce power consumption from the grid, 

reduce transmission losses and at the same time the point of 

consumption in question will become the called active 

customer. As far as Europe is concerned, there are tendencies 

and requirements to increase the self-sufficiency of new 

buildings. High self-sufficiency of buildings can be achieved 

by using my own energy sources. Here it is possible to talk 

about the so-called energy communities and Microgrids. 

Based on European Union data, it is estimated that by 2050, 

almost 50% of consumption points will produce electricity 

from RES or DER. At the same time, 1/3 of the consumption 

points will be a member of some energy community. The 

principle will be to increase self-sufficiency and reduce 

95



spending. Such energy communities can then merge into 

larger units called microgrids. In certain cases, such 

communities may subsequently operate for some time in 

island traffic, independent of the outside world. A business 

model of this type is often referred to as VPP - Virtual Power 

Plant. The model takes to a higher level, making it more 

advanced and gaining in popularity thanks to advanced 

technologies for load size prediction and aggregation. [3]  

 

 
Fig. 1 An overview of key areas of electrical power 

engineering transformation [4] 

III. SMART TECHNOLOGIES 

The concept of smart grid creation is often composed of 

several technologies, which can be divided as follows: 

• Smart Home; 
• Energy management system; 
• Microgrids; 
• Automatic voltage control; 

• Renewable Energy Sources (RES) and Electromobility; 
• Intelligent transmission and distribution of electricity; 
•Accumulation of electricity and distributed energy sources; 

•Smart power stations or distribution transformer stations; 

•Smart Measurement Systems (SMS) and Advanced 

Measurement Infrastructure (AMI). [5] 

 

At the current stage of digitization and transformation of 

the energy sector as an industrial sector, the requirements and 

needs of market participants resonate, especially in a 

professional society, which can be considered as current 

challenges in this area. The current situation requires changes, 

especially in the area of: 

a) telecommunications and IT solutions; 

b) data exchanges between market participants; 

c) creation of dynamic tariffs; 

d) cyber and information security of critical and operational 

systems; 

e) renewable and distributed energy sources; 

f) building a charging infrastructure for Electromobility; 

g) batteries; 

h) the need to create new services; 

i) legal norms. 

 

The current situation, for example in the area of data exchange 

between market participants, is complicated. In order to 

simplify processes and save money, this situation needs to be 

resolved. It is necessary to devise a modern and smart way of 

exchanging data in order to achieve a system of data 

collection, sharing, processing and exchange. We currently 

know of 10 different parties who have access to energy data, 

whether measured or commercial. The modernization and 

transformation of energy has required the emergence of new 

services and market players, such as aggregation, flexibility, 

electricity storage or the construction of charging 

infrastructure. New market entrants include: 

• Active customers, which represent a huge potential and a 

significant part of the market; 

• Energy communities/Microgrids operators; 

• Charging infrastructure operators; 
• Operators of battery storage of electricity; 
• Local resources; 
• Aggregators (suppliers). 

IV. CONCLUSION 

Smart grids are the result of the digitization and 

transformation of the energy industry, which is an 

evolutionary process of modernizing electricity grids and 

which reflects the new requirements and needs of energy 

commodity market participants. The transformation of the 

energy industry consists of new requirements and needs for 

the production, transmission, distribution and operation of the 

electricity network, for the development of communication 

and IT technologies, Information and Cyber security and the 

harmonization of legal standards based on these inputs. 

 

The digitization and transformation of energy should 

increase the security, quality and reliability of electricity 

transmission and distribution, information and cyber security, 

financial savings, increase the living standards of the 

population, increase the share of electricity production from 

renewable energy sources, greater environmental protection, 

e.g. reducing greenhouse gas emissions and using new 

technologies such as smart metering, electromobility, the 

smart home and so on.  

 

At the top of the list of countries with the highest number of 

electric vehicles is China, which in 2018 had a registered 2.3 

million electric vehicles and USA had 1.1 million cars. The 

number of vehicles in Europe was over 1.35 million, of which 

1,570 passenger electric vehicles were registered in Slovakia 

(619 PHEV and 959 BEV). In addition to passenger cars, 74 

light commercial vehicles and 47 electric buses were 

registered. 
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I. INTRODUCTION

Recent Artificial Intelligence (AI) systems based on ma-
chine learning algorithms excel in many fields. AI can outper-
form humans in visual tasks or strategic games but also they
become an indispensable part of everyday lives, such as online
services that analyze our shopping carts or systems that allow
us to make decisions based on data.

AI systems based on black-box models are used in many
areas today. These systems used in smartphone applications
or online services do not have key requirements for model
transparency but focus mainly on model accuracy and cost. If
such a model fails and, e.g. does not recognize the person
logging into the system or the translation system makes a
grammatical error in translation, it usually does not have major
consequences. The requirements for transparency and trust in
these applications are low. However, in applications that are
critical to human safety, these requirements play an important
role and can even be a decisive factor in deciding when
deployment such a system. In particular, if the consequences
of an AI decision can be life-threatening e.g. in autonomous
cars or in the medical domain. Therefore, transparency is
more important especially in these areas and, in addition to
transparency, it is also necessary to build trust in the AI-
based system that is deployed. In order for the model to be
transparent, we need to know how it works and on the basis on
which evidence it makes decisions. XAI methods provide tools
that can help with these problems. Besides, there are legislative
requirements for clarity and transparency in the processing of
personal data as well as medical data.

II. CURRENT STATE OF XAI IN HEALTHCARE

In the healthcare field, artificial intelligence can be very
beneficial. There are already practical deployments of AI to
help doctors identify heart failure problems [1]. However, the
full potential of AI systems is limited by the inability of

algorithms to explain their results and decisions to human
experts. This is a huge problem, especially in the medical field
where doctors need to understand why AI has made a decision
and how it came to that decision. In some cases, human
life may depend on this decision. Transparent algorithms
could reasonably increase the confidence of medical experts
in future AI systems [2]. Therefore, research aimed at creat-
ing explainable AI (XAI) systems for medical applications
requires maintaining a high level of learning performance
for various machine learning techniques and human-computer
interaction. There is a certain tension between the accuracy
and explainability of machine learning methods. The most
powerful models (especially deep learning or ensembles) are
often least transparent and methods that provide clear and
comprehensible explanations known as interpretable models
(e.g. decision trees) are less accurate [3].

In the field of healthcare, the motivation for the XAI
methods is clear. In many cases, both end-users and the critical
nature of the predictions require some transparency, either for
user involvement or for patient safety. However, sometimes an
explanation of machine learning predictions is not enough. It
is important to think about how the results are interpreted by
the end-user, how they are incorporated into the work process,
or how they are used in other ways. Healthcare experts are
often overwhelmed by the influx of patients, the influx of data
about these patients, and the related tasks that are required
of them such as entering data into the system, electronic
records, providing care. Therefore, if AI systems and their
explainability are not presented in the right way, it will not
help healthcare experts, but on contrary, it will be another
task for them. Therefore, these systems should be created in
terms of the domain and the perspective of the user who will
work with them [2].

AI is often associated with the idea that artificial intelligence
should replace the decisions of health professionals. However,
it is not necessary to create systems in this way. Conversely,
AI can be very helpful in important decisions that doctors must
make, especially if the reasons for AI decisions or predictions
are properly explained.

A. Explainability and Interpretability

Interpretability and explainability are often used in the
literature as synonyms, but some works distinguish them. The
term understanding is sometimes used as a synonym for inter-
pretation and explanation in the context of the XAI [4]. In this
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context, the term "understanding" usually means a functional
understanding of the model, as opposed to an algorithmic
understanding of the model at a low level. Understanding tries
to characterize the behavior of a black-box model without
trying to clarify its internal behavior.

In [5] authors distinguish between interpretation, which they
define as the mapping of an abstract concept to a domain
that can be perceived and understood by a human expert,
and explanation, which they define as a set of interpretable
area features that contributed to this example of decision
making. In [6] Edwards and Veale divided the explanations
into model-centric and object-centric terms that correspond
to the definitions of interpretability and explainability from
[5]. Similar tasks are explained in [7] as global and local
interpretability.

The EU legislation and its General Data Protection Regu-
lations (GDPR), which deals with the processing of personal
data, mention only term of explainability. Comprehensibility
[8] is used in the literature as a synonym for interpretability.
Transparency [9] is used as a synonym for the interpretability
of the model, which is in a sense an understanding of the logic
of how the model works.

B. Explainability as part of next-generation AI systems

The concept of explainability is increasingly occurring
along with the requirements for AI systems as one of the
main requirements. These requirements may be part of the
requirements for the application domain, such as banking,
healthcare, or they may be part of legislative regulations
that are gradually coming along with the development of AI
systems. The ethical aspect should be equally important. They
deal with the direct but also indirect impact of AI decisions
on people’s lives.

J. Fjeld and A. Naggy [10] in their study compared 36 im-
portant documents from various fields, such as organizations or
government documents or recommendations for AI, and based
on these documents defined 8 key principles of contemporary
AI, including the terms explainability and transparency in the
same theme:

• Privacy. AI systems should respect the right to privacy of
individuals, both in the use of data in technology systems
and in the provision of data to decision-making agencies.

• Accountability. It is important that responsibility for the
impacts of AI systems is properly defined and that
remedial action is provided.

• Safety and security. AI systems must be secure and
operate as designed. They also need to be secured and
resilient against abuse by unauthorized parties.

• Transparency and explainability. AI systems should be
designed and implemented to allow supervision as well
as interpretation of activities in comprehensible output
and to provide information on where, how, and when
these systems are used. This principle is the response
to challenges such as transparency, explainability, open
source data and algorithms, or right to information.

• Fairness and non-discrimination. The principles of justice
and non-discrimination require that AI systems should be
designed and used to maximize fairness and minimize
bias.

• Human control of technology. This principle requires that
important decisions remain under human control all the
time.

• Professional responsibility. This principle addresses the
responsibilities and role of individuals in the process of
developing and deploying AI systems and calls for profes-
sionalism and integrity in ensuring communication with
stakeholders on the long-term effects of these systems.

• Promotion of human values. The principles of human
values state that the goals pursued by AI and how they are
pursued should correspond with our values and generally
support the human well-being.

In addition to these key principles, which should become
part of modern AI systems, many scientists, lawyers and
psychologists are currently dealing with ethical issues related
to AI. Especially because with the increasing possibilities that
AI offers us, new problems or questions arise, especially in
applications that have a major impact on human lives. For
example, how do we ensure that AI is fair and free from
racial or gender prejudice? Who will be responsible if life
is threatened as a result of AI’s decision? How to ensure that
AI is fair and transparent? When can the AI itself decide and
when is it necessary to keep the supervision of the responsible
person?

Recent initiatives in this area have also confirmed the
importance of these problems. In the European Union, the AI
Expert Group has produced document the Ethics Guidelines
for Trustworthy AI [11], which provides guidelines for the
development of trusted AI based on the principles of funda-
mental human rights that apply throughout the EU. The result
is a kind of framework that defines 4 ethical principles:

1) Respect for human autonomy - A person has right to
supervise the system and to intervene in the AI process
at any time.

2) Prevention of harm - This principle aims to prevent AI
systems from harming a person, whether in physical or
mental form.

3) Fairness - The aim is to prevent discrimination or bias
in AI.

4) Explainability - AI systems and their decisions should
be explained in a way that is understandable to the
stakeholders involved. Humans should know when they
use the AI system and must be informed about its
capabilities and limitations.

Also, commercial companies engaged in research in AI
applications are interested in creating systems that should be
ethical, fair, or transparent. For example, Google has released
a document with its own principles that they want to follow
when creating AI systems [12].

In the healthcare field, research focuses on the needs and
specific requirements for security, trust, or accountability. A
recent publication [13] provides Governance model for AI in
Healthcare (GMAIH) that covers the introduction and imple-
mentation of AI models in health care. This model includes
recent requirements from United States, the Food and Drug
Administration (FDA) [14] institute about requirements for AI
systems.

From this point of view, clarity is a very important part
of the creation and deployment of AI systems in the real
environment and should be included in the design of the AI
system. Of course, there are exceptions in this area as well,
applications in which explainability does not play such an
important role, especially business applications that focus on
model accuracy and the potential profit and for which time
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devoted to a deeper understanding of models would be cost-
inefficient.

C. Desiderata of XAI models

In the literature on explainability, we often come across
the term "desiderata", which we could translate as necessary
requirements for XAI methods. These requirements represent
aspects or properties that are expected and required from a
method capable of explaining AI models. These requirements
also vary in the literature or are intended for specific types of
methods e.g. Desiderata for gradient methods [4] or Desiderata
for interpretable model [15].

General requirements to be met by XAI models include
also fidelity or honesty [16] [17]. Other requirements include
robustness or stability, which measures whether similar input
instances generate similar conclusions [18] as well as inter-
pretability or comprehensibility [19], which means measures
how difficult is for a person to understand the results from a
given XAI model.

Other requirements, that were defined in [20] for XAI
methods are Expressive Power, Translucency, Portability, or
Algorithmic Complexity. For individual explainability, authors
defined other necessary properties such as accuracy, fidelity,
consistency, comprehensibility, certainty, degree of impor-
tance, novelty, and representativeness.

However, all of these desiderata depend on the specific ap-
plication or environment in which the models will be deployed.
The authors of the article on the Deployment of Explainable
Models [21] argue that these requirements should be designed
only based on the selected application and environment. It
should be based on the following three points: 1. Identify
stakeholders, 2. The involvement of each of the stakeholders,
3. Understand the reasons for explanation.

Based on these requirements, it is possible to compare
models and select those that are suitable for the application
we need e.g. in medicine [22]. However, recent practical
approaches have shown that this comparison may not be
sufficient and that more attention needs to be paid to practice
tests along with evaluations from domain experts using these
models [23].

It is also possible to compare explanatory methods from the
point of view of several levels. Authors in [7] propose three
main levels for the evaluation of interpretability:

• Application level evaluation (real task): Implementation
of models for explainability in a specific application and
its testing on a real task. For example, software that will
detect fracture sites based on X-ray records. The doctor
could evaluate the quality of the explainability that the
software offers to explain its intentions.

• Human level evaluation (simple task): This level of ex-
plainability is also within applications, but the evaluation
quality is not performed by experts, but by ordinary peo-
ple - testers who are cheaper and also choose explanations
according to how they help them understand at their level.

• Function level evaluation (proxy task): This level does not
require people. It is suitable if the class of methods that
will be used and with which the target class can work,
e.g. decision tree. This model can be bounded to achieve
a better level of explainability, such as the decision tree
pruning method.

D. XAI Methods

Due to the growing number of methods in the field of
explainability, it is difficult to understand the advantages,
disadvantages, or competitive advantages in different domains.
Besides, there are a large number of variations or categories of
XAI methods such as global methods (explain the behavior of
the model on the whole data set), local methods (explain the
prediction or decision on a specific example), ante-hoc (model
is created in the AI training phase), post-hoc (the model
is created only on trained models), surrogate (AI model is
replaced by an interpretable model) or a directly interpretable
model (decision trees or decision rules) is used.

Molnar in his book [24] generally categorize XAI methods
into 3 types: (1) methods with internal interpretation, (2)
model agnostic methods, and (3) example-based explanation
methods.

(1) One of the easiest ways to get explainability for the
AI model is to use an internally interpretable model such as
linear regression, logistic regression, decision trees, or decision
rules. This avoids the use of "black box" models. This natural
explainability of models is often at the cost of model accuracy.

(2) Model agnostic methods separate the explanations from
the machine learning model. This brings certain advantages
[16] and a great advantage over model-specific methods is their
flexibility. Agnostic methods can be used for a wide range of
machine learning models such as ensemble methods or deep
neural networks. Even the output of an XAI method, whether
it is a graphical or user interface, also becomes independent
of the machine learning model used. Usually, several types of
models are used for machine learning problems, and agnostic
explanatory methods can also help in comparing the results of
individual machine learning models. These methods include,
for example Partial Dependence Plot (PDP), Accumulated
Local Effects (ALE) Plot, Feature Interaction (FI), Local
Surrogate (LIME), or SHAPley Additive exPlanations. The
last mentioned method provides very interesting possibilities
of explanation which are understandable and well understood.

(3) Example-based XAI methods [24] are based on the
selection of a specific set of data on which they explain the
behavior of a machine learning model or explain the distribu-
tion of data. These methods are also model-agnostic because
they make any model of machine learning more interpretable.
The difference from the previous type of methods is that
example-based methods explain the model by selecting a set of
examples from the data, not by creating associations or by the
importance of properties. These explanations only make sense
if we can represent an instance of the examples in a way that is
understandable to humans. This approach works well for data
types that contain multiple contexts, meaning that the data has
an image or text structure. It is more challenging to represent
tabular data with such methods because an instance can consist
of hundreds to thousands of less structured functions. It is
better to describe an instance if there are only a few functions
or there is a way to shorten the instance description to fewer
functions. These methods help to understand the complex
distribution of data.

However, there are methods that do not belong to any of
the previous groups. We can define this group of XAI methods
as model-specific explanations. In this group are several XAI
methods working with specific deep learning models e.g.
CNN, LTSM, or GAN for image processing [25] or video
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processing models [26].
On the other hand, in addition to AI systems based on

machine learning, there are also non-machine learning ap-
plications such as Knowledge-based systems, Semantic Web
applications, or Cognitive assistants that also need an explana-
tion. The recent study [27] provides a good overview of XAI
methods for this kind of AI systems.

III. SUMMARY OF SOLVED AND OPEN RESEARCH

PROBLEMS

Evaluating XAI is one of the open challenges. There are
two primary goals of evaluating XAI methods, namely the
complexity-based model and the human study-based model.
The size of the model is often used in the literature as a factor
that measures interpretability. It is also necessary to add other
properties to the character of the comparison. There are studies
where models are evaluated on the basis of requirements of
desiderata as mentioned earlier in this work.

There is a lack of studies, that would compare XAI methods
on real problems and evaluating these methods by users or
domain experts. A recent study [23] showed that there are
differences in comprehending XAI methods in explaining the
behavior of AI models.

In addition to these primary objectives, the challenges
include an overall evaluation of the models as described in
this study [4]. At present, we still suffer from the problem of
choosing the right methods for the right application as well as
determining whether the technologies will be deployed.

A recent article [8], describes several challenges in AI ap-
plications and the need for clarity for those applications, while
also offering possible approaches to answer these questions.
For example, Computer Vision uses deep neural networks and
complex architectures. There are also various tasks such as
semantic segmentation, object detection, scene reconstruction,
etc. The main challenge of clarity in this context is to identify
the pixels, or groups of pixels, responsible for detecting
patterns, uncertainties, or errors. Explainability is often a form
of visual inspection, as it is a natural way when we process
visual data. Several XAI methods are designed to explain such
neural networks - mostly CNN. This includes, for example,
Saliency maps [28] or SmoothGrad [29]. The disadvantage
of methods for the explainability of visual data is that they
are often local and explain only one selected example, after
individual layers of NN, and do not capture semantics. On the
contrary, the advantage is the comprehensibility of the outputs
of these methods. An interesting approach that could solve
these problems is a method called the knowledge graph [8].

In healthcare, there are also several problems when using
machine learning technologies together with XAI methods.
In addition to the problem of safety and security in data
processing, it is necessary that the deployed applications have
the trust of doctors as well as patients. Therefore, these
applications need to provide appropriate explanations. This
includes creating appropriate user interfaces for physicians.
These challenges associated with assertiveness in medical
applications remain open to further research [30].

There are also other problems in the medical field that need
to be addressed in the context of XAI. For example, User-
Centric Explanations [22], where it is necessary to monitor the
requirements of future users, in the design of systems that will
include the explainability of AI decisions in such a way that

these users are able to understand the output that this system
offers. It is also an important issue in terms of explainability
on the performance and transparency of the models used. Who
will decide whether to move towards better accuracy of models
and poorer explainability? At which level should the model
be transparent, so that it cannot be misused? [22]. In some
applications, it may have better accuracy at the top, while in
others it may have transparency combined with explainability.
These issues need to be addressed with clinical experts or
physicians.

The authors of [31] addressed the issue of transparency
as well as the depth of this transparency. In this work, they
explain the problems with transparency, which can lead to
security problems, as well as a poorer performance of the
model. They provided several types of transparency, the view
of the end-user and the developer. Transparency may not
always be a universal good. The challenge in creating systems
is to find a suitable compromise between model performance,
clarity, and transparency.

IV. CONCLUSION AND FUTURE DIRECTION

The use of artificial intelligence in healthcare can be of great
benefit for the improvement of healthcare. However, it is first
necessary to build the trust of doctors and patients in using AI
technology. AI explanation methods can help us to improve
trust in these technologies. In addition to trust, these methods
can also serve as data-driven support for doctors’ decision-
making in important decisions. Future research will focus
on user-centric explanations in the medical domain. These
explanations should aim to foster trust and increase clinicians’
understanding of AI system. User-centric explanations should
be based on specific use cases and problem domains but also
target users’ knowledge and comprehension skills. That can
be a way how to fill the gap between the users’ reasoning
processes and the ways we expect XAI methods to reason.
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Abstract— This paper is motivated with the actual need to deal 

with early diagnosis of cardiovascular diseases (CVD) in order to 

prevent them. A multidisciplinary project presented here is 

focused on the early diagnosis of CVD and understanding of a 

broader set of factors influencing CVD. The next part of the 

publication is devoted to the tasks using machine learning to fulfill 

the project. For this purpose, we focus on using classical methods 

of machine learning, such as decision trees or regression methods. 

We will enrich them with statistical tests and results of factor 

analysis. 

 

Keywords—data analysis, decision support system, factor 

analysis, machine learning.  

I. INTRODUCTION 

As we mentioned in the previous publication [1], our 

dissertation thesis is a part of the multidiscipline project Kosice 

Selective Coronarography Multiple Risk Study (KSC MR 

Study). We cooperate with a medical specialists from the East 

Slovak Institute for Cardiovascular Diseases (ESICS) and the 

Pavol Jozef Šafárik University Medical faculty. The presented 
KSC MR study (method paper) establishes a novel approach in 

cardiovascular prevention-based not on statistical methods but 

more towards personalized medicine supported by machine 

learning [2]. The need to address this issue is the high mortality 

rate due to cardiovascular diseases (CVD). According to the 

2017 Eurostat report, Slovakia was the 3rd most affected of the 

European Union countries. In Slovakia, the standardized 

mortality rate represented 3753 deaths per million inhabitants 

in 2016 [4]. The ratio of the number of hospitalizations is 

relatively high. In 2014 – 2018, the hospitalization rate due to 

circulatory system diseases represented 15.2% of all 

hospitalizations in Slovakia. Of which up to 55.5% represented 

hospitalizations due to ischemic heart disease (IHD, medical 

designation I20 – I25) and other heart diseases (medical 

designation I30 – I52) [5]. Like KSC MR Study, our 

dissertation thesis considers this topic significant and essential 

for improving our citizens' quality of life. We believe that by 

combining machine learning methods with available patient 

data, we can capture the disease's onset in time, ultimately 

improving the quality of life and relieving our health system. 

II. THE INITIAL STATE OF OUR RESEARCH 

We use data to reach our goals, which originates from 

patients hospitalized in ESICS [1]. The form of raw data is a 

semi-structured document, a medical record. The first step of 

our project participation was the proposal and development of 

a  software application for text processing [3]. The Pals 

application transforms incoming medical records into 

structured table data. This data's structure and meaning are 

explained in our previous publications [1][3]. 

We used this retrospective data for several types of research 

studies. For example, the aim of the one described in [6] was 

based on selection various groups of attributes (the selection of 

attributes was the result of the applied method Forward 

Stepwise Selection focusing on criteria: Adjusted RSq, 

Mallow's Cp, Bayes information criterium BIC) to determine 

the need for medical examination of selective coronarography. 

Unfortunately, the accuracy of the created model was not 

satisfactory.  

III. CURRENT ISSUES 

For the last months, our work has been devoted to two 

parallel tasks: 

1. The analysis of the impact of factors on early detection 

of cardiovascular risk. 

2. Factor analysis and its use for determination of 

cardiovascular risk. 

Both these tasks work with data that contains 808 records 

(each patient has only one record). This data originates from 

ESICS, where patients were hospitalized between June 2017 

and March 2018. Throughout the development phase, we 

follow the CRISP-DM methodology. We should merge the 

results of both of these complex tasks to one final decision 

support system at the end. 

1. The analysis of the impact of factors on early detection of 

cardiovascular risk 

2. The first more fundamental issue we needed to solve in our 

dataset was many missing values. We decided to use a very 

known method for imputation of missing values – k Nearest 

Neighbors (kNN). The fundamentals of kNN imputation are to 

find k similar complete instances to the incomplete ones and to 

add missing values based on voting [10]. Also, we decided to 

use one more method, known as Multivariate imputation by 

chained equations (MICE) [7]. MICE is based on the 

correlation between variables. The process of filling missing 

values goes on through several iterations using various 

methods, such as random forest algorithm, predictive mean 

matching, classification, and regression trees algorithm [8]. On 

the base selected method, each iteration of MICE creates a new 
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model filling out missing values concerning maintaining 

relationships in the data and preserving the uncertainty about 

these relations [9]. 

In the next phase, we tried to create four groups of patients 

(fluently from the KSC MR Study project specification): 

1. Patients with advanced atherosclerosis, severe results 

of coronary angiography examination. 

2. Patients in the middle age and positive 

coronarography findings or patients with a high CVD 

risk score and positive coronarography findings. 

3. Patients with a high CVD risk score but good results 

from the coronary angiography examination. 

4. Healthy persons.  

That division of patients was a part KSC MR Study proposal. 

Also, we were interested in whether the division into groups 

influences the need to perform selective coronarography. We 

try to create several models – base on the CART algorithm, 

Random Forest (RF), Naïve Bayes, and SVM. Unfortunately, 

the results of our experiment are not satisfactory. For example, 

we achieved accuracy between 36,92% (CART with kNN 

imputation) and 49,26% (RF with kNN imputation). However, 

we can say that kNN imputation has slightly better results (for 

comparison, 42,96% (RF with MICE imputation) vs. 49,26% 

(FR with kNN imputation)). 

This part of our interest, like our overall research, was 

consulted with the medical expert. We presented the results of 

the usage of individual attributes within the created models. 

This usage (understood as the significance of attributes) 

corresponds to medical practice regarding the influence of 

monitored CVD factors. Specifically, these attributes describe 

ECG rhythm, (non)drinking alcohol, and IHD in the patient's 

history. 

2. Factor analysis  

Factor analysis (FA) is a statistical method. FA is not a 

reduction method but a summarized method that finds and 

ranks essential factors. The result of its usage is grouping 

attributes into a smaller number of factors [11]. 

Like in the previous section, for FA, it was also necessary 

the imputation of missing values. We used kNN imputation. 

The next step was handling the outlier for attributes Vyska, 

Vaha, and BMI value. Subsequently, it was necessary to 

determine that our data are suitable for the FA application 

based on correlation analysis (needed over 0.5) and measure of 

sampling adequacy (MSA, over 0.5). Inappropriate or unusable 

attributes have been removed - the attribute did not meet the 

required criteria or contained too many missing values. We 

focused on two types of experiments: the first with all available 

attributes, including the target; the second without the target, 

and 10 describing the result of the coronarography. 

The first experiment was designed to find context between 

the attributes describing the result of the coronarography and 

all others. We created a scree plot to estimate the number of 

factors. The slope of the graph curve suggests the most suitable 

number of factors. For our case, these are 3-4 factors. Using the 

oblimin rotation, we performed FA, and we present the result 

for the extraction of 3 factors listing particular attributes 

assigned to each of the identified factors: 

1. Factor: Nalez (degree of obligation to find 

coronarography); RIA (percentage narrowing of the 

RIA branch); ACD (percentage narrowing of the ACD 

branch); RCX (percentage narrowing of the RCX 

branch); O_IM (the occurrence of a heart attack in the 

patient's history); O_ISCH (the occurrence of IHD in 

the patient's history); ACS (percentage narrowing of 

the ACS branch); EKG_STE (the presence of 

elevations in the ST region); 

2. Factor: Pohlavie (Gender); Vyska (Height); Fajcenie 

(Smoking); F_Pocet (number of smoked cigarettes 

per day); Alkohol (alcohol consumption); 

3. Factor: Vaha (Weigh); Urea (blood urea level); BMI 

(body mass index); ECHO_EF (left ventricular 

ejection fraction - %); FBG (fibrinogen levels); 

ECHO_PH (degree of pulmonary hypertension); 

R_ICHS (occurrence of IHD in the family); 

EKG_Rytmus (occurrence of IHD in the family); 

R_IM (occurrence of a family infarction). 

This result was presented to the medical specialist. From the 

physician's point of view, the representation of factors helps 

control specific patients' inclusion in the study. 

The second experiment was designed to reduce the number 

of attributes for creating the models. Based on the 

recommendation the slope of a scree plot, we applied FA to 

create three factors: 

1. Factor: Pohlavie (Gender); Vyska (Height); Fajcenie 

(Smoking); F_Pocet (number of smoked cigarettes 

per day); Alkohol (alcohol consumption); Rocnik (year 

of birth); F_Doba (number of years of smoking / non-

smoking); 

2. Factor: O_IM (the occurrence of a heart attack in the 

patient's past); O_ISCH (the occurrence of IHD in the 

patient's history); O_DM (occurrence of type 2 

diabetes in the patient's history); Vaha (Weigh); BMI 

(body mass index); O_CMP (occurrence of stroke in 

the patient's history); 

3. Factor: R_ICHS (occurrence of IHD in the family); 

R_IM (occurrence of a family infarction); Urea (blood 

urea level). 

Reducing the number of attributes in this experiment may 

help find a potential link between the attributes that have not 

been considered significant to CVD. Also, reducing this way, 

using FA, allows us to reduce the number of attributes, but we 

do not lose essential information. 

III. FUTURE WORK 

In the next phase of our work, using regression methods, 

statistical tests, and FA, we will identify potential factors most 

significantly affecting CVD. Based on them, models will be 

built to fulfill the dissertation's goals with the highest possible 

accuracy and the KSC MR Study. The result of our work will 

be processed as a DSS. It should be applicable in the early 

diagnosis of coronary heart disease and an effort to determine 

the need for selective coronary angiography. The whole process 

will be regularly consulted with a specialist doctor.  
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Abstract— Let’s start with the definition of what decision 
making in the medical domain is (Meng, Chapman, 2020): “it 
includes decisions in medical, policy, or everyday settings that 

impact individual and public health. It frequently involves risk 

and uncertainty, difficult trade‐offs, information overload, 
decisions about future outcomes, and interdependent behaviours, 

as well as reliance on numbers.” With the rapid development of 
information and communication technologies, the medicine and 

healthcare domain understood the richness’s collected data. This 
finding was followed by the first attempts to cooperate with data 

analytics to exploit the potential of intelligent methods for data 

processing and analysis. This cooperation has shown that doctors 

or medical experts are now always able to consume analytical 

methods’ decision models properly. In this paper, we investigate 
existing approaches with their advantages or disadvantages and 

based on the results, and we will propose an innovative 

visualisation method as an integral part of the clinical decision 

support system. 

 

Keywords— decision making, data, visualisation, 

understandability. 

I. INTRODUCTION 

Rashidi et al. state that today’s decision-making is much 

more complex than in the past for two crucial reasons [1]. 

First, the growing number of technologies and communication 

systems has led to many possible alternatives from which the 

decision-maker can choose. Second, the increased level of 

today’s problems’ structural complexity may result in a series 
reaction of increasing costs if an error can occur. 

A decision support system (DSS) is generally used to 

model human reasoning and decision-making. Therefore, it 

can accept users' facts, process them, and propose solutions 

like domain experts. Consequently, the DSS can be very 

useful in supporting the evaluation of various decisions to 

select the strongest and cost-effective responses transparently 

and systematically.  

Finding effective cooperation between a data analyst and 

physicians is often challenging and more complex than the 

task of extracting knowledge from visual models generated by 

computer systems. Rokošná et al. focused on effective 
communication between the doctor and the data analyst to 

ensure effective, fast, and exciting feedback of the proposed 

visualisations [2].  

Based on the state-of-the-art analysis, we found that the 

decision-making models' performance and the form of its 

visualisation for end-users are important. The correct 

visualisation can improve its readability, understandability, 

and deployment in practice. 

These facts motivated us to research new visualisation 

methods for decision models generated by selected data 

analytics algorithms. In other words, our task is to explain to 

the end-users the analytical models in a more familiar form 

for them.  

II. DECISION MAKING IN MEDICINE 

Nowadays, many changes are continually taking place in 

the field of medicine. Physicians strive to make the best 

possible decisions when making diagnoses, designing 

treatments, preventing them, or drawing conclusions. They are 

continually looking for new solutions to improve and confirm 

their decisions with confidential systems. Therefore, it is 

necessary to support medical decision-making regarding the 

analysis and prediction of a patient's condition, whether in 

treatment or diagnosis. The completeness and timeliness of 

the available patient information are essential when making 

decisions. To facilitate, speed up and streamline medical 

decisions, intelligent devices, intelligent systems, and methods 

are often integrated into the medical field [3][4]. 

The physicians are increasingly motivated to collaborate 

with data analysts who seek to develop intelligent systems for 

qualified medical care decisions. These systems can treat a 

particular patient who needs attention earlier, who is more 

likely to be hospitalized, or even delay eliminating delayed 

medical care [4]. Such intelligent systems will be responsible 

for collecting, processing, and forwarding data using medical 

records. Data analytics (DA) can solve various tasks such as 

data pre-processing, improving the accuracy of predicting a 

patient's disease's development, the exact factors that lead to 

determining the required treatment, and others [5][6]. 

Bhanot et al. [7] emphasize that visualization plays a 

central role as an interpretable medicine tool. They presented 

some open-ended questions like a selection of the most 

appropriate visualization techniques for heterogeneous and 

structured data that commonly occur in the biomedical 

context; an assessment of the essential elements to be 

visualized to facilitate the interpretation of real experts or to 

integrate the requirements/limitations of domain experts into 

the ML model and various others.   

Reyes et al. [8] pointed out that interpretation methods can 

improve the understanding, trust, and verification of AI 

radiological systems, and increasing the interpretability of the 

system will also increase trust from the professional user. 

Thus, interpretability will support effective acceptance in 

practice. 
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The authors [9] claim that the resulting framework must 

focus not only on machine learning (ML) models and visual 

techniques developed by the analyst but also on medical and 

healthcare professionals who provide expert validation and in-

depth analysis of the results obtained. 

III. MEDICAL DATA ANALYTICS 

Currently, data analytics models are used in many areas, 

like healthcare and medicine [10]. Information and 

communication technologies move forward every year, so 

there is a constant need to find new, unknown, valuable, and 

hidden information from medical records. Medical mining 

data focuses on diagnosing and predicting diseases, detecting 

insurance fraud in health insurance, identifying effective 

treatment methods, treating treatment effectiveness, 

improving services provided to patients, and increasing 

hospitals’ evaluation. 

A. Typical Decision Models 

Over the years, many visualisation methods have been 

developed to represent a large amount of information and 

examine it. These methods include usability, interactivity, 

interface properties, and others used to visualise data because 

they have an evaluation mechanism. There are many ways to 

visualise data, but it depends on the scientist which method of 

data representation and presentation he chooses [11]. 

 Decision trees represent the most popular way how to solve 

the classification tasks because the extracted knowledge has a 

simple, intuitive, and understandable interpretation [12][13]. 

They offer end users a clear graphical form of displaying the 

results and provide a reasonable interpretation for a quick and 

straightforward evaluation of the acquired knowledge. The 

typical visualisation consists of nodes and edges (see Fig. 1). 

 

Fig. 1 Example of decision tree generated from medical data sample [14] 

 Tolles et al. describe logistic regression as a standard 

statistical method for quantifying the relationship between 

patient characteristics and clinical outcomes [14]. Liu applied 

logistic regression to classify the data set of breast cancer 

[16]. 

The purpose of clustering algorithms is to identify groups 

of objects, or clusters, that are more like to each other than to 

another cluster [16]. In general, this approach focuses on 

extracting a set of variables providing a complex explanation 

about relevant aspects of a data sample.  Yeboah et al. aimed 

to heterogeneous clinical data, specifically traumatic brain 

injury [18]. They applied three different combinations of 

algorithms: a combination of k-means, spectral and 

agglomerative algorithms; a combination of k-means, spectral, 

agglomeration and gaussian algorithms; an aggregation of 

spectral, agglomerative, and Gaussian algorithms. The two 

best results of these models were visualized using the 

ISOMAP algorithm and a canonical plot. ISOMAP aims to 

discover a low-dimensional embedding of high-dimensional 

data by maintaining the geodesic distances between all points 

[19]. 

Association rules (AR) mining is a method to uncover how 

items are associated with each other [20]. AR are usually 

represented in the form of the implication X => Y, where X 

and Y are disjoint sets of items. Rule quality is usually 

measured by rule support and confident. Huang et al. 

discovered the association rules of chronic diseases from 

massive data, which are constantly collected through health 

examinations and medical treatments [21].  

B. New Visualisations 

The Sunburst diagram is a new, intuitive way of displaying 

a decision tree visualising hierarchical data radially. The 

decision tree is visualised as if we were looking at the top-

down decision tree, not as traditionally from the side. 

Sunburst may resemble nested pie charts, with the top of the 

hierarchy, the root of the decision tree being in the middle, 

and the deeper levels tied to that centre. The diagram consists 

of rings that represent the individual levels of the decision 

tree. These rings are composed of arcs, each arc being 

characterised by a specific attribute, based on which the 

decision tree is further branched. Arcs represent nodes of the 

original decision tree, and the length of the individual arcs 

correspond to the percentage of the given attribute depending 

on the total number of examples in the dataset [22]. 

After a detailed analysis of existing solutions, we found that 

this method is not currently sufficiently researched in the field 

of medicine. We present a work of authors analysing the 

primary sources of user interface framing for e-medical health 

records and used Sunburst visualisation techniques to 

understand the essence of EHR fragmentation, optimisation, 

and redesign [23]. In this study, 2 Sunburst graphs were 

created for two different approaches to the EHR user 

interface. The results show that the degree of fragmentation 

for the first conventional commercial EHR is relatively high 

(see Fig. 2) and could probably lead doctors to spend much 

time navigating, viewing, and storing information. In the 

second EHR, the authors found that the degree of 

fragmentation is lower and contains fewer levels.   

 

Fig. 2 Sunburst diagram representing EHR with a higher degree of 

fragmentation [23]. 
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The SHapley Additive exPlanation (SHAP) values are 

developed by Shapley in cooperative game theory [24]. SHAP 

is an acronym for the method intended for predictive models, 

and to avoid confusion, we will use the term Shapley value. It 

provides an effective and thorough measure of the importance 

of elements in a model. Lundberg and Lee explored different 

methods and combinations of SHAP values [25]. They 

launched a Python package that can calculate Shapley values 

for various techniques such as LightGBM, GBoost, CatBoost, 

XGBoost, and tree models from the Scikit-learn library [26]. 

Koo et al. aimed to develop machine learning models such as 

Lasso, Ridge, Support Vector Machine, Random Forest and 

XGBoost to predict remission in patients treated with 

biological agents using data rheumatoid arthritis patients and 

identify essential properties having the most significant 

impact on biological agents [27]. They generated a Shapley 

graph interpreting the importance of the attributes for each 

biological substance, see Fig. 3 . 

 

Fig. 3 Shapley plots and SHAP values for the feature importance [27] 

Understanding analytical models’ behaviour allows users to 
trust model predictions and make decisions based on those 

predictions. The models’ interpretability has become a key 
concern of data analytics, machine learning or artificial 

intelligence. Ribeiro et al. began to explain machine learning 

models using model-agnostic approaches, which treat models 

as a black-box model [28]. They created the LIME (Local 

Interpretable Model-agnostic Explanations) method, which is 

used to identify the interpretable model and explain any 

classifiers. Li et al. used the LIME technique to explain the 

results of decision trees [29]. One of the main research 

challenges was how to improve interpretability while 

preventing deterioration in model accuracy. They proposed a 

modified LIME algorithm based on a locally adapted 

regression of the decision tree called tree-LIME, which is a 

model-agnostic method. The XGBoost algorithm was used to 

create a tree-LIME model, see Fig. 4. 

 

 

Fig. 4 Representation of LIME [29] 

 

Fig. 5 Representation of tree-LIME [29] 

Guo et al. aimed to analyse and demonstrate the 

electrocardiographic (ECG) left ventricular hypertrophy 

(LVH) with ST-segment elevation (STE) data using a heat 

map. They investigated the feasibility and clinical value of 

heat mapping for ECG data visualisation [30].  The authors 

found that heat maps and cluster analysis could be used to 

fully visualise each lead of an electrocardiogram and provide 

relatively complex information. 

 

Fig. 6 Heat map corresponding to an ST-segment elevation amplitude that 

reached the threshold specified in the STEMI guidelines [30] 

IV. FURTHER RESEARCH 

This paper points out the importance of the 

understandability of data analytics models in the medical 

decision-making process. Explaining individual models' 

decisions for the doctor is currently very desirable due to the 

efficient and simple work with the resulting models. Each of 

these studies focuses on a separate medicine area and analyses 

a different population sample. To ensure greater efficiency 

and understandability of the model, intensive cooperation 
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between data analysts and relevant experts in particular areas 

is essential.  

In our dissertation, we focus on analysing available medical 

samples to gain potential new and valuable knowledge. In co-

design with medical experts, we will examine the traditional 

methods used for decision models visualisation and propose 

new possibilities of model visualisation to improve acquiring 

a higher understanding and applicability of decision models. 
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Abstract—Decision model explainability is one of the major 

research topics nowadays.  It means that the data analysts try to 

generate these models in a simple, understandable form for the 

end users. The success of this approach depends on the analytical 

method used for the model’s generation. For example, the decision 
trees can be visualized in the form of a graph. The second aspect 

is the relevance of these models and their adaptation to the new 

conditions or new patients. A traditional procedure covers a re-

generation of the whole rules set with each new patient. This 

procedure motivated us to design a semi-automatic adaptation 

mechanism in the case-based reasoning process as a part of the 

decision support system. We tested and validated our procedure 

in the medical diagnostic process. The experiments and obtained 

results were published in two international journals and 

conferences. 

 

Keywords—Case-based Reasoning, Decision Support System, 

Rule adaptation.  

 

I. INTRODUCTION 

Explainable artificial intelligence (XAI) represents one of 

the hottest topics in the domain of data processing and analysis. 

AI systems have sophisticated decision support mechanisms 

based on an enormous amount of processed and efficiently 
synthesized data into complex models. Due to their internal 

coding and complexity level, many of these models can be 

described as black boxes, but they are not accessible to humans 

and cannot be interpreted. However, attention is currently 

focused on the transparency and explainability of such models. 

With the growing availability of structured and unstructured 

data and rapid advances in analytical techniques, artificial 

intelligence (AI) is revolutionizing the medical field. However, 

with the increasingly necessary role of AI in healthcare, there 

are growing concerns about the lack of transparency and clarity 

and possible prejudices and doubts about the diagnoses 
obtained from various prediction models. XAI should increase 

the trust in these models. 

Decision trees are one of the most used and understandable 

AI methods. They allow an explanation of the whole patient’s 
diagnostical path. This path is covered from a root node to the 

leaf node, expressed in the form of generated rules. We can use 

these rules to create a decision support system. In this case, an 

interesting research question is – it is necessary to re-generate 

the whole list of rules with each new patient? Or we can use 

some adaptation mechanism. 

A. Important terms definition  

The work is primarily focused on Case-based reasoning 

(CBR) and the adaptation step of this method. CBR method 

simulates human thinking by reusing previous solutions based 

on similarity to a new case. This method traditionally provides 

finding the most similar cases to a new case and performing the 

rule adaptation step. The method consists of 4 steps – 

RETRIEVE (find and load the most similar cases), REUSE 

(reuse of the proposed solution), REVISE (control of the 

proposed solution), and RETAIN (save the learned case for 

future use). But the number of systems providing all these steps 

is very low. The adaptation step is often omitted because it is 

relatively complex [1][2]. 

Decision support systems (DSS) are designed to help 

qualified people use data, knowledge, documents, models, and 

communication to solve problems in the decision-making 

process [3]. The systems can receive facts from users, process 

them, and design solutions close to the domain expert´s point 

of view [4]. They are very popular in the medical field because 

they help doctors in everyday decision-making processes, such 

as diagnosing one or more diseases, designing appropriate 

treatment, diagnosing the absolute absence of a disease, or 

finding the cause of their occurrence [5]. 

II. PREVIOUS WORK AND INITIAL STATUS OF THE RESEARCH 

TASK 

Our main goal was to design a semi-automatic adaptation 

mechanism in the CBR process as a part of the decision support 

system. The proposed mechanism is a result of several 

iterations tested on available data samples. Its pre-final version 

was published at the CD-MAKE 2019 conference [6]. This 

mechanism offers the possibility to find the most similar 

patients from the database to a new patient (s), the new patient's 

classification, the rules adaptation, and storage of a new 

classified patient. It is a part of a medical support system and 

the implementation was realized in two steps. 

Firstly, we created module 1 focusing on the creation of the 
decision trees models and selection of the most successful one. 

Inputs to this module are entered only by the data analyst. 

Module 2, representing the user interface, uses the most 

successful model and knowledge base filled with a set of sub-

rules from module 1. The system offers the following functions 

for its users:  

 rules and sub-rules generation from the decision 

model, 

 write-in a new patient, 

 a summary of historical patients in the database,  
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 finding the coverage of a new patient and historical 

patients by the rules,  

 finding similarities between new and historical 

patients, 

 display helping tables to support the expert's decision 

classification,  

 storage of a classified patient, 

 adaptation of sub-rules and their storage,  

 generation of reports with important system outputs. 

 

The detailed description of the mechanism and the system 

was published in the peer-reviewed journal Applied Sciences, 

Special Issue “Machine Learning in Medical Applications”, Q2 
rate by JCR [7]. 

We experimentally tested and validated our mechanism 

using four different medical data samples. We managed one 

case study with a cardiologist from the East Slovak Institute of 

Cardiovascular Diseases (VÚSCH) in Košice. The case study 
consisted of some model scenarios: the system found the same 

patient; the system found a very different patient; and the 

system found partially similar patients. He also tested the 

possibility of adapting the rules and their subsequent impact on 

the classification. We collected his feedback through a 

questionnaire, such as the decision support system was 

transparent, well arranged and designed, including all the 

crucial functions important in diagnosing a patient (patient 

classification, storing a classified patient, adapting rules, etc.). 

Whereas the system always found a similarity higher than 0%, 

he described it as an advantage because this database contains 

certain similarities between new and historical patients. He was 
also satisfied with the situation when the system found 100% 

similarity between new and historical patients. In general, he 

stated that this system could help with daily diagnostics. 

The following figure 1 shows an excerpt of the created 

system, which offers the function of write-in a new patient, 

finding the coverage of a new patient and historical patients by 

the rules and sub-rules, and calculating similarities between 

new and historical patients. We can see that there is a similarity 

between the new patient and the historical patients; the highest 

achieved similarity is 60 percent. 

 

 

Fig. 1 Excerpt from the system in Slovak language 

 

III. CONCLUSION 

This paper summarized the most important parts of the 

dissertation. We designed a semi-automatic adaptation 

mechanism in the CBR process as a part of the decision support 

system. In the design phase, we used all our knowledge and 

experience from previous works of our research group. For 

example, we participated in decision support system creation 

with implemented CBR method focused mainly on the 

RETRIEVE phase [8]. It enables the user to find the most 

similar historical cases to a new case and suggest the most 

probable result. The system also provides useful visualizations 

to the expert responsible for the final decision of the new case. 

However, the system does not offer the possibility to adapt the 

rules. Also, we participated in the experiments focusing on the 

cluster analysis of the medical data sample from Croatia. The 

aim was to analyze multimorbidity from the perspective of 

physical frailty, cognitive impairment, and symptoms of 

anxiety and depression [9]. The results were published in the 

peer-reviewed journal Medical Science Monitor, Q3 rank by 

JCR. We showed that the formation of individual patient 

clusters is age-dependent and is influenced by the presence of 

mental disorders and specific cognitive performance tasks. 
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Abstract— The work deals with the analysis of NetFlow 

records from network traffic. The growing trend of using 

network and other electronic communication services creates the 

need and emphasis on ensuring the reliability of these services. In 

the presented proposal, the work uses modern methods of 

NetFlow analysis and interprets them into a visual form. It 

leverages knowledge from non-relational databases and methods 

to analyze and process NetFlow records. This data is combined 

with other tools that participate in creating the final results. 

Among non-relational databases such as ElasticSearch, Apache 

Kafka, Redis, Splunk and MongoDB, the work evaluates and 

selects the most suitable database for its requirements. It also 

discusses methods of data collection as well as their subsequent 

analysis and visualization. Finally, the work focuses on the 

evaluation of possible cybersecurity and functional risks. 
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I. INTRODUCTION 

Nowadays, there is an increasing emphasis on the trouble-
free and stable operation of network traffic in various sectors 
of the IT industry. To comply with the criteria in ensuring the 
smooth operation of network communication, services or tools 
to monitor the network traffic and infrastructure have been 
used. These monitoring tools can be divided into two 
categories, depending on the method of approach to 
monitoring, namely passive monitoring tools and active 
monitoring tools. The main difference between the two 
approaches is that passive monitoring of network traffic 
evaluates the problematic factor and reports the incident to the 
network administrator, for example, using email, SMS, push-
notifications, etc. The active monitoring tools trigger with the 
help of artificial intelligence the process to solve this problem, 
for example, redirect network traffic through another router in 
case of a failure of one of the other routers.[1]. 

The most common tools for monitoring real-time network 
traffic include the following: 

• NFStream 
• NetFlow 
• BWmonitor 
• sFlow 
• IPFIX 

These protocols are used to collect and monitor packet 
flows. One of the best known protocols is the NetFlow 
protocol from Cisco Systems. This protocol is implemented 
directly on Cisco devices since IOS firmware version 11. It 

allows to create access to information on IP flows in networks 
collected by routers and switches. These devices gather flow 
data and pass it on to their collectors. The obtained data 
provides accurate and efficient measurements for the use of 
possible network resources. 

The measurements obtained from the NetFlow protocol are 
sent to the collector and forwarded for further processing over 
a non-relational database.[2]. 

The most common form for data archiving and analysis is 
to use non-relational databases such as: 

• ElasticSearch 
• Kafka 
• MongoDB 
• SolarWinds 

 
The most used non-relational database is ElasticSearch, it 

belongs to the category of full-text search engines based on 
Apache Lucene. It features a RESTful interface and among its 
highlights are mainly scalability, speed and high availability. 
The data is stored without the need to create a database 
schema, as the database structure is generated itself based on 
the inserted data. 

II. ANALYSIS OF DATAFLOW COLLECTION 

We can understand the term of data flow as a set of IP 
packets passing through an observed point in the network for 
a predefined time interval. All packets that belong to a given 
flow have similar properties (e.g., source or destination 
address) obtained from the data occurring in the packet at the 
observed point. Data referred to as NetFlow service data and 
NetFlow data are described using flow records at the observed 
point of network traffic[2][3]. 

 

Figure 1 NetFlow flow description 
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Each packet that passes through the observed point, for 
example, router or switch is being examined. The result of the 
examination are attributes, these form the unique identity of 
the IP packet or the mark of the packet. Based on this input 
information is then evaluated whether it is a unique packet or 
a packet with a high degree of similarity to other packets 
under examination. All packets that have the same source and 
destination IP address, the same source and destination port, 
interface protocol, and service class are then merged into a 
stream, and the number of packets and the sum of bytes from 
this data are determined as shown in Figure 1[3].  

It is then possible to extract a large set of data from the 
obtained NetFlow data, over which an analysis can be created. 
For simplicity, the following variables and their descriptions 
with respect to network load estimation are given[4]. 

 
• The source IP addresses present the origin of the 

message and they make it possible to identify the 
original sender of the message. 

• The destination IP address represents the identity of 
the recipient's message. 

• Source ports are involved in the characterization of 
applications that use network traffic. 

• The service class defines the prioritization of 
network traffic that is affected by the QoS set in 
network traffic. 

• The device interface defines how the traffic is used 
by the network device. 

• The sum of packets and bytes represents the volume 
of network traffic. 

• The subnet mask allows to specify the network prefix 
and define the network size. 

• Flow timestamps define the life of the flow. Their 
use can be found when determining the number of 
packets and bytes per time unit. 

 
One of the other important parts in the analysis of data 

collection is the Exporter. It is used to export information 
collected in packet flows in the network at the observed point. 
The collector stores this information in a predefined storage 
space from where the analyzer takes and then analyzes this 
data and generates statistics. These statistics are interpreted 
for the user through various tools in the form of tables, graphs, 
dashboards, etc.[5]. The basic topology of data collection and 
their subsequent analysis is shown in Figure 2. 

 

Figure 2 Block diagram of data flow collection analysis 

A. Exporter 

It represents a device that is used to extract data flows from 
network traffic. This is usually a router or switch with 

configured NetFlow protocol. The flow is terminated when 
one of the timers expires. It is either a timer that controls the 
passivity of the flow (inactive flow) for a predefined time 
period or in the case when the flow lasts longer than a defined 
period of activity (long flow). In general, those timers use a 
flow passivity setting of 15 seconds and a flow activity setting 
of 30 seconds. The flow is ready for export if the TCP flag 
indicates a flow delay[5]. 

NetFlow records use the User Datagram protocol (UDP) for 
their functionality. For proper functionality, it is necessary to 
configure the IP address of the NetFlow collector and the 
UDP port of the destination station on the source router. The 
use of port 2055 has become standard but in the literature it is 
possible to find other ports such as: 9555, 9025, 9026, 9995 
and others. 

To increase efficiency, routers do not store export of the 
flow record by default. This can cause the packet to be 
dropped if the network is overloaded or if the packet is 
damaged during transport. This problem mainly affects 
NetFlow v8 and also NetFlow v9 because in these versions 
the data flows are combined into one record and the loss of 
one UDP packet can have a statistical effect on some data 
flows[6].  

At present, other transport protocols are used for transport 
such as SCTP to export packets and to provide sufficient 
resistance to packet loss. In the case of SCTP, there is a 
problem that interaction between each NetFlow collector and 
each NetFlow exporter is required which can have an adverse 
effect on performance limitation if the router has to work with 
multiple NetFlow collectors and a NetFlow collector with 
multiple routers. 

B. Collector 

This component of working with NetFlows is responsible 
for receiving, storing and sorting data from NetFlow records. 
Among other tasks which the collector covers is also pre-
processing and archiving NetFlow from one or more 
exporters.[7]. 

The NetFlow collector stores these binary records in 
numeric format and: 

• It creates compression over the data to reduce the 
large amount of data. 

• Saves data output to databases. 
 

C. Analyzer 

The ability to characterize the network and understand its 
directivity (routing) is critical for ensuring availability, 
performance and network security. NetFlow analysis is the 
application of various tools to carry out the necessary 
monitoring, troubleshooting and due diligence, interpretation 
and synthesis of data flow on the network. Thorough analysis 
of NetFlow traffic data facilitates more accurate capacity 
planning and ensures that resources are used appropriately. 
NetFlow analysis helps to more accurately determine the point 
in the network where QoS needs to be set as well as to 
determine ways to optimize the resources used. Analyzers are 
also used to detect DDoS attacks and play a vital role in 
network security[4][9]. 

III. ANALYSIS OF OBTAINED DATA USING NON-
RELATIONAL DATABASES 

Due to the complexity of the solution of NetFlow services 
on which the analysis of logs will be performed it was 
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necessary to choose a robust solution that can collect, analyze 
and visualize the obtained data in real time. From the number 
of commercially available non-relational database solutions, it 
was necessary to choose a suitable database for this purpose. 
A choice between the following options was considered: 

• ElasticSearch 
• Apache Kafka 
• Redis 
• Splunk 
• MongoDB 
The main parameter for a successful selection was the 

processing of a large amount of data in a very short time. 
Among the selected databases in this parameter based on 
performance comparisons, ElasticSeach which currently has 
the most efficient search engine appears to be the best 
choice[5]. Another parameter for selecting a suitable database 
was the need to have an open source solution as in this 
assignment it was necessary to create a large number of filters 
for filtering unwanted data and also for the needs of possible 
implementation of other components. All databases complied 
with this parameter except Splunk as it is a commercial non-
relational database without the open source option[4][7]. 

Another parameter for the selection was the possible 
implementation of the solution into cloud services. Among the 
selected databases this parameter is dominated by two non-
relational databases, namely ElasticSearch and MongoDB. 
Both databases have, among other things, the option to 
connect to Amazon Web Services, Google Cloud and also 
Microsoft Azure. 

The last parameter includes the possibility of a suitable 
visualization of the obtained data. All of the selected 
databases have data visualization or interpretation using the 
Grafana tool. However, due to the number of already 
embedded visualization tools and the wide range of 
community-created visualization elements, the choice fell on 
the ElasticSearch non-relational database[8]. 

Based on the analysis, the ElasticSearch non-relational 
database in stack together with Logstash and Kibana was 
selected. Due to its globally known performance parameters 
for processing a large number of logs in real time as well as 
great possibilities in the field of visualization of the obtained 
data. The collection system consisted of the parts shown in the 
block diagram on Figure 3. 

 
Figure 3 Connection of the Logstash collector together with the 

ElasticSearch analyzer 

The ElasticSearch non-relational database in stack with 
Logstash was used for processing and analysis of the obtained 
data. As one of the conditions was the processing of data with 
high accuracy in real time, this platform provided a good basis 
for the implementation of the experiment. Kibana provided a 
suitable environment for human-friendly interpretation of data 

and also for their practical visualization. A block diagram of 
data processing, analysis and visualization is shown in Figure 
4. 

 

Figure 4 Block diagram of data processing and analysis 

 Analysis of data from the NetFlow protocol was provided 
by the Logstash collector. NetFlow collection was realized 
with the help of the internal Logstash module using the UDP 
protocol on port 2055 and subsequently interpreted into the 
JSON language which is used by the ElasticSearch platform. 
 The physical infrastructure that provides computing power 
consisted of two servers running Debian 10 OS and physical 
parameters such as 4 x CPU, 4GB RAM and 50GB HDD, and 
the server running the Logstash system consisted of 8 x CPU, 
16GB RAM and 200GB HDD.  
 The obtained data can be interpreted in a visual form using 
the KIBANA interface. This interface provides a 
representation of the measured data in graphical form.  

 

Figure 5 NetFlow in the Kibana environment 

 During the traffic analysis, the opportunity of recording 
the entire network flow was used as well as the method of 
recording only the network flow between devices in the 
environment. Using these methods there were different sizes 
of the index created by the ElasticSearch server. The analysis 
of network traffic took place in the server for 7 days. During 
this time, 48,274,757 network traffic records were collected. 
The size of these records in the database was 23.6 GB. The 
size and number of these records depends on the current 
network traffic. 

The second measurement was created from a weekly record 
of network traffic taking place internally in the server. 
23,524,228 records were collected for this type. The record 
reached a size of 11.4 GB.  

IV. CONCLUSION AND FUTURE WORK 

The work focuses on the evaluation of theoretical 
knowledge in the field of working with data flows. The first 
part deals with the analysis of a suitable protocol for data 
collection. From a number of even commercially available 
solutions, the work selects the NetFlow protocol for its wide 
usability, reliability and its direct implementation in Cisco 
Systems devices[10]. The work also deals with the theoretical 
analysis of three basic components in working with data flows 

SCYR 2021 – 21st Scientific Conference of Young Researchers – FEEI TU of Košice
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and evaluates them as follows: 
• The exporter is used to collect data flows from 

network devices. Usually the router or switch takes 
over the functionality of the exporter. The condition 
is that the NetFlow protocol is activated on such a 
device. 

• The collector is used to store and retrieve data from 
the exporter. It also has functionality in sorting and 
pre-processing NetFlow records from one or more 
Exporters. 

In the next part of the work, a suitable collector was 
selected for its purposes. The parameters that need to be met 
include robustness, the ability to real-time collection, 
processing, analysis and visualization of measured data. For 
long-term good results in the field of non-relational databases, 
the ElasticSearch non-relational database in stack with 
Logstash and Kibana was chosen for this task[11]. 

Logstash covers the functionality of the collector, the 
download of measured data from the exporter and further 
represents this data in the ElasticSearch non-relational 
database. The ElasticSearch non-relational database is 
intended to store the measured data as well as their initial 
analysis and to create a suitable basis for future analysis in the 
field of artificial intelligence. The Kibana interface covers a 
robust solution for visualizing the acquired data and 
representing them to the operator in real time. It was chosen 
for its wide range of data visualization options in various 
forms such as tables, graphs, dashboards, etc.[12]. 

The work that needs to be done in the next period can be 
divided into two parts, analysis and implementation. 

The analysis part should be implemented in the field of 
analysis of measured data and their subsequent 
implementation in the field of artificial intelligence. It will use 
its basics in the non-relational database ElasticSearch where 
the SIEM interface is subsequently implemented to support 
the analysis of data with the help of machine learning. 

 

Figure 6 Basic components of Elastic Stack 

 
The resulting product of machine learning in the SIEM 

environment is a set of recommendations for the analyzed 
network flow or network device. It will be possible to re-
evaluate these recommendations and, if necessary, deploy 
them by network administrators or make autonomous changes 

to networks such as QoS change, etc. 
In order to implement this work, it is necessary to manage 

the issue of processing a large amount of data. To process 
such a large amount of data, it is needed to set the appropriate 
number of shares for the respective ElasticSearch server and 
also to create a connection of several servers to provide an 
even distribution of computing power. 

Other goals in this area include the development of scripts 
to autonomously change the configuration of selected network 
functionalities such as change of QoS in the network or 
change of routing in case of loss or deterioration in data 
transmission quality. 

The last goal is to create a clear and functional environment 
for network administrators in which it will be possible to 
observe and also implement changes. 
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I. INTRODUCTION

Network monitoring is a concept that is becoming necessary

in rapidly evolving data networks. It is possible to monitor

data infrastructure actively or passively. Active monitoring is

most often associated with systems for monitoring network

elements and subsequent reporting of faults in real time via

SMS or EMAIL messages. This kind of monitoring does not

allow administrators to have sufficient knowledge of what is

happening on a given network in real time [1]. The monitoring

system itself usually consists of several parts that monitor the

network infrastructure at different levels. At least one of these

devices has the ability to store measured data to provide deeper

analysis in the network. Based on these requirements, various

applications were created to monitor network traffic in real

time. There are several monitoring options available: NetFlow,

ntopng, BWmonitor, NFStream...

II. NETFLOW PROTOCOL

The most used protocol is NetFlow [2]. This protocol

developed by CISCO was to be an additional service on their

routers. The main use of this protocol is to monitor network

traffic based on IP network flows through which it is possible

to get a real-time view of the network. During development,

various versions of the NetFlow protocol were created [3]. The

first version released in 1996 provided only basic network data.

These data included IP address information only in the IPv4

protocol. The development of this protocol has progressed

and the current version 10 has received support for various

protocols such as IPv6, MPLS, BGP. This latest version is

called IPFIX [4].

Fig. 1. Typical connection of NetFlow collector

A typical NetFlow connection includes the following com-

ponents:

• Flow exporter

• Flow collector

• Analysis console

As the network infrastructure developed rapidly, the need

to monitor the network using NetFlow increased. This also

increases NetFlow collector speed requirements as well as

capacity requirements for data storage and analysis. At high

speed data infrastructure, there is a need to monitor the

network using NetFlow as an external service where it is

possible to fully use the speed of the network card and the

speed of the processor that is needed to calculate NetFlow

[5]. It is also necessary to store the measured data for their

amount in non-relational databases which are faster in these

deployments than relational databases [6].

III. ARCHITECTURE OF NETWORK TRAFFIC

MEASUREMENT USING NFSTREAM

NFStream framework is a component that uses the Python

programming environment [7]. This framework allows you to

analyze the data that enters the program in two ways. The

first way is to use a PCAP file that was created on a given

infrastructure [8]. However, this approach is an offline network

analysis solution. It is suitable for Machine Learning exercises

with predefined patterns of unwanted traffic in the network.

The second way of analysis is to use ONLINE reading of
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data from the network adapter using the libpcap library [9].

Using the Port Mirror technology, the required network flow

from the production network adapter where the measured

traffic takes place is mirrored to the given network adapter.

Using the NFStream framework, it is possible to quickly and

flexibly analyze data in real time with minimal delay [10]. The

delay can be eliminated by increasing the performance of the

processor on which the analysis takes place. It is necessary to

have the highest performance on individual processor cores.

Performance is also affected by the given network adapter

which must include the distribution of network traffic to

multiple processor cores. The NFStream framework allows the

measured data to be processed and analyzed in real time. It

is possible to use custom plugins with which it is possible

to create custom attributes for NetFlow export. NFStream

framework has the following functionalities:

• High speed - this framework is designed for quick net-

work analysis using the libpcap library.

• L7 analysis - the framework enables in-depth packet

inspection using nDPI. This process allows you to quickly

determine the type of application through which it com-

municates using metadata (TLS, SSH, DHCP, HTTP ...)

• Statistical functions - the framework allows you to record

statistical information about network flows which are

calculated only after the connection is terminated. Most

common statistics: sequence of first n packets sizes, inter

arrival times and directions.

• Flexibility - the framework allows you to create your own

modules with which it is possible to add new necessary

functionalities in the Python language.

• Machine Learning - outputs from this framework can be

implemented in Machine Learning models using Python

libraries [11]. The resulting trained models can be quickly

implemented into real operation using NFPlugin.

Fig. 2. Connection of NetFlow probe in infrastructure

The connection of this probe makes it possible to reduce

the load on the main router by the fact that the analysis

itself takes place on the server side. This analysis has the

advantages of scaling and modifying the NetFlow filter itself.

The NetFlow process starts separate processes that perform

separate measurements.

In fig. 3 is a block diagram of the measurement process.

Network traffic that replicates to a server is broken down

by a model into a number of processes. With this approach,

it is possible to analyze network traffic without packet loss

even with higher loads. By distributing the measurement itself

into processes, the power is automatically distributed among

a larger number of CPU cores of a given server [12]. The

measurement marked Meter 0 consists of two blocks. The

first block is packet analysis. These packets are grouped by

Fig. 3. NFStream topology

NetFlow into blocks of 1500 bytes and then packet-processed

into the form required for NetFlow. The detected data is

stored in the Cache in RAM memory which prevents disk

storage delays. The results from this data are then sent to the

NFStreamer application. This process allows you to control

and set the created meter processes. The outputs from these

processes can be further processed in Python. Using the

NFStream framework technology, it is possible to divide the

storage of measured data into processes. These measured data

are written to a dedicated medium in several processes where

the processing process is accelerated.

Fig. 4. NFStream data analysis topology

Fig. 4 ishows the topology by which the measured data

can be analyzed and subsequently stored on a storage. The

analysis supported by the NFStream framework is the use

of the Packet Inspection Library nDPI which can determine

from the measured network traffic what kind of application

communicates in a given network. [13] This library is regularly

expanded with new protocols that arise in network traffic.

When used, the library allows you to turn off any part of

the network traffic monitoring analysis that is not needed to

evaluate it, and thus it is possible to reduce the system load.

The nDPI library allows you to search for protocols that can

communicate on the network even on non-standard ports since

the concept where port = given application no longer applies

[14]. With the increasing trend of encrypted communication,

the nDPI library contains a decoder for SSL certificates. Using

this decoder it is possible to detect the protocol and the

application also in encrypted communication such as Apple

iCLOUD, Google CLOUD, Citrix ... These protocols would

otherwise be undetectable.
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IV. DATA ANALYSIS USING NON-RELATIONAL

DATABASES

Data analysis is the process of analyzing various attributes

and summarizing them into useful information. It is about

extracting useful information from large databases. From the

collected data it is possible to create various models such as:

• Prediction models - models based on collected historical

data can predict possible behavior in the future.

• Segmentation models - a model in which the goal is to

classify the amount of data into a smaller number of

groups that describe the given research area.

Data analysis is usually performed on data that is stored in

the appropriate database. It is possible to choose two types of

databases depending on the amount and nature of data to be

analyzed:

• Relational database - data in this database are stored

in tables that are interconnected. The links between the

tables are used to search for the required information. A

table is a set of data that focuses on a single area and

consists of columns and rows.

• Non-relational database - the data in this database do not

use traditional relational database models. The data in

this database can be in structured or unstructured form.

Searching in these databases is based on searching for

terms in stored data using JSON. These databases are

designed for highly optimized data reading and retrieval.

Usually, these databases do not have as many function-

alities as SQL databases but they have high performance

in data storage and indexing.

A. Architecture of Elasticsearch Non-Relational Database

Elasticsearch non-relational database is focused on full text

searches based on Apache Lucene. The database uses the Full

Rest API for communication where it allows you to create

high availability, speed and scalability [15]. The non-relational

database is developed in the JAVA programming language

which allows it to run on various platforms. Data search is

possible via the KIBANA WEB interface. The main advantage

of this database is the high speed of searching and applying

filters.

Fig. 5. Elasticsearch structure

Elasticsearch non-relational database stores all data in an

index that can be compared to a database in traditional

relational databases. Each index in the Elasticsearch database

contains the following parameters:

• Shard - when using a large amount of data, the index

is divided into several smaller fragments. This division

allows load and capacity to be evenly distributed among

several Elasticsearch servers [16].

• Lucene Index - this index is a reverse version of the

Apache Lucene library index from the classic index. This

index consists of several parts with inverted indexes.

• Segment - is a place on the disk where data from the

Lucene index is written. This data is read from the

cache memory and written to segments. Searching in the

data that is stored in the cache memory is not possible,

therefore the data is periodically copied into segments.

Fig. 6. Elasticsearch cluster data structure

To achieve high availability in the Elasticsearch database,

the index is divided onto several nodes. Nodes are servers that

are connected in a cluster solution and form one unit. The

cluster itself can be formed by just one node. However, with

such a cluster, there is no option to create system redundancy.

For multiple nodes in a cluster, at least one master server must

be selected to control the other servers. This server controls the

creation or deletion of indexes on other nodes in the cluster.

As with Apache Solr, the Elasticsearch database has the index

distributed into several smaller shard blocks. These blocks are

distributed over some nodes [17]. The cluster contains the

following shards:

• Primary shards - is a group of shards whose group

belongs to one index.

• Replica shards - is a replica of all primary shards.

Replicated shards are divided according to indexes where

it is possible to repair a damaged primary shard from

unapplied data.

V. CONCLUSION AND FUTURE WORK

The beginning of the work was to find a suitable mechanism

by which data would be collected from the data network.

Several variants were tested where the result was the NetFlow

protocol using NFStream Python libraries. By measuring the

stability of speed and modularity of applications, the NF-

Stream framework has emerged as sufficiently modular also

for future development. It was also possible to incorporate the

export of data into the Elasticsearch non-relational database

using this framework. Writing to this database is done by

the created module which communicates using JSON. The

database consists of a cluster which consists of 6 servers

where 2 servers are referred to as master servers. To increase

the search speed, the number of shards was set to 20. This

increased the search speed but also increased the number of

replicas in the cluster. Measurements have shown that a larger

amount of shards in the cluster increases the load on disk

speed as well as network throughput.

The database cluster is built for a large number of searches

in the database as the database will consist of an index contain-

ing NetFlow records and an index containing Threat samples.

The data process will evaluate real data with already known

threats that have occurred in the measured network. This

evaluation will speed up the analysis of NetFlow records, as
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Fig. 7. Threat database structure

they will not have to analyze these records using the Machnine

Learning model, they will only be automatically marked with a

known network threat value. The Threat database will consist

of a set of data that will be measured on application servers

in a given network. The following data can be analyzed from

the given network:

• Spam Filter database - analysis of messages that pass

through the spam filter in the given network. These

messages are evaluated in a given filter by a certain degree

of threat. This database contains a large amount of data

on infected networks from which SPAM is spread in mail

communication.

• HTTP LOG - analysis of web services that are in the

given network. This makes it possible to use access logs

to detect various types of attacks or scanning robots that

scan content on given servers and look for vulnerabilities.

• Public Threat database - a public database of known IP

addresses from which unwanted activity occurs. Devices

behind these IP addresses are being misused to create

unwanted activity on other public networks.

By combining these three databases, it is possible to very

quickly search for threats in a given network in the current

network traffic. This data changes in the database according

to the current data from these application servers. This makes

it possible to quickly respond to and limit various network

scans or prevent a DDoS attack on a given service.

Fig. 8. NetFlow analyzer

Fig. 8 shows a network analysis model by which measured

NetFlow can be evaluated in real time. The main point is to

create a Machine Learning model that would automatically

evaluate and predict on untrained samples of network traffic

how dangerous the measured communication is for a given

network. The input into the decision-making of artificial

intelligence is entered by the Threat database which contains

samples of known threats in the network, as well as globally

known threats. These data help to create a better ML model

that evaluates the network. The result is a network analysis that

evaluates the detected threats and then uses them to intervene

in the given network. Using data from this database, it is

possible to create rules on network elements and then capture

and analyze the suspicious network traffic more closely. This

makes it possible to achieve a minimal response between

the beginning of the attack and the very restriction of the

communication by means of security elements in the network.

Another type of output is a graphical interpretation of data

where each measured NetFlow will be represented by the value

of security risk for a given network. Using this data, it is then

possible to create a clear report in graph form of the network

state at any time.
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118



Deep neural networks for speech-to-text 
systems 

1Slavomír GEREG (2nd year) 

Supervisor: 2Jozef JUHÁR 

1,2Dept. of Electronics and Multimedia Communications, FEI TU of Košice, Slovak Republic 

1slavomir.gereg@tuke.sk, 2jozef.juhar@tuke.sk 

Abstract—The main topic of this article is automatic speech 

recognition system Kaldi and my recent work with it. At the 

beginning is shortly described automatic speech recognition 

usage in the modern user applications. Deep neural networks 

and automatic speech recognition system Kaldi are briefly 

introduced after that. The main part of this article is my work 

with automatic speech recognition system Kaldi. The description 

of my previous research in these field, my current state of 

research and my future goals are also presented there. In 

conclusion there are briefly outlined topics I would like to deal 

with in my dissertation. 

 

Keywords—automatic speech recognition, deep neural 

networks, Kaldi toolkit 

 

I. INTRODUCTION 

Automatic speech recognition or speech to text 

transcription is the complex process of converting of audio 

speech signal into the it's corresponding text form. Systems 

and algorithms for automatic speech recognition have been 

important part of research for more than 6 decades. Currently, 

there are many commercial products and applications that are 

using automatic speech recognition systems and algorithms. 

One of the most common uses of these algorithms and 

systems for the general users are applied in voice control or 

automatic systems. In the past automatic speech recognition 

has been used in a variety of applications for example text 

dictation, gaming industry, voice dialing, voice search, 

interactive voice dialogue, call routing, voice control, official 

document transcription and robotics. Today we can implement 

and use these automatic speech recognition systems and 

algorithms on different types of devices, computers, servers or 

electronics.  As computer technology grows and improves, 

even more sophisticated automatic speech recognition 

services and applications are becoming a reality. For example 

we can use the extensive use of voice assistants in smart 

mobile phones (Google assistant, Siri, Cortana, Alexa, ...), 

smart home voice control applications and products (voice 

assistants from Google, Amazon, ...), voice control in home 

gaming systems (Kinect), voice navigation and many other 

advanced applications and systems that use automatic speech 

recognition [1], [2], [3], [4], [5], [6], [7]. 

Popular approach in modern speech recognition system 

these days is usage-based on DNN. Deep neural networks are 

composed of neurons that are interconnected. The neurons are 

arranged in layers. The first layer is the input layer that 

corresponds to the data properties. The last layer is the output 

layer, which provides probabilities of classes or markings 

(classification task). The output of the y-th neuron is 

calculated as the non-linear weighted sum of its input [9]. 

 

 
Figure 1 Example of one neuron and its connection [9] 

 

II. MY PREVIOUS RESEARCH 

In my previous work on diploma thesis I was making a test 

database for automatic speech recognition system Kaldi. In 

this database I was using audio recording from meetings and 

sessions. These data had a lot of background noise and audio 

interference included into recordings. The creation of this test 

database consisted a lot of, from manual annotation of 

acoustic data and records, and modification of these annotated 

data into a form suitable for testing by the automatic speech 

recognition system Kaldi. I also experimentally tested impact 

of the training data on the result accuracy of automatic speech 

recognition provided by automatic speech recognition system 

Kaldi. I tried to compare results of automatic speech 

recognition process with training from different train data. I 

was comparing training with data from LRMT KEMT TUKE 

laboratory database and after that I have tried to extend this 

database with high amount of data (247 hours 31 minutes and 

57 seconds) automatically recognized by SARRA (speech 

transcription system created in LRMT KEMT TUKE)1. My 

hypothesis was based on the assumption that a higher volume 

of automatically recognized training data of the same type as 

test data (meeting audio, the same acoustic channel, same 

recording environment, ...) should result in a lower error rate 

in automatic speech recognition system Kaldi. After that in 

 
1 https://marhula.fei.tuke.sk/sarra/login 
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first year of my Phd. study I was trying study a theory of 

automatic speech recognition and some modern approaches 

based on using neural networks in automatic speech 

recognition systems. These approaches are used in automatic 

speech recognition system Kaldi too. 

 

III. CURRENT STATE OF RESEARCH 

In my second year of mu Phd. study I have started some 

practical tests and experiments with automatic speech 

recognition system Kaldi on my own. In my previous work on 

my diploma thesis I have tried to prepare data for automatic 

speech recognition system Kaldi, and I evaluate its results, but 

I have never tried to work with automatic speech recognition 

system Kaldi on my own. So, in my work I start with studying 

practical use of this system. I went through various stages of 

work with automatic speech recognition system Kaldi for 

example preparing of acoustic data to suitable form, finding 

best acoustic model for training, system training with real 

database, testing and evaluation of results provided by system 

Kaldi. I also created a manual about practical system Kaldi 

training for my colleagues and for future research. 

 

IV. SPEECH RECOGNITION TOOLKIT KALDI 

Kaldi is an open-source toolkit for automatic speech 

recognition. It is written in C ++ and licensed under the 

Apache License v2.0. Kaldi's goal is modern, flexible and 

easily extensible code that is easy to understand and modify. 

Kaldi is available for download at SourceForge2. Kaldi can be 

compiled on commonly used Linux-based systems as well as 

on Microsoft Windows-based systems [10], [11], [12].  

The Kaldi toolkit allows to use many specific requirements 

for automatic speech recognition systems, such as structure 

based on Finite-State Transducer (FST), extensive linear 

algebra support and non-limiting license [10], [13]. 

 

Figure 2 Basic block diagram for Kaldi automatic speech recognition [10] 

 

In Figure 2 we can see the basic block diagram of the 

automatic speech recognition system Kaldi. 

Library modules can be grouped into two different groups, 

 
2 Available at: http://kaldi.sf.net/ 

each of these groups depends only on one of the external 

libraries. These two groups are bridged by the 

DecodableInterface module [10]. 

The modules shown in Figure 2 below are always 

dependent on one or more modules above them. 

 

V. FURTHER RESEARCH DIRECTION 

In my future work I want to continue with my previous 

experimental work, and I want to experimentally evaluate 

effect of training database to automatic speech recognition 

system Kaldi effectiveness. I want to find a right amount of 

automatically transcribed data in training database of 

automatic speech recognition system Kaldi and develop a 

methodology for speech recognition training with this kind of 

database. In this step I want to focus on the success of speech 

recognition but also the computational and time-consuming 

system training. 
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Abstract—This paper is focused on measuring of the electrical 

resistivity of the solder joints. It also compares the influence of the 

most popular surface finishes and multiple reflows on quality of 

the solder joints. This paper presents the possibility of evaluation 

the quality of the solder joints based on SAC305 by measuring of 

its electrical resistance. For the purpose of the electrical resistivity 

measurement, the design for measuring of very small resistance of 

solder joints was developed. 

 

Keywords—Surface finishes, solder joint, electrical resistivity, 

multiple reflows, soldering.  

 

I. INTRODUCTION 

Nowadays, the low-cost applications, the miniaturization of 

the electrical components, the ability of a mass production and 

environmentally friendly materials are the main reasons for the 

improving a manufacturing process. One of the most important 

steps in a manufacturing process is the right choice of the 

surface finish of the PCB, which interacts with the solder and 

it is affecting for electrical properties and microstructure of the 

solder joint. During the manufacturing process of the PCB, the 

complexity of the design sometimes requires multiple reflow 

processes. It is very important what is the quality of surface 

finish on PCB that influences the development of 

microstructure and solder joint quality. The electrical resistivity 

of the solder joint is one of the most popular parameters that is 

usually analyzed in this connection. Electrical resistivity is 

changing after every reflow and it is very important what is the 

stability of the surface finish on PCB. In the manufacturing, the 

maximal amount of multiple reflows is various, but generally it 

will not reach over 6 [1], [2], [3]. 

For this purpose, we made PCB design accommodated for 

measuring the small changes of electrical resistance of the 

solder joints. 

II. INITIAL STATUS 

During the second year of my PhD study, I was analyzing 

the surface finishes of the PCB. Also, I advised with the basic 

manufacturing processes of surface finishes of the PCB, I 

analyzed the possibilities of analyzing the quality of PCB 

surface finishes and I analyzed the possibilities of improving 

the properties of PCB surface treatments for the purposes of use 

in electronics. The main accent in my work was devoted to 

theoretical analysis of the solder fluxes influence on the surface 

free energy in dependence on the surface finish of the PCB and 

the type of the solder flux. The analysis of the plasma influence 

on the surface free energy in dependence on the surface finish 

of the PCB and the plasma was realized as well. We were also 

studying about analysis of an adhesion of the solder joints from 

the perspective of the surface finish and wetting. Theoretical 

research about influence of the thickness of a reactive zone on 

border line between the surface finish of the PCB and the solder 

on the mechanical and electrical properties were also realized. 

The aim of our work was optimalization of customization of the 

PCB surface from the perspective of the solder joint quality and 

long-term reliability. 

III. SOLVED TASKS IN THE PREVIOUS YEAR 

Tasks which are summarized in the following section were 

solved in the last year of postgraduate study. 

A. Development of the PCB design optimized for 

measuring very low electrical resistances 

The aim of this task was to develop the new PCB design 

optimized for measuring the very low electrical resistances. 

The design for the testing samples using of the Kelvin´s 4-wire 

method was developed and used for all types of the surface 

finishes. The conductive pattern (Fig. 1) was applied in 

fabrication process of PCBs with different surface finishes 

(HASL Sn, HASL Pb, ENIG, SnAg, pure Cu). For all samples, 

surfaces were purified in the same manner before applying the 

surface finishes (standard methods). Design of the circuit had 

to be optimized for the accurate and fast measuring of the 

electrical resistance. Test pattern of the bottom and also top 

parts are in Fig. 1. One test board consists of 21 samples and 42 

solder joints, where the electrical resistance can be measured. 

One test sample consists of 4 solder joints, which were formed 

by soldering the top part on the bottom PCB as shown in the 

Fig. 1. For all top part´s surface finish was selected ENIG 
because it is stable due to multiple reflows as well as it is 

reliable. Dimension of one solder pad is 1.6 mm x 0.9 mm. 

Thickness of the solder joint is various because every surface 

finish has different thickness. 

 
Fig. 1 Test pattern of the bottom part of PCB together with 4 point top part 

bottom part top part solder pad 
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Measuring of electrical resistivity was realized by measuring 

of the electrical resistance with Agilent 4338B miliohmmeter 

and counting values of the electrical resistivity ρ by the 
formula: 

 

ρ=R.S/l  [Ω.m], (1) 

 

where: R – measured electrical resistance, S – area of copper 

pad, l – thickness of copper pads together with various surface 

finishes and solder. 

Figure 2 shows the equivalent resistor values for the solder 

joint. Fig. 2 also shows measurement´s principle of the solder 
joint. For the measurement, current probes were connected with 

10 mA through two pins on the opposite sides of the PCB. 

Voltage was measured using a detached two-pin probe, that 

was relocated after every measured value. Measured resistance 

is combination of 5 layers as shown in Fig. 2: 

 

R=RC+RTSF+RS+RBSF+RC, (2) 

 

where: RC – copper´s layer resistance, RBSF – surface finish´s 
layer resistance of the bottom part, RS – solder´s layer 
resistance and RTSF – surface finish´s layer resistance of the top 
part. 

 

 
Fig. 2 Principle of the measurement of the solder joint´s electrical resistance 
a) and it´s alternative resistor model b) 
 

For soldering, solder paste based on SAC 305 with no clean 

solder flux was chosen, because it is the most popular 

composition of the lead-free solders. The thickness of the 

solder depends on the thickness of the stencil, which is 127µm. 
For top parts, as was mentioned, the ENIG surface finish was 

chosen. The only variable is resistance of the bottom parts 

surface finish. This is due to the different electrical resistivity 

of the metals used for the production of surface finishes. Also, 

the use of different metals affects the microstructure, which 

results in a change in electrical resistance [4], [5], [6]. 

B. Influence of multiple reflows on the solder joint 

electrical resistivity 

The aim of this task was to prove, that the multiple reflows 

from 1 to 6 times influence the electrical resistivity of the solder 

joints. We applied IR furnace with reflow profile that is 

recommended by solder paste producer. 

In the Fig. 3, the results show, that the electrical resistivity 

of the solder joints is changing with the type of the surface 

finishes. The electrical resistivity of the surface finish based on 

SnAg is the lowest. For the ENIG and the Cu surface finish, the 

variance of the electrical resistivity is minimal. After second 

reflow, electrical resistivity decreases. After third reflow, 

electrical resistivity increases much higher. Even after 5 

reflows, the electrical resistivity of the SnAg is low and for 

ENIG and Cu is not so high. The HASL surface finishes have 

the biggest values of the electrical resistivity. The HASL Pb has 

higher value due to the higher electrical resistivity of the lead. 

 

 

Fig. 3 Graphical representation of the average values of electrical resistivities 

of the solder joints after 1, 2, 3 and 5 reflows 

IV. FUTURE WORK 

In the future work we will focus on the surface treatment 

using the various types of the solder fluxes, surface treatment 

using a cold atmospheric air plasma, analysis of influence of 

the multiple reflows on the shear test strength in correlation 

with the electrical properties and height of the IMCs layer.  

V. CONCLUSION 

This research was focused on influence of multiple reflows 

on the solder joints electrical resistivity and influence of the 

various types of surface finishes on the electrical resistivity. 

This research shows, that the surface finish based on SnAg has 

the lowest value of electrical resistivity of the solder joint even 

after multiple reflows. Our measurements show that this 

surface finish has the most stable properties after thermal 

exposure. For HASL surface finishes, the electrical resistivities 

are much higher in compare to other surface finishes. 
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Abstract—With an increase in the number of new elements in 

classical power supply systems, the complexity of designing or 

predicting the operation of networks increases. The use of 

individual components of the smart grid can not only reduce, but 

also disrupt the normal functioning of the distribution network. 

This leads to the need to collect, control and analyze more data 

that was previously impossible. The presence of a large number of 

measuring devices allows you to collect gigabytes of data, and 

every year the number of such devices will increase, which will 

allow energy companies to build more accurate mathematical 

models and make better design decisions. All of this will lead to 

the creation of truly smart grids. 
 

Keywords— Data analysis, electric vehicle, renewable energy, 

smart grids. 

 

I. INTRODUCTION 

The power system, which is based on the Smart Grid concept 

(“Smart Grid”, “Aquive-Adaptive Grids”), is a single complex, 
inside which all the elements of the electrical network are 

interconnected, have the ability to remotely control, control 

systems allow the networks to work with maximum possible 

efficiency. The creation of such networks allows energy supply 

companies to reach a completely new level of power grid 

management. The transition from classic electrical networks to 

new ones is only a matter of time. One of the main drivers of 

the transition will be the widespread introduction of renewable 

energy sources and electric vehicles. Experts point to a trend 

towards a rapid narrowing of the gap in the cost of conventional 

and non-traditional energy sources [1]. As part of the transition 

from classic networks to new generation networks, the 

European Union has identified the following important areas of 

development [2]:  

1. Intelligent network management.  

2. Demand Management (DSM).  

3. Integrated production and storage (DG&S).  

4. Electric transport.  

5. Wide integration of renewable energy sources.  

While the theoretical network modernization is simple, the 

smart grid deployment is a complex technical process. In this 

case, such instability of renewable energy sources. Energy 

production makes its own negative adjustments to the stable 

operation of power systems; modern control systems, as well 

as modern forecasting models (artificial intelligence), will help 

in the fight against these negative factors. In recent years, there 

has been a clear trend in the automotive industry towards a shift 

from classic combustion engine vehicles to electric vehicles 

[3]. In this regard, over the past year, in my research, I have 

focused on the impact of electric vehicles on power supply 

systems and ways to reduce their negative impact, as well as 

ways to predict the load in networks and generate energy from 

renewable energy sources. As part of these studies, several 

scientific articles were written. From the findings of the 

research, the following conclusions can be drawn [4][5]:  

1. Modern networks are technically capable of 

withstanding the use of electrical machines up to 

35% of the total number of consumers [4].  

 
Fig. 1. Graph of maximum currents in the network[4].  

2. When using electric machines by 15% of the total, 

losses in the electrical network increase by 100%, 

and when using 35%, losses increase by 330% [4].  

3. The introduction of demand management systems 

allows to increase the number of cars up to 50-60% 

of the total number of consumers by distributing 

demand and introducing improved forecasting 

methods.  

4. The proliferation of electric cars worsens the 

symmetry of the networks (single-phase charging, 

some electric cars use single-phase or two-phase 

solutions [4]. 

5. The widespread use of photovoltaic panels as a 

result of subsidies can create serious asymmetries 

in the network, as well as cause overvoltage’s in 

some network nodes in good weather.  
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Fig. 2. Comparison of the maximum current in the network with the 

number of electric vehicles equal to 55% 

 

Fig. 3. Graph of voltage unbalance factor when changing the number of 

charging stations [4] 

 

Fig. 4. Graph of voltage unbalance factor after installing 30% PV in Grid 

6. Good predictive models enable better control 

systems in smart grids [5]. 

TABLE I 

PREDICTION ACCURACY ASSESSMENT 

Prediction MAE MSE R2 

Electricity price 6.419 €/MWh 9.266 €/MWh 66,9 % 

Solar power generation 11.041 MW 21.947 MW 94,1 % 

Load 62.188 MW 83.815 MW 96,4 % 

Cross-border power flows 

DE>CZ 

119.534 MW 174.012 MW 82,4 % 

Cross-border power flows 

DE>PL 

124.798 MW 161.167 MW 83,6 % 

Cross-border power flows 

DE>AT 

0.41 MW 4.527 MW 99,9 % 

 

7. A partial solution to the problems of excessive load 

can be solved by installing electrical energy storage 

systems that would consume excess during the day 

and reduce evening peaks. 

II. PUBLICATIONS 

To this date I’ve wrote and published 6 articles as 1st author 
and other 6 as co-author:  

 AED (5),  

 AFD (3) 

 AFC (10),  

 ADF (3).  

III. THESIS OF DISSERTATION WORK 

After studying the theoretical foundations about smart grids 

in the electric power system, a thesis exam was passed and the 

following PhD theses were defined: 

1. Analysis of the current state of smart grids in the 

world 

2. Technical requirements of smart grids, analysis of 

functionalities and their implementation in current 

conditions. 

3. Research of mathematical models for modeling of 

intelligent networks.  

4. Modeling of an intelligent parking house, 

application of RES, analysis of e-mobility usability.  

5. Analysis of the achieved results and 

recommendations for further research. 
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Abstract—This paper is a summarisational article in the range 

of 2 pages, which is a brief overview of my work for the past year 

of study. The main research task is aimed on characterization of 

magnetic fluids (MFs) and experimental investigation of bulk 

structural changes in transformer oil-based magnetic fluids 

(TOMFs) under the influence of electric field. 
 

Keywords—external fields, magnetic fluids, magnetic 

nanoparticles, transformer oil-based ferrofluids.  

I. INTRODUCTION 

Magnetic fluids are suspensions of magnetic nanoparticles 

(MNPs) in a liquid carrier. The study of MF systems is of both 

fundamental and applied interest. They are widely used in 

various fields, in particular, they have great potential for use in 

engineering and medicine [1]. One of the key equipment in the 

electrification system is an electric transformer. During the 

transformer operation the heat energy is generated in the 

transformer windings and core. It is necessary to transfer the 

heat from the transformer. Recently, nanodielectric fluids have 

been proposed to be used as transformer liquid insulation. The 

addition of particles seeks to improve the dielectric and thermal 

properties of the base liquids, giving rise to a new generation 

of insulating fluids. Despite the large number of works devoted 

to the study of the structure of magnetic fluids in the volume of 

the sample [2-4], still there are properties and phenomena, the 

understanding of which and subsequent practical applications 

in electrical engineering require deeper experimental study. A 

mechanism of the streamer development leading to the 

electrical breakdown, polarization, macroscopic structural 

changes of magnetic fluids in external fields and nanoscopic 

structure at magnetic fluid-solid interface belong to the 

currently discussed issues. Such fields play an important role in 

numerous self-assembly phenomena. 

II.  INITIAL STATUS 

With regards to the potential application of TOMFs in power 

transformers, most research studies have focused on three key 

properties: thermal, dielectric, and viscous. On the other hand, 

these properties are function of the base liquid, dispersed 

particles, size distribution, volume fraction, surfactant, and the 

external magnetic and electric field. The interaction of MNPs 

with external magnetic fields can lead to different structural re-

organizations of ferrofluids including the formation of 

aggregates, chains and more complex patterns. Effect of an 

external magnetic field and the induced heterogeneous 

nanoparticle structure results in the magneto-viscous effect and 

magneto-dielectric anisotropy [2]. Also it was found that the 

thermal conductivities parallel to the magnetic field direction 

are, in most cases, much higher than the perpendicular ones [3]. 

At a high magnetic flux density the neutron reflectivity analysis 

shows the formation of two effective adsorption layers with 

different content of MNPs in them [4]. Thus, the magnetic field 

intensity, direction and distribution plays a key role in the study 

of MF. Analogously, structural transitions in various colloidal 

suspensions can be induced by electric fields leading to 
particle-particle electrostatic interactions. Study [5] showed 

that the dielectric response of MF is dependent on the strength 

and frequency of the electric field. It was demonstrated visually 

observable pattern formation in a TOMF exposed to a DC 

electric field. Also the electric field induced changes in the 

ferrofluid structure at nanoscale were recently confirmed by in 

situ small-angle neutron scattering (SANS) experiments [6]. 

III. WHAT I HAVE SOLVED THIS YEAR 

A. Characterization of magnetic fluids 

Preparation and characterization of magnetic fluids is the 

first step in their further investigations. The several new types 

of transformer oil (TO) were used as a carrier liquid in the 

studied ferrofluid. Iron oxide MNPs were synthesized by 

chemical co-precipitation method from aqueous solution of 

ferrous and ferric ions in the presence of NH4OH at 80–82 °C. 

After coprecipitation, the NPs were sterically stabilized by 

chemisorbing of a single oleic acid layer (C18H34O2, Merk) on 

the particle surfaces. Synthesis of MF was performed according 

to previous reports [4-6]. The concentration of the NPs in the 

MF was chosen to be from 0.6 to 2.8 vol %.  

The magnetic properties of the powder MNPs and MF 

samples were measured by means of a vibrating sample 

magnetometer installed on a cryogen-free superconducting 

magnet from Cryogenic Limited (IEP SAS, Kosice). The mean 

particle size derived from the fitting of the magnetization curve 

by the superposition of Langevin functions is 9 nm. From inset 

2 of Fig. 1, one can observe the typical superparamagnetic 

behavior with zero coercivity and remanence. At higher 

magnetic fields (above 2 T), the magnetization of MF is well 

saturated. The mean hydrodynamic particle diameter 
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determined from dynamic light scattering is about 19 nm.  

 
Fig. 1.  Magnetization curves of the powder magnetite NPs, NPs with 

surfactant and MF. Inset 1 (left upper corner): distribution of MNPs in 

MF calculated from the magnetization. Inset 2 (right bottom corner): 

superparamagnetic behavior (zero hysteresis) of the samples. 

 

To confirm the considered lossy dielectric response of the 

MF samples, we present the dielectric loss of MF samples and 

the TO in the form of temperature-dependent dissipation factor 

measured at 1 kV of the measuring AC voltage with the 

frequency of 50 Hz using Eltel ADTR-2K [7]. 

Not only magnetite but Mn–Zn ferrite nanoparticles based 

magnetic fluids were characterized. The AC magnetic 

susceptibility was measured at room temperature by AC 

susceptometer Imego Dynomag, in the excitation field with the 

amplitude of 0.5 mT. The nearly constant behavior reflects the 

absence of any particle aggregates that would manifest 

themselves by a rapid decrease of the real susceptibility. 

Dielectric and insulating properties of the oils and the 

nanofluids was investigated at IEP SAS in the Laboratory of 

dielectric measurements by dielectric spectroscopy method – 

LCR meters with the frequency range from 0.1 Hz to 200 kHz 

and from 20 Hz to 2 MHz (Agilent E4980A). More 

concentrated samples yield higher value of the frequency-

dependent real and imaginary parts of complex dielectric 

permittivity. 

B. SANS study of magnetic fluids under electric field 

 In situ SANS experiments were carried out on the small-

angle neutron diffractometer - time-of-flight YuMO instrument 

at the pulsed IBR-2 reactor at JINR, Russia [8]. All received 

SANS data could be well treated with theoretical model of 

core-shell particles. The obtained experimental SANS 

dependencies and fit for the ferrofluids based on insulating 

transformer oils SHELL and MOL with different nanoparticles 

concentration for voltage 0 kV are plotted  in Fig. 2. One can 

see significant increasing in scattering intensity with increasing 

of iron oxide NPs concentration. The cause of it is more 

quantity of scattering centers. Similar behavior is confirmed 

also in presence of electric field. But actually there are almost 

no changes in SANS data with applying and increasing DC 

electric field strengths for all samples. Therefore expected 

aggregates are probably of greater size which is not possible to 

see in the q-range covered in the experiment. The mean radius 

of NPs calculated from fit was about 4 nm. 

 
Fig. 2.  SANS data (points) and fit (curves) for the ferrofluids based 

on insulating transformer oils SHELL and MOL with different 

magnetic mass fraction of NPs. 

IV. CONCLUSION AND NEXT STEPS 

Magnetic and dielectric properties of prepared MFs were 

characterized by several methods. We have demonstrated NPs 

concentration influence on SANS measurements of the 

classical MFs. As the next step we will try to investigate the 

temperature effect on structure of TOMF under electric field by 

SAXS as well as the magnetic fluid-solid interfaces under the 

influence of magnetic field by neutron reflectometry. The 

experimental proposals were already accepted for 

measurements and will be granted with beam time in 2021 at 

BioSAXS (Hamburg, Germany) and JINR (Dubna, Russia) 

accordingly. We are also interested in the implementation of 

fullerene NPs in our MF for structural investigation of hybrid 

magnetic nanofluids at external fields. Extremely important 

will be study of combine effect of both electric and magnetic 

field on structure of MFs. 

ACKNOWLEDGMENT 

The work is a part of the projects supported by the 

Programme of SAS grants for PhD students (No. APP0140); 

the Science Grant Agency of the Slovak Republic (No. 

2/0011/20 and 2/0016/17);  the Slovak Research and 

Development Agency (No. APVV-18-0160). 

REFERENCES 

[1] S. Odenbach, Colloidal magnetic fluids: basics, development and 

application of ferrofluids, Vol. 763, Springer Berlin Heidelberg, (2009). 

[2] M. Rajnak et al., “Magnetic field effect on thermal, dielectric, and viscous 

properties of a transformer oil-based magnetic nanofluid”, Energies 12, 

4532 (2019). 

[3] A. Katiyar, P. Dhar, T. Nandi, and S. K. Das, “Magnetic field induced 

augmented thermal conduction phenomenon in magneto-nanocolloids”, 

J. Magn. Magn. Mater. 419, 588 (2016). 

[4] A. Nagornyi et al., “Particle assembling induced by non-homogeneous 

magnetic field at transformer oil-based ferrofluid/silicon crystal interface 

by neutron reflectometry”, Appl. Surf. Sci. 473, 912 (2019). 

[5] M. Rajnak et al., “Dielectric response of transformer oil based ferrofluid 
in low frequency range“, J. Appl. Phys., 114, 3 (2013). 

[6] M. Rajnak et al., “Structure and viscosity of a transformer oil-based 

ferrofluid under an external electric field“, J. Magn. Magn. Mater. 431 
99–102 (2017). 

[7] M. Rajňák et al., “Statistical analysis of AC dielectric breakdown in 

transformer oil-based magnetic nanofluids”, J. Mol. Liq. 309, 113243 

(2020). 

[8] M. Karpets et al., “Small-angle neutron scattering study of transformer 

oil-based ferrofluids”, Ukr. J. Phys. 65, 729 (2020).

 

SCYR 2021 – 21st Scientific Conference of Young Researchers – FEEI TU of Košice
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Abstract—Implementation of Parker’s transport equation
stochastic solution for simulations of cosmic rays distribution
in heliosphere can be demanding on computer performance.
GPU accelerated implementation however requires a decrease
of accuracy against CPU implementation. In this paper, we will
discuss the available parallel computing platform used by Monte
Carlo simulations and aim for the current state of acceleration
of cosmic rays distribution simulations in the heliosphere.

Keywords—Heliosphere, GPGPU, CUDA, Distributed systems

I. INTRODUCTION

Parker’s transport equation can be solved [1] with the
stochastic approach in several ways:

• B-p - Backward-in-time with momentum p
• B-T - Backward-in-time with kinetic energy T
• F-p - Forward-in-time with momentum p
• F-T - Forward-in-time with kinetic energy T

These solutions are demanding computing resources and re-
quire days or even weeks to complete simulations on standard
CPUs. In this paper, we will discuss available platforms, GPU
implementation backward-in-time and forward-in-time meth-
ods with possible impacts on the overall accuracy of the model,
and existing Monte Carlo simulation type optimizations.

Many authors [2] [3] [4] [5] tried to gain acceleration
by creating GPU implementation of Monte Carlo models.
Acquired acceleration usually ranged from 3 to 10 while
depending on the type of model. However, in specific cases,
even speedup up to 60 was [2] possible due to the nature of
the given model.

Keeping accuracy at a sufficient level is key to use these
models with real data. HelMod model [6] verified its func-
tionality against measured data from probes. Implementing
backward or forward model on GPU [2] require using single-
precision floating-point format (we will refer to this as FP32)
instead of double-precision float-point format (we will refer to
this as FP64). We will discuss this topic in details in section
III.

II. COMPUTING PLATFORMS USED IN MONTE CARLO

SIMULATIONS

Monte Carlo is [7] stochastic method that use random
numbers to obtain results from simulations. Forward-in-
time and backward-in-time heliospheric simulations are time-
consuming. These simulations with a particular range of input

parameters can last weeks or even months on single standard
CPUs. We will take a look at other platforms used in scientific
Monte Carlo simulations besides standard CPUs.

A. GPGPU

GPGPU (General-purpose computing on graphics process-
ing units) [8] is utilization of GPU as a computation unit
for general-purpose computing. GPU consists of multiple
multiprocessors that are less complex than the standard CPU.
One of the main differences between CPU and GPU is
thread scheduling. On CPU host operating system [8] manages
threads and their execution, but on GPU threads are managed
by the scheduler.

Three parallel frameworks are usually used [9] for GPU
programming:

• CUDA - framework that allow use [8] CUDA based
GPUs for GPGPU, exclusively for Nvidia GPUs.

• OpenCL - a framework determined for writing programs
that can run on multiple types of devices.

• OpenACC - [10] rely on compiler directives API in
C/C++ and Fortran. It is able to parallelize sequence code
using compiler directives.

Authors Memeti et al. [9] discussed efficiency of these
frameworks from a productive and performance perspective.
OpenACC implementations were the slowest from perfor-
mance aspects, but the most productive in the creation of
code compared to OpenCL and CUDA. This is not unexpected
as OpenACC [10] aims on fast and simple parallelization of
sequential code. Comparison between OpenCL and CUDA
resulted in more than half items differences were at the
level of 20% of execution time but in the case of Kmeans,
Heartwall, and LavaMD algorithms results showed more than
50% differences in execution time. The authors did not explain
[9] possible reasons for these differences. Authors Karimi
et al. compared [11] OpenCL and CUDA implementations
on GPU for Monte Carlo simulation of Adiabatic QUantum
Algorithms. CUDA implementation was 14.54% faster.

GPGPU is also used even in the heliospheric field. Authors
Dunzlaff et al. [2] developed GPU implementation of Parker’s
transport equation solution for energetic charged particles with
10-60x speed-up against reference system. In section III we
will discuss their work in more detail. In [12] we parallelized
implementation of 1D Parker’s transport equation solution on
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GPU with gained speed-up ranged from 7.71-86.87x against
reference CPU system.

Even outside heliospheric field multiple authors [13] [14]
[15] achieved results that GPU implementation (written in
OpenCL or CUDA) of any Monte Carlo simulation was
significantly faster than CPU implementation.

B. FPGA

FPGA (Field-programmable gate array) [16] is an integrated
circuit that contains high-density arrays that can execute a
program in parallel. Due to its parallel nature, it can be used
as an alternative to the GPU. In heliospheric field FPGAs
[17] [18] are usually used in measuring instruments. Several
authors implemented [19] [20] [21] solution for their Monte
Carlo simulations with even successful gain against single
GPU.

Implementation of Monte Carlo simulations for the Ising
model on FPGA authors in [19] reported significant 11.8x
acceleration against single GPU and in [21] even 2.98x speed-
up against GPU cluster that was based on [19]. Authors Lin et
al. [19] did not mention type of reference GPU or type of GPU
used in GPU cluster. Gained acceleration against the GPU
cluster is the result of technological advances in the FPGA
field. But also the result of comparison between hardware with
a significant time gap.

Tian et al. compared [20] CPU, GPU, and FPGA implemen-
tation of quasi-monte Carlo financial simulation. According to
the authors, FPGA is an alternative to GPU as they gained
a 3x acceleration with an FPGA-based cluster against GPU.
However, their comparison of the performance of the entire
cluster against a single GPU is not correct. Price per GFLOP
is usually higher in FPGAs than GPUs.

Using FPGA as computing platform can be an alterna-
tive against using GPU. We can gain significant acceleration
against conventional CPUs, but the high price per GFLOP
against GPUs is negative.

C. Distributed systems

Distributed systems [22] are usually defined as a group of
independent computers that act as one system from the user’s
view.

We can divide distributed systems by composition of com-
puting units to:

• Homogeneous distributed systems - each computing unit
is of the same type,

• Heterogeneous distributed systems - computing units in
a distributed system can be of a different type.

Several authors [23] [24] tried to solve their Monte Carlo
simulation problem on distributed systems. Implementation of
Parker’s transport equation stochastic solution on the heteroge-
neous distributed system using GPU as a computing unit [25]
proved to be useful. We will go in more details in section V.

Camarsu-Pop et al. [23] implemented framework based on
merging partial results from each computing unit. This led
to a reduction of execution time by 40%. The authors claim
that they used a heterogeneous distributed system consisting
of CPUs.

Szałkowski et al. [24] used GPU-hybrid cluster for testing
implementation of the linear congruential generator and lagged
Fibonacci generator in Monte Carlo simulation.

Both authors [23] [24] came to the conclusion that dis-
tributed systems are suitable for Monte Carlo simulations
and can offer additional speed-up against the non-distributed
system. Using multiple GPUs or FPGAs in a distributed
system can also enhance performance against a classical
distributed system at the cost of more complex control over
the simulation.

III. PARALLELIZATION OF HELIOSPHERIC MODELS

Dunzlaff et al. [2] compared GPU and CPU versions of
solving Parker’s transport equation by stochastic differen-
tial equations. Increased performance ranged from 10 to 60
depending on input parameters. They focused on random
number generation, fast-math comparison, thread divergence
and gained speedup against a reference computer system.

GPU implementation [2] used XORWOW random number
generator. However, documentation for CURAND suggests
[26] that this type of random number generator has issues
with distribution. Saito and Matsumoto analyzed [27] failed
tests in BigCrush test framework. They suggested that only
one of three failed tests is crucial for the Monte Carlo type
of simulation. The failure occurred on collision over test on
the 7-dimensional distribution with deviation from desired
distribution. Multiple authors referred [4] [3] [5] to this issue
but none of them measured or mentioned impact of possible
deviation in their simulations. Dunzlaff and et al. compared [2]
GPU implementation using XORWOW and MTGP32 random
number generators. After injecting approximately 400 000
particles for both GPU implementations and another CPU as
reference version they received very similar results without
any observable deviations. The absence of deviations can be
explained by two hypotheses:

• used models are not affected by minor deviation in used
distribution,

• execution time led to the situation that distribution devi-
ation could not affect the simulation.

The second hypothesis can be confirmed, as a test where
deviation in distribution [26] was found lasted nearly six hours
of generating random numbers. In [25] we also compared
output spectra from GPU implementation of 1D forward-in-
time model with XORWOW and MTGP32 random number
generators but without any visible deviations or inaccuracy.

GPU thread scheduling is managed by GPU and not by an
operating system as in the case of CPU which we mentioned
in section II-A. This can lead to thread divergence. To mini-
mize thread divergence authors in [2] divided simulation into
partitions with the predefined number of steps. The authors
observed that the most efficient number of partitions is 60-
170 with the best result achieved with 90 partitions. However,
this approach can be difficult for multiple edge cases of input
parameters into the simulation. As for this, they would need
at least a function of input parameters that can calculate the
required numbers of steps for a given combination.

Additional optimization can be done on the compiler level
- usually sacrificing accuracy in favor of speed. In this case,
the authors [2] compared version with the usage of fast math
optimization against usage of O3 optimization. The authors did
not mention used simulation type. However, we assume that
backward-in-time was used because of the used injection point
for pseudo-particles. On 1 AU (Astronomical unit) observed
maximum deviation was 5%. We [12] tested 1D backward-
in-time and also forward-in-time with fast math on GPU. In
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the case of 1D backward-in-time, no significant deviations
were observed, however in the case of 1D forward-in-time
we observed two visible differences with time step 0.5s.

IV. ACCURACY OF HELIOSPHERIC MODELS

Bobik et al. [1] compared differences between forward-in-
time models and backward-in-time models against the Crank-
Nicolson model. Backward-in-time models showed a maxi-
mum deviation of 1% at low energies. The maximum deviation
in the case of F-p and F-T models ranged from 5% to 10%.
The lowest energy displayed in the chart is 0.5 GeV so it is
likely that the deviation between F-T and CN is more than
10% on energies lower than 0.5 GeV.

We started the discussion about the accuracy of heliospheric
models in section III. Dunzlaff et al. [2] had no issues with
the accuracy of their GPU implementation for forward-in-time
or backward-in-time model. In 1D forward-in-time model we
[25] found defect that was no present in backward-in-time
model with same input parameter, time step dt < 2.0 s and [1]
was not also described by Bobik et al..

Figure 1 shows ratio between 1D F-p and Crank-Nicolson
model energetic spectra. Spectrum in the GPU model has
several unexpected peaks that are evenly found on the entire
spectrum range. We suggested [25] several hypotheses that can
cause these pulsations:

• used random number generator,
• used –use_fast_math parameter,
• incorrect distribution of injected energies,
• differences between single and double precision.

Fig. 1. Energetic spectrum for 200 bilions of particles - F-p model - dt =
0.5

As we already mentioned in section III XORWOW random
number generator [27] failed in a few tests of BigCrush test
framework. Usage of MTGP32 random number generator [25]
did not help and pulses remained in same locations.

In [12] [25] we used –use_fast_math parameter as authors
Dunzlaff et al. did [2]. Usage of this parameter had no
significant impact on overall accuracy, as mentioned in section
III. In figure 2 is shown energetic spectrum without usage of
–use_fast_math parameter. Is clear, that the –use_fast_math
parameter is not the reason for pulsations, but caused devia-
tions on lower energies. In the version with –use_fast_math
parameter first visible pulse is between 2 and 3 GeV. The first

pulse is visible with its peak on 0.6 GeV without the usage
of fast math.

Fig. 2. : Energetic spectrum for 200 bilions of particles - F-p model - dt =
1.5 without usage of –use_fast_math

Incorrect distribution of injected energies hypothesis was
not confirmed [25] as output spectrum remained same as
is shown in figure 1. The last hypothesis with differences
between single and double precision has not been tested yet.

V. HETEROGENEOUS DISTRIBUTED SYSTEM FOR COSMIC

RAYS DISTRIBUTION MODELS

Abbreviated execution time on a single GPU was [25]
impulse to design heterogeneous distributed system using
multiple GPUs.

Figure 3 shows architecture of heterogeneous distributed
system. The system contains user interface for launching new
simulations, administration of all simulations, and tools for
rendering energetic spectrum. The primary node of distributed
system distributes simulations for each available node of a
distributed system via a message broker.

Fig. 3. Archicture of heterogeneous distributed system for cosmic rays
distribution models

The most significant issues of the distributed system were
how to run simulations on the node, how to distribute simula-
tions per node in the most equal way, and how to design and
implement fault-tolerance.

The node of the distributed system is waiting for the
message with details about the new simulation. After receiv-
ing a new message simulation will be launched with given
parameters. In [25] we decided to use a GPU application with
a command-line interface to launch simulation on the node of
the distributed system for more simple maintenance.

Usage of multiple different GPUs complicated the distribu-
tion of simulations across systems. For backward-type models,
equal distribution per node in a test environment consisting
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TABLE I
EXECUTION TIMES FOR EACH MODEL TESTED IN DISTRIBUTED SYSTEM

System type 1D F-p [h] 2D F-p [h] 1D B-p [h]
Reference system 43.30 150.00 145.57
GTX 1080 TI 5.61 12.82 1.66
Distributed system 4.28 10.50 1.17

of RTX2060 and GTX1080TI proved to be efficient. This
approach was ineffective in the case of the forward-type
models. We [25] used different approach using simple bench-
mark. Benchmark value was based on GPU FP32 performance,
memory bandwidth, and usage of GPU for a given model.
Execution time in tested distributed system decreased from
19.89% to 34.62% against usage of single GTX1080TI as is
shown in table I.

The risk of failure in the distributed system [22] is mul-
tiplied by using more and more nodes. In our distributed
system in [25] we implemented simple regular message that
is sent from node to the primary node. If one of the nodes is
not available for 15 minutes its current task is distributed to
another node. However, this is done regardless of the efficiency
that can be achieved in the current status of the distributed
system.

VI. FURTHER RESEARCH DIRECTIONS

Using GPU as a computing platform for simulation Parker’s
transport equation stochastic solution [12] [25] proved to be
suitable with acceptable results inaccuracy. Extension to a
distributed system using GPU as a computing unit is also a
suitable platform for solving Monte Carlo simulations.

In our future research, we want to focus on distributed
systems and their effectiveness across multiple computing
platforms. Supporting combined multiple CPU and GPU com-
putation or even FPGA can also reduce overall execution time
for heliospheric models.

Parallelization of Monte Carlo simulations on FPGA [19]
[21] proved to be an alternative to graphic processing units
as well. Compared to GPUs, FPGAs have one substantial
drawback, cost per GFLOP. However, FPGAs can serve as
a complement to GPU.

Accuracy of GPU implementation is affected [25] by pulses
with time step dt < 2.0 s. After a more detailed analysis,
we should be able to identify problematic parameters. These
simulations can be calculated on CPU with FP64 precision
and their results fused with results from GPU. Elimination of
pulsation along with the preservation of gained acceleration
can be achieved in a distributed system with a sufficient
amount of nodes with CPU and GPU nodes.

Heterogeneous distributed system performance has the po-
tential to increase, especially in scheduling. The new scheduler
should be more oriented on shorting execution time and
starting new simulations concerning already occupied nodes.
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Abstract—This paper describes the use of a proposed unified 

user interface in virtual reality for the purpose of controlling any 

SMART device located in a SMART household. It focuses on the 

creation of a web-based cross-platform client-side application that 

is able to manage a user's household appliances in a unified way 

that takes into consideration the specific attributes or 

characteristics set by the manufacturer of such device. This 

application is able to connect any device to any SMART 

household, generate its virtualized controls according to 

predefined attributes set by the manufacturer, and is able to 

manage requests generated by user’s interaction via a centralized 

server. The application can manage real-time households or create 

fully simulated environments. This approach can be used in order 

to save resources while creating and designing fully simulated 

SMART environments with the emphasis on fast prototyping and 

a high level of flexibility, omitting multitudes of different 

hardware controllers used in households that are needed to 

operate every single item in the environment, or creating safe 

simulated environments used for training or teaching in high-risk 

areas of the industry. This proposed application was tested in the 

LIRKIS laboratory due to the availability of suitable 

virtualization devices such as Oculus Quest of Microsoft Hololens. 

 
Keywords—virtual reality, user interface, simulation, smart 

environment.  

 

I. INTRODUCTION 

This paper describes the creation and use of web-based 

cross-platform client-side application for management of 

various household devices in virtual reality regardless of their 

type, manufacturer or its controllable features. It provides easy 

to use unified user interfaces that are represented in the form of 

control menus. These controllers are created according to 

device-specific data provided by the manufacturer in form of 

raw JSON data that are stored and used by the centralized 

server. Application takes into account any future device that 

could be connected to the household and is able to generate 

virtualized control menus just by reading the device's attributes. 

The main emphasis is laid on the interaction between the user 

and the virtual environment. It was necessary to create a unified 

user interface since the variability of hardware controllers and 

device characteristics are endless. Our work was focused on 

visualizing controllers in a virtual SMART environment that 

unifies the way that the user controls his household. He doesn’t 

need to use multiple different hardware controllers that would 

be carried around and used for the management of devices 

located in one household. All he has to do is connect his devices 

to the household and get familiar with the singular unified user 

interface provided by the application. 

It was necessary to find a correct way to virtualize such 

controllers, determine what controls will be available, and 

specify in what way the user will interact with the environment. 

The user’s movement in a simulated environment is 

represented by his avatar through which he is able to interact 

with real-life or simulated devices. The current state of the 

devices is stored and managed by the server that communicates 

with available devices, performs operations on real-life 

appliances, or fully simulates their state in the case of a 

simulated environment. The server also generates and governs 

virtualized controllers that are styled and displayed by the 

application. 

 The proposed approach can be used not only for designing 

and managing households but also for training and education 

purposes in multiple fields of the industry. Training using 

simulated virtual reality can be helpful in recreating life-

threatening situations in a work environment utilizing the 

safety of virtualization, e.g. to prepare medical staff and army 

forces for difficult life situations. Using virtual reality in this 

way can yield better results in regards to memorability, 

engagement, or immersion compared to older or outdated 

approaches such as learning only from the book [1]. 

Different approaches for the creation of user interfaces were 

examined in the work of A.Lis-Marciniak et al. [2] who 

researched three different control mechanics in a tower defense 

game designed for mixed reality. In essence, they compared 

three different approaches for user interaction with the 

environment differentiating in multiple factors. Their best rated 

approach was also used in work proposed by this paper, such 

as displaying the control menu right next to the device in  a 

fixed position regardless of where the user stands until the user 

decides to close it. Our solution is web-based, cross-platform, 

and has been designed and implemented using A-frames. It can 

be run on any user device that has a web browser and is able to 

connect to the internet and is able to provide device orientation 

and device motion data. 

II. INTERACTION WITH THE UNIFIED INTERFACE 

There are several approaches on how to control objects and 

avatars in virtual space. This section describes techniques used 

in our application. 
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A. Gaze 

Gazing (as in focusing on an item for a longer period of time) 
in virtual reality in order to trigger user interaction is the most 

common approach of control in simulated environments [3]. It 

is used in headsets that lack remote controls, or virtual 

environments visualized by mobile phones or computer 

screens, as well as in devices supporting 3DoF tracking. The 

basis for interacting with objects is a cursor whose position is 

tied to the position of the camera. In A-Frame, the cursor uses 

the principle of the raycaster method [4]. Its starting point is the 

camera, and the direction is its rotation. It is also possible to 

add a raycaster component to any entity and define its 

attributes, such as the targeting time required to execute a click 
event or types of objects it can interact with. Different 

behaviors are specified in our solution such as controlling 

device attributes using a slider, when operations are executed 

for the whole duration of gaze when sliding the control on a 

bar, or they can be executed once per gaze such as clicking a 

simple button. 

B. Voice 

 Voice control as an addition to gaze, although perhaps not 

fully efficient on its own in virtual reality, can improve the 

usability of the proposed system. A-frame itself does not 

contain a component that can respond to the user’s voice, so 

aframe-speech-command-component has been created. It uses 

the annyang library [5] to recognize a voice command in order 

to perform a defined action. A disadvantage of this solution is 

that annyang is only compatible with Google Chrome. Voice 

recognition is used for commands that are not device specific 

such as showing the global menu by saying SHOW MENU.  

Hints with supported voice commands are located in the upper 

left corner of the user screen. 

C. Supported controller elements 

Every virtual controller follows a default layout that consists 

of the device name and various actions that control how the 

window is displayed (such as zoom or button for close action) 

and a styled interactive form which consists of elements that 

represent controllable device attributes. Supported elements are 

displayed in Fig. 1 and have to be specified and provided by the 

manufacturer. Our approach supports buttons, labels, images, 

toggles, sliders, radio buttons, checkboxes, inputs, pluses, 

minuses and timers. Actions that take place after interacting 

with these controls are run according to the behavior specified 

by the manufacturer. 

 

Fig. 1 Demo of appliance interface 

 

III. CLIENT APPLICATION 

Users can open our application by navigating to a web page 

in any browser. User can register, login in or retrieve their lost 

password on the landing page. After logging in, he will see his 

virtual household where he can interact with appliances, the 

example is shown in Fig. 2. Interactions are triggered by his 

gaze, which is indicated by changing the cursor to a loader, 

after which the menu of an appliance is displayed consisting of 

individual supported elements. All requests for changes are sent 

to the server that keeps the virtual household up to date with 

other household members that are logged in. Changes are 

shared using WebSocket. 

 

 

Fig. 2 Prototype of kitchen with appliances and open control menu 

IV. CONCLUSION 

We introduced a unified user interface for virtual reality with 
the aim to control real life or simulated devices in smart 

environments regardless of their type or manufacturer. We 

demonstrated examples of generic virtualized appliance 

controllers to simplify user interaction with his environment. 

Our solution can save costly resources by providing a fast 

and flexible method for prototyping, designing households or 

creating safe environments for simulating life-threatening 

situations valuable in training in high-risk areas of industry. 

We would like to focus on testing the proposed environment 

with users and gain their feedback to improve the interface in 

the future. Demo application with bypass login can be found on 

this path https://spiritual-natural-yarrow.glitch.me 
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Abstract— Nowadays, the requirements for robustness, speed 

and efficiency of data transfer are increasing. These and many 

other requirements can be addressed by fifth generation 

networks. One of the main requirements for 5G networks is 

robustness, so in this article we deal with data transmission using 

networks without infrastructure using alternative techniques for 

robust data transmission.  

 

Keywords—mobile ad hoc network, 5G network, blockchain, 

machine learning, network simulator 3 

 

I. INTRODUCTION 

Wireless mobile networks and data transmission using them 

are among the rapidly evolving field in the field of 

telecommunications. Fifth generation (5G) networks are 

addressing ever-increasing demands for higher data rates, 

better connection availability and data security. 

5G networks offer a connection of several wireless 

technologies, e.g., software defined radio, mobile ad hoc 

networks, cognitive radio and so on. 

Mobile ad hoc networks (MANET) operate without an 

infrastructure, where each node in the network acts as a 

router. With such uncontrolled communication and the 

connection of new unverified nodes, several security issues 

arise, especially during the routing process. Blockchain 

technology can be the answer to the question of increasing the 

security of decentralized networks. Blockchain is a database 

that integrates decentralization, distributed computing, 

asymmetric encryption, timestamp and consensus algorithm. 

The principle of blockchain lies in the continuity of individual 

blocks of data on each other, which prevents any intervention 

and modification of already created data blocks. 

II. MOBILE AD HOC NETWORK 

The MANET network (Mobile Ad Hoc Network) is an 

autonomous system of mobile nodes. It is a wireless network 

that consists of mobile platforms, referred to as nodes, which 

can be statically in one place or can move freely. We can 

consider end terminals as devices that have wireless 

technology, such as mobile phones, PDAs, tablets or laptops. 

A MANET network with terminals can be described as an 

unoriented graph, the vertices of which are the terminals and 

the edges representing the wireless connection of two 

terminals that are within radio range. An example of a 

MANET network topology with an undirected graph 

representing a MANET network can be seen in Fig. 1 and Fig. 

2. 

 

Fig. 1 Example of mobile ad hoc network 

 

Fig. 2 Example of undirected graph of MANET network 

 Terminals in MANET networks are also referred to as 

nodes. In Fig. 1 and Fig. 2, we can see that there is indeed no 

fixed infrastructure in the network. Nodes can communicate 

with each other wirelessly if they are within range of each 

other. Nodes that are not in range of each other can 

communicate through other nodes, that is, the network is 

multi-hop.  

 

In general, MANET networks can be defined: 

• the nodes in the manet network are still in motion, 

working in a dynamic topology 

• Multi-hop communication - nodes can communicate 

through other nodes 

• All devices are equal and work in the so-called peer-

to-peer mode. They act as routers and are responsible 

for managing communication and generating data on 

the network 
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• The nodes communicate via a predetermined same 

medium, radio waves, infrared connections, etc. 

• Limited resources - due to mobility, nodes have 

limited energy or memory resources [1], [2], [3], [4], 

[5].  

III. 5G NETWORKS 

The 5G network represents a new generation of mobile 

networks that promises a thousand-fold increase in capacity, 

access for more than one hundred trillion devices with a data 

rate of around 10 Gb / s and a delay of up to 1 ms. To achieve 

these values, several key technologies need to be used. The 

required data rate can be obtained using massive MIMO 

(Multiple-Input and Multiple-Output) technology, using 

millimeter wavelengths and new waveforms. These 

technologies will also support the development of other new 

technologies, such as virtual reality, autonomous vehicles and 

autonomous drones or IoT. A radical increase in capacity and 

bandwidth will be achieved by merging multiple cellular 

systems and wireless networks into a single network. 

Another important factor in the 5G network is spectrum 

efficiency. This parameter tells you how many bits per Hz per 

second can be transmitted over the air. Increasing this 

parameter also increases the capacity of the network without 

increasing the number of cells or increasing the width of the 

spectrum. Several aspects affect spectrum efficiency. It is e.g., 

modulation, multi-antenna communication, signal shape, 

inter-node coordination and spectrum control. The LTE 

(Long-Term Evolution) standard used already achieves high 

spectrum efficiency, but it still has certain reserves that the 

arrival of the 5G network should minimize. 

 

Advantages of 5G networks: 

• increased transfer rate 

• high spectral efficiency of the system 

• connecting more devices 

• lower network delay 

• better coverage of complex geographical areas 

• lower energy consumption 

• higher reliability of communication systems 

 

These features and the main advantages of fifth generation 

networks are achieved mainly through the development of the 

above-mentioned MIMO technologies, millimeter waves and 

beam shaping. [6], [7], [19]. 

IV. EXAMPLES OF ALTERNATIVE TECHNIQUES FOR ROBUST 

DATA COMMUNICATIONS 

A. Deep reinforcement learning (DRL) 

Behavioral psychology has inspired a new machine 

learning technique, namely the strengthening of learning, 

which has proven to be an advanced technology and a new 

subcategory of machine learning. Fig. 3 shows the learning 

method of reinforcement learning. The DRL deals with the 

reward or benefit of agents associated with the environment 

through perceptions and actions that lead to adaptation. In 

reinforcement learning (RL), the agent seeks to optimize the 

long-term goal by interacting with the environment through a 

trial-and-error process. 

 

Fig. 3 Learning method of deep reinforcement learning [9] 

B. Q-learning 

One of the most commonly adopted reinforcement learning 

algorithms is Q-learning. Specifically, the RL agent interacts 

with the environment to determine the Q values on the basis 

of which the agent performs the action. The value of Q is 

defined as the discounted cumulative reward, starting from the 

n-tuple of the stock and the stock and then following a 

particular policy. When the Q values are learned after 

sufficient time, the agent can, in the current state, make a 

quick decision by performing the action with the largest Q 

value. 

 

According to [14], the value of Q is updated as follows:  

             𝑄𝑡+1𝑥 (𝑠, 𝑎)  =  (1 − 𝛼) 𝑄𝑡𝑥(𝑠, 𝑎)  +  𝛼(𝑅𝑎𝑥  +  𝛾 𝑚𝑎𝑥 𝑄𝑡𝑎  (𝑠, 𝑏))  
  

where 𝑄𝑡+1𝑥 (𝑠, 𝑎) is the value of 𝑄 for the current node, 𝑥 

selects the next 𝛼 jump for the target 𝑠 at 𝑡 + 1 on iteration, 

and 𝑅𝛼𝑥 is the reward obtained, 𝑚𝑎𝑥𝑄𝑡𝑎(𝑠, 𝑏) is the maximum 

possible future value for the next 𝛼 jump. The scope of 𝛼 

learning indicates the importance of rewarding for previous 

implementations with the same policy. 

C. Game theory 

Game theory is an area of applied mathematics that deals 

with the study and analysis of situations whose interests can 

be defined as conflicting. More precisely, game theory 

focuses on the mathematical capture of the behavior of 

individuals in strategic situations, where the success and 

decision-making of one individual depends on the decisions 

and choices of other individuals. 

 

In game theory, individuals (players) are characterized by 

the following characteristics: 

• Each player is defined by one or more strategies 
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• There is a combination of moves (strategies) of all 

players in the game that leads to an optimal state 

(win, lose or draw) 

• Each player has a certain profit from their optimal 

state 

• All players behave rationally 

Games can generally be divided into cooperative and non-

cooperative. In a non-cooperative game, the player disregards 

the strategies of other players and behaves in such a way as to 

maximize his profit. In a cooperative game, on the other hand, 

players work together and look for a combination of their 

strategies so that everyone ultimately benefits from them. [8], 

[9], [10], [11], [12], [13]. 

D. Blockchain technology 

Blockchain is the basic technology of the first 

cryptocurrency Bitcoin, and it is expected that applications 

such as IoT, Cloud and Edge Computing, Ad hoc networks, 

etc. will be based on blockchain in the future. It is divided into 

two types, a public blockchain to which free access is 

allowed, a user can view or contribute to its content, and a 

private blockchain, which can only be accessed with 

permission. 

In a blockchain, transactions are wrapped in blocks. Each 

block contains the hash value of its previous block, which 

eventually results in a hash called a "block-chain". Fig. 4 

provides a common blockchain structure. 

 

Properties of blockchain: 

• immutability 

• distributed and trusted environment 

• privacy and anonymity 

• faster transactions 

• reliable and accurate data 

• transparency 

 

 

Fig. 4 Block data structure 

 

The two best known types of consensus blockchain 

mechanism are Proof of Work (PoW) and Proof of Stake 

(PoS). 

E. Proof of Work 

Proof of Work is a mechanism by which miners solve a 

complex mathematical problem, which is represented by a 

block of transactions. The block of transactions is filled with 

unauthenticated transactions, and such a block reaches the 

miners, who use the hash function to transfer a large amount 

of data to the hash function. A hash is a short string of 

symbols. Creating a hash is simple, but in the proof of work 

system, the so-called nonce. Nonce is a short text that makes 

no sense but changes the hash results and thus the overall 

complexity. Such an algorithm can be based on the SHA 256 

hash function respectively SHA 256d. 

F. Proof of Stake 

In the Proof of Stake system, new blocks are verified by the 

users themselves. The algorithm selects the user who created 

the block and inserts part of the held reward (cryptocurrency) 

as a backup and other user approve it. In this system, such a 

high computing power is not required as with PoW. The 

reward for the extracted block is not a new cryptocurrency, 

but fees for the completed transaction [15], [16], [17], [18], 

[19], [20], [21]. 

V. NETWORK SIMULATOR NS3 

For the purpose of obtaining the simulation of 5G networks 

together with implemented machine learning techniques and 

with a blockchain database we will use the NS3 program. This 

program is a network simulator with discrete events. NS3 is 

open-source project written in C++ programing language with 

Python bindings. This simulator uses modular kernel that is 

easily extensible using C++ or Python support. Main 

advantages are the use of the simulator in the creation and 

testing of the analytical part of the project. When teaching 

through NS-3, students can visually see the work of the 

network protocol and understand the effects of various 

environmental or other factors on the network and can also 

demonstrate the advantages and disadvantages of different 

strategies through comparison. On this platform, an 

experimenter can obtain an "ideal" network environment by 

configuring environment parameters and can monitor and 

record important information on the key node in real time to 

get first-hand information about evaluating network 

performance. The biggest disadvantage is that it does not have 

a graphical user interface. To analyze the results obtained, we 

must implement various, such as GNUPlot for plotting or 

FlowMonitor for obtaining parameters such as throughput, 

data rate, error rate, etc. [22], [23].  

VI. FURTHER RESEARCH DIRECTION 

In the next work, we would like to focus on alternative data 

transmission methods using different routing protocols for 

multi-hop networks based on machine learning, game theory 

and blockchain technology. In the main part of the work, we 

would like to simulate 5G networks with individual methods 

of data transmission using implemented techniques. 
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I. INTRODUCTION

Neural networks are considered to be one of the best-

performing machine learning algorithms. They have brought

great success in the field of artificial intelligence, such as in the

field of computer vision, where their task is image processing

and pattern recognition, and, for example, in sound processing

and speech recognition. In our works, we took a closer look at

how neural networks can be used to work with the textual data.

In this paper, I present an overview of my published papers

in the text-processing domain. Most of them deal with the

detection and classification of antisocial behavior in the online

space. In conference papers [1] and [2], we focused on the

Slovak online space. We continue to develop these experiments

and, at the same time, work on obtaining a larger number of

quality annotations of just Slovak texts. In addition to political

and economic news Slovak online space, we also focus on

detecting fake news in articles focused on topics around Covid-

19.

This paper presents two publications from the Current

Contents Connect database [3], [4], a book chapter [5], and

CINTI [6], SAMI [1], and ICETA [2] conference papers.

II. ACHIEVED RESULTS

A. Addressing false information and abusive language in

digital space using intelligent approaches

Nowadays, more whenever in the past, important to deal

with various unhealthy phenomena, that prohibit effective

communication and knowledge sharing in the digital space.

Undesired user behaviour and user-generated content in the

online environment (mostly on social media) can have various

forms, probably, the most harmful is the creation and spreading

of false information (e.g., fake news) and using abusive

language (e.g. hate speech). In book chapter [5], we provided

a summary of existing research works, challenges and open

problems. We introduce our research results addressing false

information and abusive language. Our approaches are based

on intelligent and knowledge-based methods, mainly machine

learning, natural language processing, and semi-automatic

approaches.

B. Comparison of deep learning models and various text pre-

processing techniques for the toxic comments classification

In work presented in paper [3], we aimed to compare and

evaluate different current state-of-the-art models for multi-

label toxic comments classification. We experimentally eval-

uated the performance of deep learning models, including

composed architectures with different methods of text rep-

resentation and pre-processing. On top of that, currently,

popular transformer language models, such as BERT [7]

and its modifications were compared as well. We aimed to

explore the assumption that in tasks such as detection of

anti-social behaviour in the online environments, the appli-

cation of traditional pre-processing techniques could lead to

loss of particular specific information characteristic for such

behaviour. We aimed to explore the influence of different

pre-processing and representation methods on the deep learn-

ing and transformer models also in multi-label task aimed

to detect the specific type of anti-social behaviour (in this

case, toxic comments). We experimentally evaluated composed

architecture of BiLSTM+CNN network with different text

representations, pre-trained embeddings and compared it with

BERT and its variants.

C. Deep learning methods for fake news detection

The work presented in paper [6] is aimed to use deep

learning techniques to tackle the problem of the detection of

fake news from the text. We trained different neural network

models (feedforward, convolutional, and LSTM [8]) on data

containing the full text of the analyzed articles as well as only

title texts. The models were trained using a labeled dataset of

fake and real news, and such models proved to be effective in

this task. When comparing the evaluation metrics, most of the

models gained consistent performance; however, convolutional

and LSTM models proved to be the most effective. When

comparing the evaluation metrics on the full-text data to only

title texts, the models still managed to perform on a similar

level. On the other hand, the effect of using just the title texts

for training proved to be effective during the training phase.

This could be significant in real-world tasks, when using much
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larger training data or when the deployed models have to be

updated frequently to adjust to incoming data.

D. Annotated dataset for the fake news classification in Slovak

language

Paper [2] presented the collection of the data and creation

of the labelled dataset for the fake news detection in Slovak

language using crowdsourcing approach. We have utilized the

Doccano crowdsourcing platform to obtain the annotations for

1535 articles. The annotations from 20 human annotators were

summarized and we used the labelled dataset to train the neural

network classifier during a set of preliminary experiments.

Labelling of the data using the crowdsourcing enables us to

create the datasets for such tasks, however, some issues have

to be taken into the consideration. At first, the proper selection

of the data (articles) is crucial. In this work, we downloaded

multiple articles, which could not be considered as the news

articles (e.g. blogs), which had to be excluded from the dataset.

It is also necessary to involve a larger group of annotators

to obtain as much annotations for the particular articles as

possible to remove the bias, which may be present in small

group of annotators.

E. Fake news detection in Slovak language using deep learn-

ing techniques

The work presented in paper [1] described the use of deep

learning models for detection of the fake news from the

Slovak news articles. We approached this problem as a binary

classification task, by predicting if a news piece represents

the regular news article or if it contains false/misleading

information. In order to train such models, we needed to

create the dataset consisting of both types of news, which we

obtained from the Slovak online news portals. Very important

is the labelling of the samples. Many datasets are created by

human annotation, which may lead to bias, incorporated by

the annotators themselves. We used a combined approach, in

which we labelled the news according to their publisher in

the first phase and then tuned the assigned labels manually

by a more in-depth exploration of the content of the article.

Then, we trained two deep learning architectures using this

dataset - CNN [9] and LSTM neural networks [8]. We used

only the text content of the articles and applied standard pre-

processing methods, which included tokenization, lowercasing

and stopwords removal. The models were validated and eval-

uated using train/validation/test split, standard classification

metrics and confusion matrix were used. LSTM architecture

achieved superior performance, managing to detect most of

the false articles while producing less false negatives as the

CNN approach.

F. Emotion analysis in human-robot interaction

Paper [4] connects two large research areas, namely senti-

ment analysis and human–robot interaction. Emotion analysis,

as a subfield of sentiment analysis, explores text data and,

based on the characteristics of the text and generally known

emotional models, evaluates what emotion is presented in it.

There are several approaches and algorithms to detect emo-

tions in the text data. We decided to apply a combined method

of dictionary approach with machine learning algorithms. As a

result of the ambiguity and subjectivity of labeling emotions,

it was possible to assign more than one emotion to a sentence;

thus, we were dealing with a multi-label problem. Based

on the overview of the problem, we performed experiments

with the Naive Bayes, Support Vector Machine and Neural

Network classifiers. Results obtained from classification were

subsequently used in human–robot experiments.

III. CONCLUSION

My dissertation focuses on deep learning methods in analyt-

ical tasks and decision making. One of the areas I focus on is

natural language processing – text processing. A great benefit

for my work is publication [3], where I focus on comparing

popular transformers models such as BERT and traditional

bidirectional Long-Short-Term Memory networks in combina-

tion with one-dimensional convolutional neural networks. We

also compared different methods of pre-processing. I applied

the acquired knowledge in other publications.

My work continues by uncovering antisocial behavior in the

Slovak online space. I believe that the result will be beneficial,

especially in detecting fake news on topics related to the

Covid-19 pandemic.

ACKNOWLEDGMENT

This work was supported by Slovak Research and Develop-

ment Agency under the contract No. APVV-16-0213 and by

the Slovak VEGA project under grant No. 1/0685/21.

REFERENCES
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I. INTRODUCTION

Complexity of computer programming has greatly evolved

due to the increasing complexity of software systems. There

are studies focused on support for software development,

bringing methods to improve processes, programming lan-

guages, programming tools etc (such as [1]). As a result of

growing complexity in software, a new area called program
comprehension has emerged. The programmer during develop-

ment tries to meet customer’s requirements by writing program

code, which is only an abstract description of the solution

(semantics). This brings a gap between problem and solution

domain which programmers must solve [2].

During the development, a programmer may need to change

code after previous programmer and this especially occurs dur-

ing software maintenance. In this case, programmer must ad-

ditionally understand the existing code of the existing solution.

According to the latest neuroscientific measurement [3], this

process of understanding is very cognitively demanding task.

The aim of researching program comprehension is to find ways

to reduce cognitive load and improve software understanding,

thereby accelerating software development process and lower

the cost.

In Section II we will describe program comprehension
and how it relates to reverse engeneering. In Section III

we mention some frequently asked questions of programmers

during program comprehension process. Section IV describes

testing methods and what information they can provide to

improve program comprehension. In Section V we present

researches dealing with the use of tests to improve program

comprehension. Finally in Section VI we outline the future

direction of this research.

II. PROGRAM COMPREHENSION

Based on the specification, the programmer creates a mental

model of the program in his/her head with program-specific

properties and problem domain knowledge [4]. Using this

model, the programmer creates a software artifact in the

form of program code. The code is then compiled into an

executable application that tries to meet requirements defined

in the specification. If the application does not behave as

required, or the specification is extended, it is necessary to

modify or extend the existing program code. For modifying

an existing code created by someone else the programmer

must first comprehend what it does. Program comprehension

is the state when the programmer understands the structure,

behavior and connection to the application domain [5]. When a

programmer creates or modifies a solution to a problem in the

application domain, it is important for him/her to understand

its critical aspects and the possible impact of the code on

different parts of the application. Therefore understanding

application domain is also the key to a successful software

development [6]. However, it is not necessary to know entire

code of the program.

Several studies pointed out that the process of program

comprehension takes up to a half of the programmer’s time

during their work with the code [1], [7]. According to Black-

well [8], one of the main causes of high cognitive demand in

programming is the use of notation. Since the program code is

only an abstract description of the action (as we stated before),

the result of this action (and state of the program after its

execution) is not directly visible to the programmer during

development. This means, that one of the key features of a

programmer to create a (good) software system is the ability

to create program abstractions [9]. This cognitive load can be

basically reduced by keeping the program code readable from

the start of the development [10], [11].

In connection to the software maintenance there is another

area called reverse engineering. This area deals with the analy-

sis of the existing software systems in order to collect metadata

and create tools for visualisation and interpretation of various

program aspects [12]. It is closely related to program compre-

hension, reverse engineering provides tools which helps with

comprehension and at the same time program comprehension

analyzes effectiveness of these tools to improve them and add

additional knowledge of development practices.

139



III. FREQUENTLY ASKED QUESTIONS OF PROGRAMMERS

When trying to comprehend program, programmers often

ask questions in their heads about the program code. Many

studies analyze the nature of these questions so that we can

better focus on what is important for programmers. Sillito

et al. [13] constructed a list of 44 basic questions. They are

related to source code (e.g., “Does this type have any siblings

in the type hierarchy?”), run-time properties of the program

(“What are the values of these arguments at runtime?”), and

their interconnection (“Where in the code is the text of this

error message?”). The authors found that the majority of these

questions have only partial support, and almost every question

requires a different tool. The use of large number of different

tools causes unnecessary cognitive overhead.

LaToza and Myers [14] found that programmers often

ask about reachability, which means that they try to find

an expression in the process of program execution. They

also collected 94 hard-to-answer questions [15]. These are

related to implementation, debugging, rationale behind the

code, refactoring, testing, compilation, performance etc. The

frequency of these questions can is useful for prioritization

when designing supporting tools.

IV. QUALITY ASSURANCE IN SOFTWARE

Important part of the software development life cycle is

testing. The goal of testing is quality assurance – ensuring

reliability, correctness, validation and verification [16]. Testing

process is analysis of the software from different perspectives

with aim to check its correct behavior. If software behavior

does not match the specification, we speak of a software

error [17]. Programmer modifying existing program code may

undesirably affect other parts of the system causing different

(wrong) behavior. If tests are included in the program, they

can detect errors and notify the programmer about impact of

his/her modifications during the development process.

The quality of software is closely related to the program

comprehension. Tools provided by integrated development

environment (IDE), programmer’s experience, programming

language and program understanding have a direct or indirect

impact on the quality of product. Tests contains lot of infor-

mation about tested software, so we are trying to use them for

improving program comprehension.

Testing (analysis of software) is divided into static and

dynamic. Static testing is performed on a non-running program

code and it checks the status of the written code. This testing

includes reviews, inspections and guidelines. The opposite

of static testing is dynamic testing, which performs analysis

on the running program and monitors program execution

and result. Lewis [18] in his book defines and analyzes 60

testing techniques. The most popular are testing techniques

are black box, white box, grey box [19], regression [20],

usability, performance, unit etc. The individual techniques can

be combined, what provides commonly used main types of

tests like functional testing, performance testing or security

testing [21].

We will focus on functional testing, because we assume that

this type of testing most likely contains useful information

about the system under test within its implementation, as we

explain later in Subsection IV-A. However, we do not rule out

the possibility that other types of testing may also be useful

for improving program comprehension, but since they focus

on different system features, such as execution time, system

load, environment performance, security etc., we do not expect

much benefit from them.

A. Functional Testing

Functional testing verifies behavior and functionality of the

application. Tests are created based on customer’s specifica-

tion. Main subtypes of functional testing are:

1) Unit Testing. This type of tests analyzes the smallest

unit of program code independently of the rest of the

program (small part – units – are isolated).

2) Integration Testing. This type of tests verifies commu-

nication and dataflow between components.

3) System Testing. This type of tests validates the complete

and fully integrated software product.

4) Acceptance Testing. This tests checks whether required

functionality can be performed by the customer.

We can apply to almost any type of testing white box, black

box or gray box testing technique [19]. We can test software

from the perspectives that “how” certain actions are performed,

or “what” is the result of the actions. White box testing is

used to verify the internal structure of the code and its internal

logic. Author of white box tests mus be familiar with the code

and the technical specifications. This testing checks “how” the

software is supposed to behave.

The black box testing is used to easily verify the cor-

rectness of the code. It simply compares the output of the

action with the expectation regardless of program’s internal

processes. This testing has no knowledge about “how” the

action is performed. This makes these tests easier to create

and understand, since author or reader does not need to know

the code or the technical specifications. In this case, also a

non-programmer can be a tester.

The combination of these two testings is gray box test-

ing [19]. It verifies the output of the performed action with

limited knowledge of internal processes.

Each type of testing is closely linked to the program code,

which gives us more information about software. Functional

tests basically describe the problem, so they can be used as

a specification or documentation. Also, thanks to the fact that

black box testing can be created by a non-programmers, tests

can provide information about software from non-programmer

perspective, which can increase program comprehension pro-

cess.

V. STATE OF THE ART

The topic of using tests to improve program comprehension

has been the subject of some researches in the past, but it

is still not widely researched area. Benedusi et al. in his

paper [22] investigates the role of testing and dynamic analysis

in the process of program comprehension. The subject was

explored in the context of their Esprit DOCKET Project

(DOcument and Code Knowledge Elicitation Toolset), whose

aim was to design and experiment second-generation reverse

engineering processes combining multiple knowledge sources.

In their paper they stated four basic observations:

1) Test suites should be available at maintenance time at

least for regression testing purposes,

2) Maintenance programmers regularly use program exe-

cution to support program comprehension, even when
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documents and various reverse engineering tools are

available. Natural language documents are very helpful

in program comprehension, but they may be out of date

or inaccurate.

3) Test cases are the passive or active subject of existing

software life cycle phases (specification, test case design,

debugging and error analysis, change request formu-

lation, change analysis, regression testing) producing

various kinds of peculiar and valuable knowledge.

4) Test cases are important starting point for the capture

and reuse of knowledge acquired empirically and lessons

learned during the operational life of the software.

In the DOCKET method they used test cases and dynamic

analysis as necessary and convenient support for program com-

prehension, because they allowed highlighting relationships

between elements in the software, which are difficult to obtain

by static analysis, provided direct acquisition of functional

knowledge, helped map functions with code structures or vice

versa, provided examples effective in the comprehension and

learning process etc. They researched these subjects from two

perspectives:

• The improvement of the reverse engineering processes –

according to the paper, test cases can reveal relationships

that are only visible during program execution, but on

the other hand, tests can track only a subset of feasible

program execution paths.

• Reusing the knowledge gained during software develop-
ment – authors in the paper argue that test developers

during software development have to understand the

system well to create good tests and define what is and

what is not an error. Their knowledge can be reused to

improve program comprehension process.

They concluded that the use of well-designed regression

tests can be useful for improving program comprehension.

Another paper from Sneed [23] confirms, that test developer

must have broad knowledge about the tested system. He

researched the program comprehension for the purpose of

testing and pointed out that in order for the tester to achieve the

best possible coverage of the program code, he must find as

many ways as possible to detect different errors. The tester

needs to gather a large amount of information in order to

answer the questions needed for test development (what are

the objects that need to be tested, how to test them optimally

and effectively, to what degree must each object be tested).

The author focuses on the specific requirements for the tester

in terms of testing techniques (white box and black box

testing). The paper describes that each team member focuses

on their part of the software (analysts focus on specification,

programmers on their part of code and interfaces), but only

testers need to have a much broader knowledge of the system.

This implies that tests contain lot of information about system

and can be used as a documentation.

In the book Software evolution [24], Moonen et al. write

about software evolution and the impact of testing phase

on program comprehension. He looks at testing in an agile

environment (where extreme programming method is in use)

and listed a few benefits of automated testing in connection

with program comprehension:

• testing policy encourages programmers to explain their

code using test cases, instead of writing comments and

updating documentations,

Fig. 1. Live Unit Testing feature in IDE Visual Studio 2017 Enterprise.

• the requirement that all tests must run 100% at all times,

ensures that the documentation via unit tests is kept up-

to-date,

• adding unit tests provides a repeatable program com-

prehension strategy, because programmer can experiment

their hypotheses about code understanding, and

• a comprehensive set of unit tests reduces the comprehen-

sion space when modifying source code, programmers

are more confident when modifying code, because they

know that tests will find new errors.

In the book they also explained the importance of code

refactoring, which is modifying the code without changing

the functionality in order to improve quality of the software.

Such modifications effectively increase readability of the code,

which reduces cognitive load (as said in Section II). Au-

thors points out that refactoring may also adversely change

the behavior of the program and introduces “Test-Driven

Refactoring”, which tells that it is better to first modify the

structure of tests and then modify the production code (similar

approach as in Test-Driven Development method, where tests

are developed first and based on them is developed program

code).

All these researches show that tests and quality assurance

are very useful in program comprehension. Our goal is to

obtain information from tests and link them into the program

code inside the integrated development environment (IDE).

The IDE is an environment that helps programmers with devel-

opment by providing useful tools, such as syntax highlighting,

class explorer, search for references (“where is this used?”),

automated refactoring, debugging and so on. There are already

small tools which links tests with the source code integrated

within some IDEs. For example, the Live Unit Testing feature

in the Enterprise version of Visual Studio 2017 shows the

test results directly in the source code along with information

about the coverage (Figure 1).

VI. FUTURE DIRECTIONS

There are many tools that help with program comprehen-

sion, but as mentioned in Section III, separate tools are usually

used to answer different questions. In addition, we did not find

any research focused on linking tests to the main source code.

We must first explore existing tools and methods to improve

program comprehension.
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A. Code Projections

One of interesting solutions is filtering source code with

concern-oriented projections [25]. Projections allow program-

mer to collect various parts of code from different source code

files based on his/her concern. With this approach we can filter

those part of code that are relevant to tests and connect them.

B. Finding tests in code

First issue for this research is find tests within project codes.

Our department addressed this topic in papers [26], [27], [28]

and analyzed the presence of tests in projects using various

natural language processing (NLP) methods.

C. Next steps

Next step is to explore testing tools and their usage. Our

focus will be to find possibly the most universal tool or method

for detecting presence of tests in various projects, then we will

be able to analyze how are these tests implemented and what

information they can provide. We believe that tests reflect real

problem domain scenarios, so it should be possible to gather

useful information about system. Our main goal is to find the

tool or method that will interpret these information included

in tests to improve program comprehension.
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Abstract—This paper discusses the prototype of an
E2E (end-to-end) offline Transformer neural network
architecture for Slovak language without a language
model (LM). Transition to E2E ASR (automatic speech
recognition), experimental results and next work pro-
posal are described. Despite the small amount of train-
ing data, Transformer has achieved quite promising
results comparing to conventional DNN/HMMs ap-
proach.
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I. Introduction
One of the applications of machine learning technologies

is speech recognition. According to J. Pierce from Bell
Telephone Labs, a technology of ASR (automatic speech
recognition) is attractive to money [1]. He designated it
being similar to the attraction of schemes for turning water
into gasoline, extracting gold from the sea, curing cancer,
or even going to the Moon. This assertion is supported by
a number of scientific papers being published and confer-
ences being organized each year, such as INTERSPEECH,
SPECOM, or ICASSP.

In the last decade, the development of ML (machine
learning) technologies has grown drastically, therefore af-
fecting lives of all of us. Older ASR approaches relied
on conventional HMM/GMM statistical models. Since the
advent of deep learning capable hardware, hybrid deep
neural network (DNN)/GMM approaches have emerged.
Recently in 2015, the novel approach to ASR was pro-
posed, known as an E2E (end-to-end) ASR. The advantage
of E2E ASR is that it allows for joint optimization of
ASR system components, even, no LM is needed. With
E2E ASR, it is also easier to embed it into mobile devices
because of reduced data storage requirements. However,
there are many disadvantages of E2E ASR. It is hugely
impacted by the lack of training data. This is the main
reason why conventional (hand-crafted) ASR is still on
par with E2E speech recognition.

II. Research task status
Our team at Laboratory of Speech and Mobile Technolo-

gies from KEMT (located at FEI TUKE in Košice) have
previously done an outstanding work on designing and
maintaining offline and online hybrid DNN/HMM ASR
models.

TABLE I
Summarizing table with results of E2E Transformer

prototype without external LM integration

Parameter Testing Set [%] Validation Set [%]
CER 17.8 11.5
WER 50.9 39.9

This table illustrates the results of metrics CER & WER, respec-
tively. CER stands for character error rate, WER stands for word
error rate. Possible external LM integration should be realized in
near future.

As a result, many speech and linguistic datasets are
available. However, these have not been well-tried on
novel, purely E2E ASR neural architectures. Hence, we
have tried to train the prototype of an E2E-based ASR
system on Slovak speech and linguistic dataset.

III. Offline Transformer for inference of
Slovak spoken language

This section describes an experimental prototype of
Transformer-based ASR system trained on Slovak dataset
without any external language decoding (scoring).

A. Design procedure of Transformer ASR
Transformer is implemented in Pytorch framework em-

bedded inside ESPnet. ESPnet follows so-called multitask
learning (MTL) principle of ML.

The workflow of ESPnet to create ASR model is as
follows:

1) Resource data acquisition. Data resources come
from TUKE-BNews-SK corpus developed at KEMT.
Dataset comprises acoustic data from prime time
broadcast and sports news, social programs and TV
shows. Original data are multichannel and recorded
with 48 kHz sampling rate, but conventional model
[2] required 16 kHz and primarily single-channel
speech signals. Consequently, original waveform sig-
nals had to be downsampled. Recordings took place
in various (noisy) environments, so principle of ro-
bustness and data sparsity is preserved. Paper [2]
indicates conventional 21.94% WER. Apart from
speech data, primarily language (text) data were
formatted in Kaldi style (including speech waveform
links). Utilized speech data have 256 kbit/s bitrate
and are encoded with 16-bit signed PCM.
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Fig. 1. Original implementation of Transformer in NLP applications
by Google Brain engineers [4]. It contains encoder and decoder parts,
multi-head attention [5], relative positional encoding, normalization,
etc.

2) Data formatting. Formatting of data was done
with Kaldi procedures, whereas data are divided in-
tro three groups, that is: training, validation and test
set. Part of training data was used as a validation
set, because original dataset was divided only into
two sets, namely training and test set.

3) Speech features and normalization. 40 bins of
FBANK features were used as a representation for
speech along with extracted pitch characteristics.
Very long or short utterances were omitted. Cepstral
features were normalized using CMVN normaliza-
tion without any specific parameters.

4) Training and decoding. Training utilized ensem-
ble learning methods (checkpoint ensembles), which
improved performance of Transformer. Specifically,
checkpoint averaging method was used [3]. Con-
former network training was unsuccessful possibly
due to unspecified bugs in ESPnet’s code (or some
incompatiblity with Slovak data). ESPnet depends
on Pytorch deep learning framework, which contains
an implementation of Transformer architecture. In
spite of the fact that Transformers generally allow
for parallel processing, GPU-based training lasted 10
days, because older NVIDIA K40 with 12GB VRAM
was used. No LM was necessary during decoding
(rescoring).

B. Results of Transformer-based end-to-end ASR

Fig. 1 describes implemented Transformer architecture.
Similarly, Fig. 2 depicts performance of its training on val-
idation dataset. The most important results are shown in
Table I. Language-specific prototype of E2E Transformer
achieved promising results. It is supported by comparison
with conventional ASR system trained on the same data
with LM, which achieved roughly 20% WER.

Fig. 2. Accuracy of Transformer ASR inference on validation
dataset. Visually, it has achieved roughly 78% accuracy.

Fig. 3. An example of accurate and inaccurate transcription inferred
from Transformer E2E ASR without LM. Total amount of speech
data involves 56 hours for training and 12 hours for testing datasets.

C. Proposal of next work
On the basis of this work we have set these dissertation

goals to explore:• usage of unlabelled automatically transcribed Slovak
language data for novel E2E system training,• addition of external LM in order to verify system
accuracy alteration [6] [7],• application of transfer learning and fine-tuning of
neural models to accelerate research.
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Abstract—This article deals with the issue of cryptography 

with accelerators using symmetric and asymmetric algorithms. 

The work combines two seemingly different industries. One of 

these industries is cryptography, a scientific discipline dealing 

with the secrecy of confidential information from unwanted 

persons. The second industry is hardware accelerators, devices 

that are designed to perform some functions more efficiently 

than software. Based on the information in chapter three, 

measurements of the efficiency of the implementation of the 

cryptographic algorithm were performed using a hardware 

accelerator.    

 

Keywords—Cryptography, encryption, decryption, 

computation, symmetric cryptography, asymmetric 

cryptography.  

I. INTRODUCTION 

A way how to secure modern communication technologies 

so that they can guarantee that the information that is 

transmitted reaches only the people for whom it is actually 

intended and no one else, so the issue of information security 

is solved by science, cryptography [1].  

Cryptography deals with the implementation of security 

cryptographic mechanisms, whether in software or hardware. 

Software implementation of security cryptographic 

mechanisms is the implementation of mechanisms at the 

kernel level of the operating system, in operating system 

modules that use multiple applications, or directly at the 

application level, using program modules. The hardware 

implementation of security mechanisms deals with 

cryptographic tokens, which include cryptographic smart 

cards, USB tokens and cryptographic modules – accelerators. 

Hardware security devices, sometimes referred as 

cryptographic coprocessors or cryptographic modules, are 

security devices designed to securely perform cryptographic 

operations in an otherwise untrusted environment. These may 

include smart cards used to authenticate or store sensitive data 

or cryptographic accelerators used to speed up cryptographic 

operations [2]. 

Due to microprocessor operations are often complex and 

microprocessor resources are limited, these devices require a 

coprocessor in addition to the microprocessor. A 

cryptographic accelerator is a coprocessor designed 

specifically to perform demanding mathematical and 

cryptographic operations to handle them better than standard 

CPUs without specialized focus [3]. 

II. DES AND ELGAMAL ALGORITHMS 

A. Symmetric encryption and its characteristic 

 Considering an encryption scheme consisting of a set of 

encryption transformations {𝐸𝑒 ∈ 𝐾} and decryption 

transformations {𝐷𝑑 ∈ 𝐾}, where K is a set of keys. A 

symmetric key is a key {e, d} for which it holds that for each 

e it is easy to calculate its corresponding d only with 

knowledge e and for each d it is easy to calculate its 

corresponding e only with knowledge d. Since in most cases e 

= d holds e = d, we call these keys symmetric. Symmetric key 

encryption is called symmetric encryption [4]. 

 Let {𝐸𝑒 ∈ 𝐾} be a set of cryptographic transformations and 

{𝐷𝑑 ∈ 𝐾} be a set of decryption transformations, where K is a 

set of keys. Consider any pair consisting of an encryption and 

decryption transformation (𝐸𝑒, 𝐷𝑑) and assume that for each 

pair it is impossible to calculate 𝐷𝑑 based on 𝐸𝑒 alone. Let us 

have a random cipher c C, with which we will want to find the 

message m M such that 𝐸𝑒 (m) = c. This property implies that 

it is impossible to calculate the corresponding d from a given 

c [4]. 

 For this article the DES algorithm will be used to show the 

comparison between symmetric and asymmetric ways of 

computation. The DES algorithm is presented at [5].  

B. Asymmetric encryption and its characteristic 

 As with symmetric encryption, consider an encryption 

scheme consisting of a set of encryption and decryption 

transformations {𝐸𝑒 ∈ 𝐾} and {𝐷𝑑 ∈ 𝐾}, where K is a set of 

keys. Assume that each pair is associated with an encryption / 

decryption transformation (𝐸𝑒, 𝐷𝑑) and assume that each pair 

has an 𝐸𝑒 knowledge that is impossible to compute. Let us 

have a random cipher c C, with which we want to find the 

message m M, such that 𝐸𝑒 (m) = c. This property implies that 

it is impossible to calculate the corresponding d from a given 

e [6][9]. 

 ElGamal is an algorithm used in cryptography for 

asymmetric encryption [7]. ElGamal Public Key Encryption 

Algorithm: A public key and a corresponding private key are 

created for each participant. The following operations must be 

performed by the participant communication of the Alliance:  

1. generation of a random large prime number p and a 

generator for a multiplicative group 𝑍𝑝∗ , from the set of 

integers modulo p. 

2. selection of a random integer 𝑎, 1 ≤ 𝑎 ≤ 𝑝 − 2 and 

calculation and mod p. 
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3. public key is a trinity (𝑝, 𝛼, 𝛼𝑎), where a is considering as 

private key. 

III. COMPARISON OF ALGORITHMS 

 In this chapter the measured values above the DES and 

ElGamal algorithms are presented. The values given for a 

given length are the average of 20 measurements. At the input 

of these 20 measurements, the length of the plaintext was 

maintained, but the characters were varied to try different 

combinations of English alphabet characters, numbers and 

special characters to take into account the variety of inputs 

from the alphabet of the word. 

 
Fig. 1.  The results of computation using DES algorithm 

 

The same applies to the term Plain length as in the previous 

chapter. In order to be able to compare the algorithms, the 

same measurement methods, the same number of 

measurements and the same program inputs as in the previous 

subchapter had to be used. Thus, even with the following 

measured values, they are an average of 20 measurements. At 

the time of entry into these 20 measurements, the plaintext 

length was maintained, and the characters were varied to test 

different combinations of English alphabet characters, 

numbers, and special characters. 

 
Fig. 2.  The results of computation using ElGamal algorithm. 

 

Presented graphs represents the dependence of the 

measured time on the plaintext length. For measurement 

different methods were used [8]: 

1. date command 

2. time command (the table shows the real time value) 

3. prof and gprof 

4. clock (). 

As with the DES algorithm, the ElGamal algorithm has 

confirmed that as the length of the encrypted message 

increases, so does the encryption execution time.  

Consider the prof and gprof method to be the authoritative 

method, as with the DES algorithm. Measurements showed 

that encrypting a 128-character message took 0.00666s. If we 

take into account these values, we get the function of the 

dependence of the encryption time on the input length l: t (l) = 

(496 · 106) · l + c, where the parameter l denotes the number 

of plaintext characters and c denotes the constant that is added 

to the function due to possible measurement deviation. This is 

a linear function. 

IV. CONCLUSION 

The result of this publication was to prove that the 

algorithm of symmetric cryptography DES is approximately 

10 times faster than the algorithm of El Gamal, which is in 

line with the knowledge gained in the study of these 

algorithms. Among a number of cryptographic algorithms, the 

symmetric DES encryption algorithm and the asymmetric 

encryption algorithm were chosen El Gamal algorithm.  

Thanks to the performance of today's computers, even with 

the longest tested inputs, it was only a difference of the order 

of hundreds of seconds.  

The second result of the work was to verify the 

functionality and efficiency of the implementation of the DES 

algorithm using a hardware accelerator. For verification 

purposes, an implementation in VHDL language using FPGA 

technology was chosen. In this task, we found that for any 

length of plaintext, the measured time over the 

implementation of the DES algorithm in C ++ is higher than 

in VHDL, that confirms the results presented in the figures. 

VHDL technology has significant impact to the consequence 

in increase in computation performance.  
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Abstract—This paper reveals an overview of sensorless control
of the permanent magnet synchronous motor. At first, approaches
based on the motor model will be classified and the pros
and cons of the methods will be discussed in detail. An ex-
planation of the sliding mode observer for back electromotive
force observation will be proposed. Furthermore, multiple HF
signal injection based methods will be classified. Different op-
eration regions and applications for the individual approaches
are presented. The current state of the research and problems
are briefly discussed and the future direction of the work is given
in the conclusion.
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I. INTRODUCTION

Permanent magnet synchronous motors (PMSM) are nowa-

days widely used in industry and home applications due to

their high power density, dynamic performance, wide speed

range, efficiency, and reliability. Field oriented control (FOC)

with position sensor feedback in velocity control loop has be-

come a standard control strategy for most of the applications.

The basic idea behind the FOC is decoupling of the torque and

flux producing component of the stator winding currents. This

decoupling allows to control the complex three-phase PMSM

in the same principle as a classical DC motor with separate

excitation. In the case of a separately excited DC machine, the

armature winding current is used for torque generation and the

excitation current for the flux generation. Since the SMPM has

permanent excitation provided by the permanent magnets, the

excitation current is usually set to zero. Although under the

flux weakening operation it can be set to negative values. For

the FOC a transformation into the rotor reference frame is

used for obtaining the direct and quadrature axes decoupled

values. This transformation is called the Park transformation

for which the correct electrical rotor position information is

essential. Usually, position sensors directly coupled to the rotor

shaft provide precise rotor position information in full speed

range. Thus a smooth speed control can be achieved from zero

to nominal speed. However, using a position sensor decreases

the overall reliability and robustness of the drive system.

Among that, eliminating the position sensor brings further

more advantages, such as cost reduction, drive compactness,

increased mechanical robustness, etc. On the other hand, re-

duced preciseness and extra cost for the software development

needs to be concerned in sensorless drive applications.

II. SENSORLESS CONTROL OF PMSM

In sensorless control, rotor shaft position and speed are not

measured but instead of being measured, they are estimated

with the use of electrical variables such as stator windings

currents or voltages. In the last few decade enormous efforts

have been made in the research of sensorless PMSM control.

The conventional estimation methods can be classified into

three main groups [1]:

• fundamental excitation model-based methods,
• saliency and signal injection-based methods,
• artificial intelligence-based methods.

The fundamental excitation model-based methods are mainly

using the electromotive force (EMF) and this category includes

the Luenberger observer, the Kalman filter, the flux observer,

the sliding-mode observer (SMO), estimation based on the

model reference adaptive system (MRAS), etc. The SMO

is widely used in industrial applications due to its robust-

ness against motor parameter variations and disturbances.

For surface mounted permanent magnet synchronous machine

(SMPMSM) a classical second-order SMO in the stationary

reference frame (SRF) αβ can be used [2] – [6] for indirect

back-EMF estimation. In [7] a modified second order SMO

was introduced based on an extended EMF model which

can be also used for interior permanent magnet synchronous

motor (IPMSM). Another option for sensorless control of

IPMSM was proposed in [8], where a second-order SMO

was designed in rotor reference frame (RRF) dq. In [9] –

[12] a modified high-order SMO was proposed for direct

back-EMF estimation. In this case, the back-EMF components

stand as state variables. To suppress the well-known chattering

problem of the SMO based on signum function, saturation [4]

or sigmoid [13] functions were adopted instead.

The mentioned model-based methods have the advantage

of simplicity and straightforwardness. However, they provide

reliable rotor position and speed information only above 3%
of nominal speed [14], since the back-EMF amplitude is low

or even zero at low-speed range and standstill. Thus model

based methods can be applied only for medium and high

speed range sensorless control. For low speed and standstill

sensorless drive control, signal injection-based methods and

fundamental PWM excitation based methods were developed.

High frequency (HF) signal injection is usually preferred

instead of low frequency (LF) signal injection. The injected

signal can be injected either in stationary reference frame

or in the observed rotor reference frame. Furthermore, the
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injected signal can be superimposed onto the fundamental

frequency signal required for the motor control or can be

injected independently into the stator windings while the FOC

is interrupted. Commonly used HF injection-based methods

can be further classified:

• HF sinusoidal signal injection-based method,

– HF rotating sinusoidal signal injection,
– HF pulsating sinusoidal signal injection,

• HF square-wave signal injection-based method,
• HF pulse signal injection-based method.

Hybrid sensorless methods were proposed for operation in full

speed range [15]–[17]. In those, both model-based and signal

injection-based methods are combined.

In the case of soft computing based technique (or artificial

intelligence technique) the accuracy and reliability of the

observation of rotor position is independent on the speed

range. They are more likely dependent of the relevant choice

of input data which affects the observation performance [18].

A. Sling mode observer

The SMO is wildly used in industrial applications due to

its robustness. Texas Instruments offers for customers soft-

ware library with SMO for digital microcontrollers described

in [2]. Microchip has also developed a sensorless control

based on the SMO for electrical drives [3]. Whirlpool has

developed a sliding mode sensorless control of PMSM for

washing machine applications [4]. The mentioned companies

implemented a second-order SMO. In this case, the observer

treats the back-EMF components as disturbances. NXP is

using SMO in compressor control and other consumer and

industrial applications [8]. In this case, a full-order observer

is used where the back-EMF voltages are considered as state

variables. Similarly in [10] a full order SMO is proposed with

an additional adaptive speed scheme.

In this article a 2nd order SMO based on extended EMF

Eex similar to one in [9] will be proposed. The mathematical

model for PMSM sliding mode position observer is most of

the time constructed in the stationary αβ reference frame. The

state equation where the stator current components are state

variables are:
[

i̇α
i̇β

]

=
1

Ld

[

−Rs −ωe(Ld − Lq)
ωe(Ld − Lq) −Rs

] [

iα
iβ

]

+
1

Ld

[

uα − eα
uβ − eβ

]

,

(1)

where uα, uβ , iα, and iβ are the stator voltage and current

components in SRF respectively, Ld and Lq are the direct

and quadrature axis inductance respectively, ωe is the elec-

trical angular velocity, Rs = R2ph/2 where R2ph is the

resistance between two phases and eα = −Eex sin(θe) and

eβ = Eex cos(θe) are the back-EMF components, where θe is

the electrical rotor position and Eex = ωeτPM
is the extended

EMF, where:

τ
PM

=
2

3

kt
p

=
ke
p
, (2)

is the permanent magnet flux, where kt is the motor torque

constant, ke is the EMF constant and p is the motor pole

pairs number. In the case of SMPMSM where we assume that

Ld = Lq equation (1) is simplified and for the inductances

stand: Ld = Lq = Ls = L2ph/2, where L2ph is the

 

Fig. 1. Block diagram of the 2
nd order SMO [9] .

inductance between two phases. Since during the position-

sensorless motor control only the stator currents are available,

the switching function for the SMO is defined as follows:

s =

[

īα
īβ

]

=

[

îα − iα
îβ − iβ

]

, (3)

where superscript ‘^’ indicates that the parameter is observed.

The sliding surface also referred to as a hyperplane is selected

as:

s = 0. (4)

The matrix form of a conventional SMO is shown below:
[

ˆ̇iα
ˆ̇iβ

]

=
1

Ld

[

−Rs −ω̂e(Ld − Lq)
ω̂e(Ld − Lq) −Rs

] [

îα
îβ

]

+
1

Ld

[

uα − êα − zα
uβ − êβ − zβ

]

,

(5)

where zα and zβ are SMO feedback components:
[

zα
zβ

]

= k

[

sign(̂iα − iα)

sign(̂iβ − iβ)

]

, (6)

where parameter k is the SMO gain and according to the

Lyapunov stability analysis [19]:

k > max (|eα| , |eβ |) . (7)

The estimated components of the back-EMF are obtained

using a low-pass filter (LPF):
[

êα
êβ

]

=
ωc

s+ ωc

[

zα
zβ

]

, (8)

where ωc represents the cut-off frequency of the LPF. The

block diagram of the SMO is shown in Fig. 1. Finally the

electrical rotor position can be obtained as flows:

θ̂e = −arctan

(

êα
êβ

)

. (9)

For electrical angular speed stands:

ω̂e =
dθ̂e
dt

. (10)

Since the LPF was used to obtain the estimated back-EMF

components in eq. (8) a phase lag is introduced in the

observed electrical rotor position (9). Therefore θ̂e needs to

be compensated as follows:

θ̂eCOMP
= θ̂e +∆θ̂e = θ̂e + arctan

(

ω̂e

ωc

)

. (11)

The observed rotor position after compensation (11) can be

finally used in field-oriented control as the feedback value

instead of its measurement by a sensor.
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B. HF signal injection based methods

The rotating (also called revolving) HF sinusoidal signal

injection based method was first proposed by R. D. Lorenz

[20]. This technique is also often called as "αβ" injection

since the rotating voltage signal is injected in the SRF. For two

orthogonal voltage signals with constant amplitude rotating at

the injected frequency stands:
[

uαh

uβh

]

= Uh

[

cos(ωht)
sin(ωht)

]

, (12)

where subscript h represents HF components, Uh is the ampli-

tude, and ωh is the frequency of the injected HF voltage. The

block diagram of the HF rotating sinusoidal signal injection

based method is shown in Fig. 2. The superimposed HF

 

Fig. 2. Block diagram of rotating HF sinusoidal signal injection based
method.

voltage signal onto the fundamental frequency results in HF

induced current. According to [21], only the negative sequence

of the induced current component contains rotor position infor-

mation. To extract this information, a heterodyning process and

a saliency-tracking observer can be used. First the HF current

component needs to be separated from fundamental frequency

phase current. For those purposes, several techniques were

proposed [7], [22]. In [9] a high-pass filter (HPF) is used

for HF current extraction. Then during the heterodyning

process, the HF currents are multiplied by cos(2θ̂e − ωht)
and sin(2θ̂e − ωht). Then the sum of the two HF currents

in SRF is filtered using a low-pass filter and marked as εf .

This signal is proportional to position estimation error, i.e.

εf ≈ θ̃e, where θ̃e = θe − θ̂e. Furthermore, εf is used as the

input for the saliency-tracking observer which is a Luenberger

style position and velocity observer [20], [23]. The task of the

observer is to drive εf to zero and suppress the estimation error

θ̃e resulting into the convergence of the estimated position

to the real one, i.e. θ̂e → θe. The main disadvantage of the

method is current fluctuation and torque ripples caused by the

induced HF current. Furthermore, HPF and LPF are necessary

for signal extractions whereas the LPF restricts the bandwidth

of controllers.

To suppress the torque ripples a different approach was

developed which relies on HF pulsating sinusoidal signal

injection. In this case, the signal is injected in the observed

RRF and for the injected voltage stands [24]:
[

u
d̂h

uq̂h

]

=

[

Uh sin(ωht)
0

]

. (13)

As can be seen in eq. (13), the HF pulsating voltage is only

injected into the observed d axis of RRF. Furthermore, only iq̂h

is required in the heterodyning process where it is multiplied

by cos(ωht). After filtering this product with a LPF, signal εf
is obtained which is associated with the position estimation

error θ̃e. Further, εf is used as an input for the saliency-

tracking observer. Another approach is presented in [9], where

the induced HF currents are measured in a new reference

frame dmqm which lags behind the estimated RRF by π/4.

In both mentioned cases the HF voltage is injected into the

d axis of RRF decreasing the moment ripples in compar-

ison with the HF rotating sinusoidal signal injection-based

method. However, the mutual disadvantage of both methods

is frequency limitation, since the injected HF signal needs to

remain sinusoidal. Therefore, the dynamic performance of the

observation is limited.

To overcome these limitations the HF square-wave signal

injection-based approach was developed where the frequency

of the injected signal can be higher and therefore offers better

dynamic performance [25]. Similarly as in the case of HF

pulsating sinusoidal signal injection-based method, the HF

square-wave signal is injected into the observed RRF and is

defined as follows:

[

u
d̂h

uq̂h

]

=

[

Uh(−1)k

0

]

, (14)

where Uh is the amplitude and k is the sequence of the injected

voltage. Since a higher frequency of the injected signal can be

achieved, the LPF in the current feedback loop can be omit-

ted. It results in higher bandwidth of the current controllers

compared to HF sinusoidal injection-based methods. To solve

the inaccuracy in observed position caused by the voltage

errors over the inverter and stator windings, negative −Uh

and positive Uh voltage components were injected in approach

proposed in [26]. This resulted in the necessity of two current

sampling periods and thus delaying the control process. These

methods bring overall improvement of the sensorless control

dynamic performance although high power losses needs to be

concerned.

All the aforementioned HF signal injection-based ap-

proaches work parallel with FOC and thus the injected signal

is superimposed onto the fundamental frequency component.

Therefore the induced HF current needs to be extracted from

the measured current using a HPF, or in some applications a

band-bass filter (BPF). Further, the LPF may be also required

in signal processing for the rotor speed and position estimation

decreasing the bandwidth and dynamic performance of the

drive. To eliminate the mentioned drawbacks a new approach

based on HF pulse signal injection was proposed in recent

years [27]. The idea behind this approach is to separate FOC

from the injection. It means that the FOC is interrupted,

while the injection is performed. By this approach, no digital

filters are required for HF induced current extraction from

the fundamental frequency component. When the injection is

enabled a positive voltage component Uh is injected into the d̂
axis while the injected voltage into the q̂ axis is kept on zero.

Similarly as in the previous method, to overcome the voltage

errors, two voltage signals Uh and −Uh may be injected. Then

a normalization process is followed what results in the signal ε
which is associated with position estimation error. It acts as an

input for the saliency-tracking observer. For all the mentioned

approaches the same observer can be used described in [23]

or a PLL tracking scheme used in [12].

SCYR 2021 – 21st Scientific Conference of Young Researchers – FEEI TU of Košice
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III. CONCLUSION

A state-of-art for mid-to-high speed estimation methods and

low-speed estimation methods were presented. The advantages

of such control are obvious but some of the disadvantages

need to be mentioned too. One of them is the lack of full-

speed range operation. The methods based on the back-

EMF observation fail to estimate the position reliably below

a certain speed. Usually, an open-loop start-up procedure

is provided until the amplitude of the back-EMF became

observable. During this procedure the stator and rotor fluxes

are not aligned well, therefore the motor cannot be loaded

unpredictably otherwise the PMSM may lose synchronization

and stops its movement. To solve the problem of unobserv-

ability of the PMSM at low and zero speed different injection

based methods were proposed. The main issue is current

fluctuation and torque ripples introduced by the HF injected

signal. To overcome this limitation an approach with FOC

interrupt was proposed with voltage errors compensation. But

still, the problem of full-speed range control is not guaranteed

using only one of the mentioned methods. Therefore hybrid

schemes are often used for combining the model-based and

injection-based methods. And so the future research work is

concerned with a combination of the approaches to find the

optional solution for full range speed and torque control of

the PMSM in sensorless application. It should be stressed that

all sensorless methods for the control of PMSM should be

developed as a purely software-based algorithm. From this

point of view, we will not assume any special type of sensors

such as acceleration sensors or current-derivative sensors. This

premise is completely in line with industrial requirements.
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Abstract—In this paper research on speech detection using
electroencephalographic signals is described, which carries in-
formation about speech brain activity and brain activity in-
duced by visual stimuli. The research was performed with four
experimental subjects, which were exposed to visual stimulus
to stimulate the speech. The research uses the Feed-forward
Neural Network classification algorithm, which was able to create
a speech detection model using only Electroencephalographic
signals with an F1 score of 73.30 %. We believe that our scientific
contribution can lead to a better BCI-based speech recognizer.

Keywords—Electroencephalography, Speech detection, Feed-
Forward Neural Network, Visual stimuli

I. INTRODUCTION

This paper presents the final part of the research of the dis-

sertation thesis and its outputs. The presented work deals with

the speech detection from Electroencephalographic (EEG)

signals, which does not require audio input data. The examined

EEG data included brain electrical activity from speech pro-

cesses and brain activity induced by visual stimulation. This

type of EEG data should contain information about such brain

activity that is induced in common speech communication. We

consider that human communication is based on the creation

of words but also on the creation of visual images in the

human brain. The relationship between imagination and vision

is very close and these two actions elicit similar brain electrical

activities [1], [2]. Image recognition and image naming involve

the activity of occipitotemporal and prefrontal brain areas [3].

The used EEG data obtained from a mobile device, which

better responds to the possibilities of using Brain-computer

interface (BCI) technology in real conditions. Speech detection

from EEG signals, reveals the speech brain signal, using clas-

sification algorithms. For this research Feed-forward neural

network was used.

II. AN EXPERIMENTAL DATABASE

For reasons of this research were recorded EEG signals

from 4 subjects. Each subject was instructed to follow an

experimental protocol. EEG data was captured with mobile

EEG device Ultracortex Mark III OpenBci [4]. The EEG

electrode configuration on our device was set to record the

brain activity in different areas of the head. The channels used

were namely Fp1, Fp2, F3, F4, F7, F8, C3, C4, T3, T4, P3, P4,

T5, T6, O1, O2, according to the international 10/20 system

[5]. Figure 1a) shows the top view of the EEG electrodes

configuration, 1b) shows the side view of the location of the

electrodes used in our research and the iodine of the brain

is shown. Especially we tried to cover the following areas:

Fig. 1. a) Electrode configuration according to 10/20 international system
used in the experiment. b) Lateral view of the electrode configuration,
compared with the brain areas (Motor, Auditory, Visual, and Speech)

Speech areas (Broca’s and Wernicke’s area), Auditory areas,

Visual areas and Motor areas.

A. Experimental Protocol

An experimental protocol for EEG recording was designed

to activate the speech, visual and imaginary areas of the brain.

EEG signals recording was performed in two sessions, each

lasting about 10 minutes. In the first session specific colours

were displayed on the screen as pictures, while in the second

session, the colours were displayed as text on the screen. The

recorded subject was tasked to focus on the displayed colours

and to name them. In the above exercise, 10 colours were

displayed randomly one by one with short breaks represented

by a plain black screen. The colours selected for this protocol

were yellow, green, red, blue, orange, violet, white, pink, grey,

and brown.

The display of one color lasted 4 seconds, followed by

a pause of 1 second to help the subject release cognitive

functions for a while. The length of pronunciation of one

word to the subject lasted on average 0.75 s and the time of

pause between pictures when the subject did not speak lasted

on average 4.25. The whole experimental protocol, even with

timing, as shown on the Figure 2.

III. TRAINING ALGORITHM

In our experiment, the 2-layer Feed-forward neural network

was used. Min-max scaling was performed by network pre-

processing. The neural network consists of a single tanh

activated hidden and binary output sigmoid activated output

layer. We trained the network with Scaled conjugate gradient

backpropagation, with binary cross-entropy as the loss func-

tion. Output pseudo probabilities were thresholded with a 0.5

decision boundary. The first layer of the network consisted of

one hundred hidden neurons.
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Fig. 2. Protocol for EEG signal acquisition. On-screen presentation times
and average speech times. Individual colours or colour names were displayed
with breaks created by black colour on screen.

In the experiment, a model was created using machine

learning modelling, which would be able to recognize the

state of speech production and the state of brain inactivity.

Therefore, in the above classification, all words were explicitly

considered as one class [6].

The experiment was divided into two main parts, in the first

we tried to create single-subject models. In the second part,

we created cross-subject models.

IV. RESULTS

In this section, the results of neural network testing are

presented. In the first part the speech detection models for

individual subject data set were created. In the second part the

focus was on the creation of a model from the cross-subject

data set. One hundred models for each data set were trained

using the assembled neural network. From all of the created

models the one with the highest result in the testing process

was selected and the results with the highest values for data

set models are presented here.

The experimental results were evaluated using Accuracy and

F1 score metrics. The aim of the research was to find positive

results for the state of speech activity, indicated by output class

1, as the most important metric is considered to be the F1

score. The accuracy and the F1 score are defined by founded

True Positive results (TP), True Negative results (TN), False

Positive results (FP) and False Negative results (FN) by the

formulas:

Acc =
TP + TN

TP + FP + FN + TN
. (1)

F1 =
TP

TP + 1

2
(FP + FN)

(2)

A. Single-subject Model Experiment

In the first part of the experiment, models for the single-

subject models were created, 70% of the data was used for

training, 15% for the model validation, and 15% for the test.

As can be seen in Table I, machine learning learned to detect

speech from the EEG signal for a single subject with an

average accuracy of 84%. This accuracy can be considered

relatively high.

B. Cross-subject Model Experiment

In this part we selected data sets from the combination of

3 subjects which were divided into 80% training set and 20%

validation set. The created model was tested on the data set

from the 4th subject.

TABLE I
EXPERIMENTAL RESULTS FOR TEST SET SINGLE-SUBJECT MODEL

Subject number Accuracy % F1 score %

1 86.65 88.36

2 74.72 79.05

3 88.75 90.26

4 88.35 89.53

Average 84.62 86.80

TABLE II
EXPERIMENTAL RESULTS FOR TEST SET CROSS-SESSION MODEL

Subject numbers

model training

Subject number

model testing
Accuracy % F1 score %

1, 2, 3 4 73.71 79.50

2, 3, 4 1 62.14 73.87

1, 3, 4 2 57.48 62.25

1, 2, 4 3 72.56 77.56

Average 66.47 73.30

Table II was compiled based on results for cross-subject

speech detection. The data used for creating this detection

model were mixed from all subjects and both sessions.

V. CONCLUSION

Table I shows the average result for single model accuracy

of 84.6% and 86.8% of the F1 score. On the other hand, results

for a more demanding model with cross data II shows that

the best result was achieved for the configuration data set on

subjects 1, 2 and, 3 in the training model and the testing the

model from the data on subject 4. The F1 score here reached

79.5%. Although a small number of subjects was involved

in the acquisition of the training data sets the relatively high

accuracy of the results was achieved, which provides a basis

for the development of research in this area.
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1lukas.hruska@tuke.sk, 2peter.sincak@tuke.sk

Abstract—Most reinforcement learning algorithms operate di-
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in poor generalization and strongly suffers from the curse of
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I. INTRODUCTION

Deep reinforcement learning ((D)RL) has emerged as a

promising approach for autonomous acquisition of com-

plex behaviours from low-level observation. Such algorithms

mostly rely on a sandbox environment, where every mistake

is of little consequence. However, this is not the case in

the real world. Various approaches have been developed to

speed up the learning by translating the human knowledge into

the learning process. These include interactive RL [1][2] and

learning from demonstration [3][4][5][6]. Other techniques

aim at preprocessing the input, such as deictic [7][8][9]

representation.

II. DEICTIC REPRESENTATION IN REINFORCEMENT

LEARNING

The term originally taken from from Ancient Greek

δǫικνυµι means to point out, to show. Hence, the idea be-

hind deictic representation (DR) is to show relations between

various objects instead of relying on the agent to learn relation

on its own. It may be expressed in natural language as the-

PEN-I-am-pointing-at or the-DOOR-in-front-of-ME. As such,

we may mark important objects and discard the rest, rapidly

simplifying the state space (one example of this is provided

by [9] where the DR is able to reduce the number of possible

states from 230 down to 5184 - a 99.9995% reduction). This

introduction of partial observability offers a huge trade-off

[8] - it may speed up the process by obscuring irrelevant

informations but it may also hinder it by obscuring relevant

ones. Unlike propositional representation, which would need

to distinguish each object, DR is able to generalize over similar

objects - it does not matter whether I am holding hammer2 or

hammer9 as long as they have similar qualities.

III. EXPERIMENTS

In this section, we will look into the possibility of using

deictic representation in conjunction with usual RL algorithms,

Fig. 1. Usual state matrix is being processed by Deictic Transformation
Module (DMT). We investigate two ways of injecting the deictic representa-
tion into the reinforcement learning agent - pure deictic (a) where the agent
receives only processed observation; and mixed deictic (b) where the agent is
presented with a combination of both, the original and processed observation.

such as DQN [10] or TRPO [11]. This is done by adding an

additional layer in front of the algorithm. We used several

GridWorld environments for various navigation tasks:

1) Navigation without obstacles, where the goal changes

location after n-iterations.

2) Navigation without obstacles, where the goal changes

location after each iteration.

3) Navigation with an enemy following the agent.

The m × n matrix representation of GridWorld is trans-

formed using rule-based deictic transformation module (DTM)

into a set of extracted objects, each described with 3 features

- distance, angle and class (wall, goal, enemy) in relation

to the agent. This replaces the original matrix (Fig.1a) or

is added to it (Fig.1b). Network topologies used only differ

in the input layer. Contrary to our expectation, pure deictic

outperformed mixed input in these simple tasks and both

outperformed the reference model. Further analysis in more

complex environments is necessary to better evaluate the

deictic representation.
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Fig. 2. Deictic proof of concept results: three types of agents (normal, pure
deictic, mixed deictic) operate in a 16x16 Gridworld environment.

Fig. 3. Modified H-DRLN algorithm (figure based on [14], purple de-
notes new parts) - visual observation is obtained from a Minecraft-based
environment which is then fed into convolutional network (CNN) for object
recognition. Detected objects are then processed by the graph building module
(GBM) to create a human-readable graph representation of the environment.
This then serves as an additional input into the original network (or completely
replaces the visual input), preprocessed with a graph convolutional network
(GCN).

IV. ONGOING WORK

Minecraft is a well-known 3D video game with established

machine learning community with platforms such as Malmo

[12] and MineRL [13]. Due to its increasing levels of com-

plexity, it is an ideal test-bed for hierarchical RL. Multiple

algorithms have been developed in this environment, such as

the one, we took as the basis: H-DRLN [14].

This algorithm uses two hierarchical layers of deep Q-

networks - upper layer, composed of a single network, which is

able to either select an action directly or pass the control down

to one of the lower-level networks (called deep skill module)

for finite number of steps. Each of these is pre-trained for a

specific task. After the task is finished, the control is once

again returned to the upper network.

Our proposed method (see Fig.3) aims to enhance this by

encoding human knowledge into the input in form of a deictic

representation. This should take the form of a graph with

the central node representing the agent, other nodes objects,

and edges relations among them. It is achieved by adding an

additional convolutional network for object detection. Detected

objects are then encoded into the aforementioned graph in

the Graph builder module (GBM). GBM also keeps record of

previous actions the agent undertook in an attempt to discover

new relations. The goal is to analyse the impact of external

knowledge on the quality of learning and performance of

various layers in the hierarchical RL algorithm.

V. CONCLUSION

Deictic representation is often overlooked means to di-

rectly incorporate external knowledge into the input. We

have provided an analysis of the topic and its application

in the Gridworld environment. Moreover, we have analysed

an existing algorithm and proposed a modification for deep

deictic hierarchical reinforcement learning. Further research

into this topic promises to yield usable solution.
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Abstract—With the emergence of the Internet of Things, the
number of devices and data they generate are exponentially grow-
ing. In order to handle this growth, the computations traditionally
done in the cloud are shifting towards the edge of the network.
However, the computational resources are constrained and may
not be sufficient to execute advanced artificial intelligence algo-
rithms. In this paper, we provide a brief summary of techniques
used to accelerate edge artificial intelligence, summarize our work
in the area in the last year, and propose the next steps in our
research.
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I. INTRODUCTION

Last year, at this conference, we introduced a review of tech-

niques utilized in the segmentation of volumetric ultrasound,

focusing on convolutional neural networks (CNNs). However,

due to the coronavirus situation and personal changes in

Siemens Healthineers, we decided to retire this topic and intro-

duce the topic of Edge artificial intelligence (AI) acceleration

instead.

With an ever-increasing number of connected devices, the

need for quick data processing is more urgent than ever. While

historically, cloud computing was usually utilized to process

these data in data centers, there are three important reasons

[1][2] why it is not possible anymore:

• Latency - For real-time decisions, sub-second level re-

sponses are necessary

• Data volume and velocity - Generally, physical internet

infrastructure is not ready to meet such bandwidth re-

quirements

A paradigm called edge computing [3][4] that shifts compu-

tations from the cloud to the devices where data are created

have been proposed to mitigate this problem. While this allows

for quick data processing, with minimal internet utilization,

another problem has

II. ACCELERATING EDGE AI

In order to accelerate Edge AI, several different approaches

have been proposed. Different reviews of the state-of-the-art

suggest different approaches to the classification. Review [5]

lists:

• Model Design - Tries do design shallower neural net-

works with fewer parameters while keeping accuracy of

the deeper and computationally heavier counterparts. This

is, however, far from trivial

• Model Compression - This category includes trying to

remove unnecessary parameters (pruning), changing rep-

resentation of parameters (quantization), changing rep-

resentation of tensors (tensor decomposition), and ex-

tracting knowledge from deeper networks (knowledge

distillation)

• Inference Acceleration

– Hardware Acceleration - built-in hardware accelera-

tion is utilized to accelerate neural networks

– Software Acceleration - an umbrella term for tech-

niques such as model partition, early exit, edge

caching, or item filtering

In our research work, we focus on hardware-based infer-

ence acceleration in combination with model compression

techniques. Hardware acceleration is mostly facilitated via

standalone hardware devices, called AI accelerators. As our

work is concerned with deploying AI models alongside these

devices to the edge of the network, we focus on commercially

ready devices (acquirable on the market) with reasonable price,

form factor, and power draw that equip specialized AI chips

or optimized GPUs. For our work, we call such devices Edge

AI Accelerators. For more information, please see author’s

dissertation proposal or works [5][6][7].

III. WORK COMPLETED DURING THE LAST YEAR

A. Making sense of Edge AI accelerators

Edge AI accelerators are mostly thought of as mere tools to

launch trained AI algorithms. An algorithm is mostly evaluated

on a single Edge AI accelerator to prove that the algorithm

can run on the edge in real-time conditions, such as work

[8]. Sometimes, several Edge AI accelerators are compared

[9] to find the best combination of model and hardware for

a task. While this is an understandable position, we think

it is not the right one. To maximize the potential of the

accelerator, it is necessary to understand its capabilities and

constraints fully. To the best of our knowledge, a big survey

that would map and describe the capabilities, strengths, and

weaknesses of different Edge AI accelerators was not done yet.

So far, we have worked on evaluating three different Edge AI

accelerators - Jetson Nano, Google Coral USB Accelerator,

and Intel Neural Compute Stick 2.

We have also surveyed all commercially available Edge AI

Accelerators and are currently working on a publication.

B. Utilizing Edge AI accelerators

A significant part of our research is also built around

deploying AI algorithms in the domains of healthcare and
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Fig. 1. Jetson Nano utilized in our study.

Industry 4.0.

For Tatra Banka’s foundation project, we proposed an

application for interpretation of DaT-SPECT, Dopamine Trans-

porter Scan combined with single-photon emission computed

tomography, images for detection of Parkinson’s disease. Pow-

ered by 3D CNN, the system can achieve an accuracy of

over 90 percent. We are currently working on deploying this

model to an edge device, as the PC on a clinic may not be

strong enough to support model runtime in a reasonable time.

Other work is concerned with applying different optimization

schemes to create a smaller model. Last but not least, we are

trying to gather data from a clinic in Kosice to validate the

model trained on the publicly available dataset (PPMI) against

the real data.

When creating a system utilizing AI, it is typical to

create and train your own models. It is also possible to

sometimes utilize already existing models. While most Edge

AI Accelerators have dedicated optimization frameworks that

perform translation of layers from supported framework to

the internal framework of the device, quantization, and other

steps necessary to run the model on the device, some operate

differently via GPU acceleration. We exploited this Nvidia

Jetson’s (pictured on Figure 1) capability in work [10], where

we utilized a pre-trained model from the dlib framework for

face detection and recognition. We have created a proof of

concept of face recognition powered class attendance system.

IV. FUTURE WORK

A. Evaluating Edge AI accelerators

This is an extension of our longer effort highlighted in

subsection III-A. While we have some preliminary results, it

is necessary to evaluate them more in-depth - use a higher

number of models, evaluate the effects of quantization on the

accuracy or execution speed. Another consideration is that

these are just three of a bigger pallet of available devices.

It is necessary to expand our hardware portfolio in order to

make the comparison as wide as possible. For this purpose,

we proposed an FEI Grant project called ACNE - Accelerating

computations on the network’s edge.

B. Create a guideline for the usage of Edge AI accelerators

The next logical step after evaluating and understanding

the Edge AI accelerators is to try to create guidelines for

usage of these accelerators. We expect these guidelines to

allow for navigation through the existing Edge AI accelerators.

However, we would also like to be able to evaluate future

accelerators. In order to do so, we already surveyed existing

benchmarks of accelerators and planned to evaluate their

interpretability for the real-life task. If we will not be satisfied,

we will probably resort to implementing our own.

C. Intelligent gateway and federated learning

While it is possible to train an AI model on an edge device,

the device’s resource budget is usually constrained. Therefore

the training is slow and allows to utilize only relatively small

models. To mitigate this problem, we would like to explore

Edge AI accelerator utilization for federated learning, where

several devices are training local models and are then averaged

to create a global model. We expect that utilizing local Edge AI

accelerators as training devices and local intelligent gateway

as an aggregator to accelerate local model training could

generate exciting results. We also believe that an intelligent

gateway built on the Edge AI accelerator could improve the

AI capabilities of the edge. This work will be a continuation

of our efforts to improve intelligent gateways, highlighted in

[11] we published in 2020.
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1Ivan Čík (1st year),

Supervisor: 2Marián MACH

1,2Dept. Cybernetics and Artificial Intelligence, FEI TU of Košice, Slovak Republic

1ivan.cik@tuke.sk, 2marian.mach@tuke.sk

Abstract—Nowadays, artificial intelligence is a trend that is
used in every application field,e.g. in finance, healthcare, sport,
music, military, and many others. The complexity of the models
has led to certain questions about their explainability. Uncer-
tainty and lack of confidence in model decisions provided the
ground for the emergence of an area of explainable artificial intel-
ligence. The article describes the basic XAI visualization methods
(LRP, Grad-CAM) and experiments with three datasets (Chicago
Face Database, MNIST Database, MNIST-Fashion dataset).
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I. INTRODUCTION

The increase in computational power has allowed the

emergence of a sub-area of artificial intelligence called deep

learning and we also achieved super performance in many

tasks that were previously thought to be computationally

unattainable [1]. Machine learning models for solving complex

tasks often have several million parameters, which becomes

incomprehensible to the human user. Lack of transparency and

interpretability is the issue with many state-of-the-art models.

In some cases, it would be unbearable for us to know what

is happening in these algorithms, such as medical diagnosis,

where a confidence criterion is a basis for a model decision.

The key solution would be to know why the algorithm output is

as trustworthy as obtaining this information would not reduce

the performance of the algorithm. Due to these problems,

explainable artificial intelligence (XAI) has become an area

of interest in the research community. This article describes

visualization methods that explain through backpropagation:

Layer-Wise Relevance (LRP [2]), Gradient-weighted Class

Activation Mapping(Grad-CAM [3]).

II. VISUALIZATION BACK-PROPAGATION BASED METHODS

The output from the XAI visualization method is the

identification of areas (pixels at the input, features, or areas)

from the input that significantly affect the outputs of the

model (e.g., saliency maps). The principle is to visualize the

relevance/saliency of a feature based on the volume gradient

that has passed across the layers of neural networks during

training (evaluated from output to input). The basic approach

is to visualize the partial derivation of the network output

w.r.t. each input feature (e.g.,, the task of recognizing activity,

particularly in football, may have high relevance to pixels

representing the ball and CNN players, which may mean that

CNN’s decision is sensitive to the presence of the ball in the

image) [4].

A. Grad-CAM

The gradient-based interpretability method uses the reverse

transmission of information in the neural network to under-

stand the influence of neurons and the correlation between

input x and output y. Gradient-weighted Class Activation

Mapping(Grad-CAM) method [3] is a class-discriminative

attribution technique used to distinguish the neuronal activity

of CNN network neurons. Grad-CAM uses the gradients of

any class-specific image that flows into the final convolutional

layer to generate a map, highlighting the important areas in

the image which contributed to particular model output.

B. LRP

LRP method explains deep neural network prediction and

is one of the relevance propagation methods so that the

prediction propagates backward without the use of gradients.

The algorithm starts from the output layer L of the deep neural

network, and then moves in the opposite direction in the graph,

gradually redistributing the prediction score until the input is

reached. Each neuron receives a share in the output of the

network and further redistributes it to its predecessors in the

same amount until the input variables are reached [5], [6].

LRP is a method of identifying important pixels by inverting

a neural network. The reverse pass is a conservative redistribu-

tion process, in which the neurons that contribute the most to

the previous layer are the most important. Mathematically, it

redistributes the prediction f(x) backward, using redistribution

rules, until it assigns a relevance score Ri to each variable. An

important feature of the redistribution process is called global

conservation property and is given as:
∑

i

Ri = ... =
∑

j

Rj =
∑

k

Rk = ... = f(x) (1)

The described property says that in each step of the redistri-

bution process the overall relevance is maintained.

III. CONVOLUTIONAL NEURAL NETWORKS

Convolutional neural networks have achieved tremendous

success on many different learning tasks (in some they have

performed poorly than humans, but there are also cases

where they have achieved the same or even better perfor-

mance), including image recognition [7], [8]. Compared to

other computer vision methods, they can be trained fully

autonomously with only little pre-processing. The ability to

allocate computational processes to a graphics processing
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unit has accelerated the training process and brought an

explosion of use due to a speed-up in training time through

parallelization. Convolutional Neural Network architectures

are providing good performance on various tasks such as

object detection, face recognition, and more. In [9], concluded

that with careful scaling of the model (model depth, width, and

resolution) we can effectively fine-tune the model to achieve

better performance.

IV. EXPERIMENTS

A. Grad-CAM Experiments

A group of scientists in the field of psychology and the

study of emotions has compiled the Chicago Face Database

[10]. It is a freely available database consisting of high-

resolution, standardized photos of 158 subjects of various

ethnicity aged 17 to 65 years, expressing different emotions.

Each face in the database had one expression among five:

neutral, angry, fearful, happy with mouth closed, happy

with mouth opened. The neural network that was used in

experiments in itself was made of 5 layers. The first 3 layers

are intertwined convolution layers and batch normalization

layers. The convolution layers let the network pick out features

from the picture, and each batch normalization keeps the

values in ranges that let the network reach useful conclusions

followed by a concatenate pooling layers: one is a maximum

pooling, the second an average pooling. Finally, the last 2

layers are fully dense layers used for the classification of

features learned by the convolutions. For the training of the

network, a learning rate of 0.001 was chosen after some trial

and error. Adam [11] was used as optimizer. The final accuracy

acquired on the validation dataset was of around 65% across

5 different run. To add a measure of understanding to the

artificial neural network, we decided to add a visualization of

the areas that hold high importance in the decision process

of the neural network. To accomplish that, we relied on the

Gradient-weighted Class Activation Mapping(Grad-CAM).

Fig. 1. Output of Grad-CAM on facial expression with Neutral Emotion.
Note that the pixels that were crucial in recognizing the emotion are mostly
allocated to the hair, and we would rather expect it to be on the face.

The GRAD-CAM method did not add much insight into the

process of the artificial neural network either. The method that

would display this information as heat maps over the images.

The result of Grad-CAM (see Figure 1) of that endeavor is

something that we were not expecting: the heat-map displays

the hair as being the highest importance for the network, with

the facial features coming after in intensity. As an output, we

would expect the class-discriminative localization map to be

located mainly in the facial area, as we trained our network

to recognize emotions using facial expression.

B. LRP Experiments

Our goal was to interpret the outputs from neural networks.

We tried to identify which areas were crucial for classification

at the input. Subsequently, we tried to create a cumulative

map for the whole group of inputs (class) and not just for

one specific input. We have used the specific ǫ-LRP method.

In our experiments, we used the well-known MNIST dataset

[12], which consists of handwritten numbers from 0 to 9, so

it contains 10 classes. Images measure 28 x 28 x 1 pixels.

The dataset contains 60,000 training and 10,000 test images.

The neural network model had 2 hidden layers, each with

256 neurons. On testing dataset, we achieved an accuracy of

96.75%.

Fig. 2. Visualization of output and heatmap by ǫ-LRP method. The value
of red pixels is positive, or blue if their value is negative. The intensity of
the color depends on the distance of value from zero. Dark red pixels had the
greatest influence on the neural network decision when choosing a class. [13]

For further experiments with this method, we decided to

use a more complex dataset. We used the MNIST-Fashion

dataset[14], which has 10 classes, each class including a

certain type of clothing (T-Shirt/Top, Trouser, Pullover, Dress,

Coat, Sandals, Shirt, Sneaker, Bag, and Ankle boots). The

amount of data, architecture, number of epochs, and all

parameter settings for training remained the same as in the first

experiment, but the accuracy was 86.14%, which was caused

by the higher complexity of the MNIST-fashion dataset.

First, we took all the test images that belong to the "Coat"

class. For each image in this class, we used the LRP method

and added the individual values at the same positions, and then

divided them by the number of images.

Fig. 3. Cumulative heatmap of the "Coats" class.

The output is the average heatmap for a given class, which

should visualize which area of the image most influences

the classification decision for a given class in general. The

problem of misclassification comes when we have similar

heatmaps for two classes, e.g. dog breed. If our accuracy is not

high enough, we would look at classes that have very similar

cumulative heatmaps, and in the training pictures, we would

try to cover the areas on which they learn. In this way, we

could get our model to consider other areas than identifying

the class.
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V. CONCLUSION AND FUTURE PLAN

Analysis showed that it did so by focusing on parts of

the images that are not so important. This mainly shows that

our networks try to identify patterns that are not important.

Another hypothesis and more probable is that the network

identified and learned a bias present in the data that the annota-

tor nor we humans did not identify. Such bias generally harms

the performance of Deep Neural Networks when used in a real-

world application. Therefore choosing the right dataset and

transformation is useful for DNN networks to properly learn

the foreground pattern. In future works, we will investigate

models trained on wild datasets. Our goal is to increase the

generalization of CNN so that the classification is not sensitive

to random features that do not actually describe the object.

Here are two scientific goals we want to address in further

research:

• Introduction of a metric for measuring the quality of

the CNN model. By comparing the class activation map

(evaluated on different visualization XAI approaches, see

Figure 1) and segmentation of an object from an image,

we can identify whether the model focuses on the correct

parts of the image. By using the proper loss function, we

should be able to maintain the model in the areas that

matter by punishing neurons that should not be activated

highly. This can lead to improvement of the developer’s

understanding of CNN model behavior and potentially

increasing CNN model performance in terms of accuracy

and resilience to background change.

• Introduction of similarity or difference of data points to

other classes, what can be the source for later expla-

nation. By obtaining a description of data points based

on the calculation of the distance between data points

and centroids of other clusters or cluster edges before

the classification layer in the model. Let’s have a trained

CNN model f for object recognition. By removing this

fully connected layer and then applying clustering, we

would like to split the individual inputs into clusters.

The number of clusters is equal to the number of classes

of recognized objects. Subsequently, we would like to

calculate the distance to the centroids of another class or

to the boundaries of the second cluster for a given input

and thus introduce a similarity metric. We would also use

these distance values with the input image as input data

for the classification part of the model. Decision support

and possible acquisition of new knowledge about data.

Increase end-user trust in model outputs. Promoting an

understanding of how the model works by describing the

distance between objects. Gaining new knowledge and

insights into the model. Improving the explanation.
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Abstract— The article provides a comprehensive view of the 

topologies used to create multiport converters. The main 
advantages of multiport converters are their ability to integrate 
different energy sources and to adapt the characteristics of the 
consumed or supplied energy to these sources. By characteristic 
is meant, for example, MPPT (Maximum Power Point Tracking) 
for PV (photovoltaic), or battery charging characteristic. 
 
Keywords—renewable energy source, hybrid vehicle, electric 

vehicle, power converter, multiport power converter 
 

I. INTRODUCTION 

Nowadays, we are increasingly confronted with a trend of 
reducing emissions, especially CO2. These emissions are 
produced by cars, trucks, ships, or aircrafts. Internal 
combustion engines belong to the largest producers of 
emissions in transport. Emissions are also produced by big 
electricity producers such as coal-fired power plants. There 
are several ways how CO2 emissions can be reduced from 
transport. These ways are represented by hybrid, plug-in 
hybrid, and electric vehicles, which make a major contribution 
to reducing CO2 emissions. Emissions reductions can also be 
achieved in coal-fired power plants. They are being replaced 
by renewable energy sources. The most common renewable 
energy sources are photovoltaic panels, wind turbines, fuel 
cells, etc. 

All types of energy converters in these devices have one 
thing in common - DC/DC or DC/AC power converters, 
which connect multiple power sources to multiple loads. 
These converters connect sources and loads with different 
voltage levels. To make a system powered by a renewable 
source useful, it is necessary to ensure the lowest possible 
losses in the transfer of energy between sources and loads and 
as few conversion steps as possible. Most frequently used 
topology uses one common bus with a defined voltage and 
several DC/DC or DC/AC converters. However, this topology 
has number of disadvantages, for example many steps of 
energy conversions, which reduces the efficiency of the 
system. Using multiple DC/DC or DC/AC converters, the 
dimensions of all system, as well as financial costs, increase 
and power density decrease. To improve the overall efficiency 
of the system and reduce the number of energy conversions, 
systems with a common bus began to be replaced by multiport 
power converters. In part II. the topologies of converters used 
in renewable energy sources will be described. In part III. the 
topologies used in multiport converters will be described and 
part IV will summarize the findings from the described 
topologies and the direction of further research. 

II. POWER CONVERTERS FOR RENEWABLE ENERGY 
SOURCES 

Many different power converter topologies, which include 
PV (photovoltaic) and ES (Energy Storage) systems, were 
introduced in [1] – [5]. Fig. 1 shows four dominant power 
converter topologies used today for renewable energy sources. 
The most widely used topology includes separate DC/DC 
converters for RES (Renewable Energy Source) and ES 
(Energy Storage) systems, which convert power to a common 
DC bus. This topology is shown in Fig. 1 (a). The DC/DC 
converter that control charging and discharging the battery 
must be bidirectional. In the next step, the energy from the DC 
bus is transformed by a DC/AC power converter to AC line.  
The second most popular topology is the topology with an 
integrated battery on the DC bus, which is demonstrated in 
Fig. 1 (b). In this way, the simplification of the whole system 
can be achieved by reducing the number of power converters. 
Another topology (Fig. 1 (c)) uses the same number of power 
converters as the first mentioned topology, but the battery is 
connected on the AC line side through DC/AC converter. 
Thus, this topology contains two DC/AC converters, while the 
DC/AC converter for the battery is bidirectional. Each of the 
mentioned topologies has its advantages as well as 
disadvantages. In comparison, we will consider a system that 
has a renewable energy source at the input, represented by a 
photovoltaic panel, and a battery will serve as energy storage. 
This system will be further connected to the load and to the 
AC line using a DC/AC converter. The topology in Fig. 1 (a) 
is suitable for batteries with lower voltage, where the DC/DC 
converter for the battery adjusts the voltage level of the 
battery to voltage level of DC bus. For the topologies shown 
in Fig. 1 (b) and Fig. 1 (c) it is better to use a battery with a 
higher voltage, due to voltage compatibility with the AC line.  

In practice, for the topology in Fig. 1 (b) it is necessary to 
add a relays or switches that will control the flow of energy 
from PV to the battery or from PV to the AC line. Because the 
battery in this topology is connected directly to the DC bus, 
depending on the state of charge (SOC) of the battery and the 
DC bus voltage, the DC/AC converter must be controlled to 
maintain synchronization with the AC line. The converter 
topology shown in Fig. 1 (d) solves many of the shortcomings 
of the converters mentioned so far. This system includes a 
multiport converter and is much more flexible. Topology uses 
fewer converters to achieve the same performance as the 
topologies before. Thus, the multiport converter will ensure a 
higher power density of the entire system and increase its 
efficiency. The multiport converter, unlike previous simple 
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topologies, requires fewer conversion steps to achieve the 
desired voltage conversion. 

  

 
Of course, such a multiport converter is more difficult to 

control, but the overall flexibility of the operation of the 
power converter increases. The main goal of multiport 
converters is to integrate several ports into one power 
converter, which will allow energy to flow between the 
connected devices. 

III. MULTIPORT CONVERTER TOPOLOGIES 
Several different topologies of power converters were 

examined for comparison. All examined topologies can be 
divided into two main categories: "non-isolated" and 
"isolated" power converters. Based on the name, isolated 
multiport converter topologies use a transformer with a 
suitable transformation ratio and buck or boost converter. 
Isolated topologies generally offer a greater voltage range and 
flexibility of power flow between ports. Non-isolated 
topologies are more efficient because they do not have any 
transformer losses. 

 
Non-isolated topologies can be divided into three groups: 

1. Combined input/output ports  
2. Magnetic and Capacitive coupled ports 
3. Reconfigurable ports 

 
The topology of the combined input/output ports multiport 

converters is based on a combination of various basic 
converters such as a buck converter, a boost converter, or a 
buck - boost converter. Moreover, complex converters consist 
of a half-bridge or full bridge of transistors. Topologies with 
reconfigurable ports are simpler in construction. This 
topology usually uses one or two converters to connect 
multiple ports between each other. These converters are 

further supplemented by several relays or other switching 
systems for rearranging the topology. Thus, same power 
converter can exchange energy between other ports. The 
topology of the converter using inductive or capacitive 
coupling is based on a combination of inductance or capacitor 
with the basic converters. Magnetic or capacitive coupling 
does not mean galvanic isolation, but elements such as 
inductance and capacitor are used in the converter to increase 
the voltage. This is useful for renewable energy sources and 
battery, where a wider voltage range can be used. 

Like non-isolated topologies, also isolated topologies can 
be divided into three groups: 

1. Two winding transformer coupled ports 
2. Multi winding transformer coupled ports 
3. Multi transformer coupled ports 
 
The first of these topologies uses a single-core, two-

winding transformer, where usually one or more ports are 
combined on the primary or secondary side of the transformer. 
The second topology is used, when three or more ports are 
connected by one multi-winding high-frequency transformer, 
which serves as an isolation for all ports. The third topology 
uses several transformers as the basis of an isolated multiport 
converter. In the following subchapters, the individual 
topologies of non-isolated and isolated converters will be 
discussed in detail. 
 
A. Non-isolated topologies 

 
1) Combined input/output ports: In [7], the authors describe a 
family of non-isolated converters based on buck, boost, and 
buck - boost converters in various combinations. However, 
the use of such converters allows the flow of energy only in 
one direction, respectively to load port. In [6] was showed 
charging and discharging to and from ports of converter based 
on the use of a bidirectional converter. In [7] it was stated that 
a multiport converter could be created using a suitable 
combination of basic converters. In [8], the authors present a 
converter with a cascade boost converter and a bidirectional 
buck converter to create a bidirectional power flow between 
the ports, where the energy storage port is one of the inputs 
and the load is powered from a common DC bus. In [9], a 
very simple multiport converter is introduced. Different power 
sources can be connected to each of its input ports. This is 
achieved by parallel combination of several buck - boost or 
SEPIC converters. However, such a multi-input solution does 
not transfer energy from several sources to the load, because a 
circulating current would be generated in circuit. Because this 
topology is based on a combination of basic converters, not all 
ports will participate in the power flow at the same time. Most 
of these topologies, where basic converters are combined, 
primarily transfer energy between two ports, or between two 
ports and a third port (dual-input or dual-output). For dual 
input or dual output, the coil current is the sum of the currents 
from the two inputs. Depending on the control, one port 
supplies power only for a certain time compared to the other 
port. This is mainly used in PV-battery systems, where the 
battery port is not continuously active. However, these 
topologies also have limitations. It is necessary to block the 
return flow of energy to the PV system and this blocking is 
usually solved by a diode, which, however, causes losses 

 
Fig. 1.  Basic topologies for photovoltaic and energy storage,  

[1], [2], [5]-[27], 
(a) Multi converter topology  

(b) DC link – battery topology  
(c) AC side – battery topology  

(d) Integrated three port converter 
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during normal operation. In [10], a topology is presented, 
where multiple power sources are connected by coils to 
individual half-bridges, which are further connected to a 
common DC bus. Then, the output AC port is powered by the 
DC bus using an inverter and a low-frequency transformer. 
The AC port of the converter is isolated by a transformer from 
all connected sources. However, the renewable energy sources 
not being isolated from each other could cause circuit currents 
between these sources if they worked in parallel on one DC 
bus. In [11] a multiport converter with the possibility of 
connection to an AC line is presented. Its main advantage is 
that it converts energy from the PV panel and battery directly 
into the AC line without isolation between them. The coil or 
capacitor between the DC/DC and DC/AC converters act as a 
connection to the AC line. This allows us to reduce the 
number of steps of conversion. However, the number of active 
elements of the converter is increased, which decreases the 
efficiency of the system. 
 
2) Magnetic and capacitive coupled ports: The authors in [12] 
report non-isolated multiport power converter, which is a 
combination of boost converters. Commonly used coils are 
replaced by coupled coils for higher voltage gain. This 
topology is especially useful for renewable sources with a 
wide voltage range. Active clamp circuit allows soft switching 
and increases performance. In [13], a similar topology is 
presented, where energy from the input ports is transferred to 
the output port by means of a boost converter. A sufficient 
increase in the voltage of the output port is caused by using 
coupled coils. Capacitive coupling is given in [14], where 
multi-input ports are combined with capacitive coupling in 
two steps. Capacitive coupling is based on the principle of a 
charge pump and an increase output voltage is based on the 
number of step-up steps with diodes and capacitors. 
 
3) Reconfigurable ports:  In [15] the three-phase inverter is 
reconfigured into an AC / DC converter to charge the battery 
from the AC line and to charge the battery from the PV panels 
using a three-phase bridge. This topology provides few 
conversion steps and a small number of elements. However, 
the flexibility of these topologies is small because 
reconfiguring the converter to work in other modes is complex 
and requires many switches. Similarly, in [16] and [17], the 
converters can be configured to flow power between multiple 
ports using slow switches such as relays. In [17], three phases 
from a three-phase bridge are converted to one phase using a 
common mode circuit. In this case, it is possible to use less 
switches or relays and increase the efficiency of the system. 
However, the AC output is only single-phase. 
 
B. Isolated topologies 
 
1) Two winding transformer coupled ports: In [18] and [19] 
the authors present topologies that integrate PV, battery and 
load port based on the principle of active clamped forward 
converter. According to [20], for PV applications, two of the 
three converter ports must be controlled independently, 
switches S1 and S2 must also be controlled independently to 
realize port 1 to port 2 power flow. This requirement is 

achieved in Fig. 2 (a) by means of diode D1 and switch S3 
and in Fig. 2 (b) by shorting the switches S3 and S4 on the 
secondary side of transformer. 
 

 

 
After that, the bidirectional port allows current to flow from 

and to the port, while switches S1 or S2 are on. When switch 
S3 is on, the current is zero. In this way, it is possible to 
influence the output power over time. Although, power 
conversion between the three ports is possible, the flow of 
power to and from the bidirectional port is difficult to 
implement. The topology given in [21] consists of ports 
connected in cascade at the input of the bridge converter on 
the primary side of the transformer. In [22], the third port was 
combined using boost converter on the secondary side of the 
transformer of the half-bridge converter. Topology with 
increasing voltage on the primary side of the transformer was 
presented in [23] and [24]. The topology in [24] uses fewer 
active elements than the topology in [23], so converter is 
cheaper. However, the topology in [23] allows better control 
options. In [25], the author describes two dual boost 
converters coupled to transformers with two windings. There 
are four different ports available in this topology, all of them 
can be bidirectional. The main advantage of this topology is 
its flexibility.  
 
2) Multi-winding transformer coupled ports: Another type of 
isolated multiport converters are converters using multi-
winding transformers. These transformers provide isolated 
power transfer between all ports and typically include half-
bridge [26] or full bridge [27] DC/AC converter topology. 
These topologies allow bidirectional power flow between 
ports. The topology is shown in Fig. 3. In [27], a resonant 
circuit was also included in the multiport converter, which 
allowed to increase the switching frequency and reduced 
losses. In published topologies that uses only half-bridge 
converter only 50% of the duty cycle can be achieved during 
operation. Soft switching in this topology is also difficult to 
achieve. 
 

 
Fig. 2.  Isolated topology with two ports, [18], [20], 

(a) Primary freewheel  
(b) Secondary freewheel  
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IV. CONCLUSION 
Multiport converters have an advantage over conventional 

structures mainly in the number of used elements in 
converters and in the number of conversion steps. Also, losses 
are lower, because these converters combine and share some 
elements, such as high-frequency transformers between the 
converter ports. However, multiport converters are more 
complex and therefore their control is more difficult. In our 

further research, we will focus on isolated multiport 
converters with a high degree of modularity. This means that 
topologies, where a design intervention in the transformer is 
required, are not suitable for us. These topologies include 
converters with multi-winding transformers that are designed 
for a specific application. Although, the removal of the 
winding from the transformer core is not complicated, the 
resulting air gap will reduce the efficiency of the transformer. 
By adding additional windings, we can encounter a design 
limitation of the transformer core. Therefore, when the 
number of ports in a such multiport converter is changed, the 
transformer should be replaced. In our further research, we 
will focus exclusively on multiport converters with several 
double-winding transformers with secondary windings 
connected in parallel. In addition to high modularity, low 
weight must be guaranteed, which can be achieved by using 
the planar transformers with low losses and high heat 
dissipation. In the multiport converter designed in this way, 
we will focus mainly on the possibilities of its control. 
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changing the power of one of the ports, and changing the type
Modularity can include changing the number of ports,
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Abstract—This paper summarizes the past year’s increment in
our research of generative enhancement of 3D image classifiers.
Three major contributions are presented: generative enhance-
ment of the VoxNet classifier, evaluation of the training set
size effect on the accuracy of classifiers and their generative
variants, and evaluation of generative enhancement under real-
world conditions.
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I. INTRODUCTION

Our research focuses on the application of generative mod-

eling in the classification of 3D images. The success of

generative classifiers in various public datasets motivated us

to investigate this area and the effect of generative model-

ing on classification performance. Close competition between

generative and non-generative classifiers suggests that both

approaches have their respective strengths and are both worthy

of pursuit. We also realized that under some conditions, these

two methods of building classifiers are not mutually exclusive

and there exists a potential to combine their strengths. The

problems, that the generative approach attempts to solve,

are low classification accuracy and generalization ability of

existing classifiers. Especially in the domain of 3D classifica-

tion, where the abundance of training data is not common,

the augmentative powers of generative modeling could aid

in achieving high accuracy. This motivated us to design

the methodology of generative enhancement of 3D image

classifiers. The methodology defines the process of synthesis

of novel generative classifiers from existing non-generative

classifiers by embedding them in a generative architecture.

II. INITIAL STATUS

The proposed methodology has been published in MDPI
Applied Sciences [1]. It consists of three steps: designing a

compatible generator, modifying the classifier to discriminate

fake and real samples, and updating the training loop to contain

adversarial optimization. Several experiments evauluating the

effects of the methodology have been conducted and published

in the article. In the experiments we applied the methodology

to a simple 3D convolutional classifier labeled CNN (Convo-

lutional Neural Network) and comparing its original accuracy

and precision with the resulting generative classifier labeled

CGAN (Conditional Generative Adversarial Network). Output

of the trained generator is shown in Fig. 1.

TABLE I: Accuracy and precision of classifiers (ModelNet10)

Accuracy [%] mAP [%] Rel. accuracy [%]

CNN 83.04 83.75 100.00
augCNN 84.58 86.31 101.85
CGAN 89.21 89.18 107.43

VoxNet 85.79 89.10 100.00
augVoxNet 87.00 89.53 101.41
genVoxNet 87.67 90.21 102.19

The results show a 7.43% improvement of accuracy without

any adverse computational impact on the inference perfor-

mance. The augmented variant labeled augCNN (augmented

CNN; trained on both training set and generator output),

achieved lower (1.85%) performance increase, which suggests

the benefit of the generative enhancement is not caused solely

by the augmentative effect of the generator.

III. CURRENT RESEARCH

In the past year, we examined the effects of the methodology

on an already existing 3D image classifier—VoxNet [2]. We

also performed experiments to verify the idea, that the gen-

erative enhancement can improve the generalization potential

of the original classifier. Additionally, a rotary 3D scanner has

been designed and constructed to evaluate the viability of the

methodology under real-world conditions.

A. Generative enhancement of the VoxNet classifier

VoxNet is a 3D voxel-based convolutional classifer [2]. We

applied the proposed methodology by inserting the VoxNet

classifier into a GAN-like generative network. Since the format

of the input is similar to the classifier in our previous experi-

ment, we could reuse the generator. The classifier itself and the

training loop have been adjusted according to the methodology

process. The resulting generative modification (genVoxNet)

has been evaluated on the ModelNet10 dataset [3], along

with the original and the augmented variant (augVoxNet),

calculating both accuracy and mean average precision. The

results, together with the first experiment (CGAN), are shown

in Table I. The relative accuracy column shows the difference

from the original classifier.

The same trend can be seen in these results as in the

previous experiment. Both augmented and generative vari-

ants outperform the original classifier, whereas the generative

network achieves maximum accuracy. Again, the augmented

version shows some improvement, however not as significant
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Fig. 1: Output of the conditional gen-

erator. The class condition vector has

been constructed so that the rows con-

tain examples from these classes (top to

bottom): toilet, bed, chair, sofa. The first

column contains a random example from

the training set.
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Fig. 2: Classification accuracy of the

compared classifiers trained on various

sizes of the original ModelNet10 training

set.

Fig. 3: Photograph of the constructed

rotary 3D scanner. The left side shows

a 2D camera (PS3 Eye) with a mounted

line laser and an LED strip. The other

side contains the rotary table driven by

a stepper motor.

as the generative classifier. This supports the conclusion of the

first (CGAN) experiment. While the improvement in accuracy

is slightly lower for VoxNet (2.19% vs 7.43% in the first

experiment), it still shows viability and provides benefit for

this network.

B. Training set size impact on accuracy

Further evaluation of the original and modified classifiers

has been performed to measure the effect of smaller training

sets on their performance. We expected that the generative

enhancement would improve the classifier’s generalization

ability, which could increase its performance when trained on

less data. Therefore, we designed an experiment, where the

classifiers are trained on several training subsets of varying

sizes and then validated on the complete testing set. The results

are shown as plots in Fig. 2.

In almost all instances, these results show, that the genera-

tive enhancement increases the classification accuracy and also

slightly diminishes the decline of accuracy when shrinking the

set of training data. One anomaly is observed with VoxNet and

genVoxNet classifiers trained on 50% subset of the training

set. This can likely be attributed to that particular selection

of training examples which adversely affects the performance

of the generative modification while boosting the original

classifier. Nevertheless, it shows that in some rare situations,

the generative enhancement can be to the detriment of the

classification performance.

C. Rotary 3D scanner – real-world evaluation

To evaluate the viability of the methodology under physical

conditions, we designed and built a rotary 3D scanner to scan

physical objects and create a real-world validation dataset.

This scanner consists of a rotary table driven by a stepper mo-

tor, a 2D camera with an LED light and a line laser attached,

and an Arduino microcontroller, serving as a communication

interface with a PC. A photograph of the assembled device

is shown in Fig. 3. The 3D scanning is based on the laser

triangulation technique, gathering multiple 3D profiles of the

scanned object and collecting them into a single point cloud.

Cropped and filtered point cloud is converted into a voxel grid.

10 models from the ModelNet dataset have been 3D printed

and scanned with the constructed 3D scanner. The resulting

set of voxel models was then classified by CNN and VoxNet

classifiers along with their augmented and generative variants.

Original and augmented classifiers misclassified 1 out of 10

examples, while both generative variants achieved perfect ac-

curacy. Due to the limited number of samples, it is not possible

to draw a general conclusion, however, as the observed trend is

in line with previous experiments, it looks like the mechanism

of knowledge transfer between the generator and the classifier

manifests itself even under real-world conditions.

IV. CONCLUSION AND FUTURE WORK

In the presented research, we produced further results

supporting the potential of the proposed methodology for

generative enhancement of 3D image classifiers. Future re-

search could continue on both theoretical and practical levels.

In theory, it would be beneficial to investigate the concrete

mechanism of the generative feature knowledge transfer from

the generator to the classifier and how those features aid the

classifier during validation. On a more practical level, other ap-

plications of the proposed methodology could be investigated,

considering more complicated classifier architectures.
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Abstract—A new experimental method for the study of single 

domain wall dynamics in bistable microwires is presented. It 

enables new possibilities for experimenting with a single magnetic 

domain wall moving in an inhomogeneous magnetic field. The first 

experimental results indicate changes in basic dynamic 

parameters of the domain wall passing through the region of rapid 

change of magnetic field.   
 

Keywords— amorphous microwire, domain wall, 

inhomogeneous field 

I. INTRODUCTION 

Amorphous ferromagnetic glass-coated microwires with 

positive magnetostriction exhibit specific properties that attract 

attention from theoretical and application points of view [1-4]. 

They are prepared by Taylor-Ulitovski method [4-6], which 

provides a microwire in as quenched state with characteristic 

mechanical stress distribution [7]. This stress distribution 

combined with the magnitude and sign of magnetostriction 

cause a typical domain structure to create. The domain structure 

of an amorphous glass-coated microwire with positive 

magnetostriction consists of an axially-magnetized core with 

radial domains in the outer shell, while most of the volume is 

occupied by the axially-magnetized core [8]. A closure domain 

structure is formed at the microwire ends due to a stray field. 

The hysteresis loop of these microwires is rectangular. That is 

caused by a characteristic type of magnetization reversal which 

starts with the release of a single domain wall (DW) from the 

microwire end, and then propagates along the microwire as a 

large Barkhausen jump. Using various experiments, the 

dynamics of a single DW can be studied.  

Most of these works deal with DWs, which propagate in 

constant homogeneous magnetic field. So far, this type of 

material has not received much attention to the study of DW 

dynamics in an inhomogeneous magnetic field. One type of 

experiment which makes it possible to study this problem by 

trapping and injecting single DWs in magnetic wire by local 

fields, was presented in [9]. Another experiment [10], is based 

on trapping DW in a local artificial potential well with 

controlled shape and subsequently the conditions for releasing 

the wall from this well were studied. 

In this work we present a new experimental method for the 

study of single DW dynamics in bistable microwires in an 

inhomogeneous magnetic field. Results of experiment are also 

discussed. 

II. EXPERIMENTAL 

Amorphous glass-coated Fe77.5Si15B7.5 microwire with 

positive magnetostriction and unidirectional effect, prepared by 

means of the Taylor-Ulitovski method, was used in the 

experiment. The length of the sample used was 12.5 cm with a 

metallic core radius of 7.5 µm and glass coating thickness of 
7.5 µm. 

We consider experiment schematically depicted in Fig.1. 

The bistable microwire is placed in two coaxial magnetizing 

coils. The first one is a long solenoid (So) and the second one 

is long and thin solenoid (So1). The region close to the end of 

the solenoid So1 is a source of inhomogeneous magnetic field. 

Solenoid So creates the field 𝐻 and solenoid So1 creates the 

field 𝐻1. Pick-up coil with regularly wounded turns (PuC) is 

used to monitor movement of a single DW along the microwire.  

 

Fig. 1 Experimental set-up 

If a single DW propagates along the microwire the equation of 

motion of this wall is 𝑚 𝑑𝑣𝑑𝑡 = 2𝜇0𝑀𝑠[𝐻 + 𝐻1(𝑥) − 𝐻0]𝐴⊥ − 𝛽𝑣,                     (1) 

where 𝑚, 𝑣 are inertial mass and velocity of the wall, 

respectively, 𝛽 is damping coefficient, 𝐴⊥ is area of projection 

of the wall to the microwire cross-sectional plane, 𝑀𝑠 is 

saturation magnetization and 𝐻0 coercive field which we will 

consider constant and small in further calculations. 

For constant homogeneous field 𝐻 and for 𝐻1 = 0 Eq. 1 has a 

form 0 = 2𝜇0𝑀𝑠(𝐻 − 𝐻0)𝐴⊥ − 𝛽𝑣                                                    (2) 

After simple rearrangement 𝑣 = 2𝜇0𝑀𝑠𝐴⊥𝛽 (𝐻 − 𝐻0) = 𝑆(𝐻 − 𝐻0)                                    (3) 

where 𝑆 = 2𝜇0𝑀𝑠𝐴⊥𝛽  is wall mobility. This quantity can be 

determined from experimental 𝑣(𝐻) dependence. 

Using wall mobility and after simple rearrangement the Eq.1 

can be written in the form 
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𝑑𝑣2𝑑𝑥 = 4𝜇0𝑀𝑠𝐴⊥𝑚 [𝐻 + 𝐻1(𝑥) − 𝐻0(𝑥) − 𝑣𝑆 ]                       (4) 

After substitution 𝑦 = 𝑣2 𝑑𝑦𝑑𝑥 = 4𝜇0𝑀𝑠𝐴⊥𝑚 [𝐻 + 𝐻1(𝑥) − 𝐻0(𝑥) − √𝑦𝑆  ]                        (5) 

If we put 𝑥 = 0 at the right end of solenoid So1 the field 

produced by this solenoid can be expressed as 𝐻1 = 𝐼 𝑧4𝑙 [ 𝑥√𝑅2 + 𝑥2 + 2𝑙 − 𝑥√𝑅2 + (2𝑙 − 𝑥)2]                           (6) 

Typically experimental 𝑣(𝐻) dependences are not linear 

(Fig.2) as it is predicted by Eq. 3 if wall mobility is considered 

a constant parameter. Moreover in many cases the value of the 

field 𝐻0 derived by extrapolation of experimental 𝑣(𝐻) 

dependences is negative. All these facts indicate that wall 

mobility has to be considered as dependent on applied field (or 

wall velocity). The reason can be changes in wall 

dimension/shape in different applied fields [11]. There are two 

parameters in Eq. 5 which can change as the wall changes its 

dimension/shape. The first one, already mentioned, is wall 

mobility 𝑆 and the second one is wall inertial mass 𝑚. Wall 

mobility versus applied field (𝑆(𝐻)) dependence can be 

determined from experimental 𝑣(𝐻) dependence using Eq. 3.: 𝑆(𝐻) = 𝑣𝐻 − 𝐻0                                                                             (7) 

Value of the field 𝐻0 in Eq. 7 can be guessed from low field 

measurement of 𝑣(𝐻) dependences and in many cases it can be 

neglected for high field regions. Wall mobility expressed by 

Eq. 7 can be also expressed as a function of wall velocity and 

the function 
1𝑆 (𝑣) = 1𝑆 (𝑦) can be substituted in the right side of 

Eq. 5. To predict changes in DW mass is very complex task. 

Probably the simplest approach can be based on the following 

idea. Shortening of the wall results in the decrease of both wall 

mobility and wall mass. So as a first approximation the 

relation 1𝑚 (𝑣)   ~   1𝑆 (𝑣) can be considered.  

Typical 𝑣(𝐻) dependences for a sample with unidirectional 

effect are shown in Fig. 2. 

 
Fig. 2 Velocity versus magnitude of the applied field for sample with 

unidirectional effect (fast wall 𝑣𝐴𝐵2, slow wall 𝑣𝐴𝐵1). DW propagates along the 

same path and in the same direction (where indexes A, B correspond to the ends 

of the sample) but it is driven by opposite field. 

As can be seen in Fig. 3, the jump in velocity appears when the 

DW propagates through the region of rapid change of the 

magnetic field. If the DW propagates in homogeneous field, its 

velocity is approximately constant. When the DW propagates 

through the region of inhomogeneous magnetic field (jump), it 

is forced to change its parameters in very short time. Our 

hypothesis is, that DW can not accommodate to such rapid 

change immediately. So, gradual adjusting of parameters of the 

DW is assumed. From further analysis of measured data we 

should be able to provide information about changes in the DW 

mobility or DW inertial mass and consequently deduce 

properties of the DW geometry and inertial properties 

(relaxation time, distance etc.).  

Fig. 3 Position dependencies of DW velocities for DW propagating in 

homogeneous field (empty symbols) and for DW, that propagates in 

inhomogeneous field jump from 70A/m to 510 A/m (full symbols). 
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Abstract—This paper is a summarization of the last year of post 

gradual study. This paper is focused on lamination of multilayer 

PCBs. Substrate material with low Tg as well as substrate material 

with high Tg were used. Coefficient of thermal expansion is one of 

the key parameters and it is very important for the stability of 

substrates for embedding components. Thermo-mechanical 

analyses was used for determination of the coefficient of thermal 

expansion of used substrates This paper analyses thermal 

properties of low Tg and high Tg substrate materials, which can be 

used for creating multilayer PCBs with embedded components 

realized by face-down technology. 

 

Keywords—embedded components, prepreg, multilayer PCBs,   

I. INTRODUCTION 

Development of electronics is putting pressure on designers 

to place more electronic components on the small Printed 

Circuit Boards (PCBs). Miniaturization of PCBs based on the 

reducing trace width, isolation gaps, or the dimensions of  

components packages is reaching its physical limits. 

Embedding components into substrate opens the door to new 

opportunities in miniaturization of electronic devices. 

Embedded components may slightly increase the thickness of 

PCB but allow marked reduction of PCB area. Furthermore, 

embedded components can improve electrical properties or 

reliability of PCBs [1, 2, 3]. 

Electronic components can be embedded by many 

technological processes. Embedded components can be created 

as planar resistor or capacitors, electronic components in 

Surface Mount Device (SMD) package or even unpackaged 

chips. There are a few different technologies for embedding 

components which are using different technological steps [1, 

3].  

Face-down technology represents a new technology that has 

the advantage of miniaturizing of the PCBs dimensions and 

improving the electrical performances. Principle of application 

this technology lies in thermal curing procedure of B-stage 

reinforced dielectric (multi-ply prepreg) in combination with 

pressure. Different thicknesses, depending on the assumed 

component thickness, can be achieved by two-stage laminating 

several thin layers of prepreg forming the core laminate. 

However, these glass fibre-reinforced composites are not 

resistant to failure risks due to thermo-mechanical loading 

during manufacturing and operation in electronics [4, 5, 6]. 

Before implementing this technology into the mass production, 

it is needed to analyze thermo-mechanical properties of this 

multiply nonstandard laminated epoxy based sandwich 

structure. 

II. LAMINATION OF MULTILAYER PCBS 

This research was focused on thermal properties of substrate 

material, which are used for lamination of multilayer PCBs. 

Laminate materials with low Tg and high Tg as well as prepreg 

materials with low Tg and high Tg were used for this research. 

Basic properties of this materials are in Table 1. 

 
TABLE 1 

BASIC PROPERTIES OF USED MATERIALS [5, 6] 

Type 

Glass 

cloth  

style 

Catalogue  

thickness  

of 1 layer (mm) 

Tg  

(°C) 
Td 

 (°C) 

DE 104 (laminate) 2116 0.565 135 315 

PCL370HR (laminate) 7626 0.565 180 340 

DE 104 (prepreg) 2116 0.105 135 315 

DE 104 (prepreg) 7626 0.197 135 315 

PCL370HR (prepreg) 7626 0.172 180 340 

   

 First step of the two step lamination creates solid structure of 

prepreg layers which can be manipulated or drilled. This 

structure allows realization of vias or holes for embedding of 

components. This approach has big potential for application in 

components embedding by face-down technology. 

 Number of layers was chosen to achieve approximately the 

same thickness of embedded samples. Every prepreg material 

was laminated by one step lamination (samples marked 

as ”A”). Laminate materials and prepreg materials were also 

laminated to sandwich structures (samples marked as ”M”) 
which were laminated by two-step lamination (Table 2). 

 

TABLE 2 

TYPES OF SAMPLES USED IN EXPERIMENT 

Sample Material Layers 
Tg  

(°C) 
Thickness 

(mm) 

L1 DE104 (laminate) 1 135 0.56 

L2 PCL370HR (laminate) 1 180 0.56 

1A DE104 (prepreg 2116) 10 135 1.21 

2A DE104 (prepreg 7626) 6 135 1.27 

3A PCL370HR (prepreg 7626) 6 180 1.36 

M1 Combination of L1 and 1A 10+2 135 2.22 

M2 Combination of L2 and 1A 10+2 135-180 2.44 

M3 Combination of L2 and 3A 6+2 180 2.45 
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Fig. 1 Coefficient of thermal expansion in “Y” direction below and above Tg.

III. THERMAL PROPERTIES OF MULTILAYER PCBS 

TMA was used to characterize linear expansion and 

softening points of materials by applying a constant force to 

a specimen while varying temperature.  From Figure 1 it is 

evident that there are no big differences in the CTE 

(Coefficient of Thermal Expansion) in “Y” direction 
between multi-ply prepreg laminates. Laminate L1 and 

sandwich structure based on low Tg (M1) are characterized 

by the evident difference below and above Tg. The CTE does 

not show a significant difference in the case multilayer 

prepreg laminates whether fine fibers cloth or thicker fiber 

cloth (1A and 2A). 

When using higher Tg based materials, there is no significant 

difference between prepreg laminate and L2 laminate. In the 

case of the sandwich structure M3, the CTE increased 

slightly but there was no significant difference in the CTE 

value in the area below and above the Tg. 

 Irreversible dimensional change of solid samples after 

heating and cooling cycle are in Figure 2. 

 

Fig. 2 Comparison of irreversible dimensional change of sample after 

heating and cooling cycle. 

 The dilatometric analysis shows that the samples exhibit 

at least irreversible dimensional changes – expansion 

(positive change) and shrinkage (negative change) after heat 

loading at 20 °C. The biggest irreversible change of 
expansion was observed at a sandwich structure based on 

low Tg (M1). Sandwich structure based on high Tg (M3) 

reveals the biggest thermal stability because of minimal of 

irreversible elongation (shrinkage). Irreversible dimensional 

changes related to residual stresses and mechanical 

properties. All these properties are time dependent and they 

are related to the history of thermal treatment. We noticed 

visible changes in the sandwich M2 where internal stresses 

(distortion) occurred at the interface of two types of 

materials (low Tg and high Tg) during the heat treatment.  

The result of this is a negative irreversible elongation 

(shrinkage). 

IV. CONCLUSION 

 The sandwich structures meet requirements for advanced 

structural applications in electronics because the possibility 

to eliminate the distortion, suppression of irreversible 

dimensional change and warpage effect. Sandwich structure 

with higher Tg has markedly higher dimensions’ stability 

than sandwich structure with lower Tg. The higher Tg means 

better thermal and dimensional stability of the substrate. 
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Abstract—This article deals with the design and concept of a 

system for optimizing the parameters of a spiral planar coil. Next 

the procedure for obtaining the parameters of the spiral planar 

coil using simulations in the COMSOL Multiphysics program is 

described. A database created in Microsoft Excel software was 

used to store the parameters obtained from the simulation. The 

process of processing data from a database using by MATLAB 

was also described. The last part describes the GUI design created 

in the MATLAB environment. 
 

Keywords—COMSOL Multiphysics, database, Excel, GUI 

design, MATLAB, spiral planar coil.  

 

I. INTRODUCTION 

Today, we encounter a large number of electrical equipment 

every day. They help us to fulfill our work tasks, meet everyday 

needs and make our lives easier in different ways. One of these 

devices is a 3D printer. In recent decades, 3D printing has 

evolved from a sophisticated process that requires expensive 

machines (used only by larger companies) to a significant 

number of relatively inexpensive open-source projects, 

allowing a much wider audience to use this technology. Today, 

an ordinary person can buy a 3D printer, create an object in 

CAD software, or download it from an Internet database, and 

materialize the model in the comfort of their own home with 

their own and inexpensive 3D printer. With the advent of new 

print materials, opportunities to print unprecedented objects 

increase. Developments in the field of electrically conductive 

printing materials with admixtures of graphene, carbon or 

copper open up a wide range of applications in industrial 

electrical engineering. It allows the printing of sensors and 

simpler circuits, it can change the entire standard of electronic 

devices that are now capable of working in three-dimensional 

space instead of conventional PCB [1].  

Given that the coil is an essential part of almost every 

electronic device, we focused on the production of the coil 

using 3D printing using conductive material. Of course, the coil 

can usually be designed in a CAD program and then printed on 

a suitable 3D printer. However, if we need to create multiple 

coils with different parameters and shapes, it is advisable to 

have a system that will make easier this process. On the basis 

of our proposed system, the user will be able to design a 

specific spiral planar coil for a given application in a simpler 

and faster way. We are currently working on creating a system 

that can create a 2D model based on the parameters obtained 

from a large number of simulations and then a 3D model of a 

planar coil of a given shape with exact dimensions. Such a 

model could then be printed directly using a 3D printer. The 

following chapters will briefly describe the system concept and 

GUI design for this system in the MATLAB environment.  

II. THE SYSTEM CONCEPT 

On the Fig. 1 we can see a diagram of a proposed system 

concept using three software.  

 

Fig. 1 The diagram of a proposed system concept 

There are several procedures for calculating the coil 

inductance. In the literature, we can find several analytical 

expressions such as Bryan’s formula, Wheeler’s formula, 
Mohan’s formula etc [2][3]. However, the analytical approach 

may be rather complex and it is sometimes difficult to estimate 

it mainly with increasing complexity of coil geometry. 

Therefore, the use of the finite element method (FEM) is a 

suitable alternative for solving these calculations. There are 

several software that use this method. One of them is a 

simulation software called COMSOL Multiphysics.  

A. COMSOL Multiphysics - simulations 

A large number of simulations are created with COMSOL 

Multiphysics software. With use of to the simulations of 

various spiral planar coils, we calculate the inductance values 

and all the necessary parameters for subsequent processing. 

The Fig. 1 also shows a simulation of a planar spiral coil of 

circular shape [1]. 
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B. Microsoft Excel - create database 

Then the data obtained from the simulations are exported to 

a software called Microsoft Excel. A database of the spiral 

planar coils of different shapes with different parameters will 

be created. This process is shown in the Fig. 1. This database 

still needs to be processed and appropriately implemented with 

next software.  

C.  MATLAB – data evaluation and GUI 

The MATLAB program will be used for subsequent 

processing of data from the MS Excel database. A Graphical 

user interface (GUI) will also be created in this environment. 

The next part of this article will describe the GUI design in 

MATLAB environment [4]. 

III. GRAPHICAL USER INTERFACE 

Graphical user interface was created using by MATLAB 

environment using the App Designer function [4]. On the Fig. 

2 we can see the GUI of the application. 

 

Fig. 2 Graphical user interface created in MATLAB 

The GUI is divided into input and output fields. All panels 

marked in red are used as input parameters. The output 

parameters are displayed in blue panels. The first option in the 

application is to select the desired shape of the spiral planar coil 

named panel Spiral planar coil shape. We have a choice of four 

basic options: circular, square, hexagonal, octagonal. 

Then, the user selects the desired inductance of the coil 

whose parameters he wants to determine. This option is 

selected in a panel called Total inductance. 

Next there is a choice of Material from which the individual 

turns of the coil consist. Copper is used by default. The 

implementation of electrically conductive material intended for 

3D printing is also planned. 

After entering all the necessary parameters, it is necessary to 

press the button called Evaluate. The program then looks for 

the most suitable coil depending on the specified parameters. 

Then, the values of the spiral planar coil are displayed in the 

output part called Geometrical parameters based on the entered 

input parameters. These parameters are: Inner diameter (din), 

Outer diameter (dout), distance between the turns (s), turn width 

(w), turn thickness (h), number of coil turns (N). The individual 

parameters are shown in the Fig. 3. The parameters are shown 

for four shapes of planar spiral coils square, hexagonal, 

octagonal, circular. 

 

Fig. 3 Type of inductor realization: (a) square, (b) hexagonal, (c) octagonal, 

(d) circular [2] 

In the right part of the program called Created coil geometry, 

a coil with the desired shape and parameters is drawn. then this 

coil can be exported in the Export geometry section, as a 2D 

model or as a 3D model in .STL format, which will serve as a 

template for 3D printing of a real spiral planar coil. 

IV. CONCLUSION 

The aim of this article was to bring to the user an application 

that can select the optimal parameters of the coil with respect 

to the required inductance. The user determines what shape of 

the spiral planar coil he requires (circular, square triangular, 

hexagonal), and which inductance the coil wants to achieve, he 

also chooses the maximum and minimum dimensions of the 

coil. After entering the parameters, the program searches the 

database for the most optimal coil for the specified inductance 

and lists the parameters of the coil and also draws its shape. 

Then the program should be able to export a 2D model of the 

drawn coil and also a 3D model of the .STL format. The 3D 

model created in this way could greatly facilitate the production 

of a spiral planar coil with the help of a 3D printer. 

The whole concept described in this article can be improved 

by using COMSOL packages from the LiveLink package, 

namely LiveLink™ for Excel® and LiveLink™ for 
MATLAB®. However to use these features an extended 
version of the license is required for all programs mentioned. 
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Abstract—Normalization techniques play a dominant role in
the training of deep neural networks. It is one of the reasons that
helps deep neural networks achieve better results in those recent
years. It enables the use of higher learning rates and accelerates
the learning process itself. Due to this success, multiple normal-
ization techniques were developed such as Batch Normalization,
layer normalization, Weight normalization, Spectral normaliza-
tion, Instance normalization. However, in a meta-learning setting,
some of those normalization techniques can be ineffective or
go against the meta-learning principle itself. In this paper,
we explore the effect of normalization techniques on different
meta-learning algorithms and review the most commonly used
normalization techniques.

Keywords—Meta-Learning, Few-shot learning, Normalization

I. INTRODUCTION

Deep learning models have achieved state-of-the-art perfor-

mance on visual recognition tasks such as image classifica-

tion. This strong performance, however, relies on abundant

labeled instances with diverse visual variations. The cost of

human annotation as well as the scarcity of the data in

certain applications limit the usability of such a concept.

In contrast when humans learn new skills they rarely start

from scratch. Usually, they start from skills learned from their

past experience in related tasks, reuse approaches that worked

well before, and focus on what is likely worth trying based

on that experience [1]. Consequently with every new skill

learned, learning new skills becomes easier, as it requires fewer

examples and less trial-and-error. We, therefore, leverage our

past experience to learn new expertise; We learn to learn. The

field of meta-learning tries to apply those concepts to Deep

Neural Networks.

Meta-learning algorithms, therefore, aim to learn to perform

a range of tasks, by training on a limited number of tasks. This

allows meta-learning algorithms to learn to learn on its own.

That family of algorithms is commonly used to solve Few-

shot learning problems, where learning to generalize to unseen

classes during training is of prior importance. This is because

of the natural ability of meta-learning algorithms to generalize

the representation of tasks using limited input information.

Consequently, a good meta-learner is capable of adapting

itself to situations previously not encountered during training.

Eventually, the model should be able to accomplish new tasks.

Hence the term, learning to learn. These intended tasks can

range from a wide class of problems which can include super-

vised, unsupervised, or even reinforcement learning [2–7]. A

common point to all kinds of neural networks is the need for

normalization. Normalizing is often applied to the input, but it

also takes place within the network [8]. In this article, we focus

on normalization within the network. Those normalization

techniques are important as it enables the training of neural

networks at a higher speed and achieve higher result [9].

Unfortunately, normalization techniques haven’t been explored

in meta-learning as much as in deep learning.

II. RELATED WORK

Problems of exploding or vanishing gradient in gradient-

based learning are well-known and have normalization has

been shown to provide an efficient way to alleviate such

problems. Understanding whether batch normalization is the

optimal technique is a current challenge not only for the

scientific community in meta learning, but also for the wider

scientific community in low intelligence [10]. Batch Normal-

ization provides a method of normalization at the batch level

that centers and scales through the entire mini-batch by mean

and variance and then rescales the result [9]. Normalization

efficiency can be reduced if the batch size is not appropriate

to support the evaluation of statistics. Batch Renormalization

is introduced in [11], where the proposed solution to solve the

problem of degradation is to adding more learnable parameters

to BN.

Bronskill et al. [12] stated in their research that the hi-

erarchical nature of the meta-learning system raises many

challenges that can make traditional batch normalization in-

effective. In their research, they address the problem of

batch normalization, include the comparison of alternative

approaches for meta-learning scenarios, and present a novel

approach called TASKNORM, which outperforms all common

approaches on 14 datasets.

III. WHY DO WE NEED NORMALIZATION?

Normalization provides multiple benefits to neural network.

In practice, a normalization mechanism aims to normalize

the output of a given layer such that the vanishing gradient

problem can be suppressed and hence to reduce the oscillation

in the output distribution. It reduces the Internal Coviarance

Shift of the neural network [9]. It reduces the Lipschitzness

[13] of the loss and the gradients. It participates to the

regularization of the model.

IV. CURRENT NORMALIZATION TECHNIQUES

Batch Normalization (BN) is a technique that normalizes

the mean and variance of each of the features at every

level of representation during training. The technique involves

normalization of the features across the examples in each

mini-batch. Empirically it stabilize the gradient (less exploding
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or vanishing values) and batch-normalized models appear to

overfit less.

Instance Normalization was first introduced by Ulyanov

et al. [14]. It was specifically tuned for image style transfer.

It is also broadly used in Generative Adversarial Network

architectures.

Layer normalization was introduced by Ba et al. [15]. It

computes the mean and variance used for normalization from

all of the summed inputs to the neurons in a layer on a single

training case. Unlike batch normalization, layer normalization

performs exactly the same computation at training and test

times. The key feature of layer normalization is that it nor-

malizes the inputs across the features. In contrast, in layer

normalization, the statistics are computed across each feature

and are independent of other examples.

Batch renormalization was proposed by Ioffe [11]. Batch

renormalization use a moving average of the mini batch

statistics. This is because a moving average provides a better

estimate of the true mean and variance compared to individual

mini-batches. A downside of this method is that the ability to

back-propagate through those statistics is not tractable.

Unfortunately, batch renormalization’s performance still de-

grades when the batch size decreases (though not as badly as

batch normalization), meaning group normalization still has a

slight advantage in the small batch size regime.

Batch Instance Normalization is an extension of Instance

Normalization. Introduced by Nam and Kim [16], BIN learns

to selectively normalize only disturbing styles while preserving

useful styles. Batch-instance normalization attempts to deal

with this by learning how much style information should be

used for each task and feature map (channel).

In other words, batch-instance normalization is just an

interpolation between batch normalization and instance nor-

malization.

Weight normalization reparameterizes the weights w of

any layer in the neural network. Introduced by Salimans

and Kingma [17], Weight normalization separates the norm

of the weight vector from its direction without reducing

expressiveness. This has a similar effect to dividing the inputs

by the standard deviation in batch normalization.

As for the mean, the authors of the paper proposed using a

method called "mean-only batch normalization" together with

weight normalization. Basically, they subtract out the mean

of the minibatch but do not divide by the standard deviation.

Compared to the standard deviation, the mean apparently has

a "gentler" noise thanks to the law of large numbers, so

weight normalization can still work in settings with a smaller

minibatch size.

Switchable Normalization [18] was the first meta-

normalization techniques. It combines Batch Normalization,

Instance Normalization, Group Normalization and Layer Nor-

malization for each individual layer.

Transductive Normalization

Normalization techniques like Batch Normalization, Layer

Normalization, and Instance Normalization assumes that the

data distributions from the training set will provide appropriate

normalization statistics for the test data. However in meta-

learning, our data are only assumed to satisfy that requirement

within a specific task. Therefore, in Transductive Normaliza-

tion running statistical moment are not used for normalization

at meta-test time, but instead replaced with the support set

statistics. These statistics are used for normalization, both at

meta-train and meta-test time. This approach can be used

with any previously described normalization techniques and

qualified as transductive.

V. DISCUSSION

The neural network used in our experiment is a 4 layers

convolution network as in [19]. The table I shows the resulting

accuracy using different normalization techniques. We see that

Switchable Normalization outperform the other techniques by

a considerable margin. This is explained by the fact that the

network found a specific set of values to weight the individual

normalization techniques. The table II and table III shows the

weight discovered by the network at different depth of the

network for respectively the running mean and the running

variance. We see that those values slightly differ at every

layer. We can argue that those weight are tuned at every task

and make this approach semi-transductive. Semi-transductive

because the running mean, and variance are still computed but

they are weighted properly at every task level.

Method 1-shot 5-way Accuracy

Batch Instance Normalization 0.416000

Batch Normalization 0.430000

Batch Renormalization 0.444000

Instance Normalization 0.460000

Transductive Layer Normalization 0.454000

Switchable Normalization 0.486000

Task Normalization 0.440000

TABLE I
1-SHOT ACCURACY ON MINIIMAGENET AFTER 80K EPISODES.

VI. CONCLUSION AND OUTLOOK

In this work we took a deeper look at normalization

technique for meta-learning. We tested those various normal-

ization under a meta-learning problem. We discovered that

the traditional knowledge of transductive normalization does

not hold under certain condition. We therefore discover that

a semi-transductive approach can work in a meta-learning

setting. In further work, we will propose a generalization of

normalization techniques for meta-learning.
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Abstract—The aim of this paper is to present a newly developed
distributed control system for detectors of the ALICE experiment
at CERN. It also describes the necessity of control system
modeling, before actual deployment. The paper also proposes
model types that can be used to represent individual parts of the
system in order to create a complex system model.
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I. INTRODUCTION

This paper deals with modeling and implementation of Dis-
tributed Control Systems (DiCS), focusing on the development
of the Detector Control System (DCS) of the ALICE (A Large
Ion Collider Experiment) at CERN. It describes part of the
newly developed DCS, that will be deployed at ALICE after
the ongoing upgrade is finished.

The paper also presents the need for DCS modeling and
proposes solution for developing a complex model of the entire
system. The DCS is considered to be a Cyber-Physical System
that can be modeled as a hybrid system, and thus several model
types can be used to represent its behavior.

II. PREVIOUS ANALYSIS AND ACHIEVED RESULTS IN

RESEARCH FIELD

The ALICE is a complex of 18 detectors at the LHC
(Large Hadron Collider) at CERN focused on the study of the
quark-gluon plasma formed by ultrarelativistic collisions of
heavy ions [1]. The safe and stable operation of the individual
detectors, as well as the entire experiment, is ensured by
the DCS. The DCS is a massive DiCS, developed in close
cooperation with individual detectors, as each detector is
unique and has its own requirements for operation. The goal
of the DCS is to control and monitor detectors, as well as
streamline the operation of the experiment in an effort to
reduce detector downtime and maximize the number of readout
channels, including processing and archiving all parameters
needed for effective physical data analysis and reconstruction
of individual collisions.

At the end of 2018, the Run 2 period ended and the LHC
together with all experiments were shut down (LS2) in order
to modernize and maintain the detectors [2]. Completion of
the modernization and the beginning of the Run 3 period
is expected at the end of 2021. Significant modernization of
hardware and software resources during LS2 is taking place
within the ALICE experiment, where the ITS (Inner Tracking
System) detector is undergoing the biggest change since it will

continuous-to-discrete
interface

Continuous dynamics

discrete-to-continuous
interface

Discrete dynamics

Fig. 1. Interconnection of continuous and discrete dynamics of hybrid
systems

be replaced with entirely new detector electronics, e.g. new
Hybrid Integrated Circuit (HIC) containing new generation of
silicon pixel chips. The modernization of individual detectors
requires the development of a new DCS, mainly due to the
large increase in the amount of processed data.

Deployment of a new DCS is a complex task that re-
quires finding a suitable distribution of software and hardware
resources within the control structure of the system. Due
to the size of the DCS, it is necessary to find a balance
between the number of servers used and ensuring the necessary
performance and stability of the entire system. The necessity
of DCS modeling is based on the need to solve this task.

The DCS can be considered a complex Cyber-Physical
System that can be modeled as a hybrid system. Hybrid
systems are dynamic systems whose behavior exhibits both
continuous and discrete dynamics, see Fig. 1. A hybrid system
can have one or more continuous dynamics, which can be
described by differential equations, where we consider the
continuous input u(t) and the continuous output y(t) of the
system. In terms of discrete dynamics of hybrid systems, we
consider the discrete input σ(t) and the discrete output w(t),
whereas their relations can be described by discrete models,
e.g. Finite-State Machines (FSM) or by Petri Nets (PN) [3].

III. SOLVED TASKS AND RESULTS

Although the architecture of DCS of individual detectors
uses the same concept, their structure is slightly different due
to different detector electronics [4]. Fig. 2 shows the DCS
architecture of the ITS detector, which can be divided into
the central DCS system and four individual subsystems, i.e.
frontend system, detector safety system, power system, and
cooling system [5].

The development of new detector electronics brings with it
the need to ensure compatibility with WinCC OA systems of
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Fig. 2. DCS architecture of the ITS detector

the central DCS. The communication interfaces and protocols
used by the new electronics not only differ from detector
to detector, but are also not compatible with the commercial
SCADA system WinCC OA. Instead of developing drivers for
the WinCC OA, the ALFRED (ALICE Low-Level Front End
Device) architecture has been designed, which is implemented
as an additional software layer ensuring compatibility between
custom electronics and SCADA systems [5].

The implemented FRED (Front End Device) server applica-
tion is a key part of the ALFRED architecture of the ALICE
DCS. It provides translation of raw data obtained from detector
electronics into the format of physical quantities, which are
necessary to ensure continuous operation of the detector [6].
It also provides the mechanisms needed to implement detector
monitoring, control, and protection. At the same time, the
FRED is designed so that simpler operations of the detector
can be implemented using configuration files without the
need for any additional programming. The FRED can control
detector electronics using the GBT communication interface,
as well as using the CAN bus backup channel [7].

Modeling of the DCS provides the possibility of optimizing
the proposed system before its deployment. The created model
allows to estimate the duration of individual processes and thus
determine the required number of hardware resources needed
for each subsystem. The proposed methodology for the DCS
modeling uses a combination of PN and FSM discrete models.

PNs are suitable for modeling the lower levels of the DCS,
in particular the ALFRED system in terms of modeling a data
flow within the individual modules of the system. Using PNs,
it is possible to create a model of the ALFRED system at
different levels of abstraction, that can be interconnected hier-
archically, and thus one block of a higher level of abstraction
can represent the entire PN at a lower level of abstraction.

For modeling higher levels of the DCS system, it is more
appropriate to use FSM models, as at the level of the central
DCS system it is necessary to describe states of the electronics
and transitions between them. The employed FSM models
are also hierarchical providing several levels of abstraction
of the entire system, while the individual levels of FSM
models are connected by a strictly defined mechanism, where
commands are sent from higher to lower level and states
are spread in the opposite direction [8]. Fig. 3 shows an
example of the proposed FSM model for the HIC unit of
the ITS detector, where states of the model represent the
real state of the electronics and inputs of the model represent
individual commands from the DCS and events generated by
the electronics.

: enable_monitoring

MONITORING_OFF LV_NOT_CONFIGURED OFF

STANDBY

READY

TRIPPED

: configure_lv

: power_on

: configure

: power_off: interlock

: interlock

: reset

: correct_drop

Fig. 3. FSM model for the HIC unit within the central DCS

IV. FUTURE RESEARCH STEPS

Future research steps will involve the continuation of the de-
velopment of the methodology for modeling large distributed
systems using PN and FSM models. The methodology will be
used to create a complex model of the DCS, that shall be used
to optimize usage of software and hardware resources when
deploying the DCS on the production network. Development
of the FRED will also continue based on new requests from
individual detectors.

V. CONCLUSION

This paper presented an overview of newly developed DCS
at ALICE, as well as proposed an approach for modeling such
a complex system. The proposed methodology can also be
used for modeling DiCS at DCAI, including mobile robotics
applications since the DiCS at DCAI shares the same princi-
ples with the DCS at ALICE.
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Abstract—This paper introduces designed and realized Appli-
cation Specific Integrated Circuit (ASIC) for Ultra-Wideband
(UWB) sensor systems. The presented ASIC circuits represent
front-end circuits and data acquisition and digitalization circuits.
These circuits complement the UWB sensor system and make
it compatible with many applications. There are mentioned
wideband differential amplifiers, wideband directional couplers,
wideband witches, and also application-specific high-speed 7-bit
AD converter. The analog front end circuit can operate up to
15 GHz and the AD converter which is represented as a mixed-
signal circuit is possible to use up to 1.4 GHz sampling frequency.

Keywords—UWB, ADC, ASIC, front-end

I. INTRODUCTION

Nowadays the ultra-wideband (UWB) sensor systems are
smaller and cheaper, which meant an expansion of these
systems in the 21st century. Electronic miniaturization is the
best way to get better, cheaper, and smaller UWB sensors. The
UWB sensors system consists of many types of topologies or
radiated signals. Commonly the most used types are impulse
radars [1], noise radars [2] and FMCW radars [3]. These
UWB sensors systems are perspective in many applications
and they represent part of the category of sensors capable of
non-invasive measurement.

Using non-invasive electromagnetic wave-based measure-
ment it is possible to get information about materials, dimen-
sions, or location of objects or persons. Our research is focused
to design and develop UWB sensors based on M-sequence.
For the last twenty years, several types of M-sequence UWB
sensors have been developed for many applications. It can be
operated at few hundreds of MHz to tens of GHz, depends
on the application used and semiconductor technology. The
M-sequence UWB sensors are used in GPR 1 [4], material
analysis [5], [6], person localization and monitoring their
vital functions [7], sensors for the medical diagnostic [8] or
automotive applications [9].

For each application, the specific hardware is required
with a specifically designed front-end ASCI circuit. As part
of development, the M-sequence UWB sensor transceiver
was designed and implemented, in 0.35 µm semiconductor
technology [10]. This technology represents relatively cheap
semiconductor technology, in comparison with others [11].
The maximum transit frequency of used technology is ft=
65 GHz, which allows the design of the ASIC 2 circuit up

1Ground penetrating radar
2Application Specific Integrated Circuit

to 15 GHz. The designed transmitter can operate at 10 GHz
baseband frequencies, with 6 GHz usable bandwidth. The
implementation of our sensor transmitter to the specific ap-
plications requires numerous types of front-end circuits [12].
Also, the developed UWB transceiver is only analog "head",
therefore digitalization and signal processing are necessary.
For better compatibility and further miniaturization, the design
of front-end circuits in the same or related semiconductor
technology is recommended. In the future, this will allow the
design of the entire system for a specific application on a
single chip, system on chip (SoC), or at least in one package
as a system in package (SiP). What again will reduce the
requirements for PCBs design as well as the cost of the whole
system.

II. FRONT END CIRCUITS

The numerous types of UWB differential amplifiers [13],
[14], the UWB directional couplers [15], also UWB switches
[16] as front-end circuit has been designed. The photography
of designed front-end circuits is shown in Fig. 1. The new
M-sequence UWB sensor transceiver uses for analog and
clock signals differential signaling. In practice, this means a
differential signaling of analog signal or digital communication
has greater resistance to interference. This also has lower
emission to the environment compared to non-differential
signaling, which has a positive effect on the elimination
of crosstalks. The differential amplifiers were designed for
many purposes, for example like receiving amplifier [14],
transmitting amplifiers [17] or special purposes like BalUn
3 or UnBal4.

The differential amplifiers was also designed as part of
active wideband directional coupler. Because it is not possible
to design a perfect amplifier for all applications several types
of amplifiers with various parameters have been designed. It
was necessary to take into account the trade-off requirements.
For example, is not possible to design an amplifier with high
gain and very large bandwidth, one characteristic excludes the
other.

The Cherry-Hooper structure was used as main structure for
these differential amplifiers. It achieves a good relation be-
tween gain and bandwidth in used semiconductor technology.
The amplifiers gain ranges from 8 dB to 20 dB and bandwidth
ranges from 6 Ghz to 12 GHz (-3 dB). The amplifiers have

3BalUn - Balanced to unbalanced
4UnBal - Unbalanced to balanced
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Fig. 1: Several types of designed front-end UWB ASIC circuits
assembled on evaluation PCB boards

different types of inputs with impedance from 50 Ω trough
100 Ω differential up to high impedance around kΩ.

For reflectometer measurement several types of active wide-
band directional couplers have been designed. The couplers
are based on the Wheatstone bridge[18]. The Wheatstone
bridge can represent three-port or four-port configuration of
the directional coupler which belongs to the category of the
resistors coupler. The biggest advantage of resistor directional
coupler is possibility of integration as ASIC and it is possible
to create a very small wideband coupler compared to other
couplers. Also it is possible to create active directional coupler,
with combination of the Wheatstone bridge directional coupler
and differential amplifier. The designed couplers achieve -3 dB
to -10 dB forward insertion loss with 0 dB to 5 dB coupling
factor and the directivity achieves up to 30 dB. The usable
bandwidth of active directional coupler achieves 8 GHz (-
3 dB).

The next category of designed front-end circuits is UWB
switch . It was primarily designed for sensor calibration
unit, but also is possible to use it for switching transmitting
and receiving signals. The switch was also implemented, in
0.35 µm semiconductor technology. It is based on CMOS
switching principle [19]. The switch has been designed in four
port configuration with one common port and three slave ports.
The usable bandwidth of the proposed switch is up to 6-GHz
(-3 dB).

III. DATA ACQUISITION AND DIGITALIZATION CIRCUITS

For digitalization and digital data processing of measured
UWB sensor data, the analog digital converter (ADC) is nec-
essary. The analog transceiver uses the sub-sampling principle
for reducing the sampling speed of the UWB sensor system
[2]. Nevertheless, they still operate at hundreds of MHz . Up
to now, all designed UWB sensors systems used commercially
available AD converters. Besides that, there are more reasons
for developing custom made AD converter design. The naked
die chips of commercial converters are not available in general
for SiP solution and the license of the layout masks of the AD
converter from third parties for SoC solution costs hundreds
of thousands of euros. On the other hand, the price of custom
made application-specific AD converter is significantly lower
and you can also make a design in the same semiconductor
technology as the analog part of the whole UWB sensor for
further SoC solution.

In our case the parallel flash ADC structure has been
chosen for its simple working principle [20]. The parallel flash
ADC topology is the best option to achieve the highest speed
in relatively large semiconductor technology, but its main

Fig. 2: Designed data acquisition board with custom made
ASIC AD converter

disadvantages are large power consumption and large chip
area occupation. The design of the presented AD converter has
been based on the previous 5-bit [21], and 4-bit AD converter
designs [22], [23].

From the requirements of the analog part of the UWB
sensor, the 7-bit Flash AD Converter in 0.35 µm semi-
conductor technology has been designed. Thus in the same
semiconductor technology as analog transceiver. The designed
AD converter assembled on PCB with FPGA module is shown
in Fig.2. The die size is 2x2mm and it was wire-bonded to
QFN48 6x6 mm package. At present, its basic parameters from
measurements are evaluated. The ENOB 5 of proposed AD
converter achieves 6.5-bit at 200 MHz sampling frequency.
The ADC input can process analog signal with bandwidth
up to 500 MHz. The maximum sampling frequency achieves
1.4 GHz. The maximum INL 6 achieves 2 LSB, and maximum
DNL7 is up to 1.5 LSB. The power consumption of proposed
AD converter is 1280 mW at maximum sampling frequency.

IV. CONCLUSION

The many kinds of ASIC circuits for UWB sensor systems
were designed and implemented. For the last few years of de-
velopment, all necessary front-end circuits have been designed.
Namely, there are wideband differential amplifiers, wideband
active directional couplers, 4-bit and 7-bit UWB AD convert-
ers. Also there are few other circuits that have been designed
but they are not presented in this paper, like frequency mixers,
VCO oscillators and binary dividers. Future developments will
be focused on implementing designed circuits into interesting
UWB applications and also developing new ASIC circuits with
better parameters.
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180



Final Proposal on Modeling and Control for

Walking Robots
1Lukáš KOSKA (4th year),

Supervisor: 2Anna JADLOVSKÁ

1,2Dept. of Cybernetics and Artificial Intelligence, FFEI TU of Košice, Slovak Republic

1lukas.koska@tuke.sk, 2anna.jadlovska@tuke.sk
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I. INTRODUCTION

Human walking stands above all of the other forms of

biped locomotion due to the fact that during a major part

of the step, the moving body does not occur in the static

equilibrium position [1]. The movement of the robot’s legs,

while passive walking on the inclined plane, is controlled by

its own dynamics, powered by the gravitational acceleration

[2]. The aim of the control of underactuated walking is to

utilize the natural dynamics of the robot, because the control

is more efficient and requires less power to the system than

the control which tracks the reference trajectory in the fully-

actuated system [3].

II. PREVIOUS ANALYSIS AND ACHIEVED RESULTS

While modeling of walking as such, it is necessary to

consider not only the continuous dynamics of the legs but

also the discrete events that occur when swing leg impacts

the ground. For this reason, it is the most useful to use the

concept of the hybrid systems that combine the continuous

and discrete dynamics of the model [4].

Methods for modeling and control of walking robots were

analysed and appropriate methods were selected.

A crucial feature that arises in the planned motion of the

underactuated robotic walking is periodicity, since the steps are

periodically repeated [5][6]. Simple benchmark underactuated

systems such as cart and pole and acrobot serve to verify

control methods for underactuated robotic walking [7]. Several

control methods have been applied to be used in control the

biped locomotion, most of them use a feedforward control

structure, e.g. combining the boundary value problem and op-

timal control to generate and then track the desired trajectory

[5].

Figure 1. Model of the Compass Gait [8]

III. SOLVED TASKS

During the final year, methodologies for modeling and

control of bipedal walking robots were developed and verified

using several models of compass gait-based walking robots.

The developed methodology for modeling walking robots

is based on hybrid systems theory. The dynamics of the

swing and stance legs is derived using Lagrange equations.

The discrete dynamics of the walking robots includes several

discrete situations, which can by modeled using the law of

conservation of momentum. The methodology was proposed

with appropriate software support.

Using the proposed methodology, we generated mathemat-

ical models of the compass gait system and its derivatives

which include knees, feet and torso. Derived models were

implemented in MATLAB.

The Compass Gait Model - (CG), shown in Fig. 1

represents the basic walking model, which is unactuated and

walks down a plane inclined by the angle α or model, which

is actuated and walks on flat ground. The angle θNS(t) in

Fig. 1 represents the swing (non-stance) leg and angle θS(t)
represents the stance leg. This basic model was extensively

studied by Goswami et. al. [9].

The discrete dynamics of the CG model includes only

one situation when the swing leg falls on the ground. If the

collision condition s(θ) : θNS(t)+θS(t)+2α = 0 is fulfilled,

the swing leg becomes stance and stance leg becomes swing

leg [10].

Several existing control methods have been used in control

the walking robots, most of them use a feedforward control

structure. Such a control algorithm for bipedal walking robots

can be generated using the partial feedback linearization (PFL)

method, since an underactuated system is considered. The
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principle of partial feedback linearization is to add such

feedback that ensures that the system behaves like a linear

system.

The reference trajectories necessary for the control algo-

rithm implementation can be obtained using the model of the

passive walk on an inclined plane [8]. Linearizing feedback

allows to specify the control law in the form:

v(t) = θ̈
∗

NS(t) +K1(θ
∗

NS(t)− θNS(t))+

+K2(θ̇
∗

NS(t)− θ̇NS(t))
(1)

where θ̈
∗

NS
(t), θ̇∗

NS
(t) and θ

∗

NS
(t) represent the reference

acceleration, angular velocity and angle of the swing leg. The

control law (1) for an underactuated walking robot contains

two free parameters, K1 and K2. These parameters must be

set according to the physical parameters of the robot and

the reference trajectories. We are currently verifying various

approaches how to find these parameters, including one based

on evolutionary algorithm shows in Fig 2.

The use of the evolutionary algorithm is included in the

proposed methodology of walking robots control (Fig. 3). The

results of the boundary value problem application are shown

in Fig 4.
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The author’s research group (Center of Modern Control

Techniques and Industrial Informatics) participates in the

research project ALICE experiment at the CERN LHC: The
study of strongly interacting matter under extreme conditions
[11], which involves every member of the group. As part

of his research activities in CERN, the author attended two

scientific internships over the last year. During these scientific

internships, a framework was designed to create applications in

WinCC OA which communicate within the Alfred architecture

to control the ALICE’s detectors.

Figure 5. Application for monitoring inner barrel of the ITS detector

IV. FUTURE RESEARCH STEPS AND CONCLUSION

This article summarizes the author’s research activity over

the last year. The main contribution is the proposed me-

thodology which is used in modelling and control of the

walking robots. The aim of the thesis has been to design

the methodology of generating mathematical models of hybrid

walking robots with different configurations which will enable

the verification of designed control methods using suitable

control structures.
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Abstract – Nowadays, the vision of being environmental friendly, or 

green is getting more and more attention almost all over the world. 

Of course, there are plenty of ways how to improve our impact on 

the nature. Thus, probably everyone should think about, how he or 

she could help the society with this task, but, on the other side, 

naturally, not everyone is a scientist. The scientists have a bit more 

options and knowledge, that should be used in a proper way to 

enhance this alarming need of humans of being less harmful and 

more responsible to the nature. We considered using small 

hydropower plants could be one of the widely spread renewable 

sources of the energy in the future, but only if its structure and 

controllers are efficiently designed. For this purpose, the design of 

the simulation model of such a system was chosen as our first task.  

This article presents a summary of the work held during the last 

months on the topic of creating a simulation model of a small 

hydropower plant (SHP). 

 

Keywords—Hydraulic turbines, hydropower systems, 

modeling and controlling hydropower plants, small hydropower 

plant, hydraulic turbine’s efficiency, asynchronous generator 

 

I. INTRODUCTION 

Renewable energy sources; being environmental friendly; 

waste recycling; carbon footprint; and many other terms are 

nowadays widely used and spread around the world. 

Moreover, it is no more only the topic of the politicians, but 

the ordinary people are very interested in this field, too. 

Therefore, the pressure on the researchers in various fields is 

now being induced to help the society solve maybe so far, the 

biggest problem of the human race.  

Thus, we chose small hydropower plants as our subject of 

the research, mainly to find a proper simulation model for 

such a system to provide the potential investor an easier and 

cheaper way of designing and tuning of the control 

mechanism even before the construction work begins. Such a 

solution could make small hydropower plants more attractive 

to investors and thus, it could help to spread these systems and 

make the share of the electricity produced by renewable 

energy sources a bit bigger.  

Therefore, the first initial aim was clear, we had to analyze 

all already published methods of modeling hydropower plants 

and then to find a proper way of combining them into one 

simulation model that should meet the needed requirements.    

II. INITIAL STATUS IN MODELING OF HYDROPOWER PLANTS 

There are many scientific papers dealing with the topic of 

modeling and controlling hydropower plants. However, the 

vast majority of them [1]-[2]-[3] are mainly interested in 

studies of big scale hydropower plants, where a lot of 

phenomenon and technical parts have to be included in the 

model, e.g. in small hydropower plants, there are usually not 

as long penstocks as in the big ones are and thus, the water-

hammer phenomenon could be neglected.  

On the other hand, a lot of studies had been done via 

proposing a simple version of small hydropower plant model, 

i.e. designing it by using linearized transfer functions for each 

of the simulated subsystems. [1]-[2]-[3]-[5]-[6]-[7] 

Moreover, almost each of the published simulation models 

is modeled with electric generator subsystem, while 

considering a use of a synchronous machine for this purpose. 

[4]-[8]-[9]-[10]-[12] Thus, not many authors are investigating 

an option of asynchronous generator as an alternative.  

III. PROPOSED SCHEME OF SMALL HYDROPOWER PLANT’S 

SIMULATION MODEL 

As we discuss and assume in the article [11], the simulation 

model of a small hydropower plant usually consists of four 

main parts, or sub-systems, plus a grid model. The 

interconnections and main state variables are depicted in 

Figure 1.  

Dividing the model into four sub-parts meant the necessity 

of studies and a design of each one, as a separate model. Brief 

description of some of these parts is mentioned below, while 

more details are summarized in the papers of [11]-[13]-[14]. 

As shown in the Figure 1, control system, or so called 

governor is the one responsible for keeping the operation of a 

simulated SHP within the pre-set ranges of controlled 

parameters. There are various types of designing and tuning  

PID controller [1]-[2]-[3]-[11], but during the last year, 

unfortunately, mainly because of the pandemic, we were not 

able to measure and acquire necessary data on the real system, 

needed for a proper design and governor tuning process. 

Therefore, we focused mainly on other parts of the proposed 

SHP’s simulation model structure.  

 
Figure 1 Block diagram of a Small Hydropower Plant [13] 
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Considering so far published papers and literature on this 

topic, we propose a simulation scheme of a servo-drive as a 

second subsystem that serves as an actuator for controlling the 

hydropower flow to the hydraulic turbine [11]. It is modeled 

by the second order dynamic system, which state variables 

represent the opening speed of blades of the inlet flap into the 

turbine and the position of opening of these flaps [11], as 

depicted in the Figure 2. 

 

 
 

Figure 2 Block diagram of the Servodrive subsystem [11] 

 The before-mentioned paper describes the other parts of the 

SHP model, as well, where by using the parameters listed in 

the article [11], the below stated results (shown in the Figure 

3) were obtained. 

 

 Figure 3 Simulation of the turbine’s start up, synchronization 

(phasing) and its power control [11] 

 

“At time t = 0, the turbine starts to run to the grid 

frequency without connecting the generator to the grid. After 

reaching the speed corresponding to the grid frequency, the 

generator is phased (synchronized), i.e. it is connected to the 

power grid. After the transient state has been stabilized at t = 

80 s, the “governor” using the logic signal /P, switches the 

mode from speed control to power control. At time t = 400 s 

the turbine is in operation. The power is stabilized at a 

standard value of Pm = 0.36 which corresponds to the 

nominal turbine power.” [11]  

 According to the difficulties that came with all the 

restrictions meaning us not having an opportunity to measure 

the necessary parameters of a real SHP for model tuning 

purposes, we decided to aim at the way of representing of the 

hydraulic turbine within the simulation model. [13] An 

overview of currently used methods and a new proposed way 

of modeling hydraulic turbine’s efficiency was described and 

published in the paper [14]. The reason for starting a research 

on a brand-new approach, i.e. fuzzy approach of hydraulic 

turbine’s efficiency modeling was mainly supported by the 

fact that usually used methods are based on a calculated 

constant, or so called no-load flow, that makes it not very 

accurate, especially in case of present progressive wearing of 

the turbine’s blades, or its runner (based on the turbine’s 

type).   

 Figure 4 and 5 show the difference in the simulated 

efficiencies of hydraulic turbine based on the degree of 

wearing (the Ablades parameter) of its runner/blades. Such a 

difference could play very important role in proper SHP 

representation, and in its controller tuning process, 

respectively. 

 

Figure 4 The efficiency of the hydraulic turbine 

(Rblades = 1.9m and Ablades = 9m
2
) – Maximum turbine’s 

efficiency is approx. 88% [14] 

 

Figure 5 The efficiency of the hydraulic turbine 

(Rblades = 1.9m and Ablades = 8m
2
) – Maximum turbine’s 

efficiency is approx. 77% [14] 

 

Currently, our research is focused on investigation of 

modeling an asynchronous generator as a part of SHP, its 

potential advantages and disadvantages, as well as on its 

possibility of being used in an islanding operation form. All of 

these aspects have not been widely investigated in comparison 

to the similar use of synchronous machine. Therefore, based 

on the scientific papers [15]-[16]-[17]-[18], we aim to study 

this topic deeper and complete a complex simulation model of 

SHP with asynchronous generator. 

The next step will be then a data acquisition (on the real 

SHP) – it means measuring of all the needed parameters of the 

SHP, its characteristics, etc. Verification of the proposed 

simulation model based on the measured data must be done 

following the before-stated phase and having a verified 

simulation model gives us an option to design a proper 

controlling structure, as well as to determine its parameters 

and to potentially verify the setup obtained from the model in 

the real operation, on a real SHP system. 
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Abstract—This paper describes different approaches to me-
chanical systems modeling with the focus on the new modern
approach called physical modeling. Two selected case studies are
presented, where an underactuated benchmark system is modeled
via physical modeling and compared with the results of analytical
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I. INTRODUCTION

Nowadays, mechanical systems modeling is studied by

many research institutes and universities in the world. Mod-

eling of such systems can be done either by using the ana-

lytical approach i.e. computing the equations of motion using

Euler-Lagrange method [1], Kane method [2] or via physical

modeling, enabled i.e by the Simscape toolbox in MATLAB.

This toolbox allows the user to create a model using the

Simscape Multibody library blocks or with using of Computer

Aided Design (CAD). For a significant portion of physical

modeling examples developed in MATLAB, SimMechanics

toolbox (predecessor of Simscape) was used [3].

Researchers from the Center of Modern Control Techniques

and Industrial Informatics at the Technical University of

Košice have analyzed different approaches to modeling of

underactuated nonlinear systems. Recently, the potential of

Simscape/SimMechanics for creating simulation models has

been increasingly explored, with the resulting models often

compared to those obtained via analytical methods. This

approach is inspired by the comparison analysis performed by

research groups worldwide and applied to benchmark systems,

such as the cart-pole system [3], double inverted pendulum

[4], Spatial 6-DOF Parallel Robots [2], two-link robot [5] and

inverted rotary pendulum [1]. Physical modeling has also been

used to create a prototype or a digital twin for a real laboratory

model, or to develop a way to obtain better visualisation

of complex systems’ behavior as a result of various control

strategies. Applications include: virtual excavator [6], robotic

arm [7], double suspension [8], self-balancing platform [9],

robotic platform [10] and two wheel self-balanced robot [11].

II. OVERVIEW OF MECHANICAL SYSTEMS

The mechanical system uses force to perform its task. The

force acting on the mechanical system changes its movement

along a specific trajectory, which depends on the mechanical

arrangement of the bodies in the system. The system contains

an energy source that converts energy to create force and

movement. Sensors are used to obtain the response of the

mechanical system and track the generated motion [12] [13].

In general, a body has six degrees of freedom, three of

which are sliding and three rotating. The degree of freedom

of a mechanical system is determined in physics as the number

of parameters that describe the state of a physical body and

are independent of each other. If the system consists of two

particles and each particle has three degrees of freedom, the

system as a whole has six degrees of freedom. We reduce the

number of degrees of freedom by using articulated joints [14].

As in [15], a mechanical system consisting of N free particles

will have 3N degrees of freedom. Each constraint of system

reduces the number of degrees of freedom by one. If a system

of N particles is acted upon by M constraints, the number

of necessary generalized coordinates needed to describe the

motion is

s = 3N −M, (1)

According to [16], mechanical systems are divided into

two groups: fully-actuated and underactuated. Fully actuated

systems contain exactly as many inputs to the system as the

degrees of freedom. Any system that has fewer inputs to the

system than its number of degrees of freedom belongs to the

underactuated systems. In addition to the two groups in [16],

we also know a third group of systems called non-actuated,

which do not contain any actuator, and thus the degrees of

freedom are not controlled.

III. METHODS FOR MODELING OF MECHANICAL SYSTEMS

Several approaches to mechanical systems modeling are

recognized. The basic ones include analytical identification,

experimental identification and physical modeling. In this

section, I will briefly describe the first two named and I will

describe the physical modeling, which I will focus on in my

dissertation thesis.

A. Analytical identification

The analytical identification method of model derivation is

based on the knowledge of underlying physical laws, while of-

ten neglecting real physical properties. It relies on knowledge

of the structure of the object, material points and the physical

forces exerted on interconnected material points. We assume

that the position of these material points does not change over
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time. The bodies are often considered to be infinitely thin,

rigid and non-deformable [17] [18] [19].

The basic approaches to analytical identification include the

application of Newton’s and Euler’s laws [20]. Moreover, La-

grange’s equations of the second kind are among the most used

and the most popular methods of deriving the mathematical

model [13] [21]. The advantage of these equations includes

the use of generalized coordinates as well as suitably selected

system parameters, in particular distance and angle parameters.

When deriving equations by the Lagrange method, it is neces-

sary to proceed directly from the d’Alembert principle, which

describes virtual works. We define the Lagrange function ac-

cording to [22] as the difference between kinetic and potential

energy. Two types of forces act on our resulting system.

Conservative forces maintain the energy balance given by the

kinetic and potential energy of the system. Non-conservative

forces, on the other hand, interact with conservative forces and

thus upset the energy balance. The disturbance occurs mainly

by the action of a speed-dependent damping force.

The use of classical modeling methods using Lagrange,

Hamilton, Newton leads to the same description of the same

system. Complicated and often lengthy derivation of equations

for more complex systems using the mentioned methods has

led to the creation of a new method for deriving equations of

motion. Kane’s method [2] provides a simple framework for

deriving simpler equations of motion by offering a physical

overview of the system. Since the method does not use the re-

lationships based on virtual work, it relies on the relationships

defined at the basic mathematical level. It also allows to work

with non-holonomic systems without the need to introduce and

eliminate Lagrange multipliers.

B. Experimental identification

The experimental identification method relies on the exis-

tence of a real, physical model of the system. Experiments

are gradually performed on the physical model in order to

obtain values on the basis of which we can identify the system

without knowing the laws of physics and dynamics. In these

experiments, we let different signals of different types to enter

the system and measure the individual outputs of system [23].

These signals can act on the system as actuators and include

step and ramp, oscillating signals and pulse signal. Other

inputs that affect the real system include measurable and non-

measurable errors. However, these inputs cannot be influenced,

although it is possible to measure external errors that fall under

measurable errors. Since they can only be measured, we cannot

influence them under normal conditions [24]. After measuring

the data from the sensors and storing all the values, the last

part in the process of experimental identification of the system

occurs - obtaining the model. For the correct approximation of

the real system, it is necessary to carefully choose the method

and process the obtained data. After successful identification,

it is advisable to verify the model. [24] [25]

C. Physical modeling

Physical modeling is based on the assumption that we

do not have a real system for the method of experimental

identification and modeling using analytical methods is too

difficult to use for our system. Analytical identification meth-

ods suffer from the disadvantage that bodies that are part

of a system are often represented in an idealized way that

does not entirely describe to the physical system. The latter

is composed of components of various shapes created from

several types of materials to ensure the stability and safety of

the entire physical structure. Therefore, if we do not have a

model created so that we can use experimental identification,

physical modeling becomes the most suitable choice. [26]

One of the first steps in physical modeling is to design the

physical structure of the system. We can quickly and clearly

create a physical structure using CAD tools. Modern CAD

tools can help us in the design of these systems through various

simulations of the mechanical load on the objects we create.

The design itself should be consulted with experts in the field

of mechanical engineering. [4]

Based on the physical properties of materials, the objects are

assigned the mass and position of the center of gravity. The

individual components of the structure must be interconnected

by means of articulated connections. Within physical model-

ing, we distinguish several types of joints, while the basic ones

include the revolute joint, the prismatic joint, the planar joint,

the gimbal joint and the 6-DOF joint.

The revolute joint is one of the simplest types of joint

that allows rotation within one axis. The principle lies in

connecting the two components with the holes by means of a

cylindrical body. The revolute joint provides one free degree of

rotation. The prismatic joint, like the revolute joint, contains

only one translational degree of freedom. In the case of a

prismatic joint, the static member is square in shape and the

connected second member, which is also square, slides along

it. Restriction on the shape of the object causes a limitation

in degrees of freedom. The planar joint contains 3 degrees

of freedom. The two degrees of freedom are translational and

move the link along the X and Y axes. The third degree of

freedom is rotation around the Z axis of the movable link.

The gimbal joint is one of the articulated joints in which the

initial coordinates of the two connected frames remain at the

same point. Its 3 degrees of freedom allow the connected

body to rotate around the X, Y and Z axes. We can find

similar functionality in the case of a spherical articulation,

but as there are problems with the limits to which it can

rotate, a joint that does not have these limits. The 6-DOF

joint contains six degrees of freedom: three translational ones

allow the connected body to be moved along the X, Y and Z

axes, three rotational ones allow the body to rotate around the

X, Y and Z axes.

IV. SIMULATION TOOLS

There are several simulation environments suitable for sim-

ulating mechanical systems.

MATLAB is undoubtedly one of the most sophisticated

environments for systems analysis and design. We can find

its application in machine learning, in signal and image pro-

cessing, in computer vision applications, in control design and

much more. MATLAB has its own language for the simplest

possible implementation of computational operations using a

matrix expression. Graphical tools enable fast and high-quality

data visualization for subsequent analysis.

Simulink is an extension of MATLAB, which enables the

creation of block diagrams for the simulation of multidomain

problems. Simulink also provides customizable block libraries,

importing functions from the MATLAB environment in the

form of blocks, and advanced solutions for modeling and

simulating linear and nonlinear dynamic systems.
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Simscape is one of the toolboxes created for the use in the

MATLAB/Simulink environment. It is used to create physical

models of systems in the Simulink environment. It is one of

the basic prerequisites for starting to create physical models.

The individual blocks of the Simscape toolbox represent

physical elements of the real world, such as pumps, motors

and operational amplifiers.

Simscape Multibody is part of the Simscape toolbox, which

provides 3D mechanical system modeling. We can model the

system directly in the Simulink environment, or we can import

a system created in a CAD tool. The model is formed by the

correct interconnection of body blocks, articulated connec-

tions and various actuators. Simscape toolbox automatically

computes the dynamics according to the physical connections

between the blocks. The simulation also contains a direct 3D

visualization of our system and after starting the simulation

we can see the response of the system.

V. COMPARISON OF DIFFERENT MODELING METHODS

In this section, modeling of the Ball and Beam system is

presented and different modeling approaches are compared.

Ball and Beam system is modeled with two different versions:

with the sliding ball without rolling and with the rolling

ball. Both versions are modeled using physical and analytical

modeling approaches. Schematic diagram of ball and beam

model is shown in Fig. 1.

Fig. 1. Schematic diagram of Ball and Beam model

A. Ball and Beam without rolling

Ball and Beam system without rolling consists of a beam

connected to World Frame and the ball sliding on the beam.

The sliding movement is achieved using Prismatic Joint

aligned with beam in distance equal of radius of ball itself.

Physical model only contains two physical parts and one Joint.

Block diagram of Ball and Beam model without rolling is

shown in Fig. 2.

The analytical model of Ball and Beam system is derived

from second Newton’s law with respect to the inclined plane

angle. The equation of motion is implemented to Simulink

block diagram according to equation 2.

ẍ = −

b

m
ẋ+ g sinα, (2)

B. Ball and Beam with rolling

Ball and Beam system with rolling consists of the same

structure as previously mentioned Ball and Beam without

rolling. The rolling movement is not achievable using basic

blocks of Simscape Multibody library, thus Contact Forces

library has to be implemented. The ball is connected with

6-DOF Joint to allow full range of movement possible. The

Fig. 2. Simscape model of Ball and Beam without rolling

block Sphere to Plane from Contact Forces library is connected

directly to ball and plane itself. Block diagram of Ball and

Beam system with rolling is shown in 3.

Fig. 3. Simscape model of Ball and Beam with rolling

Analytical model of Ball and Beam system is derived via

Lagrange equations, where rolling movement with sliding

movement of ball is taken into consideration. Simulink block

diagram is implemented according to final equation 3.

mg sinα = −

(

m+
J

r2

)

ẍ− bẋ, (3)

C. Comparison of dynamics

We next compare the dynamics from Ball and Beam model

modeled without rolling V-A and with rolling V-B obtained via

different methods. First of all, we compare models derived in

V-A and also the physical model from V-B containing Contact

Forces library with the deactivated rolling feature. Fig. 4 shows

the comparison of Ball and Beam system without rolling.

The dynamics of Ball and Beam with rolling is shown in

Fig. 5. This time only physical model derived using Simscape
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Fig. 4. Comparison of Ball and Beam without rolling

Multibody with Contant Forces library is used with two ana-

lytical models modeled via Euler-Lagrange and Kane method.
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Fig. 5. Comparison of Ball and Beam with rolling

From Fig. 4 and 5 is obvious that response of both systems

are identical for different modeling approaches.

VI. CONCLUSION

This paper provides a basic notion of mechanical sys-

tems modeling. We describe the approaches to modeling of

mechanical systems, and using two case studies, we show

how to model an example mechanical system using physical

and analytical modeling. Because of the complexity of the

more advanced systems, the considered modeling methods

are demonstrated on a benchmark Ball on Beam model. We

modeled the Ball and Beam in two versions: without the

rolling ball and with the rolling ball.

In my dissertation thesis, I plan to focus on physical

modeling of more complex mechanical systems, and on the

subsequent design and implementation of suitable control

algorithms. Another goal of my dissertation thesis is to create a

virtual laboratory platform of mechanical systems represented

as digital twins. The data provided by the platform will be

stored in a database, which also allows to perform analyses

and simulations later on.

The author is also a member of ALICE Collaboration in

CERN ALICE experiment, which is included in the topics of

his dissertation thesis.
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Abstract— This paper is focused on working with devices 

supporting virtual reality and flying devices called drones. In 

collaboration with virtual reality is created by an aircraft system 

that should simplify 'Any activity' with wide spectrum. The 

usability of the system in different areas is given as the main 

meaning of this work. 

Keywords— drones, image stitching, multi-view video, , UAV, 

video streaming,  

I. INTRODUCTION 

Utilizing today's technology and technical progress, people 

open up different horizons in a wide spectrum. One of these is 

also the use of a combination of virtual reality and a flying 

device that can be drones [1]. These devices can fully replace 

people who would have to risk their lives in any situation. Or 

an example use of simulated drone in virtual reality where we 

can see monuments, museums and other natural phenomena 

from our homes. As a good example, the Notre Dame in Paris 

was destroyed by fire. Creating a simulation and implementing 

an imaginary drone in this simulation of a virtual reality house 

would be able to faithfully bring this monument closer to us.  

II. • DRONE COMBINATION WITH VR•  
There are several projects that link VR kits with drones. One of 

these projects is Oculus Drone [3] associated with Ar.Drone-

webflight [4]. However, these examples use only one particular 

VR kit and one specific drone type. This is confirmed by 

research within a framework that provides a generic character 

access method for drone control using a VR headset 

visualization is paramount. 

The aim of the work was to find common methods for 

combining different types/brands of drones and to find 

solutions for communicating with different types of VR kits. 

New drone and VR kits are still on the market, so the system 

must be scalable with minimal effort. The modules created 

should not be modified for new models and the interface should 

be clear enough to be able to modify specific methods for the 

new type of drone. Other problems of this research include the 

incompatibility of VR kits. Many VR kits are still evolving and 

their software is updated with radical changes to the API. 

VR accessories: Monitored head movements and 3D rendering: 

The system used for imaging combines two advances from 

smartphones: high-resolution displays and precision and 

technology advanced sensors. Instead of displaying 

information on an area such as a screen somewhere in the room 

in front of the user. These displays are located on the head or 

they are a part of the helmet. l see represent reality. When we 

starting work on this paper, Oculus Rift By far the most popular 

platform for Virtual Reality. Figure 1 shows interface preview 

for smartphone. Oculus Rift has passed various pre-production 

models, known as development kits (DK). DK1 became 

available in late 2012 and DK2 in mid-2014. 

DK2 selected as the first supported VR platform in the 

development of DroVR. 

III.  PROTOTYPE OF FRAMEWORK 

The DroVR modular architecture is shown in the DroneAPI 

image and VRHeadsetAPI are the two main building blocks of 

the framework. These are generic modules that define which 

functions the modules must implement for specific one’s 
drones and sets supporting VR. It should be clear that these 

components do not implement no functionality of a particular 

type of device. Their role is just to define and provide general 

information about the features that can be implemented for 

every new device. However, they will know which facilities 

have the prerequisites[2]. 

 Another task of the architecture is to provide requirements for 

correct drone specifications and VR sets.For drones, DroneAPI 

is divided into two sub-components. On one side is the 

DroneControl component. This component defines the 

necessary methods physical controls for the drone, such as 

take-off and movement. On the other hand, NavDataReceiver 

Figure 1 Show as VR concept for eyes  
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receives sensor information from a particular drone module. 

This can be battery level, altitude, video stream. For a VR 

network, the VRHeadsetAPI component consists of 

VRRendering as well as SensorDataReceiver. The first 

contains all the information needed to display on HMD for 

VRRenderingsComponent type VR set. For WebVR[2], this 

specific component provides snapshots from a camcorder via a 

WebSocket connection and serves as a REST API to enable 

Search all information using sensors. It's inevitable, as well as 

in WebVR, rendering is done in the browser. 

SensorDataReceiver receives all VR data. This information 

may be provided by type specific sensory component, as well 

as the REST API. Component usage example a sensor type 

specific to the engine would be, for example, reading the sensor 

data via specific SDK calls. 

An example of using the REST API where reader data will be 

read in the browser and send it to the API endpoint. All 

communication between components is exclusively via 

asynchronous messages. Drone-Thus, the API defines 

messages as Drone Notifications.TakeOffRequestNotification. 

When it receives in this message it executes the takeOff method 

from the selected drone[4]. This method then runs the 

Command.TakeOff specification in that particular folder a 

drone that performs device-specific actions. The same 

paradigm is visible for VR set. VRHeadsetAPI defines generic 

messages such as EulerAnglesRequestNotification. If it 

receives messages, it executes the getEulerAngles method from 

connected VR headsets. LinkComponent is the link between 

the two building elements. This component decides what steps 

to take on the drone based on headset. The sensor data is 

received by the data sensors from the VRHeadsetAPI 

component and transmitted generic DroneAPI component 

actions. This increases the data flow rate. Because all sensor 

data is promoted through this module, it is also it is possible to 

add components that slip this data. For example, 

DroneEventProcessor can detect the battery level and can 

initiate if the drone battery is too low alert message. Since the 

sensor data also includes all camera images respectively. 

camcorders, we can do real-time video analysis. 

ObjectDetection component for example, it processes in real-

time snapshots. Performs detection objects with a predefined 

classifier. When an object is detected by highlighting rectangle. 

One of the advantages of modular architecture is increased 

interoperability. If we want the frame to support a new device, 

either a drone or a VR set. it is necessary define a new device-

specific. The only change you need to make in the system, the 

existing components register a new type of device. When 

connecting new device type must be specified. Such generic 

components know how to respond to earth type in specific 

method calls  [5].  

IV. CONCLUSION 

Analyzing current VR and drone control solutions, we found 

that when combining different drones and different VR sets, we 

had to adjust different control methods and sensor data storage 

capabilities. We described the methodology for designing a 

generic framework prototype system and designed a modular 

architecture to address the issue of interoperability. When 

connecting different drones and VR sets, we used specific add-

ons of manufacturers, where we can use API interface, which 

implements necessary add-ons for cooperation. If this is not 

defined, it is necessary to convert the UAV protocol. The 

difficulty of this process depends on the inspection methods 

used and the implementation possibilities of the drone 

manufacturer. We tested a prototype, which we can use for 

example in the border events as a smart city concept, where 

thanks to drones we can coordinate the emergency services 

very quickly. While expanding the system, we can extend the 

system with various modules such as real-time object detection, 

but these detections have a big impact on the sensitivity and 

refresh rate. in the future work is the possibility to implement 

and experimentally test different types of drones and their 

control in SWARM mode, which will allow us complete 

control of drones. 
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Abstract— This article discusses the problem of optical space 

free communication (FSO), its use, and the conditions that affect 

it. Because of the vulnerability of the FSO transmission channel to 

weather conditions, such as fog, it is necessary to predict the 

Received Signal Strength Indicator (RSSI), and thus switch to a 

back-up RF (Radio Frequency) link using the decision tree 

method. The Microsoft Azure cloud service was chosen for this 

task, which is used for important data storage, backup, analysis 

and creation of a learning decision tree algorithm for a hybrid 

FSO/RF system.  

 
Keywords— FSO, hybrid system, Machine Learning studio, 

Microsoft Azure, radio communication 

 

I. INTRODUCTION 

The demand for high bandwidth in short-lived metropolitan 
networks is increasing. In addition, the requirements of 
flexibility and cost-effectiveness of service provision create 
imbalances. This problem is often referred to as the "last 
kilometer bottleneck" [1]. 

The first most visible way to address the bandwidth shortage 
is fiber optics. Fiber is undoubtedly the most reliable means of 
optical communication, but digging, fiber storage costs and time 
to market are the most serious disadvantages of optical fiber. 
The second option is radio frequency (RF) communication [2]. 
This technology is advanced and often deployed today. Radio-
based networks require huge investments to obtain spectrum 
licenses, but they cannot be compared to the transmission 
capacity of optical fibers. The third alternative is all copper line-
based technologies, such as cable modems and DSL (Digital 
Subscriber Line). Although the copper infrastructure is available 
on a larger scale, the problem is bandwidth scalability [3]. The 
distance of copper per segment and performance is internally 
limited, so its potential to solve a close connection is also 
limited. The fourth alternative is communication in the free 
environment FSO (Free Space Optics). FSO represents the 
optimal solution in terms of technology, bandwidth scalability, 
deployment speed and cost efficiency [4]. 

Hybrid wireless space communication (FSO) and radio 
frequency (RF) communication is a way to provide reliable 
communication for critical real-time outdoor operation, as 
weather such as fog affects FSO much more than RF 
connections. The main condition for using FSO is that the 
receiver must be in direct line of sight with the transmitter [5]. 

II. HYBRID FSO/RF SYSTEM 

Free Space Optics (FSO) communication involves the 
transmission, absorption and scattering of light through the 
Earth's atmosphere. The atmosphere interacts with light due to 
the composition of the atmosphere, which normally consists of 

molecules of various gases and small suspended particles called 
aerosols 

Hybrid Wireless Free Space Communication (FSO) and 
Radio Frequency Communication (RF) is a way to ensure 
reliable communication for critical real-time outdoor traffic as 
weather like fog affects FSO much more than RF connections 
[4]. The main condition for using the FSO is that the receiver 
must be in line of sight with the transmitter [5]. 

Due to different carrier frequencies, FSO and RF lines have 
different channels. The short wavelengths used in FSO links are 
severely affected by fog scattering and atmospheric scintillation, 
while RFs are particularly sensitive to rain scattering. Using 
both systems to overcome these problems can lead to increased 
reliability and speed [6]. 

When configuring hard FSO line switching, the transmitter 
and receiver together select either the FSO or the RF channel for 
data transmission. A high-speed FSO connection is only 
selected if the channel conditions allow reliable communication, 
otherwise all data is sent over the RF channel. The transmitter 
and receiver must be coordinated through feedback to select the 
correct channel for transmission. The key disadvantage of hard 
switching is that whenever one connection is idle. In practice, 
scintillation or loss in the sensitive FSO channel may cause its 
rare selection. When the RF connection is selected, the capacity 
of the FSO connection channel is lost. Figure 1 shows possible 
configuration of the FSO / RF hybrid connection [7]. 

 

Fig. 1 Hybrid FSO / RF line  

III. PREDICTION RSSI PARAMETER IN CLOUD 

Machine learning techniques are widely used today for many 

other tasks. Different types of data related to different methods. 

The role of machine learning in FSO / RF hybrid systems is to 

predict the Received Signal Strength Indicator (RSSI) for 

which they have weather conditions [8]. To maximize the 

accuracy of the predictions, a form of machine learning and a 

transition to a decision tree that is designed to practice more 

complex methods is suggested. The transition enhancement is 
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useful for predictive models that analyze organized data and 

categorical data. Decision trees are used to predict RSSI 

classification [9]. 

Microsoft Azure Machine Learning, or Azure ML for short, 
is a complete cloud service. It is accessible via any web browser. 
This means it’s not necessary have to buy any high-performance 
hardware. It is therefore a fully managed cloud service that 
allows analysts, data scientists and developers to create, test and 
deploy predictive analytics in their applications or in stand-
alone analysis. Creating applications that use machine learning 
will turn into a service that allows you to visually build a 
learning model. Azure ML also makes it easy to get an overview 
of large data files and brings all the benefits of the cloud by 
integrating deep learning tools such as Hadoop. 

Before performing the prediction, the algorithm must be 
trained with examples of data or a data set where the target value 
is known. After training the model, it is possible to make a 
prediction of the received optical power (RSSI) with the trained 
model. Usually, when a model has to be built from a given data 
set, the data set is divided into two sets, the first is used as the 
training set and the second as the test set. When a model is 
trained with data from a training set, we can use the test data set 
to find out how the model is doing, i.e. how many errors it has. 
After training the model, you can use the data from the test set 
for prediction or scoring. Element values are used for scoring 
and then the target value is predicted. During the evaluation, we 
take the scored value and the actual value, which is known by 
dividing the data set into a training and test set. 

The input and training set is split to create a decision tree 
smaller subsets that gradually characterize the values of the 
output variables. The training matrix of the input variables for 
the FSO/RF system has the following structure: 

𝑃 = #𝑃$ 𝑇$ 𝐺$ 𝑉( 𝐻( ⋯ 𝑊$𝑃, 𝑇, 𝐺, 𝑉( 𝐻( ⋯ 𝑊,⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯𝑃( 𝑇( 𝐺( 𝑉( 𝐻( ⋯ 𝑊(-               (1) 

where P is barometric pressure (hPa), H represents ambient 
humidity (%), T is air temperature (°C), wind speed W (m/s), G 
represents concentration Airborne particulate matter (mg/m3) 
and visibility V (m). The matrix of the output variable y (target), 
which represents the received optical power of RSSI, is 
interpreted as follows: 𝑦 = [𝑦0112.$ 𝑦0112., ⋯ 𝑦0112.(	]6            (2) 

By creating the variables x and y by taking them from the data 
set and using a function in the custom Python script of Azure 
ML Studio, we divide the data into training and test sets. A test 
size of 0.2 indicates that we used 20% of the data for testing. For 
the output train_test_split we get the values X_train, X_test, 
y_train and y_test. The complexity parameter used for pruning 
with minimum cost complexity was chosen ccp_alpha = 0.0. 
The function of measuring the quality of the distribution was 
chosen mse (mean square error). The minimum number of 
samples needed to split the internal node min_sample_split was 
chosen to be 10. The minimum number of samples that must be 
in the leaf node min_sample_leaf was selected to be 2. The 
maximum depth of the max_depth tree was derived from the mse 
value from size 2 to size 100. Best the value of the max_depth 
parameter was set to 5 for mse = 0.29833 (Fig. 2).  

 

 

Fig. 2 measured and predicted data from the input matrix 

IV. CONCLUSION 

Due to the high impact of weather on FSO transmission, a 

backup RF line is required, which is less prone to, but much 

slower. For this reason, a hybrid FSO/RF line is required, which 

can be switched to the hard or soft switching principle. To 

create such a system, it is necessary to analyze the conditions 

and thus obtain the characteristics of the variables that affect 

the transmission channel. Appropriate RSSI prediction, using 

machine learning methods, makes it possible to quickly switch 

over communications over the RF line and back to a faster FSO 

line. In this way, it is possible to increase the efficiency of 

communication via the hybrid FSO/RF system.  
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Abstract — It is certainly true that the 21st century is going to 

witnessing a revolutionary change in the variety of energy 

generation, transmission, distribution, and usage. In all energy, 

electrical energy has shown its significant dominance for widely 

usage energy. As electrical energy transforms into carbon-free 

and utilizing more renewable energy resources for generation, 

each sector in industries seeking solutions in form of electrical 

energy. This apparently creating a high global demand. These 

renewable energies are an intermittent source of energy that 

needed a smart network that automates all over infrastructure 

with efficient and reliable usage of energy. Hence, we come up 

with the Smart Grid and Microgrid technology solutions. 

According to heavy consumption, it is inevitable the importance 

of the involvement of Industries in Smart energy technology. In 

this paper, we are going to talk about Smart Grid and Micro 

Grid position in an Industrial Zone. Its challenges, status, and 

future direction. 

 
Keywords—Smart Grid, Micro Grid, Energy Management 

System, Cyber Security, Renewable Energy Resources, 

Distribution Generation.  

 

1. INTRODUCTION 

Electrical energy, most versatile energy according to 
current and future scenarios. The transformation of electrical 
energy infrastructure has begun with the name Smart Grid. 
The Smart Grid concept is very old, but it becomes a one of 
the most dominant topics after 2010 as the demand for 
electricity increases rapidly. There is no exclusive definition 
of the Smart Grid, but all industries, companies, countries 
giving their own interpretation. However, the concept is the 
same, Smart Grid is built with a variety of elements such as 
renewable energy generation, smart transmission, smart 
distribution, distribution energy management, real time 
communication infrastructure, Internet of things, Cyber-
Physical Systems, Distribution generation, distribution 
storage, autonomous control, islanding facility and most 
importantly self-healing process. The Smart Grid is very 
specific with time, location, and weather forecast, all these 
factors are very important for energy generation.  

 
The industrial sector is the biggest consumer of electrical 

energy around 30% in some cases [1]. Table I. shows data of 
energy consumption of manufacturing technology in the US 
according to the manufacturing energy consumption survey -
2010 [2,3]. That means, the active participation of the 
Industrial sector is very important in Smart Grid technology to 

guarantee the energy system transformation. Even after the 
clean awareness about their influence, most studies on Smart 
Grids remain focused on residential/commercial consumers 
[4,5], and very few studies highlighting industrial consumers 
[4,6].  

 
Table. I. Manufacturing technology energy consumption in 
US according to the manufacturing energy consumption 
survey-2010 

Industry sector 
Total electricity used 

(106 kWh) 

Chemicals 207,107 

Primary Metals 139,985 

Paper 122,168 

Food 78,003 

Petroleum and Coal Products 60,149 

Transportation Equipment 57,704 

Plastics and Rubber Products 53,423 

Nonmetallic Mineral Products 44,783 

Fabricated Metal Products 42,238 

Machinery 32,733 

Wood Products 28,911 

Computer and Electronic Products 27,542 

Textile Mills 19,753 

Beverage and Tobacco Products 17,562 

Printing and Related Support 13,089 

Electrical Equip., Appliances, and 
Components 

12,870 

 
The majority of Smart Grid features could be suitable for 

industrial power supply networks, even it would be easier in 
shaping as there will be a limited number of common 
coupling points. Industries are working with a high density of 
power and the distribution network is heavily loaded. Along 
with this, an industry would be a single entity for 
renewable/conventional generation and to connect with the 
grid. There would be no fluctuating power generation that 
makes deterioration in the quality of power supply in the 
system [7]. 

Reliable power supply with quality and energy efficiency is 
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one of the key factors for minimizing production cost. Many 
industries with sensitive production lines are more concerned 
about the rising power demand, fluctuation in generation with 
wind and solar and declination of stabilize power from the 
national electricity grid [8]. These events lead them to 
accomplish their own power generation and management 
system, which they can control on their own, the system more 
likely to be microgrid technology. This is happening generally 
in large industries that help to develop the quality of 
performance and record-breaking production [9]. It is notable 
that industries are already having pillars of Smart Grid 
technology. It is just needed some guidance for industrialist 
and plan to implement it. It would be more beneficial to start 
emphasizing Smart Grid and Microgrid technology in the 
Industrial zone.  

Section II. presents challenges and the currents status of 
Smart Grid and microgrid development in industries. The 
solution of current problems and require directions discuss in 
section III. 

2. CHALLENGES AND STATUS 

Industries are eagerly seeking Renewable Energy 
Resources (RESs), Energy Storage Systems and Energy 
Management Systems (EMSs), because it is getting tough for 
them to obey equal regulation and evade expensive penalties 
with conventional fuel production and depend on outdated 
grid [10]. Smart Grid technologies can overcome these 
barriers; but with numerous development and technology 
expansions there could be certain barriers to adoption [11]. 
Challenges for the adoption of Smart Grids in industries are 
divided into two categories: A. Non-technical B. Technical.  

A. Non-technical:  

- A lack of clarity and interpretation created a reluctance 
to acceptance of Smart Grid technology. In one survey 
in Norway, representative shareholders agreed on this 
statement and indicate that at the time there was no 
proper definition of the subject Smart Grid [12]. 

- Government policies have been revised for the new 
equipment and infrastructure acceptance. This makes 
an extra effort for industries to adopt it.  

- Smart Grid is still a new and emerging topic; hence it 
requires a lot of investment from the government for 
research and replacement of the current grid [12]. 

- Industries must redesign their internal network which 
maximally supports new Smart Grid devices, adoption 
of such new deportment and priorities is usually slow 
in the industrial environment [11]. 

- The higher capital cost of smart grid infrastructure 
along with the cost of new equipment, operating and 
security systems are another barrier for the industries. 

- Industries invest in things that make them profit; Smart 
grid technology and Microgrid technology will not 
give instant benefits as per the investment, that 
discourages their moral to adopt, develop and 
implement.  

- Here are eleven factors that have been identified by 
Zheng Ma and his colleagues: 
1. Awareness of Multiple Contexts 
2. Shared Support 
3. Return-on-investment. 
4. Ease of use 
5. Flexibility and dynamic pricing 

6. Liberalization and energy tariff structure 
7. Customer focus 
8. Solution integration 
9. Process improvement 
10. Service quality 
11. Company’s green image 

 

B. Technical: 

- One of the most prominent drawbacks for initiation of 
Smart Grid infrastructure that mentioned in many of 
the literature is a deficiency of existing infrastructure. 
Which cannot cope up with the fast and advanced 
sensors and monitoring equipment [14,15]. 

- Reliable and efficient Renewable Generation 
equipment design, manufacturing and implement the 
location. 

- Design and development of Electrical Storage Systems 
(ESSs) 

- Design and development of smart inverter for 
interconnection with the main grid.  

- Sensors, protection, monitoring and metering 
equipment design and development. 

- Modern Grid design and development 
- Smart Control Panels for control of street, region and 

city. 
- Information and Communication Technology 

Challenges (CTs) [16] 
- Big Data challenges for storage of large numbers of 

data [16] 
- Cloud Computing Challenges [16] 
- Cyber-Physical System (Security challenges) [16] 
- Electric Vehicle and its charging infrastructure. 
- Integration of all equipment, software and applications. 

 
All this technology interconnection causing miscellaneous 

disturbances in power as sags, spikes, harmonics, etc. which is 
indispensable to solve before integration.  

 
After comprehensive analyses in the last 10 years of paper 

regarding Smart Grid and Micro Grid technology, we have 
found that there has been a lot of research is done but still, 
technology is in the 1st and 2nd stage only. Most of the papers 
are concentrated on the primary and middle stages.  

 
The 8 out of the 10 papers show the structure of study in a 

specific topic, some have developed simulations and 
possibilities or examine case studies and opportunities to 
further area before the task has been done [12,17]. 

    
Solar generation is the most dominating electrical 

generation alternative solution in renewable energy resources 
still, the most efficient solar panel converting 22.8% of total 
solar radiation into electrical energy, which significantly very 
less [18].  More ultra-modern work needs to be done for 
improvising efficiency. 

 
The distributed storage system is an essential part of 

Microgrid system, there are many storage systems such as 
Flow battery [19], Concrete block and crane technology [20], 
Thermal Storage [21], compressed air technology [22], 
cryogenic energy storage system [23]; when it comes to 
electricity storage that even at the consumer side then 
Lithium-ion battery proven its significance among all other 
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storage systems. Lithium-ion has shown a major among the 
various batteries by comparing efficiency, size, max. rating, 
fast response, initial cost, and size. The downside of lithium-
ion battery is life cycle, which is very less that makes it weak 
in the static storage system. The maximum expansion year for 
a lithium-ion battery to grow in all electrical sectors is 20-30 
years.  The biggest challenge to the lithium-ion battery is 
given by Prof. Donald Sadoway and his student David 
Bradwell via Ambri Technology (Liquid Metal battery) [24] 
and another competitive technology is static storage battery 
[25]. Apparently, both batteries are still in research and 
development.  

 
One of the crucial issues in smart grid management is 

integration of distributed generation and forecast, which is 
clearly presented by William Sanchez-Huertas et al., which 
deals with optimization algorithms such as the Colony of 
Ants, Genetic Algorithm, and others for solving microgrid and 
smart grid integration problems. Smart grid integration 
problems are generation forecast, location, size, and 
configuration of RES. As one of the biggest problems in the 
problematics of smart grids is pointed out the management of 
the smart grids [26].  

   
DNP3 (Distribution Network Protocol) and IEC 61850 are 

the protocols developed for the integration of the Smart grid 
to the existing power grid. DNP3 is designed for 
communication between the command center and a 
substation, whereas IEC 61850 is operating for 
communication within the substation [27]. In communication 
technology, another factor is data transmission technology. 
This data transmission technology used for transmitting user 
data and instruction messages between the various parts of the 
grid. Several data transmission technologies are in the market 
and under research. As an example, Fiber optic, Wireless, 
LPWAN (Low Power Wide Area Network), Zigbee, etc. Fiber 
optic is one of the finest data transmitting mediums with high-
speed and high capacity, it is expensive material hence only 
utilized for long-distance data transmission requirements [28]. 
A 3G and 4G system is currently in use for the cellular 
networks, according to smart grid infrastructure data transfer 
rate ratio is slower in it. Future technology, 5G would be the 
most promising technology for data transmission in Smart 
Grid application as it has high data rates with a minimum 
message return time. A 5G technology is still evolving and in 
research requires some more years to adopt for Smart Grid 
system. This technology can be utilized for Wide Area 
Network and Neighbour Network [29,30]. Zigbee technology 
is designed to deploy in Home Area Network as it has a low 
bit rate, it has a greater advantage as it supports multiple 
network topologies [31]. A name itself suggest the type 
LPWAN; it is less power, low bit rate and long-distance data 
transmission topology. The two most frequently used 
protocols are LoRaWAN and Sigfox. LoRaWAN has the 
ability to send data between 2-15 km in a range from 0.3 to 
50kbps of data rate [32] and Sigfox have up to 1000km range 
of data transfer with a lower data rate of 12byte per message 
with 140 messages per day daily capacity and that is very low 
[33]. 

 
Olamide Jogunola et al. present an adaptive routing 

algorithm technique based on distributed dual-gradient 
updates for facilitating communication among distributed 

energy resources units in smart grids. This algorithm can route 
messages across the network in fewer processing steps. Paper 
also showing potential cost-saving and reduced complexity 
which can save a significant amount of time for large system 
applications [34]. C.M. Colson and M.H. Nehrir present a 
method for facilitating the primary self-assembling and 
concerted departments within the microgrid agents. This paper 
clearly describes that decentralized multi-agent system 
methods are a viable alternative and deserve investigation, 
especially considering the daunting microgrid control problem 
[35]. 

 
Mohamed Salah Elbana et al. proposes the smart 

conversion of microgrid subsystems. The smart conversion 
includes a smart protection system, smart control algorithms 
with the ability to track fast system dynamics. The status 
analyzing approach is presented in accordance with the 
continuous synchronized measurements generated by μPMUs. 
To Identify, normal and fault cases, several algorithms are 
also presented [36]. 

 
Modern technology is works on Cyber-Physical System; 

this contains all users' data from the amount of electricity 
utilization to the location of the systems. Cybersecurity 
strategies are most essential for the implementation of the 
Modern grid [12]. Apparently, very few papers are published 
related to this topic [13].  

 
The storage capacity available with Plug-in Electric 

Vehicle, which is in idle condition, that can be utilized for 
grid regulation activities. Also, in this paper issues and 
challenges due to the integration of heterogeneous entities like 
RES, Plug-in Electric Vehicle, in Micro Grid is discussed. 
Plug-in Electric Vehicle role and its usage as storage for grid 
ancillary support are discussed in detail. As a case study, the 
effective utilization of Plug-in Electric Vehicles to mitigate 
solar and load demand fluctuations is presented. Operational 
challenges pertaining to microgrid operations and smart home 
management are also presented [37].” 

 
As per described in the passage, there has been many 

research is happening worldwide on the Smart grid 
technology; to analyze overall progress on these researches, 
some surveys and studies are carried out that addresses a wide 
range of issues as mentioned in context from the 
communication network to security issues [38-43]. However, 
the majority of the survey covers one or two aspects of the 
Smart grid and don’t cover the context of the Industries.  
 

         III.   Future Direction 
 
Smart Grid implementation in the Industrial zone is the 

biggest challenge due to the high-power network, costly 
production line, and sensible data. Even though it is necessary 
to test and investigate Smart Grid technology at the industrial 
sites for research and development. At the initial level, it is a 
proposal to establish a methodology for determining the 
optimal composition of a hybrid system for powering an 
industrial building.  
 
Inputs:  

1. Object load diagram with duration of 1 year (15 Min 
resolution).  
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2. Identification of types of renewable energy 
generation sources and batteries, most suitable for 
the building infrastructure.  

3. Prices of hybrid system components (RESs: 
Euro/kW & Batteries: Euro/kWh).  

4. Autonomous management system with mobile 
application. 

5. Prices of energy from the utility (Euro/kWh)  
 
Expected outputs: 
 

1. Optimal performance of installed individual types of 
suitable RESs. 

2. Optimal performance of installed energy storage 
device capacity 

3. Participation of hybrid components to balancing the 
energy in a building. 

4. The coverage of a given load course by the proposed 
hybrid system (Course of RESs production, Battery 
charging/Discharging, Course of energy consumption 
from Distribution Source) 

5. Economic evolution of design (qualification of 
investment, operating cost, maintenance cost, 
comparison of saving by taking electricity without 
hybrid components and with hybrid components.) 

 
The criteria are to identify minimum payback period time 

on investment (Maximum return with less investment). 
 
A further possible step is to incorporate ESSs as common 

for 2-3 building infrastructure to optimize asset and financial 
performance, along with enhancing grid reliability and 
controllability. 

 
Electric vehicles are also storage of electrical energy. Their 

charging point needs to set at the industrial site for G2V and 
V2G principal testing. The effect on frequency fluctuation 
needs to evaluate during the charging and discharging of EVs. 
Optimal performance condition could be identified after the 
practice. 

 
 Research on cyber security has to set on highest level for 

the protection of critical data. Block chain technology could 
be more effective in data transfer as HS codes get change with 
just small changes in the system. It would be faster to identify 
and secure technology than other most present technologies.   

 
There are several technologies that must be carefully 

examined as an illustration of communication technology, 
automation technology and decentralized technology.  
 

Government and Industries must come together for the deal 
with this expensive investment of the Smart grid. Policies and 
standard needs to be in favor of both utility companies and 
industrial consumers. 

 
The final stage of testing is reliability and integration 

testing. The integration of most suitable devices according to 
availability in the present market, designing of a smart control 
panel with nanotechnology for saving space, that also 
inhomogeneous method with real-time data transferring 
process to identify most promising devices and fault location 
tracking. Smart Grid diagram of industrial sector is shown in 
Fig.1. 
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Abstract—Particular post thoracic surgery complications are
standardly monitored using methods that employ ionizing radia-
tion. Following a clinical trial of novel lung ultrasound (LUS)
examination procedure that can replace X-raying, a need to
automatize the diagnosis procedure has arisen. Deep learning
was used as a powerful tool for LUS analysis. We present a novel
deep learning method - Motion Mode (M-Mode) classification - to
detect lung sliding motion absence in LUS. One of the modules
in M-Mode classification is semantic segmentation module. In
this paper, we present our semantic segmentation results. We
use convolutional neural network, U-Net, to segment lung and
pleura tissue in LUS. Our segmentation accuracy was 98.63%
and 92.92%, for the pleura and for the lung, respectively.
While the pleura segmentation U-Net achieves higher accuracy,
this performance difference does not translate into the metric
intersection over union (IoU), where the lung segmentation U-
Net outperforms the pleura segmentation U-Net by 17.38% and
achieves IoU of 75.18%.

Keywords—Deep Learning, Lung Ultrasound, Semantic Seg-
mentation, U-Net.

I. INTRODUCTION

Feature extraction from ultrasound (US) heavily relies on

the radiologist’s expertise, and this may be difficult to share,

especially if a novel diagnostic protocol is being implemented,

such as in our case. Automated computer vision methods

and machine learning algorithms that can distill information

from US images or videos have been introduced over the past

decades. DL methods can transform raw image data to a high

level of abstraction and automate feature extraction from the

US. They can be applied to image analysis and aid in decision

support systems. To our best knowledge, DL has not been

applied to analyze LUS in the context of the detection of

post thoracic surgery complications. One of the crucial pre-

processing steps in the lung ultrasound analysis is semantic

segmentation.

Semantic image segmentation is the task of assigning a

class label to every pixel in an image. To perform quantitative

analysis of pathological and non-pathological tissues, we often

need to locate them in a US image. Fully convolutional neural

networks such as U-Nets [1] are state-of-the-art in biomedical

image processing. For the segmentation of rigid structures,

fine-tuned CNNs paired with an effective post-processing

method are currently the best-performing approaches [2], [3].

For the segmentation of non-rigid anatomical structures, prior

information is often introduced to the process. This infor-

mation can be provided through active contours, deformable

templates or image registration.

A. Segmentation Labels

A highly trained expert must label LUS video files, but

the procedure is not time consuming. On the other hand,

labeling a 2D dataset for basic semantic segmentation in LUS

is more time expensive but requires only low expertise. We

have educated a group of 80 volunteers, who have drawn

rectangular bounding boxes around the objects of interest

using labelImg tool [4]. Labeling was the first step in the

production of semantic segmentation masks.

We randomly selected 6400 frames from 182 videos, and

each volunteer labeled 80 frames. The objects of interest were:

pleura, lung, ribs and tissue. Class pleura represents both

the parietal and visceral pleura. In the LUS image, it is a

shimmering white line connecting the lung and the chest wall.

Class lung is the area under the pleura between the anechoic

shadows of the ribs. Class ribs represents the area of anechoic

shadow. This artifact appears because the sound waves are

well reflected by the hard material of the ribs. Finally, the

class tissue represents the chest wall comprised of the skin,

fat, and muscle tissue.

Fig. 1. Creation of semantic masks for pleura and lung from labeled data.
On the left: bounding boxes labeled by volunteers. On the right: semantic
masks generated from the bounding boxes.

We produced binary semantic segmentation masks for the

objects of interest by applying several computer vision al-

gorithms to the areas delimited by the bounding boxes. We

assumed that the objects of interest differ from other objects

in the bounding box by brightness. To create the segmentation

mask for the lung class, see Fig. 1, we applied intensity

thresholding in the bounding box with a threshold value

determined by Otsu’s method. The initial result was refined

by morphological dilation, and the holes in the mask were

filled. Finally, the mask was returned to the coordinate system

199



of the image. We repeated this process for each bounding box

in an image. In the end, we kept only the largest contiguous

region because some of the images contained multiple separate

regions of the lung. We generated pleura masks using the same

process, see Fig. 1.

II. LUNG AND PLEURA SEGMENTATION

For the segmentation of the lung and pleura we used fully

convolutional architecture - U-Net [1]. Our model contains

three encoder and three decoder blocks. Each block uses

a 2D convolutional layer, 2D batch normalization, and a

rectified linear unit layer in this order, twice, followed by

either 2D max-pooling in the case of the encoder block or

2D transposed convolution in the case of the decoder block.

The first two encoder blocks connect to a deeper layer and

skip-connect to the corresponding decoder layer with the same

resolution. The third and deepest encoder block connects

directly to the deepest decoder block. Decoder blocks take

the skip connected output from the encoder block and the

output from the decoder’s deeper layer and produce the input

to the higher resolution decoder block. Finally, the prediction

is made using a softmax layer. Loss is calculated as weighted

pixelwise cross-entropy. The weight is determined as a class

distribution from a random subsample of the dataset. In the

pleura segmentation, decreasing the weight of pleura segments

by 80% improved the segmentation results.

The input image resolution is 480×480 pixels. We used four

types of data augmentation: vertical and horizontal flipping

and random rotation, translation, and scaling. We trained

the neural networks for 30 epochs with early stopping that

occurred when after ten epochs, the validation loss did not

drop below the lowest previously recorded value. We randomly

divided the dataset into three parts: 50% for training and 25%

each, for validation and testing.

To improve the resulting segmentation, we apply post-

processing both for the pleura and for the lung:

• The connected regions in the prediction mask are de-

tected.

• The largest connected region is kept, the remaining are

discarded.

• The holes in the largest connected region are filled.

III. EVALUATION

We use accuracy, precision, recall, and F1-score to evaluate

both semantic segmentation and classification CNNs. We add

Intersection over Union (IoU) metric to evaluate semantic

segmentation results and use the term Dice coefficient instead

of F1-score.

In binary segmentation, the tissue (lung/pleura) is our target

class. Therefore, accuracy represents the ratio of the correctly

classified pixels to all pixels in the mask. Precision measures

the proportion of the correctly classified tissue pixels to all

pixels classified as tissue. Recall measures the proportion of

correctly classified background pixels to all pixels classified

as background. The dice coefficient is a harmonic mean of

precision and recall. IoU measures the overlap between the

correctly identified tissue pixels and the area of the union of all

pixels identified as tissue pixels and misclassified background

pixels.

IV. SEGMENTATION RESULTS

Tab. I shows the performance metrics of U-Nets’ binary

segmentation of the pleura and the lung on the test dataset.

We use accuracy, recall, precision, IoU, and Dice coefficient.

In segmentation, improving IoU metrics is the criterion.

TABLE I
U-NET PERFORMANCE CHARACTERISTICS FOR THE SEGMENTATION OF

PLEURA AND LUNG (POST.- INDICATES IF POST-PROCESSING ACCORDING

TO SEC. II WAS APPLIED. ACC. - ACCURACY, IOU - INTERSECTION OVER

UNION, DICE - DICE COEFFICIENT.)

Tissue Post. Acc. Precision Recall IoU Dice

Pleura No 0.9816 0.7580 0.5985 0.5025 0.6689
Pleura Yes 0.9863 0.7497 0.7093 0.5735 0.7289
Lung No 0.9198 0.9390 0.7644 0.7283 0.8428
Lung Yes 0.9292 0.9369 0.7919 0.7518 0.8584

Without post-processing, the pleura segmentation was

96.81% accurate, but the IoU score was only 50.25%. By

applying post-processing described in Section II, the resulting

accuracy improved by 0.47% and IoU by 7.1%. The post-

processing improvement was at the cost of decreased precision

caused by the removal of true positive pixels.

Lung segmentation with U-Net was more successful than

pleura segmentation with an IoU higher by 32% without post-

processing. The overall accuracy is lower with or without

post-processing because the lung samples are pixel-wise more

balanced than the pleura samples. With post-processing, every

metric improved except for precision that decreased by 0.21%.

The best-performing classifier achieved an accuracy of 92.92%

and IoU 75.18%.

V. CONCLUSION

The U-Net for lung segmentation outperforms the U-Net

for pleura segmentation in almost every measure, see Tab.

I. These performance differences result from different tissue

to background ratios and the possible mislabeling during the

process of semi-automated production of semantic segmenta-

tion masks. Furthermore, the lung tissue is constrained by the

pleura and the anechoic shadows of the ribs, but the contours

of the pleura tissue are more fuzzy.

The full version of the article and results of current research

are under review. Other publications of the author include [5],

[6].
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Kuzmiak Marek 39

L
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Maslej Krešňáková Viera 137

O
Olexa Richard 183
Oliinyk Maksym 123

P
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Sivý Martin 131
Sokol Miroslav 178
Solanik Michal 127

Š
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