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APPLICATION OF SMART TECHNOLOGIES IN TEACHING
MATHEMATICAL DISCIPLINES AT HIGHER EDUCATION
INSTITUTIONS

Aizhan Tengayeva, Aisha Anafina?

!Kazakh National Agrarian Research University. Almaty, Kazakhstan
2Margulan University. Pavlodar, Kazakhstan
Aijan0973@mail.rgaisha_anafina@mail.ru

Abstract. The article considers the use of smart technologies in teaching mathematical
disciplines at higher education institutions. The advantages of introducing interactive,
multimedia and smart technologies into the educational process are analyzed. Examples of
using smart technologies, such as interactive whiteboards, mobile applications, online
simulators and virtual laboratories are described. It is shown how these technologies contribute
to increasing studentsd moti vat thernacademd enga
performance in mathematical disciplines. Conclusions are made about the prospects for further
implementation of smart technologies in mathematical education at higher education

institutions.

INTRODUCTION

This article is based on the following research question: How do smart technologies
affect studentsdé perception of educational
higher education institutions? The main attention is paid to the influenceagfterhnologies
on the perception of educational material in teaching mathematical disciplines at higher
education institutions. The impact of smart technologies on the educational process implies
i mproving studentsd acade matiatiopand €éngagemant io e i
learning activities.

The continuous development of technology, especially information and communication
technology, has made significant advances in higher education. The use of information and
communication technology in education has been a topic of research for manyitbazarly
works focusing on the impact of technology on student performance (M. Joubert, 2013)[1], (B.
Zoghei b et al ., 2015)[ 2], ( K. Carter and S.
number of studies have examined the use of SMARTboaxdstwal learning laboratory
environment for teaching mathematics to students, videos, video lectures (S. J. Cabus et al.,
2017)[5], (3. Schreurs, 2013)[6], (K. H. Cheong and J. M. Koh, 2018)[7], which suggested the
effective use of smart technology model$eaching mathematics. SMARTboard is considered
as a device for visualizing educational material, which has many functional values. The use of
smart technologies also implies the use of various learning platforms. The authors (M. Irfan et
al., 2020)[8], (H. Th. S. Alrikabi et al., 2022)[9] show the effectiveness in teaching
mathematical disciplines in platforms such as Moodle, Google Class and Edmodo, Teams. The
development trends of smart technologies have led to the use of various types and methods of
application, as well as conducting research on their impact on the productive teaching of
mathematical disciplines (R. Wu and Z. Yu, 2023)[10], (B. Deacon et al., 2023)[11], (L. A.
LaurensArredondo, 2024)[12].

Understanding the impact of smart technologies in teaching mathematical disciplines in
higher education is of significant importance for further progress in the field of mathematics.

The application of various types of smart technologies in teaching mathematical
disciplines at the university has been little studied in the scientific literature. Therefore, this
study is devoted to studying how the application of smart technologiexffedt the perception
of learning.
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LITERATURE REVIEW

Research on the application of smart technologies in teaching mathematics in higher
education can be broadly divided into three parts: 1) smart technologies as a data visualization
tool; 2) learning platforms with multimedia software; 3) smart technologi#s artificial
intelligence.

In his study (M. Joubert, 2013) [1] he examined the interests and problems associated
with the wuse of digital technol ogies in mat
chall engeso were identified: the oradnizat
connections between students. In contrast to this work, (J. Schreurs, 2013) [6] develeped an e
tutor for a mathematics course. It was based on best practices in online learning. Visually
attractive modules with a focus on concepts, exercises, andebsisapplications are
supplemented by voice explanations and handwriting input. An additional support system helps
students solve problems in the independent work module. International studies on interactive
whiteboard technologies have shown that theymaused as a tool to help teachers differentiate
learning. The key finding of the study (W. Muhanna and K. M. Nejem, 2013) [13] was that
smart boards can be a valuable tool for teaching mathematics, and experience and qualifications
affect attitudes towas smart boards, and further research is needed to study the impact of smart
boards on learning. From further studies on the impact of smart boards, we consider the work
(K. Bakib¢gyek et al ., 2014) [4], whusigbmartdent i
boards. As a result, it was found that smart boards can be useful in mathematics lessons,
especially geometry, and for their effective use, changes in the approach to teaching are needed.

The research work of the authors (S. J. Cabus et al., 2017) [5] showed that when
comparing the results of students before and after tests, the level of proficiency in mathematics
increased significantly due to the effective use of SMARTboard.

When switching to online learning, the whole world faced difficulties that became an
obstacle to conducting a fifledged lesson. But despite all these problems, people began to
implement smart online learning technologies, platforms with multimedia a@ftwvhich
made this situation easier.

In turn, the authors (M. Irfan et al., 2020) [8] point out some of the problems that arose
during the study during the pandemic. The study is aimed at identifying obstacles that arise in
the process of learning mathematics. The results showed that plagoom as Google Class
and Edmodo are popular. However, there were problems with writing mathematical symbols
and limitations of multimedia software to support online learning.

Also, the Moodle virtual learning environment was widely used to support online
learning during the pandemic. In the article (H. Th. S. Alrikabi et al., 2022) [9] the authors
present the learning management system Moodle as a tool for developing anwpereso
learning platform that supports both the student and the teacher by providing services that
facilitate teaching, as well as administrative tasks related to education and improving efficiency.
They also consider it necessary to know how this afthgt&al skills, which have recently been
considered one of the most important aspects related to intelligent learning.

The increasing use of smart technologies in the educational space leads to such a concept
as Al ntelligent Educ aParraetralg 2022) [@6] theraethons notedhatk s (
intelligent education is the use of various technologies (combiabtgptimization, machine
learning, big data, data visualization, educational technologies of the Internet of Things,
learning analytics and others) to improve the quality of education. The work (B. Zogheib et al.,
2015) [2] studies the impact of the TAMTec hnol ogy Acceptance Mode
MyMathLab in mathematics lessons. The results showed that user satisfactieiff)csedf/,
subjective norms, and perceived ease of use positively affect the intention to use MyMathLab.
The work (B. Baglamat al., 2017) [14] investigated the use and integration of technology in
mathematics teaching. Regarding the issue of technology integration, (C. Vieira et al., 2018)
[15] analyzed existing approaches to visualizing educational data. Based on thet stagy, i
concluded that further research is needed to implement tools in the classroom environment, take
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into account student data, develop complex and informative visualizations, and combine
visualization with educational theories. In line with this, this work (K. H. Cheong and J. M.
Koh, 2018) [7] proposes a virtual learning laboratory environment for grathrate
mathematics. A pilot study shows that using a virtual lab to teach mathematics improves
learning.

In addition, the use of smart technologies can distract students from deeply
understanding mathematical concepts. Often, students focus on mastering software and
algorithms rather than learning the fundamental mathematical principles. This can lead to
supeficial knowledge that does not allow students to apply mathematics thfeesituations.

In this regard, changes in learning models and learning environments, as well as related best
practices, have led to the understanding that educators are fabtethevitlifficult task of
incorporating an optimal combination of classroom learnidgaming, and a virtual classroom

into the learning process. For the Mathematics course, the teaching team decided to organize a
blended model consisting of the followicgmponents: individual reinforcement of essential
mathematical knowledge; interactive online lectures introducing theoretical concepts and their
application in a business environment; a practical lesson in the classroom, during which
students are guidetirough solving exercises; online exercises andssetfy tasks managed

by the system. An electronic tutor was developed and implemented, which included three types
of lessons: presentation of theory in the form of video recordings simulating lecturesated

using recordings of laboratory lessons, presentation of exercise examples, and a module for
independent work to support students in solving exercises step by step. Recordings of laboratory
lessons were used to create a presentation video. Atgacidual presentations of the
theoretical modules are devoted to concepts, exercises, and their application. (J. Schreurs, 2013)

[6].

Due to the increased need for smart technologies in the educational environment, more
and more attention is paid to the use of artificial intelligence. Numerous studies have
highlighted the positive effects of using Al chatbots in education. However,stadies have
shown that users felt frustrated and lost motivation to learn when using Al chatbots to practice
communication skills. (R. Wu and Z. Yu, 2023) [10]. In pedagogical practice, the
implementation of pedagogical teaching methods is carried og umsiovative capabilities of
digital technologies, such as learning management systems, online communication services,
specialized mobile applications, and immersive AR / VR / XR technologies. Also, the
innovative methodology of teaching mathematics isedaon the concepts of active social
learning and combines modern approaches to STEM education and content and language
integrated learning (CLIL). These include constructivist, probdeiented, projeebased and
researckbased approaches. The proposedhowology is adapted to the implementation of
educational activities in the online learning environment. (U. Kossybayeva et al., 2022) [17].

The key finding of the study was that the methodology they developed proved its
effectiveness in teaching mathematics. Students easily adapted to digital pedagogy, mastered
the skills of managing educational activities and effectively used the technolcapedilities
provided by the courses.

The need to use smart technologies during the pandemic has led to an increase in the
use of smart technologies in the educational space, which affected the quality of learning, which
has been studied in many scientific papers. The authors (R. Wu and 2023 [10]
investigated in a metanalytical study the impact of artificial intelligence chatbots on student
learning outcomes and the moderating effects of educational programs. The proliferation of
experimental studies has highlighted the need to suinersand synthesize conflicting evidence
on the impact of artificial intelligence chatbots on student learning outcomes. However, only a
few reviews have been devoted to the nmaatalysis of the impact of Al chatbots on student
learning outcomes. In their ask (B. Deacon et al., 2023) [11] explored the scientific
understanding of the organizational level associated with digital change and provided specific
recommendations for practitioners. Overall, it was found that the development of artificial
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intelligence and computer technology has encouraged researchers to conduct a variety of
studies. Based on the findings, some suggestions are made: researchers are encouraged to
consider using Al applications to provide students with personalized guidasgppmrt, and

to study the impact of Abased teaching approaches on mathematics education research; it is
useful to implement relevant Al applications in the teaching activities of advanced mathematics
programs such as geometry and topology, applied enatics, mathematical literacy, and
interdisciplinary courses (e.g., STEM); it is useful to develop an adaptive mathematics learning
environment in collaboration with mathematics education, educational technology, and
computer science researchers; it iparant to use modern artificial intelligence technologies
such as deep learning in mathematics education; it is important to explore the effectiveness of
using artificial intelligence in mathematics teaching from different perspectives, taking into
accoun rarely considered research aspects such as cognitive load, collaboration and
communication skills, and learning anxiety. {IG Hwang and ¥F. Tu, 2021) [20].

The implementation of the pedagogical model of teaching mathematical sciences
involves the implementation of such pedagogical principles as: adaptive learning, modeling and
imitation, gamification, as well as constructivist, problerrented, project, resech
approaches. Motivational support of educational activities in the process of implementing
pedagogical methods in practice is an effective tool for achieving educational goals by creating
conditions for personal autonomy, educational and personalgsgeHorganization, self
control and management. The theory developed by Keller, called ARCS, is a learning model
that was developed in response to the need to find effective ways to understand the main
influences of motivation in the teachihgarningprocess. The model is focused on the correct
stimulation and maintenance of studentsdé edu
motivationfocused learning model was implemented in combination with technologies such as
machine learning, augmted reality, additive manufacturing, smart mobile devices, Moodle
platforms, interactive smart TVs, and traditional lectures. Also (L. A. Lavkeresiondo,

2024) [12] examined the differences between the various technologies studied, highlighting
interadive TV, machine learning, and augmented reality compared to other technologies, which
serves as a baseline for academic management to direct efforts, resources, and teacher training
in new tools to support the learning process.

Currently, scholars are analyzing the effectiveness of global changes in the education
system, trying to understand whether the efforts made to create new or adapted teaching
methods have had a positive impact on students and the educational proce$®las And
also, many issues have emerged in the research, which suggest that in order for teachers to adapt
to the use of technology to improve student learning, they must first understand how these same
technologies can be used to improve their persos@l Research shows that without proper
training, the introduction of smart technologies into educational practice and a clear
infrastructure that ensures connectivity and accessibility, there will not and cannot be an
improvement in teaching and the dedirecrease in academic performance. (K. Carter and S.
Mehta, 2018) [3].

Taken together, the studies reviewed show that smart technologies in teaching
mathematical disciplines play a significant role in higher education.

Although there is some evidence to support the idea that the use of artificial intelligence
in teaching mathematics effectively affects the quality of knowledge, further research is also
needed on the use of smart technologies for visualizing abstracmedtbal concepts.

METHODOLOGY

To determine the quality of assimilation of educational material by students in the study
of mathematical disciplines, observation and questionnaires were conducted at Constructor
University, where we are currently undergoing a scientific internship. @bt University
is a private, Englistenguage international university in Germany with the highest standards in
research and teaching in accordance with an interdisciplinary concept, innovative solutions and
advanced training programs.
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According to the schedule of classes in the disciplines Analysis, Matrix Algebra and
Complex Analysis, we observed the use of smart technologies in these classes. Classes were
held both offline and online using the Teams and Moodle platforms. AImosaaded were
video recorded live via a digital camera. To make the material presented accessible, the teacher
used a graphic tablet, which broadcast lecture recordings on an interactive whiteboard. The used
training format was also available for studentsigitog online.

Classes were held in an active dialogue mode. Students present online also actively
participated in the classes. According to our observations, only some students used laptops and
tablets to record lectures. All lecture materials: video recordings, lestueenshots are
uploaded to the Teams platform, where students can review the material, they have covered at
any time convenient for them. This is also convenient for those students who were not present
at the classes.

As a result of the observation, a questionnaire was compiled to determine the opinion
of students and the impact of smart technologies on the perception of educational material. The
guestionnaire consists of 12 questions, which includes questions reldtedgositioning of
students in the field of demographic indicators (gender, age, country). To answer the
questionnaire, a Likert scale was used taking into account five options. The survey was
conducted using the Google Forms tool. The data obtainethdhwe survey were transformed
into an Excel spreadsheet. For processing and analyzing the data, the R statistical programming
environment was used, where the table data was converted and brought into a readable format.
The total number of survey particita was 80 engineering students of the university from 32
countries. Of these, 50 were men, 23 were women, and 1 student preferred not to indicate
gender. Age from 189 years old 45 students, from-28 years old 28 students from-29
years old 1 studen6 students did not indicate gender, age and country of arrival. By country
of arrival, one student from 18 countries and a small number of students from 12 countries were

identi fied. For data processing, t erethat ount r
emerged as a result of the collapse of the U
USA, Koreao, fAnDeveloping countriesodo. See Tahb
Table 1
GROUPS COUNTRIES GINI GDPPC
GROUP 01 Azerbaijan 26,55 24698
Belarus 24,38 32098
Georgia 36,93 27363
Kazakhstan 27,79 41366
Kyrgyzstan 28,99 7773
Mongolia 32,74 19063
Russia 36,03 47299
Ukraine 24,63 19603
Uzbekistan 35,27 11596
Vietnam 36,81 16193
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GROUP 02 Albania 29,42 21377
Bulgaria 39,01 39185
Germany 30,64 70930
Korea 33,1 62960
Romania 34,1 47204
Turkey 42,6 40283
USA 39,79 86601

GROUP 03 Brazil 51,4 22123
Burundi 38,62 986
Cuba 38 -
Egypt 31,86 20799
EL Salvador 38,76 13173
Ethiopia 34,99 4045
Ghana 43,52 7975
Honduras 48,1 7605
India 37,06 11112
Kenya 38,7 7157
Morocco 39,65 10615
Nepal 32,84 5348
Nigeria 35,13 6543
Zambia 44 4190
Zimbabwe 50,26 5071

15 20 25

MNUMBER OF STUDENTS
10

Region 1 Region 2 Region 3
REGIONS
Figure 1. Number of students by region

For further data processing in R, the Pearsorsgbare test was used, which estimates
the deviation of observed frequencies from theoretically expected ones and is used to analyze
contingency tables of two variables with categorical scales. ThedTilaie statistic, calculated
based on the analysis of the contingency table, answers the question: what degree of deviation
from the expected frequency will be large enough to be considered greater, given the sample
size and the number of gradations of thegatieal scales of the analyzed variables.

The standard buiiin function for calculating Chsquare can work with both ready
made contingency tables (in the form of table class objects) and with two vectors of variables
with nominal or ordinal scales, on the basis of which a contingency matrizechuailt. The
table () function treats all types of data equally, so that qualitative variables encoded with
numbers do not require transformation using as.factor ().
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Table 2 shows the results of the calculation between variables withsa@dried value

when estimating the probability ofyalue.

Table 2.
REGIONS AGE GENDER
REGIONS X-s0.=12.848 X-sq.=1.7789
i df=2 df=2
p-value=0.0016 p-value=0.4109
AGE X-sq.=0.24567
i i df=1
p-value=0.6201
EFF X-s(.=0.4984 X-s0.=4.9404 X-sq.=1.6063
df=2 df=2 df=3
p-value=0.7794 p-value=).0845 p-value=0.658
OFTEN X-sq.=1.0349 X-sq.=7.4927 X-sq.=1.8213
df-4 df-2 df-3
p-value=0.9045 p-value=0.0236 p-value=0.6103
RATE X-s0.=2.1005681 X-sq.=5.0048 X-sq.=0
df=1 df=1 df=1
p-value=1 p-value=0.0252 p-value=1
AFFECT X-sq.=2.622 X-sq.=22.611 X-s50.=0.96792
df=2 df=1 df=2
p-value=0.2696 p-value=1.983 x 16 p-value=0.6163
MOTIVATION X-s(.=0.4397 X-s¢.=2.322 X-sq.=0.6454
df-2 df-1 df-1
p-value=0.8029 p-value=0.1267 p-value=0.4217
COMPLETED X-s(.=0.8852 X-s¢.=0.7439 X-sq.=2.8106
df-4 df=2 df=2
p-value=0.9267 p-value=0.6894 p-value=0.2453
DIFFICULT X-sq.=4.602 X-sg.=0.7423 X-sq.=3.0775
df=4 df=2 df=2
p-value=0.3306 p-value=0.6889 p-value=0.2147
CAPABILITY X-s(0.=6.8776 X-s0.=0.53498 X-s(0.=2.0293
df=6 df=3 df=3
p-value=0.3323 p-value=0.9111 p-value=0.5663

RESULTS AND ANALYSIS

Based on the results obtained, three categories were identified: 1) issues related to
demographic data; 2) issues related to the selection of effective smart technologies and types of
tasks; 3) issues related to the influence of smart technologies oertepion of educational
material.

As a result of the data analysis, the following indicators were identified by age
categories and regions, wherggdue = 0.0016, which means an excess of younger age students
from Region 1, as shown in Figure 2.

1619 024

L]

REGIONS
Region 1

Ragion 2

Region 3

AGE
Figure 2. Age indicators by region
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In the group of demographic characteristics, no relationships were found between
gender and age groups, as well as with gender and regions. (See Table 2)

Participating students aged-16 use smart technologies for independent work less
often than students aged-20, who have a higher rate of constant usealpe=0.0023) (Fig.
3)

16-19 024

Frequency
Crfben Sometimes

Consiantly

AGE
Figure 3. Smart technology usage rates by age.

According to statistical analysis, wherevalue=0.0025, the impact of SMART
technologies on the quality of learning mathematics has increased significantly equally in all
age categories. We also see that the rate of significant increase is higher ardents stged
20-24 than among younger students. (Fig. 4). No gender differences were found. (See Table 2)

16-13 20-24

Sightly increased

RATE

Significantly increased

AGE
Figure 4. Indicators of the quality of assimilation of educational material
Students aged 189 years believe that the most effective SMART technologies used in

the process of teaching mathematics are online resources and educational platforms. Older
students, on the contrary, believe that simulators and virtual laboratoriég anest effective

(p-value=0.0845)
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daicthe whibsboads Online rescurces and educaional plationms  Simulaions and virieal laboratores
& .
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§ I

Figure 5. Smart technology efficiency indicators

Considering the second category of data analysis results, it is noted that with the help of
the most efficient smart technologies chosen by students, they mainly perform such types of
tasks as solving equations and inequalities. (Figure 6)

Criling resources and educational platioms. Siemiabors and vifual laboeatonies.

Ineractive whiteboanss
EFF
Figure 6. Indicator of the type of tasks: Solving equations and inequalities

Also, with the help of smart technologies, students more often perform geometric
constructions than solve problems on probability and statistics, coefficiait@=0.02611.

(Fig. 7)

Figure 7. Task Type Indicator: Geometric Constructions

Students claim that the use of effective smart technologies made their learning process
in mathematics more independent, which is confirmed by the coefficiaitip=0.0104. (See
Table 3)



Table 3

TYPES 12 question
TYPES_draw | TYPES_Prob | TYPES_eq | TYPES_ | TYPES_sol | TYPES_fu | FOLLOW HELP MORE_OF | INDEP
ing Stat uations geometri | ution nction TEN ENDE
c NT
EFF X-sq.=1.3701 | X-sg.=4.9901| X- X- X- X- X- X- X- X-
df=4 df=3 sg.=11.78 | sq.=0.374| sq.=1.519 | sq.=2.8719 | sq.=1.8338 | s0.=4.089| sq.=3.1132 | sq.=16.
p- p- df=2 95 df=4 df=2 df=3 8 df=6 701
value=0.8494 | value=0.1725| p- df=2 p- - - df=6 - df=6
value=0.00 | p- value=0.82 | value=0.23 | value=0.60 | p- value=0.79 | p-
2766 value=0. | 33 79 76 value=0. | 45 value=
829 6645 0.0104
OFTEN X-s0.=2.8451 | X-s0.=5.1127 | X- X- X- X- X- X- X- X-
df=4 df=2 $0.=6.9875 | sq.=9.253| sq.=2.8451 | sq.=6.2699 | sq.=9.9548 | sq.=4.337| sq.=4.3864 | sq.=4.8
p- p- df=3 3 df=4 df=3 df=4 4 df=4 148
value=0.5841 | value=0.0775| p- df=3 p- p- p- df=4 p- df=4
9 value=0.07 | p- value=0.58 | value=0.09 | value=0.04 | p- value=0.35 | p-
23 value=0. | 41 919 12 value=0. | 62 value=
02611 3623 0.3068
RATE X- X-sq.=0 X- X- X-sq. = X-sq. = X-sq. = X- X- X-
$0.=0.016928 | df=1 50.=0.0394 | sq.=4.198| 2.1093e31 | 1.3359 df = | 6.5649 df = | sq.=12.58| sq.=4.1661 | sq.=3.2
df=1 p-value=1 3 7 df=1 1, pvalue=| 2 9 df=2 388
p- df=1 df=1 p-value =1 | 0.2478 p-value = df=2 p- df=2
value=0.8965 - p- 0.03754 p- value=0.12 | p-
value=0.84 | value=0. value=0. | 45 value=
26 0404 0018 0.198
AFFECT | X-s0.=8.9888 | X-sq.=3.7421 | X- X- X- X-squared | X-squared | X- X-squared | X-
df=2 df=2 s0.=0.0009 | sq.=8.380| sq.=1.7462 | =9.1324, =9.3961, squared =| =3.3188, square
p- p- 8041 8 df=2 df=2,p df=2,p 6.1597, | df=2,p d=
value=0.0111 | value=0.154 | df=1 df=2 p- value = value = df=2,p | value = 6.7124,
7 p- p- value=0.41 | 0.0104 0.0091 value = 0.1903 df =4,
value=0.97 | value=0. | 76 0.0459 p-value
5 01514 =
0.1519
MOTIV X-squared = | X-squared = | X-squared | X- X-squared | X-squared | X-squared | X- X- X-
ATION 0.016074, df | 1.1724,df= | =0.05291, | squared =| =0,df=1, | = =29.536, s0.=5.090| sq.=6.3395 | square
=1, pvalue = | 1, pvalue = df=1,p 6.4113, p-value =1 | 0.0011857, | df=2,p 6 df=2 d=
0.8991 0.2789 value = df=1,p df=1,p value = df=2 p- 4.2076,
0.8181 value = value = 3.858e07 p- value=0.01 | df =2,
0.01134 0.9725 value=0. | 97 p-value
07845 =0.122

According to the survey participants, frequent use of smart technologies made learning
mathematics more interesting and helped them better understand complex mathematical
concepts. Video lessons on educational platforms used by the teacher, geometrictoorst
performed using smart technologies, and plotting function graphs significantly affected the
quality of learning and academic results in mathematics. (See Table 4).

Table 4
OFTEN RATE AFFECT MOTIVATIO | COMPLETED | DIFFICUL | CAPABILITY
N T
X-squared = | X-squared = | X-squared = | X-squared = | X-squared = X-squared | X-squared =
1.8608, 0.161, 1.2289, 1.4654, 2.0734, =8.1457, 6.7948,
df =3, df = 2, df =1, df =1, df = 2, df = 2, df =3,
p-value = p-value = p-value = p-value = p-value = p-value = p-value =
0.6018 0.9227 0.2657 0.2261 0.3546 0.0170 0.07873
OFTEN X-squared = | X-squared = | X-squared = | X-squared = X-squared | X-squared =
6.5896, 13.001, 5.0575, 0.75439, =5.0052, 5.5346,
df =2, df =2, df =3, df =4, df =4, df =3,
p-value = p-value = p-value = p-value = p-value = p-value = 0.1366
0.0370 0.0015 0.1676 0.9445 0.2868
RATE X-squared = | X-squared = | X-squared = X-squared | X-squared =
17.252, 12.505, 2.491, =1.5062, 0.71645,
df =1, df =1, df = 2, df = 2, df =3,
p-value = p-value = p-value = p-value = p-value = 0.8693
3.273e05 0.0004 0.2878 0.4709
AFFECT X-squared = | X-squared = X-squared | X-squared =
10.737, 2.7852, =1.2796, 4.4856,
df = 2, df = 4, df = 4, df =3,
p-value = p-value = p-value = p-value = 0.2136
0.0046 0.5944 0.8648
MOTIVATION X-squared = X-squared | X-squared =
2.2086, = 1.6965, 45184,
df =2, df=3,p df =3,
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value = p-value =
0.6377 0.2107
COMPLETED X-squared | X-squared =
=5.8616, 6.7385, df = 3,
df =4, p-value =
p-value = 0.08072
0.2097
DIFFICULT X-squared = 10,
df =3,
-value = 0.0185
CAPABILITY

When using interactive whiteboards, most students point out difficulties related to
technical problems (slow internet, application failuresydue=0.01103).

Now let us consider issues related to the influence of smart technologies on the
perception of educational material. Constant use of smart technologies for independent work
on completing mathematical assignments significantly affects the quality of asimiof
educational material {palue=0.0370) (Figure 8A) and improves academic results in
mathematical disciplines {palue=0.0015) (Figure 8B). Thereby, increasing students'
motivation to study (fvalue=0.0004). (Figure 8C). According to the survey ltesstudents
encountered difficulties in using interfaces, thus they would like to see more intuitive interfaces
and wide integration with other tools in the futurev§ue=0.0185).

e <a ]

AFFE

OFTEM

8 0 8 |

OETEM

MOTIVATION

AEFECT

8 u
Figure 8A. The impact of smart technologies on learning quality and academic performance.
8B. The impact of smart technologies on academic results. 8C. The impact of smart
technologies on motivation

22



DISCUSSION

The perception of educational material stimulated by the use of smart technologies,
found in the results of this study, confirms the use oftnaditional didactic support tools,
maintains students' engagement in learning and motivates them to actitielpata in the
learning process. The results obtained partially confirm the reports of other authors when using
Moodle platforms (M. Irfan et al., 2020)[8], (H. Th. S. Alrikabi et al., 2022)[9], interactive
smart boards (S. J. Cabus et al., 2017)[55¢breurs, 2013)[6], (K. H. Cheong and J. M. Koh,
2018)[7], mobile applications. (U. Kossybayeva et al., 2022)[17]. Data analysis revealed
significant differences in the use of smart technologies by teachers in the process of teaching
mathematics betweehe online platforms Moodle, Canvas and other technologies. The use of
interactive smart boards, online resources and educational platforms stood out among other
technologies with the highest level of effective use. The lowest level of effective use was
as®ciated with simulators and virtual laboratories. According to the data analysis, students
positively assess the role of smart technologies in preparing for classes. The responses received
were divided into the following categories: role as a tool, rolenaerstanding the material,
role as visualization of materials. According to the questionnaire, students consider the role as
a tool as an assistant, teacher, access to structured notes and content, a source of online
materials. The role of smart techngies in understanding the material, according to students,
is helping to comprehend the topics covered in class, understand the theory behind them before
learning how to solve problems, also save time by automating tasks, systematizing materials
and increaing the efficiency of learning, help to achieve a clearer understanding of topics. As
for the role of smart technologies in preparing for classes, students associate their understanding
with visualization, which facilitates learning, helps to visualizebfgms and mathematical
concepts. Of the students surveyed, a small number note that smart technologies do not play a
significant role in preparing for classes.

When using smart technologies in teaching mathematics, students point out difficulties
associated with technical problems, such as slow internet, application failures.

Students see the effectiveness of learning mathematics in the future in broader
integration with other tools, in personalized curricula, in the ability to ask questions to the
teacher in real time.

The use of smart technologies largely depends on the context, the method of its
implementation and the student's inclination towards this technology.

CONCLUSION

This study reviewed the literature on the use of smart technologies in teaching
mathematical disciplines that contribute to improving the quality of the educational process at
the university. To identify the impact of smart technologies on the percegtenfucational
material in mathematical disciplines, a survey was organized among university students.

The results of the study revealed that the correct use and choice of smart technologies
in teaching mathematical disciplines; analysis of the use of smart technologies; adaptation of
students to the digital environment and their improvement are of keytanpe.

Thus, with all its advantages, the use of smart technologies in teaching mathematical
disciplines requires a careful approach and balanced application in order to avoid negative
consequences for students' mathematical training.

Future research should focus on studying the use of smart technologies for visualizing
abstract mathematical concepts in teaching mathematical disciplines.

Despite the many benefits of using smart technologies in teaching mathematics, there
are also negative aspects that need to be taken into account and further explored.

First, excessive use of technology can lead to a decrease in manual calculation skills and
logical thinking in students. Constant reliance on calculators, computer programs, and online
solvers can weaken student s allpriodlems withoutto i nd
technical support.
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Secondly, excessive use of technology can distract students from their main learning
activities and reduce their engagement in the learning process. It is necessary to find a balance
between the use of technology and traditional teaching methods.

Further research in this area should focus on studying the impact of smart technologies
on the development of studentsd mat hemati cal
develop methods that will make it possible to use technology as effgctisgbossible to
improve the quality of teaching mathematics without compromising fundamental mathematical
competencies.

In addition, it is important to study ways to integrate smart technologies into the
educational process in such a way that they complement, rather than replace, traditional
teaching methods. This will improve the effectiveness of the educational prodesssare the
comprehensive devel opment of studentso6 mathe
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AGENBASED SI MULATI ON OF THE QUTRI T
PRI SONERG6S DI LEMNMBANN AOPERATOR STRATEC

Volkan Duran, Elman Hazar

Abstract

This study introducesa web-based,interactive platform for exploring thedynamicsof
a qutrit-level QuantumP r i s oDileanmad. Eeveraging GelMann matrix operators and tunable
rotation angles, the simulation &ws two players to select from identity and eight+oommuting
guantum strategies, apply phase shifts, and engage via a configurable entangbaaraeterThe
system computes the resultant joint state, derives measemgt probabilities across nine basis
outcomes, and evaluates expected-pafs against a bespoke qutrit payoff matriksers can
perform grid searches for optimal combined returns and visualize both the entangled initial state
andthe payoff landscapén two- andthreedimensionaplots. Resultsdemon strate how higher
dimensional quantum strategies and adjustable entangdmt lead to emergent cooperative
equilibria distinct from classical or qubibased gamesBy providing realtime feedback on Nash
equilibrium condi tions, optimality markers, and probability distributions, this tool offers re
searchers a hanas sandbox for studying neslassical strategic behavian multi-level quantum
systems.

Keywords:qut rit quant um g ame Mafrmiats aes) entariglemedti | e mm:
parameter, payoff landscape, agbated simulation.

Interactive Simulation: https://huggingface.co/spaces/Volkar@éfit-quantumprisoners-
dilemma

1 INTRODUCTION

The cl assi cal Pri soner 6s Dil emma r-eopyr esent !
illustrating the tension between individual rationality and collective welféke [n its standard
formulation, two players independently choose to coode or defect, with payoffs structured
such that mutual defection constitutes the unique Nash equilibrium despite mutual cooperation
yielding superior collective outcomes 4]. This paradox has profound implications across
economics, political science, evolutionary biology, and social psycho8}gy [

The advent of quantum information theory has opened new avenues forgeptualizing
strategic interactions. Me y e sefisal work demonstratedthat quarr tum strategies can
fundamentally alter gametheoretic outcomes [4], while Eis- ert, Wilkens, and Lewenstein
extended t his framewor k t o t he Prisoner 0s Di
cooperative equilibria unattainable in claical settingsq]. Subsequent research has explored
guantum games using qubit systen@ 7], demonstrating how quantum superposition and
entanglement provide strategic advantages.

However, most quantum gantleeoretic investigations have been confinéd two-level
(qubit) systems Higherdimensional quantum systems, patrticularly qutrits (theeel systems),
offer richer strategic spaces and have garneredtrigasing attention in quantum information
processing§, 9]. Quitrits exhibit furn damentally different entanglement properti&g jand enable
more complex quantum operations through generalized-Nkaatin matrices 11], the natural
extension of Pauli operators to threienensional Hilbert spaces.

This work presents a comprehensive computational framework for siimgajutritbased
Quantum Pr i soner Ou webbade@ ptatiomm epableseaktime exploration of
strategicinteractionsusing the complete set of GelMann operators, parametrized by rotation
angles and phase shifts,-uder variable entanglement conditions. The simulation computes joint
guantum states, measurement probability distributions, and payoff structures whilddomg
optimizatian algorithms to identify maximaleturn configurations.
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2
2.1

THEORETICAL FRAMEWORK
Qutrit Quantum Statesand Gell-Mann Matrices

A qutritresidesn athreedimensionaHilbert space ; = C2 with computational basis states
0,1,2 . The{Pqﬂer&Iizgi Pauli matrices for qutrits are the eight traceless, Hermitial &el|
matrices ax, a, ..., & , Which together with the {dentity operaflgform a basis for 33 complex
matrices 11]. These matrices satisfthe comBhutationrelations characteristicof the SU(3) Lie
algebra[12].

The Gell-Mann matricesare explicitly given by:

o 1 0O 0 — 0

Mg I 0 o). A i o o], 1)
O 0o 0 o o 0
1 o 0 o o 1

As o —1 4. Mg o o o4, (2
o o 0 1 O 0
[ O o o 0

As 00 o). A oo 1], (3)
¢ I ] 0o 1 0
o o o | 1 O 0

Az 00 —i), AMap=——0(0 1 0 |. (4)
0 i O v3 \o o —2

In our framework, each player selects a base operator{frp®s, . . . ,as} andparameterizes
their strategythroughrotationangled™ [0, 2" ] andglobalphase: N [0, 2], yielding unitary
operators of the form:

U8, ¢, A) = e, (3)
where A = {15, A, ..., A} and the matrix exponential is computed via:
e N — cos(d)ly — i sim(@)A. (6)

2.2 Entangled Initial State
Thetwo-qutrit systenoccupieghejoint Hilbertspace 3 DI—FQ' Weinitialize thegame

in amaximally entangledstateparametrizedby entanglemerafgt&oN [0, /2] [5]:

Wit } ﬁ“[]ii} +ET11) + ¥ 22)) . (7
-}
This generalized GHZype state 13] reduces to a product state wten 0 (classical limit)
and exhibits maximal thre@ay entanglement at specific valueo¢L4]. The parametey controls
the degree of quantum correlation available for strategic manipulation.
2.3 Quantum Game Protocol
The qutrit Quantum Prisonero6s Dil&%®Mmma
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1. Initialization: The referee prepares the two-qutrit system in state |1 ).

2. Strategy Application: Players simultaneously apply local unitary opera-
tors (6, ¢, Ay) and Uy (s, g2, Az) to their respective qutrits, wansforming
the joint state:

Yeinal) = (U1 @ Us) |- (8)

3. Measurement: The final state is measured in the computational basis {|i;)
1,7 € {0,1,2}}, yielding outcome probabilities:

P(ij) = |{ij|vsma)|" )

4. Payoff Calculation: Players receive payoffs according to a predefined qutrit
payoff matrix I1:

Elm] = Y P(ij) - Te(ij), ke {1,2}, (10)
i j=0

where I1;(17) denotes player k's payoff for outcome |ij).

2.4 Qutrit Payoff Structure

We extend the classical Prisoner Othetird | e mma
basisstate2 , i nterpreted as a oOneutral d or oOocompro
our simulation is: | €

10a(C) |16(D) l2a(N)

08(C) (3.3 _ (0,5) (1,2)

[1&(D) (5,0 (1, 1) (2,2)

[2a(N) 1,1) (2,20 (2.5,2.5)

This structure preserves the core dilemma: mutual cooper@onields the highest
combined payoff, while unilateral defection provides individual \a@ntage.The neLtralstate 2
offers|ntermedlate)utcomescqe@tlngaddltlonal strategic complexity absent in binary games
[1Q].

3 IMPLEMENTATION AND COMPUTATIONAL
METHODS
3.1 Web-Based SimulationArchitecture

Our platform, accessibleat https://huggingface.co/spaces/Volkan36/qwguiantu

implements the qutrit quantum game protocol using cleee JavaScript with Plotly for

threedimensional visualizationThe architecture comprises several key components:
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User Interface: Players select base operators via grid buttons, adjusttimtangles
di, i and phasesy, L 2 through continuous sliders, and configure the entanglement paramBteat
time feedback displays the current strategy triaes using complex number notation.

Quantum State Engine: The core computationalmodule performscomplex matrix
operationsincluding Kroneckerproductsfor tensorstateconstruction,unitary evolution via
matrix exponentiation,and Born rule probability calcula tions. All operationspreserve
numericalprecisionthroughcarefulhandlingof complex arithmetic.

Optimization Module: A grid searchalgorithmexploresthe strategicparam eter space
(o, ) [0, 27]2 acfoss all 81 operator pair combinatioss, (s 2). For eachconfigurationthe
algorithmcomputeshecombinedpayoff” 1+ > andiden tifies the global maximum, enabling users
to discover cooperative optimal sekions.

Visualization Suite: Theplatformgeneratesnultiple visualrepresentations:

(1) probability distribution bar charts for the nine basis outcomes, (2) matrix disglays
strategyoperatorsandentangledtatesand(3) interactive3D surface plots of the payoff landscape
f(dy, k) = ("1 + "2)/2, with current and optimal positions marked.

3.2 NashEquilibrium Detection

The simulation implements a heuristic Nash equilibrium detector based oclabsical
defectdefectoutcome.A configurationis flfaggedasNashlike whenthe measurememrobability
P (11) > 0.5 andindividual payoffs approximatethe classicaéquilibrium value 1, "2 1.
While this criterion does not rigorouslWerify bestresponse&onditionsin the quantumsetting

[6], it providesintuitive guidanceor interpretingresultsin relationto classicalgametheory.

3.3 Computational Complexity
Thegrid searchoptimizationexaminesN? T N? configurationswhereNs = 9
(operator count) antlly = 20 (angular dls‘scretigation). Each evaluation requdé&s)
operations ford = 3 dimensional systems (tensor product constructioitary application,
probability computation),yielding total complexity O(N 2N 2d®) & s d
o) 1.3 10’ operations. Moderhrowsersompletethis searchin 2-5 secondsgemon strating

the feasibility of reatime interactive optimization.
4 RESULTS AND ANALYSIS

4.1 ClassicalLimit Recovery

Whgno 0 (vanishing entanglement) and players restrict to diagonal -ojpesdsas, as,
or identity), the systemrecoversclassicalP r i s oDienma behav ior. Specifically, selecting
U: = Uz = I3 (no rotation) yields the product stat@a = 00 with P (00) = 1,producingmutual
J:oopé?atlérp%lyoffs(:% 3). How ever,unilateraldeviationto U; = € " & (mapping 0 1)
increaseshedefec t o rpéysff to 5, confirming the |nstaL|I|ty o“ cooperationin the classical

regime.

4.2 Quantum Advantage through Entanglement
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For moderate entanglememt " /4, the optimization algorithm consistenibjentifies
cooperativeequilibria with combinedpayoffs "1 + "> > 4.5, exceedingthe classical mutual
cooperation value of 6 when accounting for the neutral statdributions. Atypical optimal
configurationemployss:1 = ax with di 0.8, s=aswithd> 1.2", generatingprobability
distributionsweightedtoward 00 , 22, andcrossterms 02 , 20 thatexploittheintermediate
payoff structure.

The 3D payoff landscape reveals multiple local maxima corresponding tdedént
strategicregimes. The global optimumtypically lies in regionswhereboth players employ off
diagonal GeHMann operators with carefully tuned rotation angles, suggesting that quantum
superpositions of cooperation, defection, and neutfalihediated by entangleménenable
outcomes inaccessible to classal mixed strategse

4.3 Roleof Gell-Mann Operator Diversity

OLiraimula}tignsdemonstrate that fhg epr\rC:ded operator sgt .., a pro- vides
genuinestrategicadvantagesverqubit Pauligates.Theoperatorss, as (mixing 0 and 2 ) and
s, Oy (mi{dng 1 an&2) enable novel pathways high- payoff outcomes by creating superpositions
involving the neutral stateRestrict ing to &, &, & (qutrit analogs of Pauli matrices) yields
systematically lower optimal payoffs, confirming that the full SU(3) operator algebra is necessary
to fully exploit qutrit game dynamics.

4.4 Sensitivity to PhaseParameters
While rotation angledi, db exhibit strong impact on payoff outcomes, global phases

L1, 2 demonstrate minimal influence in most configurationbis aligns with the general
principle that global phases are unobservable in quantunthma@ics 15]. However, in
specific highentanglement regimes £ 1.2), relative phase differenceg =11 t2can
modulate interference effects, introducing secondatymizationdimensionexploredby
advancedisersof the platform.

5 DISCUSSION

5.1 Implications for Quantum Game Theory
Our findings reinforce the central thesis of quantum game theentangle ment

fundamentally restructures strategic landscapgs By extending analysis to qutrit systems, we

demonstrate that dimensionality expansion compounds quantum advantageseutral state?

introduces intermediate outcomes that, when C(I)néibined with appropriate entanglement and operator

selection, create stable cooperative equilibria robust to unilateral dediai@tark contrast to

classical Prisonero6s Dilemma irreducibility.
These results suggest potential applications in quantum communicatidoqois [8],

where gutrit-basedstrategiescould enhancesecurity by exploiting higherdimensional Hilbert

spaces, and in quantum machine learnit@, [where richer state spaces may improve

optimization and decisiemaking algorithms.
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5.2 Limitations and Future Directions
Severallimitations warrant consideration. First, our payoff matrix representone

possible qutrit extension; alternative structures may exhibit different didpium properties.
Systematic exploration of payoff space would clarify which features drive quantum advantages.
Second, the grid search optimization, while effectoredemonstration, scalgmorly beyond
two-playertwo-parametegames. Gradiedtasedmethodsor variational quantumalgorithms
[17] could enable efficient optimization in highelimensional scenarios.

Third, our Nash equilibrium heuristic lacks rigorous gattmeoretic foundation. Future
work should implement formal bestsponse calculations accounng for quantum mixed
strategies and develop qutrit analogs of evolutionary stability crité8la Fourth, experimental
realization of qutrit guantum games remains challenging, though recent advances in trapped ions
[19] and superconducting circuits P0] suggest neaterm feasibility.

5.3 Educational and ResearchApplications
The interactive web platform servesdual purposes. For educators,t provides an

accessibléintroductionto quantumgametheory, GelMannmatrices, anéntanglementvithout
requiring specializedquantumcomputing infrastructure. Studentanexploreparametespaces,
visualizeguantumstatesanddevelopintuition for non-classicalstrategicbehaviorthroughhands

on experimentation. For researchers, the simulation offers a rapid prototyping environment for
testinghypothesesboutqutrit games generatingdatafor statisticalanalysis,and identifying
promising configurationsfor theoretical investigation or exper imentalimplementation.The
downloadableesultfeatureenablesystematidatacollectionfor metaanalysesacrossdifferent
gamestructuresand entangle

mentregimes.

6 CONCLUSION
We have developed and deployed an interactive aogsad simulation plaform for

exploring the qutrit Qu a n t-Mamn op rerater stnategiedBy Di |
providing realtime computation of quantum state evdion, measuremenprobabilities, payoff
evaluations, and optimizationrdriven solution discovery, thetool enablescomprehensive
investigationof higherdimensional quantungame dynamics. Results demonstratethat qutrit
systems equippedwith full SU(3)operatorllgebrasandtunableentanglemensupporemergent
cooperative equilibria unattainablein classical or qubit frameworks. The plat f or mé s
accessibility via standard web browsers democratizes quantum ganoeythresearch and education,
while its visualization capabilities illuminate theomplex interplay between entanglement,
strategic choice, and payoff optimizéion in threelevel quantum systems.

Future extensions will incorporate myftarty qutrit games, decoherence mels to assess
robustnessunder realistic noise conditions, and integration with quantum hardwarebackends
for experimentalvalidation. As quantumtech nologies mature, understanding strategic behavior

in higherdimensional quantum systems will prove essential for designing effective quantum
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communica tion protocols, optimization algorithms, and distributed quantum computing ar

chitectures.
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Abstract. Machine learning has advanced rapidly, but accuracy and the model
performance alone are no longer enough. As the machine learning models influence decisions
in healthcare, finance, education, and everyday life, we must ask a deeper question, i.e., what
does responsible performance look like. This article reflects on the strengths and limits of
todayodos models, then introduces more than 25
toward fairness, accountability, transparency, and social impactrédgarch highlights how
blind spots in evaluation can affect trust, and how reframing our approach can help prevent it.
Ultimately, weoll explore how to model t he f
just powerful, but also trustworthy, humaeentered, and aligned with the values of the societies
they serve.
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1. Introduction

The Machine learning is now a key part of how decisions are made in many areas of life. It
helps guide actions in business, education, law, and many other fields. But as these systems
grow in power, new concerns come up. Accuracy alone is no longerenaughj udge a mo ¢
value. A model can be highly accurate and still cause harm in the real world. This is why ethics
must be built into how we think about machine learning [1] [2]. Many important issues are often
ignored when we only focus on numbers. Feass) transparency, and responsibility matter just

as much as performance, which is often referred to as-whenachine learning, as illustrated

in figure 1. A model must treat people fairly and avoid bias [3] [4]. It should protect privacy
and follow ckar rules about how data is used [5] [6]. People need to know how and why the
system makes decisions. Without this, trust can be lost, even if the system is accurate [7] [8]

[9]
WHITE BOX MACHINE LEARNING

% INTERPRETABILITY
TRANSPARENCY

83:.% FAIRNESS
m ACCOUNTABILITY

Figure 1. whitebox machine learning
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Explainable artificial intelligence, or XAl, is one way to bring more clarity into machine
learning. It helps people understand how models work and why certain outcomes happen. Tools
like SHAP and other mod&lgnostic methods help uncover what goes oml@ie system [4]

[ 9] [ 13] . This is especially wuseful when er
peopleds |lives. In places | i ke healthcare, e
[13]. Being responsible with machine leargiis about more than adding a few ethical checks.

It means building ethical thinking into the design of the system. Developers need to follow
strong frameworks that include values like inclusion, accountability, and sustainability [5] [6]

[14]. It is alsoimportant to involve many voices in this process. Policymakers, researchers, and
community members must help shape the way these systems are used [6] [14]. The cultural
setting also matters. A model that works well in one place might not be fair in afi&hid 6].
Consequently, this article presents a list of 25 criteria for evaluating machine learning models

in a responsible way. These criteria include things like fairness, transparency, privacy, and the
ability to explain outcomes. The goal is to mopast narrow measures like accuracy.
Responsible systems should serve people, respect values, and be open to public understanding.
They should not just work well. They should also do good.

2. Literature review

As discussed in the introduction, ML needs strong responsibility criteria to be trusted and
useful. Transparency, explainability, and interpretability are central. They make it possible to
understand how models work, with tools like SHAP and LIME helpingxplain predictions

[171 26]. Auditability adds another layer by allowing independent checks and reviews [27].
Fairness is essential to reduce bias and ensure equitable outcon3@3.[EBese principles are
supported by accountability, which connectscoutes to human responsibility and ethical
standards [27,28,8336]. Together, they form a core framework that builds confidence and
supports ethical Al use in healthcare, finance, education, and beyond. Technical robustness
ensures that Al systems remaifiakele even when facing data shifts or adversarial attacks [37

41]. Safety and reliability are vital in higisk settings [42]. Privacy and security protect
sensitive information, using approaches such as differential privacy and secure aggregation
[41,43 45]. Beyond technical performance, sustainability is now part of responsible Al. It
requires reducing environmental impacts while aligning with sustainable development goals
[461 50]. Equally important are inclusivity and accessibility, which ensure thabds are
designed for diverse groups of users [50,51]. Human oversight keeps people involved in key
decisions and aligns automated processes with human value36[32]. A taxonomy of
literature on whitébox machine learning is presented in figure 2.

Automated Decision-Making Liabilify

— Algorithmic Decisiun-hl'laldn.g

Ethizal Concams
Bizs and Faimess -
) — Bissedness
Ethical Considerations. in Mathine Learning B
— User Understanding
Explainable &1 - )
—@ = Transparency

Machine Responsibility
Responsibility —@

Hybrid Respansibili
- Hyrd Responsioiy
Figure 2. whitebox machine learning research taxonomy
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Other structural elements strengthen responsible ML. Reproducibility makes results consistent
across studies, which is key for scientific progress [33,39]. Ethical alignment ensures Al
respects human rights and social normg $&348]. Legal compliance spprts adherence to

data protection and Al regulations [27,35,37,48]. Uncertainty calibration and context
awareness increase reliability by showing confidence levels and adapting to real situations
[39,41]. Finally, scalability, impact assessment, and FAI&a principles (Findable,
Accessible, Interoperable, Reusable) help models expand responsibly, measure-thentdeal
effects, and ensure data is managed properly [35,43,46,48]. These criteria define a holistic and
practical path toward responsible Al.

3. Materials and Methods
The study gathers data from Scopus, a leading database-oépesgred research. To compare
the growth of machine learning with responsible Al, we searched for articles published between

2015 and 2025. For machine | eatebnginge asae
underlying algorithms. For responsible Al, !
et hi cso, Afairnesso, Aaccountabilityo, and i

publications per year and plotted them to see how #bdsfiare evolving. The graph shows a
sharp rise in machine learning articles, while responsible Al lags behind. To go deeper, we also
reviewed a sample of responsible Al papers to spot patterns, ideas and further evaluation
criteria. From this, we built aet of over 25 evaluation criteria that push us beyond accuracy,
toward fairness, transparency, accountability, and social impact. This mix of numbers and close
reading gave us both the big picture and the human side of how Al research is unfolding.

4. Results, and Discussion

The results of the analysis of the literature is presented in figure 3. This graph compares the number of
scientific articles published about Machine Learning (in blue) and Responsible Al (in red) from 2015 to
2025. It highlights a sharp increase in maehearning publications, especially between 2024 and 2025,
reaching over 1.1 million documents in 2025. In contrast, publications on responsible Al have grown
only modestly, totaling just 17,100 documents in 2025. The disparity suggests that while interest
developing machine learning models is significantly increasing, minor focus is being placed on ensuring
their ethical and responsible use as illustrated in our result of figure 3.

106 Scientific Articles about Machine Learning vs Responsible Al (2015-2025)
- M e Leaming Article ". 100,000

- Resp dle Al Articles /

Number of Documen

Figure 3. Progress of machine learning research vs. responsible machine learning
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Research on responsible machine learning shows that the future depends on building systems
that people can trust. Models should be transparent and explainable so their decisions make
sense, and they must be fair and accountable to avoid harm or exclinepmeed to be robust,
reliable, and safe, while also protecting privacy and security. Beyond performance, they should
be sustainable, inclusive, and accessible, with human oversight and respect for ethical and legal
standards. To stay useful, models nhesteproducible, scalable, and aware of their limits and
impacts. And it all starts with good data, which is why the FAIR principles matter. Together,
these values make sure machine learning serves people in meaningful and responsible ways.
Table 1 summares a list of 25 criteria for quality and whib®x machine learning.

Table 1. Evaluation criteria for responsible machine learning

# Criterion Brief Description

1 Transparency Provides clear information on data, models, and decisions.

2 Explainability & Interpretability | Model reasoning, inputs, and outputs can be understood in human
terms.

3 Auditability Internal processes and results can be independently verified.

4 Fairness Data and model outputs are unbiased.

5 Accountability Responsibility is clearly assigned for decisions and outcomes.

6 Robustness Maintains performance under stress, uncertainty, or adversarial.

7 Reliability Performs consistently and predictably over time.

8 Safety Minimizes risks and prevents harmful outcomes for people and
systems.

9 Privacy & Security Protects sensitive data and resists unauthorized access or tamper

10 Sustainability Minimizes environmental impact and optimizes resource and ener
use.

11 Inclusivity & Accessibility Considers diverse users, contexts, and ensures usability.

12 Human Oversight Keeps humans meaningfully involved in critical decisions.

13 Reproducibility Enables replication of results under the same conditions.

14 Ethical Alignment Aligns with human rights, values, and ethical norms.

15 Legal Compliance Adheres to applicable laws, regulations, and standards.

16 Uncertainty Calibration Clearly communicates confidence and limitations of predictions.

17 Contextawareness Adapts appropriately to its environment and intended use.

18 Scalability Performs effectively as data size, complexity, or demand grows.

19 Impact Assessment Monitors and evaluates reabrld effects and societal consequences

20 FAIR Data Principles Ensures data is Findable, Accessible, Interoperable, and Reusable

Figure 4. shows a shared traofé space for machine learning. Black circles mark ML models, which
differ in accuracy and explainability. Blue crosses mark responsible ML goals, balancing importance
with feasibility. The overlap shows the core challengghlly accurate models, like neural networks,
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are often hard to interpret. At the same time, responsible Al values such as transparency, fairness, and
sustainability require clarity and practicality. The figure makes one point clear: the future of ML must
balance performance with responsibility.

Unified Trade-off in Machine Learning: Models vs. Responsible ML Criteria

@ ML Model
1.0 X Responsible ML Criterion Inclusivity
xsustainab\\ity
.NN xlmpact Assessment
0.9} s
(@ Boosting X Human Oversight 5 Transparency
.Bagging
_E‘ 0.8+ .Graphi:a\ model XLegaI Compliance XFAIR Data Principles
=
iy 3 Robustness X satety
©
Sf Accountability
— 0.7 .Néﬁiecéayes .Decision Tree
>
(€] xUncerta\nts\é(?.ﬁi%‘f'gﬁgrqmty
@ .Logl ic
]
o _ x\nterpretabll\ty
&) 0.6 Linear Regression
xRenmduclmhty
@lasso
X Fairness
0.5+ xPrivacy .CJassification
xEth\caI Alignment xCDntextrawar’eness
5 Scalability X Reliability
0.4}
L I ' I I
0.0 0.2 0.4 0.6 0.8 1.0

Explainability / Importance

Figure 4.tradeoff of explainability vs accuracy machine learning

The future of machine learning will not just be about accuracy. Models must be built with care and
treated less like black boxes. White box approaches let people see how decisions are made and trust the
process. Accuracy still matters, but so do fairngssisparency, accountability, safety, privacy, and

many other values. Already, more than 25 criteria guide responsible Al, and the list keeps growing.
Meeting them means traadfs. A model may lose a little accuracy but gain trust, safety, and fairness.

In the end, those are the qualities that make machine learning valuable to people.

5 Conclusions

This study asked what responsible performance in machine learning really means. Using
Scopus, we looked at research published between 2015 and 2025. The results revealed a clear
gap. Almost one million papers focus on accuracy and technical progressyuat small

fraction engage with responsibility, fairness, or ethics. From this work, we developed a set of
more than 25 criteria that look beyond accuracy. These include transparency, accountability,
and social impact. Our tragef map shows that modetgith high accuracy often fall short on
explainability, while fairness, privacy, and inclusivity require different design choices. This
reminds us that building trustworthy Al is not just about numbers or performance. It is about
people and the societiesatirely on these systems. Moving forward, machine learning needs
frameworks that bring both sides together. Future research should focus on models that remain
powerful while also being fair, transparent, and aligned with human values.
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EKREM SAVAS

ABSTRACT. Recallthatf : [0, D) Y [0, P) is a modulusfunctionif it
satisfies the following properties.

i) : f() =0if andonly if x=0,

i) D f(x+y) Of (X) +T(y),

i) . f is increasing,

iv) . fis continuousrom theright atO.

In this paper, we define a new sequence space with semgqbynus ing

modulusfunctionandalsoinvestigatesomerelationsthespacedetween ‘{/Eg, o f,

p] wherep is a sequencef strictly positive real numbersand S8 i

whereg : [0,D) 1 [0,D) Y [0,D), g((xnm) Y B for any sequencéxnm)
in[0,D) 1 [0, D) withxnmY D .
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OWUHOLH O EOYOdOHO {CodoOd dalsls® 1l dzj fyls' ek D H
SBT & Mis® OHOflsdols' It Y"tkH' W MOdH' Yy Isbof' d
BOMY Otk WkdS yqwimr ysdHOdr dHr, B"d SItHjd O3
GBI BS ' dzh' § B GO BUT pdzoH ' M (ddc) Y sdHOd d
imMjfljbdjte ylGe L' dH' . wOdH'Y &sHjd HjE dzpl
iMCjte' dzj lsrerf SORHOdHT . [(Miflsjlk oyl m deHj
SymPy S'kOfROdOM" {02 HdRsZOcKs Gaizd Oz o wgkes dzn o ¥ W i
DH' fisjte’ Oy’ d IkjWHjbdjteH' v 0OdOddlsdS od Y
Otclsls™ t6F dzh' [1]. ¢dzr dzoOdz deplsdy jdzjte bpH' Mis' W
BjE' L dHjE' OHOfIsdols' IsstH' W ClltcHj di' G& flasdsj
CEtmjlsl" .
SN2 dz MEwLHpOd) dalsls ' ,0n @ BEb L bEEh

CCodoOdzj dzlsIs | GE) fipls ditc\zd fp HO'" figlzH.Q O T HSDOM&zOtH'™ W
Bidzind tzedzr w B OfMIsOf y r s 2" dz B'L 1 SCo9de0Odzj dzlsls"
CijdzijmM" H]2 YOLO®B L.

1 D (o]>) ob ATO0

~

DS’ 5O 02 IS OdEN G0 " BHOMPOY sdols' Istster BHBLWS j dS
[0,] SB' dzr M)r dz® MD2C jf CjdzjH'

P=p(g), N~ mip B tsdzfyr dz

1 mip BB Mr dgn OO0 'Mh—BO derGjjte's ' 6 BpDdz' daj MO C jfy ¢
P(0)=0, P(1)= (5)

I sBdz MrrdeH+ OOt Odzr OF dzH O Hs'totedAD xR’y Cajigdig  fndzfs tsite

|
ststcH QD" DteB ' to sl 2" dzéj B]' sdgoztizin' dds IOt 1B jo GO PZAAR) y 1@
s SOt OMis’ tO2 rmip. Ote Odr Gisdgh O —H Y @H O B[ 2 h =

fn
o

~ ~

[ "dzH O b BDNhA N~ (6)
N ™ME nB8B& +CodoOdzj dzlsls' 11 dzj f§18°) to b tsocRzdiOgs s p 2 d;
Y OL O3 L .
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P2
(@)
(@}

(7)

3N v A

flHSODOdz" W "L " dgH" OF bpDteB 't dzll $Isj ' d3p dg p(qg)
Cjgdzju" . (7)) bjwHjk' HIWWjttjdydOdH' Y IsjwHjkzH'

1PN AT 100 (8)
I"dz BjWHjEH' YW q O2dgr &30z fnr BB2" dg" © (4) jw
— 1 b— N~y riph (9)
P(0)=0, P(1)=8
—(@)=J(p)~ Nh
[ "dzH O:
— 1 b— thRN~y mp h (10)
P(0)=0, P(1)=—

(10)-% Ste BBz ZzOdz -O®ytiedi ' ¥ DH' Mis' B2 d&gh O BT O

-1 — 1* —— mh (11)
Pp m D & E pl8B8h ph

] 1 B h (12)

* S S (13)

GY" tc@PR" tof dZH' Y D HD ldnjI B tsdRH jozb 'Odz' W d3p dzH jde©Oydsry k2T Y
"B CI dh j JMmjfldje toQjtetC LThjefkjLin’ Ezstef’ dzn j B Of
YisOwrf Odz B EBojd2H jostc js Y 02 s OdzOf Hz dp s Ok
Wegzg Y JC L Jd&B L.

ftetsyj Mip( BDOMe’ b dzg O ( 128 s Wit KO tz@tc Y z dz€ y d v
Is

J

= Q—. N'Q_

=

djH' . [T &O2" O, BjPMikHlside hp Eta" & @6k

h h
)1 r
h h
1" dz
dMigisy

CllteHj d&z O2BOYsSOeHO Iktste ISN2' dzr j 6B BWO2 dzr 1 &

1 =1 b
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cStsBddz —_— —_— (14)

(15) Wstdbhdad S lsj d 02 ©m%Wnidy O dyd b jdaeiyr @ dzaxz |
hyihdad L.

rzrylsokz IsjwHjlkz® €jdzj M’ snteHj Y OL' &zOH T :

b b b b
'| * - '| * -
E E_ o .
b mh D HQ pE) p
(15)

~

mlo

rzr yisof dimMittlsik ftesyd Mfl vYggdzOoy dzH O B tRezHzO 1 b
Ste” dzH OZDOdzh © Y OZODOMOH T .

I A® b R (16)

Jteslsjbkz dzplsdy j dzj te*

OdzH"™ Y Ispy ' 'tedBjdzjte NN dz2 " MOz tjls'" dzgnj Y Ote
JSd oL, sdz Ih'" dzg HBODOdZr W HWWtjdydwdHry Is
BOM" dz § O2 HO&ZzOdz {

w —ho Ol 0 O-H' W Isu2"' dzgH j t& "ddz jOIGIQYHID] N5 3L0,, a =1

Dtc Isll todz BOMY Otelz WEkdzZC ydwfr E

toj H' , dzp Isd 3 J dzj t6H ' CtleOWdS Odzr v Isi
Is1 2 " dzH Offy Otz W hkdzC ydwfyr Otey r dzf BOMY Ot
hsO" tedzOdzH " tolz Cjj et WJORB' LY,J toHj 2 " d3H j dz@ " b Is tstc dzC
CERIJ G d3d dz2 Y ODHO20D0 BO2AOd Misr CjB Is'f CeEBJ2Is

w —hw OWEkdg ydvw prOfmyrGedz %k difowdfswdfiprOdz 3y OO H O ' .
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TP LJlslsj ka6 >|E
rdmscemmdw
1dtelslsjlz dzolsdy 4 dzj te° BOMY Otez WhkdzC ydqwmr J dzGg L
HDMIsN tcdz' B' tcC J dzC ' ststcdzOtcD O Y OtcOODOdzH O B ' todzj !

I dzMt effosizp dzj ofty B OfY Otek WkdS ydw zOr Oy d
O2kOYI' Y kltH] dSjdH' twjlklsjlk jMifljk HDdH' ¢

3014 0 % ISEd3j dgH j H " . ( €' dgh ' Hj dg, Is s te Isin 2" dzH §
h SO" tedzOdgH " 6O tsilsT tor f, toj MEztemis@@HT r1Odg d3H szl 2 10z
20025 % OLO200dzH" YIsOdz Isn?2'" dz mMOdzgr yr My Otcur , Jj My

J"dz Ispfm' &z jMiflsjlz EOyrilsrdz ndzgj svHjbkzcj, tj miztemls
HDdH' @' dz Otelsls' tlzDO N di3¢ " dzH " & B J tGH'

Dste’ IS dzH T

1 Jtelslsj 2 dzmls dey pifp'daler Ji,¢ ' SEjdzh jCEmdteH Rildrls Ol @ s d3j Is teC
sBdz Ms@ww@ue MCJ CETY "oh T frjaOai2Hls T Ydz  dgb20rdRQ) Yids Qs HAzQUY s
h "G Of detodsdzOteH r Y "Yillas OdnHs'™ fipls jdas'r [ 4] . 1 "dz DH'
BODOd&ZzOEZ d®YH)OBK @m OMOdzH ™ ¥ NicGhHY J tdafdzj dzlsls j to

G dzr dzDOdz dzpIsdy J dzjte S EteMm] IsCYfdsd BO dzs'stels s R § ddsi Q
imMifiz)yso@s’ ¢ HY O&ls QasP M ©®H QYldsoderfilsils | ' Is sAcy ' dz'
IsT OFr LHT O ELGjte" MCj Y ) BB 'das YORBG 15 Ott@ DRBOY
Mdtcd ¢ Isg Usé jia& ") B S dzOIs ' dis tOR IO YHigdBjtgdfi®silz HD dzH " G ' dz C
Bl i3S " dgH . hB' jdgg’ v BT oY Odzr f st Els®EE 52 dzdz®P W30z Is
s tc dz0 dzOjmfis felej 2 toj MzteMisOter dz Il dzj dBBH § 2 H '

{Mr ZOBsS@®H' BJ2 @BHJEZ Otyr d MOdzHr Yy hjh' dzdz’ W
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1 d telslsj 2 Byoddn fifpr LdzHYAs T C tsSteH  dZzOIsOdzOtcH O Istste Y " te
Is © dzH O dg'ts10,0 B2 dzH O SstcdzOteH 'Y Ot@BQfiPIS rdigir jdizH ¥ D H * Bfifk
WlkdC ydw dzOter dz Yy tsdzH OrlgzdzcOtal¥ ¥ df * tds s@BHABOY SO 3 d ' dzd
BBl i3S " dzHtEIss j dzH * .

1] O2HOdzOdz" zDOdz DpHjBdjlslsjte Is'" L " g

Mo BdteB j SIsedpdzd y Jj dzde’ § d3j StsH'™ tojh jdedWw [ztcOo da
sB &zOMlsw i Mts Mdzsyg des, $ AxRPs 3 0l B 02 .

2]S. R. zZz8Cddz, 1.v. 1 O0dZOjoO, | .8. MOSCddL W dtso,
2O ftsHodydzm =~ §izf @ &ROKROPR AT 6,

BlS.R. zB8Cddz, 1 .vuv. 1 O0d&Ojo, | .484. MOCddL W dtso,
2O ftsHody dz = §izf® &RFOKROGRA4 3,

[4] Pasvanti N., Psarros A., Korbetis G., Vlahinos A., Mihailidis A. Lattice Structures
Modeling: Introduction to Homogenizatioh. Ols j ted Odz" CtsdaW jtoj dzydd Bet .
URL: https//www.betacaeconfeventéc8pdf/3D_1 PASVANTI.pdf.

Sjt' O3 idg pdPdetrtds j todz' § ddzy jdzj eV S OW jHEOM' d 6
sj R dsdse v d 2 jinakdiaykerinzpeidsgmajlcom

02cOdse O r OddidEOs dstj ! dydldsjtedy oSdzOd dzy j dzj ™ S OW j
&j Sl , ¢ kB0l Isjq dats demailghadilaar7@mtre j ©idls

RBtcOG d ditsas@3tf* 6 Isjtedz” ¢ ddzy jdzjtcdw COWJHEGOM" ¢
ISj ~dzsdzse d W dzf 2 jimeddd dapatbriggintoydb2@gmail.com
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{ sHGsdse ¢ . d.
e-mail: alrod@ssccru
RdzmisdIlskzls o ydgmdzdlsj dz' dets?2 i3OI j Z3OIsSdEd d dBOIs ]
g t 9

b dzdzts IsON U sS ZOH ] tOMMdzOIsted o O Isfqw  Bj IssHT k2
BOIj BOIsdud MS et YJHOdY HdMCt] Isds2 Mdazkzyo?2 dz
otsLOotOh jdgdwW. 1 tSsHBBA jJ LOHOYd oL ddSOsls fftcd B
dL SBbtste' n btejBlzjls dzdzDydkj tzlsded ¥ d 9" g Moz Odz' dzts
Codsf + s Isjtedz" 2 1+ CMfjtedd3d dels fsLoatsdzv il ttOMMd3OIstsd
o jtosWisdaslsw d&dd dr dOMmMiskzf dzj dedv, O o Mtstslsoe jlsMmlis:
LOIsjd&3 Euydlsr 9 0Ols! 9o jteWisdtMds®iskEy) L hdzliz s P tso
dzj dZOHY Y dgr 7 fstekzCIskzte, ljtsJanlsO dzj dzdzr = Mdzz yO2 c
1 sC 0L Odzts, co¢ Of tod 5 tcdzOW cfdz stedgOydw zdets d
MsCtcOIsdIs CesdzdyjmMlsats 1 CMYf jtodd3j dalstso H dzw f tc
dzOr 5 H j dzd@fls dd3QilsmiCds ¢ s BdeOdde slsdetsdlsj dz! dats dzj ¢
{6 0.

I'ejnHjddJ

g dzz yO2 dzr | GlcOW ' (ayq) d Gdf JtcetcOW T (e4141)
dzj dzOH j y dzr &3 tojBtcOd3d ¢ OC dsHJ dz Mdlsd2 toOL dzd y
Oo lsste OB  dzO qmswagwqq dz$ ) § 5 ddf € dflay j Hafs ) dgdptez
s stejIsdyuyd MSdn toj Lzdz sOgE #)dzj desDLjtc OO tizls © tlztf s dgizzts
MstczC skztodets? SflsdBIdL OWNFHiolz i dzf M ls s sdgdzte &S O L 1OEOO L
~nOtOCIsjtedMmMisd¢ JtHBBdZ » Mists IlesIzts or O Oj B =
dzj Ctslststets? Whkdz2Sydd, L OsadMmwh s %$@Qppr$? B
CtcOSCsMIsd, & BEHJ B dZOLraOISj'JBQiGS.EQISCBQiEdeSBOISC[I{Jfr]

10dBBBdzj § twOMf tetsMisteOday dzdz" d3d § 5C OL Olsj dzv a3  daC
1 9J oW ilsdzats s Mo w L desfisd L OH O dddissictasisd tz® dr'd3dizB Y
Meow L desfylst ), GHJ BIsSHJ dz! dats o " ] de'tii]lsizOfa vdaOdzts fifle W L
O dzc¢ dzd plifteragnal reliability, ATR) d fMmewL desfyls f Otc’ sto j teh d dz
Mo w L dzsfls ) ,
q BYdHOj B 2 tOLBjte Moawl desets ff 5HGJo@E DO)dz'ndzla 4 tc
9 J toh (hdtkrematical expectation of the number of nodes in the connected part, MENC)
1 o josWilsdatsmis! fitjHOYd fslssCO L OHOdds?2 o j dzd

lted bydtsds tojh jddd efpjr 1Isdms LOHOY IstcjBZj
9 0tldOdzlstsa, yYbts dzgj oL By des. v OC, jMmdzd o cSLOW,
sBhjij uydmdzs Msmisswdzd? tOodzs 1 267 650 600 22

) so¢dn Emdzse dvw A dMisjmise jdede" d3 toj " j ded § O3
MlsOlsdmisdyd ME dn dmyr lsOdad 2 gqdzd HEkzetets §tedB d
BOIsj BOIsduyi MS et Y dHOddW [ Van S| ¥hagMigéd.l Col b o
[ Hd&OC 5, fted dmMiSdzHzo Gdedcfizv sy dztis j M j ded 2 tsls dats fiy
LOHOzdzse s fstetsetsotsets L dzgOyJ degdwv o tsL dzsy dz@ tsh dB €
shdBtse dsydats dqLBjyOL!, fdzkzydes Istsyds j cteOdzdy
LdzOyj dzdw  8COL Olsj dzv . dz s B B3tets d 3B ) B)dzlz 9 O & y d Ggdzls
fsCOLOIjdzvw fp Btsdzr hts2 My jde ¥ IbsydesMmisd, HBMIs

't OBtssO o' {sdzdzj 20 fted ftSHHjteyCj ItesjClO Rt1 ¢$t2349052
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dzj CSlststotsets dzOf jtoY H L OHOdzdetse s f stetsc O, Ists j Mls!
tc O B ts WgnKarf B dzts ftoj Hdztsy j dzts H dzw fteseo jtcCd cdf
ftej HMISOd dzj dedets?2 Mdzz yoO2dz" d@3 OV tsd3, Iss jMmlss 5 ¢
sO¢C dZOLro0Ojdi3' i SkERBzdvIlsdeds §j Byjdcd cteOdedy 1 |
fjtejMmMjCOjls fstetsd shdedlaOlr Yy g alzPtcr j Mg fj sl
odzdL o jtomndz"W GCttOdzdyoO, Ists Mmjls! dzgj &zOHY 3 dzO.

J tcOBROASMiJ [ ttOMMd3OIstcd o O Ismw Zdzlz yh j dedw L Ists
[RodOmsk € OL Odzr fHtedy d3F or ydmdzj dzgdv ctcOdedy H dzw
] twOBRBAMI®2 (16] ftojHdsyjd d&BjlssHr kMot ddw tC
Bdztsy j Mso © Ot ojthddz 4, Uyt foLotdvjl EMC Gt
ftesdLoOotsdz desets f Otcdes®WIBNCINts j Hd dgj dedv, O IsOC Y J

[MtsB j dedetsMmils? 8 or ydmdzdlsj dz' desets + Sy j toed dzgj dals ©
Mz yo2 detse s cCctOW O WwWodzw jIsfpw oL dBsy detsmls tc O ffc
mMsmissw dzd 2 .

lted Sazommdud MEsd MisOkdmisdud MEsd + CMYjtedd]
jets MmMMmisswdad] Mtse dzOMdets L OHOdzdz" d&3 o j tetsW Is
Mo jIsMisoedd Mjets o jtosWisdesfls! & , L Olsj o
Mz telze sy  §OydMmdg Bd e Odzgfj fesdmrntsHdls
or ydmdzdilsj dz' dgr 2 1+ S jteddzd dels tsLosdwjls
fsolsstetso, ftod sty fsflzlsdts sdzzyoOw o jtefs

P(H)=0 p. O(1-p). (1)

el G H

sdzs yjor s sz destsdz wWodzv jlsfqw Issls W OCIs, Yls ts
LOadMmdls btd $ts5 tls M’ Isdw, o dOh jd&3 Mz yOJ
sfizh jMmisedzj ddv. I §d&zOmindS¢ j-s AieaftaR] dzp dzdets BhHE sz
oL i3y detsfls! @ j dgjlasdOy,d dls .tejj .H CLJRBO Wpisdzd 2 fdzlz yO2 dzts 2
teOMftcj Hjdzj dedWw o jtetsWilsdesmisj?2 [ J1t2lsdhj ¢, [dR0O2
BjilssHT t©WOMYUJIsO ttOL dzdyde = S 0OLOlsjdzj 2 dgOHJ Y dzfs

sO¢ d o dOhdr tOBtslsOrn s 6§ OL &k d&zOdndzOis js
BB IstsHT ttOmMyjls® ATR d APC. l sfdzj Hdzy J  dBtsy dats
orydmdzde o jtotsWisdatsfls! MowL dsmisd Hdzw eofMmjrn 1§ Ot
sy dHOdzdj yYdmdz® Bp esORBGEEPY Od L Olsjd ttOL HJ dde
L dzse. s0O¢ sCOLOds o [12], o"tOyjddw HA&ZY E
Yd 3 or Oy jdedw HddzW jet HBBOodzjdzdw ¢ BN j Bz
SYdHOddY ydmdzO dzj mMovw Lt Bo tzOfclsfgy dzise dz§ ED® ) , to @
Is j 3.

] COoyjfmkej ftedkjttd & t©OMNEOISteds Oj &5 f)dzlz
dzj dzOH j ¥ dz" 3 tej B s OBq, Cslstster | dBseckls or AtsHdIs!
EH]jd3 Mydlsols:, ybkt o mMkzzyo,, CsSseHO oMmj tjBGO
sz yo022ddz j cdyjtecteOWr COC dtsHjdd fjlsj?
slsd3d yodzsm: ot 99 jHjddd, w414 dBsckls sfdmr e

Wo tcOL des?2 ftodtotsHT .

dtsydOodz dg" § filsd

J MsydOdz: dgr = Mjlswin ftsdz L so Olsj dzd, CO¢ (o
Ctezf f On: 65 ddalsjtcj MOd3, tetsHMmilse jdzdeg" d3 dzdB s ff tots(
ftoed dzZOH dzj ¥ desfls: € ctkzff Oz By ils L OHO9 Ol Mw
1 0fted ) to, aksIgGfMmded(SHH (ok.ru)e fted twjedMmiste
ZCOLT 9 0Is! sSBtcOL 59 Olsj dz' dzts | Eyted yHJ ded d, d3d Mls
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OQoalstsikZOIsdujMSd fsfOHOY o fMtstslso jlslsoalkzs hzs G tc
dqHj dlsdWdSeoydd. Jtkzfqfr jMmisjiMmilse jdeder d3 sBtOL s5d3
12. wjild MsOolstemMiso® d ydlsdtetso Odad W

bolstster dOkzyder 7 fE2BdzdtOyd?2 dhBsckls s OHOI! o ¢
d b2 yij fzedzd ¢ Oydd, O OCY fts MtsOo lststefyl
tcOMMd3OIstcd o Ols! ctokzffr 5 fdzdtOydqwvd o Ctsdeltcy
1.3. Cdgjtec j Isdnidsfds dJ

Il slstejBdIlsy dzd { dzj Slstetst dzj eedd BBtOL ks ls Bd "M dJ
CodBf Odedwv a5, Bjde' "dj 5 Blsdatsh jdeds ¢ CtsdeStoj Isdz d
¢6Cu, uvlCw d ft.), Jhy d&id"hdj 5 tlsdesh jdzdes €
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COMPREHENSIVE METHODOLOGY FOR THE
INTERPRETATION OF GROUND -PENETRATING RADAR DATA
FOR THE DIAGNOSIS OF MULTILAYER MEDIA

A.T. Kussainova, K.T. Iskakov, A.M. Zhanseitova

e-mail: ainurkussainova89@gmai.com
L.N. Gumilyov Eurasian National University, Kazakhstan

Abstract. This study introduces an integrated methodology for the interpretation of ground
penetrating radar (GPR) data that unites engineering survey techniques, advanced digital signal
processing algorithms, and the solution of multidimensional inverse electimiypeoblems using the
finite-difference timedomain (FDTD) method. The proposed framework enhances the reliability and
accuracy of reconstructing parameters of stratified and multilayered media. The methodology was
validated on field data obtained froma® pavement surveys in Kazakhstan with the @KGPR
system. Experimental results demonstrate its effectiveness for the detection and diagnosis of structural
defects and material inhomogeneities in road constructions, thereby confirming its applicability f
practical pavement condition assessment.

Keywords: groundpenetrating radar, radargram interpretation, multidimensional inverse
problems, integrated methodology, pavement diagnostics

1 Introduction

Groundpenetrating radar (GPR) is recognized as one of the most advanced and promising
techniques for the nedestructive evaluation of engineering structures. In global practice, GPR has been
successfully employed for the inspection of airfields, bridged,both railway and highway pavements
[17 5]. Its primary advantage lies in the ability to detect hidden defects and subsurface anomalies without
causing damage to the structure.

In the context of Kazakhstan, harsh climatic conditions, significant seasonal temperature
fluctuations, and high traffic loads accelerate the degradation of road pavements. This situation
highlights the urgent need for reliable diagnostic tools capablerafiding timely and accurate
assessments of pavement condition. Nevertheless, the interpretation of GPR data remains a challenging
problem. The main difficulties arise from the variability of the electrophysical properties of construction
materials, the éterogeneous and multilayered nature of road structures, and the presence of noise in the
recorded signals.

Existing approaches often rely either on empirical interpretations or on simplified models, which
may lead to substantial uncertainties in the evaluation of pavement condition. These limitations
underline the necessity for a more rigorous and integratétbohaogy.

The present study addresses this gap by introducing a comprehensive interpretation framework
that combines engineering survey techniques, advanced digital signal processing algorithms, and the
solution of multidimensional inverse electrodynamic problenrsguhe finitedifference timedomain
(FDTD) method. This integration not only improves the accuracy and robustness of parameter
reconstruction in multilayered media but also provides a scientifically grounded basis for practical
diagnostics of road pavems under real operating conditions.

2. Methodology of Interpretation

2.1. Engineering and Technical Methods

The quality of groungbenetrating radar (GPR) data interpretation is largely determined by the
conditions under which the survey is conducted/[6Even when applying advanced digital signal
processing algorithms, the reliability of the results can beifgigntly reduced if the raw data are
obtained in violation of technical requirements. Therefore, the developed methodology incorporates a
set of engineering and technical procedures aimed at improving the accuracy and reproducibility of
measurements.

Optimal selection of sounding frequen@ie choice of antenna operating frequency is defined
by the required balance between penetration depth and resolution. For the survey of road pavements, the
OKO-2 GPR system was employed with antenna frequencies in the rangei @2@00VHz. Low
frequencyantennas (400 MHz) provide signal penetration up t©21bm, making it possible to detect
defects in the subbase and lower structural lay&® [8ligh-frequency antennas (1000 MHz) are used

73


mailto:ainurkussainova89@gmai.com

to investigate the upper asphedincrete layers, cracks, moisttg@turated zones, and local
inhomogeneities. Combining datasets obtained from different frequency ranges enables a more
comprehensive assessment of pavement condition.

Equipment calibrationPrior to each survey cycle, calibration of the transmitting and receiving
subsystems was performed. This procedure minimized systematic errors associated with the
characteristics of a specific antenna block, temperature variations, and instrument@htibifation
included sensitivity adjustment, stability control of the emitted pulse waveform, and verification of
synchronization. Such preliminary tuning ensured comparability of results across different measurement
series.

Multiple passes along a profil&o increase diagnostic reliability, repeated passes over the same
profile were conducted, followed by data averaging. Field practice demonstrated that repeated
measurements reduce random noise levels b2b and help compensate for local anomalies chuse
by surface irregularities. As a result, an averaged radargram was obtained, offering greater informational
content and stability.

Additional engineering measureA. number of organizational procedures were also applied
during field surveys:

T control of survey vehicle speed to eliminate scale distortions along the time axis;

I application of GPS for precise georeferencing of profiles to geographic coordinates;

I stabilization of external conditions, including monitoring of weather factors, since abrupt changes in
temperature and humidity may affect the electrophysical properties of road materials.

The field experiments were carried out using a mobile-thagnostic laboratory of the National
Center for Quality of Road Assets, equipped with the @KGPR system and antenna blocksiAB
400R and AB1000R.

Fig. 1. Field experimental investigations conducted in Kazakhstan.

Collectively, the above engineering and technical methods form the foundation of the proposed
comprehensive methodology. They ensure the acquisition ofduiglity raw data, which can
subsequently be effectively processed and interpreted using digadttaigs and methods for solving
inverse problems.

2.2. Digital Signal Processing

An integral part of the proposed methodology is the digital processing of GPR signals, which
enables the extraction of informative components and the suppression of noise effdds Ailhis
stage, the data become clearer and more suitable for sehbsequnterpretation.

The Hilbert transform is one of the most effective tools for GPR signal processing, as it allows the
extraction of the envelope of the wave process. Mathematically, the Hilbert transform H{x(t)} of a real
signal x(t) is defined as:

Hx@©}= (/") P. ©} "~ ¢ BY(t-0d,

where P.V. denotes the Cauchy principal value of the integral.
Using the Hilbert transform, the analytic signal can be constructed as:

Z(t) = x() +J H{x(},
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whose modulus yields the envelope:

A(Ct) = |z(t)] = sqrt( x](t) + (H{

This representation makes it possible to evaluate the temporal distribution of energy more
explicitly. It is particularly important in multilayered media, where reflections from different interfaces
overlap and complicate interpretation [12]. As a resit,boundaries between pavement lafyesach
as asphaltoncrete, crushestone base, and soil subgrddeecome distinctly identifiable.

In conditions of high noise, the Hilbert transform also helps suppress minor fluctuations and
highlight only the regions corresponding to real structural boundaries. Consequently, the processed
radargram acquires a mor e fcantlydazilitdtes idtérpreaapop bothr a n c e,
for experienced specialists and for automated analysis algorithms.

Figure 2 demonstrates the Hilbert transform for a-fayered relief medium with a velocity
minimum in the bottom layer (the structure of the model medium is presented in Figure 9). The first
black point (local maxima) indicates the transition from aigtound, while the subsequent points
correspond to boundaries between successive layers. The orange curve represents the solution of the
original forward problem, whereas the purple curve corresponds to the Hiitbestormed solution.

1e—-7  The solution of the direct problem and the Hilbert transform module at z =0

6
E,(t, x*,2=0)
—— HIE;(t.x*,z=0)]

4 é é 10
Time is t [ns]

Fig 2. Typical Hilbert transform of a pavement radargram for altyared medium with a
velocity minimum in the bottom layer.

Comparison with wavelet analysis. While the Hilbert transform is highly effective for envelope
extraction and enhancing layer boundaries, it operates in the time domain and primarily improves the
visibility of overlapping reflections. In contrast, wavebmalysis provides a joint timfi&equency
representation of the signal, making it more suitable for detecting localized anomalies, moisture zones,
or transient features. Thus, the two methods are complementary: the Hilbert transform emphasizes the
global erergy distribution and smooths radargrams for structural interpretation, whereas wavelet
transforms enable multiscale detection of fsvale heterogeneities. The combined application of these
approaches significantly expands the diagnostic capabiliti€f&f data processing.

2.3. Radargram Interpretation

After applying the Hilbert transform, the signal becomes more distinct and suitable for further
interpretation. At this stage, the CartScan software package was employed, providing visualization of
the multilayered pavement structure and the-bieptep @lineation of its layers.

CartScan offers a functionality for sequential interpretation: at the first stage, the boundary
between air and the pavement surface is identified; subsequently, the upper asphalt layer is determined,
and finally, all remaining structural layers, includitng crusheetone base and the soil subgrade, are
delineated (Figure 3).

In addition to manual analysis, CartScan supports automated tools for layer boundary detection,
the adjustment of gain and filtering parameters, and the comparison of radargrams with calibration data.
These features make it possible to reduce the subjgcti¥ expert interpretation and increase
reproducibility. The software also allows exporting processed radargrams and interpretation results in
standardized formats, which facilitates their integration into further processing workflows, including
inversemodeling and database compilation.
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Fig 3. Stepby-step interpretation of pavement radargrams in CartScan software.

2.4. Solution of Inverse Problems: Multidimensional FDTD Method

To refine the characteristics of the subsurface medium, the proposed methodology employs the
solution of inverse problems using the multidimensional fidifference timedomain (FDTD) method
[13i14].

The FDTD met hod is based on the discretizati

the stepby-step simulation of electromagnetic wave propagation in time. This makes it possible to
obtain a detailed picture of the interaction between the eleatoetic field and heterogeneous media,
including reflections, refractions, and scattering.

Maxwell 6s curl equations in differential forr

n] EeGH/ Ot |
nT HIE=UOE/ Ot |

where E and H are the electric and magnetic field veditissthe dielectric permittivityg is
the magnetic permeability, adds the electrical conductivity of the medium.

In the FDTD approach, the spatial domain is divided into a discrete mesh, and the fields are
updated iteratively using Yeeds scheme, whi ch
magnetic field components. For example, the update equatitmef&@x component can be written as:

ExMn+1}(,j,K) = ExAn(i,j,k) + @/ * (HzMn+1/2)(0,j+1,K) - HZMn+1/2)(,j,K)/ ay T
(Hy™n+1/2)(i,j, k+1) - HyMn+1/2)j,K))/ qz).

Similar update equations are derived for other field components.

Advantages of the FDTD method:

T Multidimensional analysis: Supports 2D and 3D modeling of pavement structures,
accounting for stratigraphy and inhomogeneities.

T High accuracy: Provides more reliable estimation of dielectric permittiGtyaid
conductivity (1) than onedimensional models.

i Versatility: Applicable to both regular multilayered media and models with defects
(voids, watersaturated zones, underground utilities).

T Validation with experiment: Numerical radargrams from FDTD can be directly
compared with real field measurements, increasing the reliability of interpretation.

I
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Fig 4. Result of multidimensional FDTD modeling: synthetic radargram of a multilayered
pavement structure with a localized anomaly.
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3. Experimental Investigations

The field investigations were carried out on road sections in the Akmola region using a mobile
roaddiagnostic laboratory of the National Center for Quality of Road Assets, equipped witlROKO
groundpenetrating radar systems with antenna blockstABR al AB-1000R. As an example, Figure
5 shows the application of signal denoising and noise suppression techniques forlib@0&Bantenna
block. One of the radargrams obtained during the survey is presented in Figure 5.

Fig 5. Experimental radargram.

A database of radargrams has been compiled, including various types of pavement structures:
asphalt concrete, crushed stone, and soil subgrade. Detected defects, such as voids-satdrabtdr
zones, were verified through coring.

To ensure the reliability of interpretation, the results of radargram analysis wergaidated
with direct field tests. Cores extracted from representative locations were subjected to laboratory
measurements of density, moisture content, and matergbosition. This made it possible to establish
correlations between anomalies in the radargrams and the actual physical condition of the pavement
layers. Additionally, repeated surveys under different seasonal and weather conditions were performed
to evalate the influence of temperature and moisture variations on the recorded signals. Such validation
procedures confirmed the robustness of the proposed methodology and the applicability of GPR
diagnostics to road structures under real operating conditions.

4. Conclusion

This study has developed and validated a comprehensive methodology for the interpretation of
groundpenetrating radar (GPR) data, designed specifically for the diagnostics of multilayer pavement
structures. The methodology integrates engineering surveyitees, advanced digital signal
processing, and multidimensional inverse problem solving based on thedfiféetence timedomain
(FDTD) method.

The key outcomes can be summarized as follows:
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The combination of engineering procedures with digital preprocessing (noise filtering,
amplitude correction, and migration) ensures the acquisition ofchiglity radargrams suitable for
robust analysis.

The application of the Hilbert transform enhances signal clarity and improves the visibility of
multilayer boundaries, thereby facilitating steypstep interpretation in specialized software such as
CartScan.

The use of multidimensional FDTD modeling provides a reliable tool for refining dielectric and
conductive parameters of pavement layers and increases the accuracy of defect detection, including
voids and watesaturated zones.

The integrated approach significantly enhances the reliability of thickness determination and the
diagnostic capability of GPR for real pavement conditions in Kazakhstan.

The developed methodology not only demonstrates strong agreement between synthetic and
experimental radargrams but also proves its practical efficiency when validated against coring results.

Limitations and future work. The main limitation of the methodology lies in the high
computational cost of full 3D FDTD simulations, which require kpghformance computing resources.
Future research will focus on the optimization of numerical algorithingsjntegration of machine
learning for automated layer boundary detection, and the extension of the methodology-¢odkrge
road network monitoring.

In conclusion, the proposed framework establishes a universal and scientifically grounded tool
for pavement diagnostics, with clear potential for adaptation to other engineering applications of GPR
technology.
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Abstract

Thiswork presentsn interactivecellular-automatorframeworkthat modelgheinterplay
betweenformal incompletenessselfreference,and emergentconscious nessin a uniyed
simulation. Building on G° d eHRirgi and Secondincompleteness Theorem$] and the
LucasPenrosargument 2, 3], our systenextendsConway style rules to eleven discrete cell
states including pr etemnds, mechdnical @mhdutatiors eonscio@s d e |
insight, seHreference, strange loops, amdathematicalntuition. Usersadjust parameters
governing systemcomplex ity, G° d gehtencestrength, consistencylevel, understanding
capacity andintu- ition to observe how formal systems evolve over thrdynamic grid visual
izescell-statetransitionsand an optional heatmaphighlightsregionsof high activ- ity, while
real-time statistics track generation count, entropy, completeness ratio, provatsas
undecidableproportions,and an emergentconsciousnesmetric. Specializedi e x per i ment s
demonstratekey phenomenaithe Lucas argument(con trast of mechanicalvs. conscious
regions) thePenrosesl ect(consciousesolution of undecidable statements), and strange
formation [B]. Results reveal that higher understanding capacity and intuition foster resolution
of Gpgdah deci dabi l ity and support sustained
consistencyeadsrapidly to contradictions. This platformof ersa novelcomputationaksand
boxfor exploringuncomputabilityselfreferenceparadoxesandthe potentialnon algorithmic
aspects of consciousness. The interactive simulation can be accessed at
https://huggingface.co/spaces/Volkan3@&tincompleteness

Keywords:cellularautomatonG © dimcompletenessincomputabilityconsciousness
emergence, LucasPenrose argument, strange loopesaiénce, simulation, entropy, fonal
systems.

1INTRODUCTION

The relationshipbetweenformal mathematicabystemscomputationaprocessesand
human consciousness remains one of the most profound questions in philosophy ahanind
theoreticatomputesscienceln 1931,Kurt G °© dderhonstratethatanyconsistent formadystem
capableof expressingelementaryarithmeticmustbe incomplete[1]there existtrue statements
within the systemthat cannotbe provenusingthes y s t axiondsandrulesof inference. This
revolutionary discovery, formalized in his First and Second In- completeness Theorems,
fundamentally altered our understanding of mathematicalandtthe limits of formal reasoning.

Building uponG ° d enbrig Alan Turing [12] andAlonzo Church[13] furtherexploredthe
boundariesf computability establishinghatcertainproblemsareinherentlyunde cidableby any
algorithmicmeansThesefoundationakresultsin logic andcomputation sethe stagefor later
philosophicainquiriesinto the natureof mind.

Decades later, J.R. Lucag] [and Roger Penrose,[4] independently argued that
G° d deHhedresndhaveprofoundimplicationsfor themind-machinedebate TheLucas Penrose
argumenpositsthatif humanmathematicalinderstandingverepurelyalgo- rithmicequivalent
t o a Turing machi net hen it t o dionswidowevelr, b e S
mathematiciangan recognizethe truth of G° d sehtencegstatementghat asserttheir own
unprovability), suggestinghat humanconsciousnesgvolves non algorithmic processeshat
transcenanerecomputation.
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Douglas Hofstadter further enriched this discourse by introducing the concept of
A s t rlaonogpes]self-referentialstructureghatloop backuponthemselvedn hier- archical
systemsHofstadteproposedhatconsciousnesamergefromsu cientlycom plexstrangdoops,
whereas y s t abilityGareferencandrepectuponitself givesriseto subjectiveexperienceand
understandingThis idearesonatesvith earliernotionsof seltreferencen logic andextends
theminto therealmof cognitivescience.

1.1 Motivation and Obijectives

Despiteextensivetheoreticaldebate,few computationaframeworkshave attemptedto
modelthedynamicinteractionbetweerformalincompletenesselfreferenceandcon sciousness
emergenceCellularautomatgCA), pioneeredy Johnvon Neumanr] 7] andpopularizedoy John
C o n w &wndedsf Life [8], provideanideal substratdor suchexplo rationdueto their ability to
generateomplexemergenbehaviorfrom simplelocalrules. Stephelvo | f rwannd@nsellular
automatdg 14] further demonstratetheir potentialfor modelingcomplexsystemsincludingthose
exhibiting computationauniversality[15]. This work introduces an enhanced cellular automaton
specgycally designed to simulate:

1. Theemergencandpropagatiorof G °© dsertencewithin aformal system
2. Thedistinctionbetweemmechanicatomputatiorandconsciousnsight

3. Theformationof selfreferentialstructuresandstrangdoops

4. Therole of mathematicaintuition in resolvingundecidability

5. Theconsequenceas systeninconsistencyandcontradiction

Our simulation extendstraditional binary or ternary CA statesto elevendistinct cat
egories,eachrepresentingundamentatonceptdfrom mathematicalogic, computation theory,
and philosophy of mind. By manipulating parameterssuch as understandingcapacity,
mathematicalntuition, and consistencylevel, userscan explore how di erent cognitive and
systemigropertiesnpuenceheevolutionof formalsystemsThisinterac tive approaclallowsfor
reattime experimentation, bridgirapstract theory with concretemputational visualization.

The primary objectives are to: Provide a visual and quantitative demonstration of
G° d dercdmnpletenesm action- Model the LucasPenrosalistinctionbetweeral- gorithmic
and noralgorithmic processesSimulate the emergence of conscioustigephenomenthrough
strangdoops- Investigatgparametedependencies theresolu tion of undecidablestatements
- O eranopensourceplatformfor furtherresearchn computationaphilosophy

2RELATED WORK

While ourwork is novelin its integrationof G° d encadinpletenesgonsciousnesand
cellularautomatait drawsuponseverarelatedareas.

In computationamodelsof logic andundecidability,e ortshavebeenmadeto simu- late
G° d dgheotemaisingprogrammindanguagesr formal systemsbut few usespatialdynamicdike
CA. Forinstancel a n g twork ol somputationat the edgeof chaos[16] exploresemergent
computatiorin CA, whichinspiresour complexityparameter.

Philosophical simulations of consci @hiandess
Tononi 6s i nt egr atl§ dvhich guantify coastidusness buthde oaiectly [
incorporatelogical incompletenessPenroseand Hamero 6 OrchOR theory [19] proposes
guantummechanism$or consciousnessyhich couldinspirefuture quantumextensions of our
CA.

OtherCA-basedmodelsof consciousnessr selfreferenceexistin artiycial life researchbut
nonespecycally targettheG ° d-leutasPenrosenexus.Ourwork ylls this gapby providinga
dedicatedrameworkfor thesantersections.

3THEORETICAL BACKGROUND
3.1 G¢©° d elhconspletenessTheorems
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G° d eFirstircompletenessheorenstates:

[First Incompletenes3heorem[1]] Any consistentformal systemF within which a
certain amountof elementaryarithmetic can be carried out is incomplete;i.e., there exist
statementsf thelanguagef F which canneitherbeprovednordisprovedn F.

Theproofconstructasentencé thatessentiallystatesi T hséntencés notprovablein F

df F could proveG, thenG would be false (since it claims to be unprovable), making
inconsistentlIf F could disproves, thenG would be true (since it wouiddeedoeunprovable),
againyieldinginconsistencyThereforejf F is consistents mustbeundecidablaevithin F. This
selfreferential constructionis achievedthrough G° d eumbering, mapping statements to
arithmetic expressions.

The Secondncompletenes¥heoremextendghis result:

[Secondncompletenes$heorem1]] No consistenformal systemF canproveits own
consistencyi-ormally,if Con( ) is astatemenéxpressingheconsistencyf F , thenF V Con{F
). Thesetheoremsmposefundamentalimits on whatcanbe achievedhroughformal axiomatic
methodswith profoundimplicationsfor mathematicslogic, andcomputerscience.Theyalso
connectto T u r i malyng problem [12], showing equivalencebetweenincompletenessand
uncomputability.

3.2 The Lucas-PenroseArgument

Lucas P] argued that G°del 6s t heeaenc ibdweahe mon s
human minds and machinédis reasoning proceeds as follows:

1. If the humanmind wereequivalento a TuringmachineM, it would be boundby
G°odel 6s | imitations

2. Forany such machird, we can constr uGythatM dafnate |l s e
prove

3. However humansanrecognizahatGw is trueby understanding © d econgtrae
tion

4, Therefore humanmindscannotbeequivalento Turing machines

Penrose[3/4] strengthenedhis argumentby emphasizingthe distinction betweencom
putationandunderstandingHe proposedhatmathematicainsight theability tofi s ethe thuth
of statements | i ke -8dortheicprecesses, possibptedinguarqumi r e s r
mechanicsand the physicsof consciousness? e n r w@ieswecbalengesstrong Al hypotheses,
suggestinghattrueunderstandingnvolvesphenomenéeyondclassical computation.

Critics haveraisedseveralobjectiong9, 10], including:

3 Humangamightalsobesubjectto G © dlienikationswithout recognizinghem

3 Theargumenassumelumansanreliablyidentify consistencyn formal systems
3 Mathematicalntuition mayitself bealgorithmic,just highly complex

3 Therecognitionof Gu6 futh relieson metasystemreasoningwhich machines

couldalsoperformin principle

Our simulation does not aim to resolve this debafaitieely, but rather to provide a
computationalaboratorywherethesedeascanbeexploreddynamically allowingusers to observe
simulated Amindsodo grappling with undecidabil:

3.3 Strange Loops and Consciousness

Ho f st acthdeppf sramge loopss| 6] describes hierarchical systems where moving
upwardor downwardthroughlevelseventuallyreturngto thestartingpoint akind of self referential
paradoxencodedn structure. ExamplesincludeE s ¢ h wasuabpsradoxesBac h dés musi c
canons, a n-tefer&fiiad seitedces. s e | f

Hofstadter proposed that consciousness itself emerges from strange loops in the brain
specycally, from the b r a ialilify 40 create selfmodels that referenceand repect upon
themselvesThis recursiveselfreferenceywhensu ciently complex,givesriseto thesub jective
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experienceof beinga consciousentity. This view alignswith N a g ephildssphicalquestionof
Awhi is | i kte lde conscious[20], suggestingthat subjectivity arises from internal
representational loops.

In our CA framework, strangdoops emergewhen self-referentialcells cluster and
interactin ways that createfeedbackcycles, potentially giving rise to higherorder patternsthat
represenfi ¢ o n s anderstaedingrhis providesasimpliyedmodelfort e st i ng Hof st a
ideascomputationally.

AMETHODOLOGY
4.1 Cellular Automaton Architecture
Oursystememploysatwo-dimensionarectangulagrid of dimensiondV1 H (default:
2001 120cells). Each cell ,y) occupies one of eleven possible states at each discrete time
stept:
Tablel: CellStateDeyni t i ons

State Sy Interpretation
mbol
Empty S Uninitialized,no statement
ProvableTrue S Statemenprovablytruein
system
ProvableFalse S Statemenprovablyfalsein
system
G° dSehtence S Undecidablestatement
Inconsistent S Contradictiondetected
MetaStatement S Statemenaboutthe system
Mechanical S Algorithmic processing
Computation
Consciouslnsight S Non-algorithmic understanding
Self-Reference S Statementeferringto itself
Strangd_oop S Ho f s t padatogicald s
structure
Mathematical S10 Intuitive truth recognition
Intuition
Each cell ds next state i-meightazMmmrenigmed by e

borhoodandapplyingtransitionrulesthatencoddogicalrelationshipdetweerstates Thegrid
usedoroidalboundaryconditiongo simulateaniny nite spacepreventingedgee ects.

4.2 Evolution Rules

The transition functioi: ST N Y m&ps current state and neighborhoodycpn
rationto nextstate whereN representseighborcountsfor eachstatetype. Rulesare
probabilistic to model uncertainty in cognitive procesges. rule classes include:

4.2.1 G° dS®ehtencdynamics

3 ProvablestategS;, S) adjacento multipleG © dsertencefSs) maybecomeun-
decidablewith probability P = g A(ns/8)/c, wherens is the numberof S neighborsgi s  G©° d e |
strength, and is consistency level

3 Mechanical computatiors) encount eri ng G°del sent enc
inconsistency%), representing algorithmic inability to resolve undecidability, witbbability 1 1
c

3 Consciousnsight(S;) canresolveG ©  dseritencemto mathematicahtuition (Swo)
with probabilityp,Aj gproduct of understanding capacity and intuition parameters)
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4.2.2 ConsciousnesgEmergence

3  Consciousnsightstatessurroundedy selfreferencgSs) mayform strangdoops
(S) if ng O3 and complexityp > 5

3 Mathematicalntuition emergesvhenconsciousnsightsuccessfullyprocesse&° d e |
sentences or mettatements

3 Strangdoopspersistandpropagatevhencomplexitythresholdsaremet, with sur
vival probabilityc Ay

4.2.3 Inconsistencyropagation

3 Contradictions %) spread aggressively to adjacent provable states unless contained
by conscious state${, S, Si0), which can quarantine them with probability
3 Provabletrueandfalsestatesn closeproximity triggerinconsistencyf ny > 0

and

n2 > 0 in neighborhood

3 Low consistency parameteraccelerates contradiction emergence by lowering thresh
olds for state changes

These rules are implemented in a modular fashion, allowing for easyaaiiot and
extension.

4.3 Simulation Parameters
Users controyve keyparameterthat modulate system behavior:

Table2: AdjustableSimulationParameters

Parameter Symbol Range Description
Controls overall rule
Complexity 3 [1, 10] intricacy and neighborhood
influence
A Determines likelih f
Gedel St 9 1.0] o4 undecida?tt)?e sta'?esmer?t ecrftgr;em
Consistency c [0.1, Measures sSsYys
Level 1.0] resistance to contradictions
Understanding [0.0, Ability of conscious states
Capacity bu 1.0] to resolve undecidables
Mathematical . [0.0, Strength of intuitive truth
Intuition bl 1.0] recognition

Parameterareadjustablevia slidersin theinteractiveinterface,enablingreattime
experimentation.

4.4 Metrics and Analysis
The simulationtracksmultiple quantitativemetrics,updatedeachgeneration:
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Trackedovertimeto assesgesolutione ciency.

Additional visualizationgncludea heatmaof activity (statechangegercell) andtime-
series plots of metrics.

4.5 Experimental Protocols

Four specialized experiments instantiate theoretical scenarios, each wifimpdeidéial
corygurations:

1. Lucas Argument: Initialize left half with mechanical computation, right half with
consciousinsight, place G° d sehtencesat boundaryto observedi erential processing and
boundary dynamics

2. Penrose Eect: Fi | | grid with G°del sentences
randomly trackresolutionratesandpatternformation

3. Strange Loop Formation: Create selfreferential spiral patterns, observe emer
genceof strangdoopsandtheir stability overgenerations

4, Consciousness TestDistributeall statetypesin isolatedclusters,observeinter-
actiondynamicsmergers, anémergenglobal behaviors

Userscanruntheseexperimentsvith varyingparameterso exploresensitivity.

SRESULTS

Extensive simulation runs (1000+ generations across parameternveii@a&e replicationper
conyguration)revealseveralconsistenpatterns Resultsare presentedvith means andtandard
deviationsvhereapplicable.

5.1 GZ° d stltength and Undecidability

Hi gher G° dgedo.7) producesisgstained populations of undecidable celly. At
= 0.9, approximately 1525% of active cells enter undecidable states within 100 generations (mean
20. 3% S Lo®er 2athds g O 0.3) result in rapid collapse to provalbe emptystates
(undecidables< 5% after 50generations).

5.2 Understanding Capacity and Resolution

TheunderstandingatioU exhibitsstrongpositivecorrelationwith understandingapaeity pu
(Pearsorr = 0.87,p < 0.001). Systems withp, ©0.8 maintainU > 60% (mean 68.49%5.1%),
indicatinge ectiveconsciougesolutionof G ° d seritencesAt p, O0.3, undecidablestatements
typically transitionto inconsistencyatherthanresolutionU<2 0 %, mean 15. 2% S 4

5.3 Consciousnes&Emergence

Consciousnestevelsy stabilize between0.30.7 for parameteicombinationsfavoring com
plexity (@ O7), high understandingg{®0.7 ) , and moder agtd65)Gteadystdte st r e
mear0.5250.08). Strangdoopsemergeeliablywhenseltreferencelensityexceedshreshold sr>
0.05andconsciousnesievely > 0.4, with emergenceate of

0.12per generationnder optimal conditions.

5.4 Consistencyand Collapse

Low consistency(c O0.3) leadsto catastrophicsystemfailurerapidspreadof inconsis
tency consuming7090% of cells within 50 generations(mean 82.1% S 6.4%). Moderate
consistencyc = 0.50.7) allows controlledexplorationof contradictionginconsistency 2040%).
High consistency(c ©0.9) suppresse$° d e écts, resultingn monotonous provabistate
dominance (provables 80%).

5.5 Lucas Argument Demonstration
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TheLucasexperimentevealsstrikingasymmetryMechanicatomputatiorregiong(left half)
encounterings © dserltencesansitiontoinconsistencyvithin 1015generationgmeant 2.351.5).
Consciousnsightregions(right half) maintaincoherencewith 4060%of G © d seritencesesolved
to mathematicaintuition (mean51.2%S4.7%). This com- putational demonstration aligns with
Lucasods phil osophi camindanadghinedsvidet and vi suali zes

5.6 Entropy Dynamics

EntropyH typically peaksat2.53.2bitsduringearlyevolution(generation4030,mean
peak 2.85 S 0.21) before st aS®ystémswiihhigh at 1. 82.
understandingapacitymaintainhighersteadystateentropy(di erencet0.4bits,p < 0.01),
suggesting richer state diversity and sustained complexity.

6DISCUSSION

6.1 Theoretical Implications

Oursimulationprovidescomputationaévidencesupportingseveratheoreticapropost tions:

1. G dlantitations: Purelymechanicabrocesse@ow py) cannosustainablyan dle
undecidablestatementsmanifestingas rapid inconsistencyspreadacomputa tional analogue of
G°del 6s theor ems.

2. Lucas-Penrose Validity: The stark contrast between mechanical and conscious
regionsin the Lucasexperimentsupportshe claim thatunderstandingranscends computatioat
least within this formalization. It illustrates how nonalgorithmic insight might resolve what
algorithmscannot.

3. Strange Loop ConsciousnessThe emergence of stable stradgep structures
correlatingwith highconsciousnessetrics(y) alignswithH o f s t hygathesis thatelfreferential
complexity enablesconsciousnessOur model showshow local interactionscan lead to global
emergenphenomena.

4. Intuition as Meta-Cognition: Mathematical intuition state&i) function asneta
level resolutions of objedével undecidability, suggesting intuition represarfigghercognitivelayer,
potentiallyanalogouso humanmathematicainsight.

Thesemplicationsextendto broaderquestionsn Al andcognitivesciencesuchas
whetherargelanguaganodelsexhibittrueunderstandingr merepatternmatching.

6.2 Limitations and Criticisms

Severalimitations warranaicknowledgment:

1. Formalization Gap: Our CA rulesareheuristicapproximation®f complexlogical
conceptsnot rigorousformalizationsof G° d eproéfsor consciousnestheories.They capture
essence butot full mathematicaprecision.

2. Parameter Sensitivity: Results depend heavily on parameter choicesgrdnt
corygurations yield qualitatively derent behaviors, limiting generalizability witbut extensive
sensitivity analysis.

3. Consciousness Dgmiition: The fAconsci oy smecgngputatioaal r i ¢ 0
proxy, not a validatedmeasureof genuinephenomenatonsciousnesslt doesnot addresshard
problemdike qualia[20].

4. Circularity: By design, conscious statesembedssol ve
the conclusionwe aimto explore potentiallyconstitutingcircularreasoningFuture versions could use
machine learning to evolve rules organically.

5. Scalability: The 2D grid limits topological complexity; real cognitive systems operate
in higher dimensions.
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Thesecritiquesechobroadeildebatesiboutcomputationaimodelsof consciousned®, 11].
Ourwork doesnot claimto proveconsciousneds hon-computationalbut ratherdemonstratethat
computationaframeworkscaninstantiateandexplorethesephilosoph ical distinctions potentially
informing empiricalneuroscience.

6.3 Future Directions

Extensiongo enhancevalidity andscopenclude:

3 RigorousLogic Integration: Incorporatdormalproofsystemge.g.,Peanarith- metic,
lambda calculus) to ground state transitionsin mathematicallogic, perhapsusing symbolic
computatioribraries.

3 Quantum Computation: Explore whether quantum CA exhibit drent con
sciousnesemergenceatternsrelatingtoP e n r guRrEuONSciousnedsy- pothesis 19].

3 Neural Network Hybrid: Replacehandcodedruleswith learnedtransitionfunc tions
via neuralnetworksallowing emergentliscoveryof consciousnedsgke behav iors.

3 3D Extensions: Expand to threglimensional grids to model richer topological
structuredor strangdoopsandmorecomplexinteractions.

3 Multi -Agent Systems: Allow multiple A mi n @ugrids) to interact, modeling
communicationsharedunderstandingandsocialaspect®f consciousness.

3 Empirical Validation: Compare simulation patterns to brain imaging data or
psychological experiments on mathematical intuition.

Thesedirectionscouldtransformthe simulationinto amorecomprehensivéool for
interdisciplinaryresearch.

7CONCLUSION

We have presentedan interactive cellular automatonthat operationalizesonceptsfrom
G° d encomngletenestheoremstheLucasPenrosargumentandH o f s t atrdrigeoopéwsthin
a uniyed computationaframework. Throughelevendiscretecell states, adjustablgarameters,
reaktime metrics, andpecializedexperiments, theimulationenables detailed exploration of how
formal systems, setkference, and consciousnéike processemteractdynamically.

Keyy n d iinclygds:

3 Mechanical computation cannot sustainably process undecidable statemeritsy fiead
inconsistency

3 Highunderstandingapacityenablesonsciousesolutionof G © dsertencesnain
taining system coherence

3 Strange loops emerge from seferential structures under suitable conditions, cor
relatingwith higherconsciousnessetrics

3 Systenconsistencyritically determinegvolutionoutcomesfrom stableproofsys tems
to chaotic collapse

While our CA remainsa computationalmetaphorratherthan a literal model of con
sciousnesst demonstratethatcoreideasfrom mathematicalogic andphilosophyof mindcanbe
instantiatedn executabldorm. This approactopensnewavenuegor com putationalphilosophy,
allowing researchergo simulate, manipulate,and study abstractconceptsin ways traditional
philosophicabnalysiscannotprovide . By makingthesephe nomenavisualandinteractive we hope
to inspirefurtherdebateandinvestigationinto the nature of mind, computation, and reality.

The simulation servesas a proofof-concept: formal incompletenessselfreference,and
consciousnesgmergencecan be modeled computationallyto generatetestable hypothesesand
visualizablephenomena/Nhetherthesecomputationapatterngenuinelyrepectthe natureof human
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consciousnesemainsanopenquestion on¢ghatthiswork illuminates rather than resolves, inviting
collaboration across disciplines.
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NEURAL NETWORK, GRADIENT DESCENT AND METHODS OF
SELECTION OF WEIGHT COEFFICIENTS
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Abstract The present work is devoted to the problems of determining the parameters of
neural networks. The methodology, algorithm and solution paths of finding the gradient descent,
one of the main parameters in a neural network during machine learning, are {@eskins very
important to minimize the error of finding the weight parameters of the neuron.

KeywordsNeuron, network, gradient, gradient descent, neural network, weight parameters
of neuron.

1. Introduction

Nowadays it is not a secret that artificial intelligence is being actively implemented in various
spheres of human activity. Representation of artificial intelligence today, without neural networks
is impossible. To understand the methods of developmekeyhodes in the work of neural
networks and the creation of artificial intelligence can be considered on a simple example of
solving the mathematical apparatus of linear regression. It is when working with linear regression
that our goal is to find theest regression line that is an informative expression [1].  If this
regression line is expressed by formula 1,

W O Dz @

then we must find the coefficients a0 and al. The result predicted using these constants should be
as close as possible to the actual value presented in the data set, that is, the difference between the
predicted value and the actual value should be a ampossible. Let's call this discrepancy an
error. The main purpose of the value function is to determine this error.

With the help of the value function, we can determine how correctly the regression coefficients
(a0 and al) were found, i.e. find the error (discrepancy) between these coefficients and the actual
values. For this purpose, we use the following RMS errastiom as a value function:

0 —B Qo & )

where, m is the number of elements in the datagstthe actual value (symbolic value) of tHa i
array of the dataset, fi)ts the predicted value in row i. Let us decompose the functioniri tkese 3
formulae as a linear regression, the following formula is obtained:

6 —-B & 0o O €)

The farther the predicted value is from the actual value, the larger the RMS error function is.
Depending on the error calculated by the RMS error function, we have to update the regression coefficients
(awand a), which means better prediction and error reduction.

The gradient descent (falling) method reduces the error by updating the regression coefficients.
Usually, at the beginning of the learning process, the coefficieraadas) are assigned a random value.

We then compute the value functidhand find the error. Our main goal is to minimize the value function
(J) depending on the value of the error, and in the case of linear regression, minimize tquakean
function (3):
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minimizatonB Qo 4)
If we decompose the prediction value using the above fof(rjlave get the following formula:
minimization B O V72w o (5)

At the same time, we can reduce the error by assigning the coeffiajeatsld) an optimal value.
So, how do we determine these optimal values? To do this, we can obtain the derivative of the function
value with respect to the coefficierds &nda).

O —B & Ozd ©6)

— —-B & ®z® ®O° -B Q0

@)

— —B O 0wz ® zZow°%° -B Qn w Zw

After calculating the derivativeso(andaz), we can proceed to update the coefficients, using the
following formula:
® ® %z2—-B Mw

8)

G G 97-B 0h @ 6

®w o °z-B W WZIw W o
©)

®w w %z—-B B ®W WZIw 0 W

8 -in the above formulais the learning level, and the coefficient determines the magnitude of the
change in the renewal process, that is, the higher the learning level, the larger the renewal coefficient. But
at the same time, the probability of losthg optimal value will be just as high. The lesser the learning
level, the lesser the probability of losing the optimal value, but many steps will have to be taken to the
optimal value. Hence, this value is an optimizable (coordinated) parameter.

According to formula 9, the coefficient values are updated in parallel. For example, imagine that step
10is in progress. The values of coefficiepral ain the formula, when we update coefficiefivee use
the values from step 9. Even when we go to update coefficigittraupdating coefficient a0, we use the
values from step 9 in the values of coefficienta al in formula 9.

2. Methods

How do we implement this in a neural network? Let's consider a simple neural network consisting of
2 inputs, 2 hidden and one output neurons.
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Figure 1. A simple neural network.

=h

If we add up x+x2, we get the value at the adder, and if we first multiplgind % by their
weighting factors wand w respectively, we get ard

o oozx o zx (10)
where:F: is the weighted sum.

Further, each sufd enters the activation function, where it is transformed and this numerical
value is transmitted further along the network to the output neuron.

®
&0

Figure 2. Relationship between input and output values of the neural network.

Let's assume that this value is denotediybut forx; andx. the data corresponds to some
correct answer, which should be given by the neural network. But for some reason our network
gives us values not T (from the werd@rue), but the answer O, and we need to adjust the weighted
wrong coefficient€D: andO: so that the answer becomes correct.

According to mathematics, such a method is called GRADIENT "SPLOSK". Let's consider
this question in detail. There is such a word in programming and well known to users as ERROR
- error and we will denote it with E. Then we can define it as the differ@be trueT from the
receivedO.

< (11)

This error indicates a mistake made by our neural network.

Disassembling the dependence of this function in the form of a graph may lead to a wrong
understanding and interpretation of the task at hand. What does it mean? If we plot the graph of
this function, it will take the form of a straight line intersectihg abscissa axis at poiat The
value ofOAindicates the values of the error, i.e. how much we deal with the error. In other words,
we need to bring poirk close to zero on the abscissa axis.
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Figure 3. Incorrect interpretation of gradient descent.

3. Results and Discussions

If our answer is negative, then it is at pddnfTherefore, it is necessary to bring pdraloser
to zero, and this means to move along the line of gdine., to descend to poiAt At the point
D there is an incomprehensible dilemma, which consists in the fact that it is possible to increase
the error for approaching to zero.
)

v

e————
@)

Figure 4. A new interpretation of gradient descent.

To solve this problem, there is a very simple solution, we make an amendment to the formula
for determining the value of the error by squaring the right side of the equation.

< (12)

In this case all errors will be positive. Naturally, the new graph will look like a parabola with
vertices upwards. So, we need to bring point A closer to zero, i.e. reduce the error te zaro O
specific error.

To perform these calculations, since the computer does not understand drawings, we need a
different mathematical apparatus. Consequently, we need another way to understand how this
answer will change in which direction, more or less. Clearly, we cannsitdout the derivative
here, as it will allow the machine to understand how to navigate the graph.

In other words, the derivative is the rate of change of the function, i.e. the error from the
answer related to some function.

Q) (13)
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fis some law by which the error depends on the answer. Two variables are related by some
law and this law can be written as:

0 x| (14)

Figure 5. Another interpretation of gradient descent.

The figure shows that intervals2land 34 indicate the rate of change of the function, with 3
4 being smaller than-2. They can take both positive and negative values. On the s€cfidh ( + )
the function grow$ , and onf(-) © iDdecrease¥, i.e. the more we move along th® axis, the
intervals (in the left part) decrease, and in the first part they increase [2].

This is all in the figure. And on the formula

QO (15)
wheref i8 the product of the rate of change.
That means if
Q, S (16)
then
Qe ¢ 7 17)

and that the computer can easily calculate.
Suppose the neural network has given the an®wespecific, we want to find out a neld,

at which the error will be smaller. The n€&yanswer can be found by the formula

R T (18)
where, n is some coefficient, which we have so far n=1.

Let's assume by the graph thevalué 2 =0, 5 ;and3 0 81ri2.;

(4 " (4 - ,‘m ” Z p (4 ” c Z p (19)
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that this result shows that to determigerror the new valud 6 4 =d) myste shifted
towards the value zero by two units, thus, we bring the error value closer to zero.

Let us recalculate fds 0 6

Q" zp - pZp .- P (20)

In this case, as well as in the previous one, we deal with the shift of the error to zero.

Figure 6. Leagshaped gradient descent.

Let's look at a specific example.

0 Q0 (21)
suppose
e - (22)
then
Q0 CZT (23)
suppose) ;.- .- Q0 z¢g;alsosuppose that, -;then, - T Yz
- ¢pol g
Further the training is r(-epxpated, | etds det
Q- T, - Q0 z& .- ¢ T Z- p;sob p;
Next step, - pNQ,-  p;’Q0 GZpi.s .- QU zg; - p
¢ z- -;or,- -.
Q0 Y O (24)
0 Q (25)
, UUOU (26)



0 Q, 0000 27)

New weighting factor values

v 0 0O O zg (28)
O 0 O O zg (29)
where n is the learning rate or learning rate coefficiént, = "O i are the rate of change

of this lawi "Q"Q , 8 . Using this formula, we calculate the new weighting factergor
o AT & . [3]

It should be taken into account that this derivative now depends not on all varialaled O
O2 but only on W and W4. So, our derivative shows how it affects the rate of change of G.

If it affects weakly, then accordingly the rate of change of the function will be small, if it
affects strongly, on the final error, then the rate of change, i.e. the derivative will be large so the
more the coefficient affects the error, the more we ch#raccording to this formula. Here is this
G partial derivative legitimately with W multiplied by some of our coefficient n.

But if you think carefully, the value {f1 andJ - somewhere also depends on the weighting
values of W d W4 respectively.

Earlier we wrote thab "Qt ;0 "Qt by analogy we can describe

t ,00 0w (30)
and value

O VLU0 80 Vw8 W (31)

Thus noww w 8 w T we cannot change. In other words, now the error T corresponds to the
initial input values.

(32)

e e &
<

If you remember the step size we taok ofT let us now tak& p as the unit. In this
case, according to the formula, the error will be as follows:

ROl % (33)
and the derivative is the rate of chan@: (- (V2 ¢zU;ie U T, in this case, a
newld 0 QU0 z¢&. Learning rate coefficient T Y Z p That's how we got8

in the formula, and this minus¢®d s t h e s e dire.dve wrhpad to tifis value +4. The
error is still 16 and the funny thing is that when we try to make the next step of this gradient descent
it will lead again to-4 and we get a vicious circle. (jumping back and forth).
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To understand and visualize the descent of the offset or the approach of the error to zero, we
recommend you to look at the animation page on the Internet where this picture is illustrated at the
link.

() starting Point

Optimum

P

;s«f'/golution

Step-size a = 0.02 Momentum @ = 0.99
e ®

Figure 7. Example by stdpy-step animatiosillustration of a gradient descent pattern.
(http://distill.Pub/2017/momentum

There is a picture that depends on two variables, we have x (horizontal) and y (vertical)
coordinates and some error depends on them and it is shown in the picture by a colored area. It
can be represented as a kind of hollow, where the color is lights tiie height, where the error
is large, and where the color is darker, these are the values of the function, where the error is
smaller [4].

We want to go from a starting point, we have some starting values of x and y or our weight
coefficients, and we want to go from that point down to where the error is minimized. For jumping
as we parsed and counted, we(alph® isthe step gize,tthis c h ¢
coefficient n adjusts our step size.

4. Conclusions

If we increase it, the step becomes larger, if we decrease it, the training steps become smaller.
This is nothing else but (leaning raid), i.e. the coefficient that the programmer adjusts when
deciding how to train the neural network. A lot depends dhybu make it relatively small, the
curve becomes quite smooth, beautiful, tends to the optimum, but does not reach it. At this very
moment (for example, 100 steps) we have not reached the optimum.

If we increase the step, we get closer and closer to the optimum, but at this point the
discontinuity of the curve trajectory increases. If the step is increased more than the measure too
much, the neural network will not be able to learn because théfgewib convergence.

To summarize, when performing gradient des
formula 10 several ti mes I n doing so, each
using these coefficients to get an idea of h

To summari ze the above, we can give the foc
with one variabl e:

VDetermining the regression formula of a |

VDetermining the value function formul a;

VDetermining the gradient incidence for mul

VDetermining the pabtameutnmebresr (otfr asitreipnsg Ifeowre
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wn

VExecuting the gradient descent a certain n
eps). This involves updating the coefficien
nctil on.
At the end we would |i ke to draw conclusi on:
1We accepted the values of the parameter T
2Calcul ated and developed a methodol ogy for
3 Determined and calculated the partial der.i
4 Calcul ated for each weighting factor W
5Using the formulas, determined how much to
ti mum.
6 This is one step of gradient descent (shif
Thus, we were able to select new coefficient
References
S. Komolov, Sh. Rakhmatov Fundamentals of Atrtificial Intelligence. Machine learning. Izhod
NAShR Publishing House. p.104. Tashkent, Uzbekistan (2022)
https://yandex.ru/video/preview/8865456527616071991
Baradzei, L.T., Borisov, A.S., Cherdyntseva, K.V., ...Yokoi, K., Ohsawa, A. Observation of
very high energy cosmi@y families in emulsion chambers at high mountain altitudes (1)
Nuclear Physics, Section B, 370(2), p. 368, (1992).
BorisovA.S., Cherdyntseva K.V., Guseva Z.M., Yokoi, K., Ohsawa A. Observation of a high
energy cosmicay family caused by a Centadtygpe nuclear interaction in the joint emulsion
chamber experiment at the Pamirs. Physics Letters B, P90l 226233, (1987)
Porubay O. et al. Optimization of operation modes of renewable energy facilities to provide
energy for agriculture //E3S Web of Conferent¢dsSDP Sciences, 2024 . 588 .0102 8.
Paar C. Applied cryptography and data security //Lecture Notes);Rahr v er s i t 2t Bo
(http://www. crypto. ruhtuni-bochum. de)i 2000.
Ergashev O. et al. Programming and processing of big data using python language in medicine
//E3S Web of ConferenceSEDP Sciences, 20245 . 588.02027.
E3S Web of Conferences 508, 04011 (208#ps://doi.org/10.1051/e3sconf/202450804011

97


https://doi.org/10.1051/e3sconf/202450804011

I d4rR1L U A'[:(bs 1 3M HU U[ g Rul J
lwu

U ? t v
frovdird { R{RY $A
A . 1 zb@oMzd jwOMBOdats o

0h CjdsmEsets Zdzdo jtemdlsj sO cfdzwtsted30uo[tsdzd2f:
Odmtstej L d3d, v O € | daisajt nuvalie2q0I @nfylisutazmaa@mailru

¢ J
|

;U"UJ

¢ dzdzts s Oy dffls Ols ' | ©OMMBOEde OjlsM™ L OHOYO Mddz

dmy ts dZJLtSSOdZdeS B ssHtse flddizdL Oydd dO sMmdese
Mmdlsg 2. l1toj Hd&ZOG O] Isipw Oz stedIlsdzd uyd M< d?2 f SHRBH,
dLsBteOY j dzd?2 tMmikh j fMiseddeyjidtnyd tsidedzt As i3t iz dz€ y d s dzO dz-
f OtcO3) ster dr oMmistesj dzdwy Y sHBJteOE Isifw d OHOY Is
of ydfmdzj ded?2 d BEZYOJ B » dBSHjdzj?2. | jddlsduyi mscd?
sflsddzOdz: dz" =  OtcOd3j Istetso StseHB: EPC ap? tc@ fiafizds ¢
Mzsy dzr = L OadMmMddsMmMisj?2 d EMEttjddy fttsyj MmO M
Wistcd3dtetso Ols! WiecOCIsOdz! dz" §| MbstckzCIskzter M L OH Odzdz’
WicOCIlsOdz! dzgOW tcOL di3j tedesfils: , MY j CIlstc Odz! dz0 gizts fiadzs @iz ©

dL sBteOY j dgd ¥ . ltcjHMisOodzj dz@ fJteddzj ter MddalsjL Jcts:
IsOC Y J MtcOo dzd Is § dz' dz" 2 O dzO dzd L LWWiClsdoedesmisd ¢
sflsddsdL Oydd. | |

sdzt uj o' jB3BEZs@Isd yd S OV  dssH j dz'-f ) ldf teots]clza)@H ) 4 &

cdytslsjL O -fsac@,ctsWMOBIsdztsh j dzedw stsh da JBEROHaiats " jL ek
IS POEMMBPB ds®O®] € ddzO@ t dlsy® 1 dzj ClstctsdzOG dzd Is
Isj teditst dzj SIstets i3OG dzd IsdzOW Bk telzGg tsyls+ BOcdzd stslz f tol
Ldgj ecadv, HJWBdBORW2dS Wdided &sd " § dad W

I'e g njdzdj

s oMy dd d3dtey HtesosHWIsmw yjdzjeor j dMhmMmdzj His9 O
LOHO'L{ sfisddzdL Oydd yo jIssear n f OtcOd3j Istets o w te O
Hdlsj tod3d dzd tetso Odzdz" = , Mssa OMsdui mMé&das d [ 4,5, 6]
dMmMmdzy His9 Odad 2¢ CRO YO sta@jLda'dIsd § Isjtstedd WKLOSIsOMzss ,
Isj m detsdzts e d 2 Cod3f + 8 Isj todats 2 GtGquQq fsL otdws h(
Yye jlstsoatses d c¢ijtdi3jbtcdyi Mitses HJL 02 dzO, ) Is s
otsL i3y detsfls j 2 dZJJﬂSiﬁd;dzrﬁ']@%W@J.ﬂgJ|SISHISdZISG'Cfo v i{0S
BsHj dzdtcso Odzdwy, O OCYJ Oolssd3OIsdy ME s Isd d3c
dLsBteOy jded?2 §tsMmowh jdg tcOB sisT sO¢ dn LOtGIZBJ>1d
v S OyJ 9, . R. 1 BBodEte, d. S. s dzh Olsbof dzd 82! MS d D
[IzlsQBafr]Qc[Q, o. 1. SkL de ytsoe , 1. ¢. 4 O0C 0 dy, 1
Qo lsstceOBRBd ¢ dzOMlsswh j sz otcj d3j dad EyJ §tsdzzyj dz@ L
ftedC dzOH dzs ¢ fH-3F Ot OC Isj 6O

[ Ol &30Isdud M& OV BSHJ dz

] H O dzdats 2 MlsOIs: § tcOMMdzOIstcd o Oj Ismw L OHOYO
WicOCIlsOdz! dgr = dL sBtcOy J dzd 2 H dzw Ccototso 52 i totsc
LOCdze yojlsmw o dzOrtYyHJjdzdd i Isd 36, datizcuts Ist” dz@y jh d
CO¢ 1 fMmMjlbdyiMmMeétsjy COyjfMmMlsets dLtBOY jddw, IsOC
1 OHOYk By ds MW steBz dzdtetso Ols! Mdzj HEE h ddi3 sSBELOL B
dzOB S tc ye jlstser i f OttOd3j stets o, sBJ My jyde O h d2
or eQuLdf lslzsmis: ¥ d 1 CtsdesdBd yd ME B2 + WWJiClsde desflss & .

98


mailto:nuraliev2001@mail.ru

C={C, ... G}.

GHG, Tddzlsj demdo detsfpls! ddzd HEtsdzw MY sdz! L 59 OHBY,Y S O H
) fmdjnkzen j2 yjd's MddkjLO Y©OCkOod d'n kLt
HJLO2dzj Ctsotctse.

Ajdz2 tsflsddBdL Oydd L OCdzg yoOjlsmw o dORBYHjddd B
Istcj Btso Oded W d3q : 1) B dzd BdL Oydw L OteOls dO f(tetsd
dimfsdz Lkzj B »~ CLOMSE d 2) BOCMHIBIL Oydw SCOUJ Ml
odLEZOd des?Y o ddw.

vt j Mmist LOHOYykE tsflkddidLr Oydd oy dts sfidmnols!
wodzws h j2fw eLe jhj dzdgs? MEzsBs?2 Hokn € i tsdzj dals:

USGHO, 9" tO)yjddd vyYddzjoeoss?2 WEkdSydd dd&3j jls Mmdzj |

J(O)=/FO 1 -)AO, (1)

GHJ(CO)iyj dzj o O WEkdS ydF(Clitfflizdz8ddOyd PlstcOls, ftej HMiIsO
Missd d3ts M ls ¢ BOIsj tod Odzts o Hdzv  CQUEH ¥ B deddndff s dz€ O j figls
syjddoOshow odLbkOd dz fdedj S O] d desfyls %0
fMend & C;
/T0iCtse WWdudjdals, tSftejHjdvshd2 BOROAN &jyHE L

Isdsilsdd, ubt/¢coWldydiztsh d2 BOROdN ®EixHE L
fsLocd jls cdBCt EfwOodvlk!' fodstdlsjlksodd o L O
Ci WWd YWBKdzlst) Ists sfdeso dzs?2 OCyjdels HJ &Ojsiw dzO o
fticdojMmlsd ¢ orBBtel BBAdZjJ HIMhYeora CwOMSE, HOYJ .
(el 05 Bod "jj odddiOddj bkHjdvjlshmv ¢OyjMmlsetk,
fosdL o sHlsdedrd zEkdL Oyd™y L OstOls MlsOdss dlsfv fted
feOCisduj MSd daj bk iotoff dst)s dzs20 fegfdstedlsjls tslsH O
dLEBEOY jddv, ftod lksd fHssdEshs! CtofsS J &EOlsj

ANzdzS ydv F(OIsE@E 9 0jls MistsdddsMmls! COYHBEES Yo jls
bLstej, It jMis! yjdkz LO judddyk jShlsdd ds?2 ¢
HOdzdzse s Yo jIsO o tBMh j2 fOddlste] :

F(C)=a nG,

i=1
CGHP iYyjdd LO jHdddyki;CkOmEd™ Hady twdej istDoO dzd W
Wi OC s Odz dasif tedzdsugjjfjlso s yo jlsse o f Odzdlstey .

J HOddes s Mz YO , WEdCydw LObkiOls Wodvjls
fesfsteydsdzOd des?2 Stdduj Mok dMisd Lkj Bs2 S Of
HstesecdR yojlktse, Isjdk orhj L OOk’ &0 fesdLo:

L Mlsjsduyd Mz yJ dzde®Mmismdzeep s 8O foedetlz = Yo jIstse
QO =aq(q) + a (¢, G).
i=1 EE A
d Mshmssdls Jg(Geidk diaify] 2 s d hrie®: Yo SO dzOw d L Iz
osMfted  sdC.E)b®wBf sdddlsj d d' 2 »o¢ dOn Bisde JOJ dstsH
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j- yojkO®d (odLkOd dOw ¢cOLdsddY WwLOClkOod d
budlkr e80! kOCdj OMfjClkr, $0OC CdstOfsdshls:

1 iBtedyOlj d dashis: Cf0LQd{lRimp v ajdey sONY & fydts
COLOdsdteks h dds, ylsts COYHT2 §OLO®Rjlste yojlsO daj
vts j Mmis: ZO COYHB2 dljttOydd Bdetso dzj dzgdv yo j st
5§ j 6OMAKE0;C)ih steOW L O Ok jddj bLhmesedw dzj slst

vOCYJ] LOHOjIsMmw EMmMdzsedj HdzvW dsttdkzOdzdL Oydd Ht

a.G=L1

Clsts Emdzsed] foLotdzwjlk C(tdstesdzdtetse Ols! tsB h
WicOCIlsOdz! dgr = dqLBBKGOY jded W R, sBj M jyde OwW Ists, 1
dstsetsolzs f Odzdlstelz, dets dr MEzBBOLdOY HBdY MtshmisO

vO¢ COC o dAOW i wxzOf Uy L tso Oded § 6§ daj Isd ud iy
fnd iz ejj Isftp H O, fsHHjtYydo O h dA dzd dzj 2 dzr J s G tc O dz
steBOdzdL Oydd Htsdzj 2 dMitsde L so Odedw Yo jlsts&L dzO ¢
By dets ftod d3j dedls! N IstcOW dzzs WEkdeS yde odHO:

3n(€) = 3,C)+ i [ ymax(0-C Y+ af &,G-1)

GHQ(C)Tyd dzj o O W zdzC ydvw del; /18, im ¢ g 12% Wfds\j dsjodgls'd h Is
LO dzOtelzh jdedj EMmdztse d?2.

1 2Oy ded v S siMpdi/pydsiaglsizse BT st HBMISOlBsydets B 5dz
sdzed §oHBdEOsISMW 1 CMfjteddj dsOd dzts o L Qo dfc
dzj slsted yOIlsj dz' dzsflsd dzOwkzh Of sfpv Dby s, MEz d3tgY dztyf Ot
mMizh j Mise j dzdzs tslsdzd yoj sfmy. tsls 1, Mmssdls ko jddudls:

sdzj HEZE h 2 90y dzr 2 detsdzd dzls, Cwlststets? MdzjHizj s ¢
WstedzOdzd L s9 Ols! ftetsyd M fteddwisdw twjihjdd?2 dO f
ftesyj MM dljtcOldodtsets fBHBBKGO yYojltsear a f OttOd
Zyy stsd3v dstlzipdzd L s Ols j dzw .

] Cdzs yjdzgdj BBtOlsdzs? MmMeawiL d s ftsdz L s Olsj dzw
BesetsCtodlsj ted Odz! dzlz ® LOHOyYyk fteddwisdw tjhjdzd?2,
COyd Mseats IsjCkhjets toghjddvw  odzdwlis! dzO Mdzj HIz®
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C.

I

OoObBekT
yIIpaBJICHHS

VYnpasisironias
IIporpamMmma

bnok ob6parnas
CBA3H

tdmezdzs¢ 1. wrnjBO ftesyj MMO Jteddzvisdw g h jdzd?2 dzO
~nSH] BflsddidL Oydd yYeojlstsor o §fOtcOd3j stetso HdzvW M(

[ BtoOldzOY fMmeowrL: s fod L8O dv Wd&syjls BT IS!
Yyjdzjokze WikzdeC yde , Clstster 2 BLRHJjIs /iddf-dzY) Is- 9 j M
LOoadMmMddiisMmisd ls ftojHftsylidd?2 ftd Lso0lsjdv. 10§
LdzOyd dedj S OujMmisokHgdzipp 2Ol gzflzdz ) OBy v, d dzOGB Ste!

vOCdds sBtcOL s, yk-zjgOytcDRdz ydlrH 40 dd3jls' o dH

J(C) =/ KO €1 -{)XO, 2
GHJ /pde® COYHB2 fofdi ktlefR] WisdePyidy M y’ ssd t

fsd Lso Olsj dow :
lai= & + @ 65,

CHE TSI WWdydjdals sSBRYJ Y, Cslstter 2 tftejH/jdvjl,

9 LOsadMmMddsMmisd s Wyjditd §sd Lo Olsj dv
sscHE05Tf sdz' L so Olsj dz HBo Kplrdzj RZOYPIHBMHER, dls )

BEHjls Bsdr "j EZHjdvis! oddBOddw ¢ OoujHisedBi kdaj d

fsdz L 59 Olsj dz dzj ZH/sp Hzg bzt tgdf oz0 j Wdsipe,H O fd Mmisj RO
ZHjdvjls Mmdedy jded® L OlsteOls.

[ Mdeso d&zOW dHJW HdY Ljihjddfw MscOis®YE BY dsdsdgfgfL O
ftoj HdEZOGCOjIsmw dMftsdz L s Ols! CtsdizB d dzOydff Is t5H @z IsY s|tF
fslsjdzydOdzr des ftsLotsdzw jls HBMisdy! o M2 I[ssydzts
sSHdso toj o3 dgdets B dzed BBd L JtckzWw L OlstcOlsT dz20 Ctsotctso 5§

Cltsls OdzOdzd L f sC0OL Odz, Yylsts sflsddzdr Oydw Yo J
CdztsB Odz! dz" = 64 N j dzd 2, Colstster j B M jyde 0 Isimw @,
ZsC Odz! dz" = EyoOfmls¢ OR HdzV -G st . dMf sdz? Lzjlsmw Mdd

¢ dze sted Is d3

ltoddsj dgj dedj dgj 2tetsdzdezr 7 fMjlsj?2 Hdzw CdZzOMMdW dS O
QolstsdzOIsdL Oydd CazommdW¥W dSc Ooydd WttOCIlsOdz' dzf = dL BE
tOL OB SISOdO MoV telstsydzOW dgj 2 etsdedzOW fjls: (CNN) [
L(y,¥),stf tcj H j dzj dedzgz s fdzj Hiz¥ N dds tSBLOL 5d3:
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L(y, ¥ =- ay log(¥),

GHJY 8 dfmisddedz j S &zOfmfyr (bjfdr j, nsdEwdr j,
ftocj HMCOL Odgdzr | o jteWilsdesfmisd Hdzw CO)yHBEts € dzOMMmC
ftedL z0S d, B XZOECBHOLY yYjdBz dLsBtOYjddj § d&Oommd!
Hdz" HOdz dzgj2h jets fsHBBSILO ccOttdsdedydsr 1 f Odzd Ists.
tsB tc O Istelfsfigtiste s Mistc Odzj dzdwv tsh dBS¢d (backpropagati on
SBOLsd, Odkettedlsdd CNN ddisjetedtekzjls tjLzd IsOIs
f QOB ster , tSfldidL tetso Odzdz’ j EdBtedHdz B B ISBHIS

[ MsLHOddY Odkdstdksdd ftddvisdw tjh j dzd?
sflsdidL Oydd, Ctlstster 2 oCd* yojl -€3j tzfsbdydmydz
ffizj HEE W dj hOed:

Msfzssf d MOls! L OHOUE ftddvisdy tjhjdd2 [8] ¢
Yye jIstser o f OcOd3j stotso WicOCIlsOdz! dz" ~ dL sBtcOY j dzd
BOSMdBILOYdd odLEzOd d' a2 RO®OSIKjtedmisdsS, @ kv
CteOMCd, ftojHt sylsjsove@ dff jlskzlsHO, ) .OL i) t6

10 thmdtss| ©OLELOBBOddsEts cdBtedHdsEs Odd s
fteddvilsdy  tjh j dzd 2

ZOG 110 itk {Ofj LOHOs kMW §OLO®Ister yj dz
Ctst WW dydijpatls % zdzS yd2F (B s5d ROMOIEE o0 § sdz' L 59 Ols j dz
ftojHYBYlsjded?2. vOCYJ] LOHOBIsMW dOyoOdz dz" j L dzOyJ

zOGe 2. AjdzjoOw WekdSydw dOmkseode Ojlksmw fj &y

J(O)=/FHQO 1 -)QXQ
GHJ:

F(C)-Wkd ydw Mmtsddshisd,
QC)-WkdeS ydgv cOoyjmlse O,

/. fsd Lso0Olsjd M ftejHY Y
dzOMmr h j dedetsmisd ddzd S sdzlstcOMmisdesmisd .

ZzOe 3. 10 1 Issd3 {1 sOfJ cdBtdHdz 2 OdzetstedIsdz ¢
CdzsB Odz! dzesets S EB®H d H pd GZflztk§ Ofr! detse s ks sydzj dzd
ZOyodz' dets?2 sfkedzvydd yeojlsseor n §fOtcOdRjIstctse . [q
fsdm¢ aQzOEA Isaf = tojh j dedsy stsw d gtzsUL 2 Isfw  Hdv b
ZO2Hjdedz" = Gjdzgj Isdui MEddz Odze stcdIsdBEsdz, M yJjdz' v

z0c 4. 1 simdzy COYHB2 dlsjteOydd ftsdz L se Olsj dz¢
sBdaso dzv jIs S w1 WWdydyj dals M Eyy stsdz tsBtcOlsdats?2

Is § dad W , SlstcOy O

z O 5. 10 Bfmdsej tsBdetso dzy dedets? yJj dzj ots2 Wik
fsdz L s Olsj dz2 MCdJ ftej Hf BYlsj dz2dv MisOdetsea wiIsfpw  ycC
f OtcOd3j Istets o Yls ts fsLotsdzv j Is QolssdiBOIsdyj MEd 9
WicOCIsOdz! dgr = dLBBOY § dad 2 .

w 9 jfMse yjdzjots?2 WkdzC ydd dz0

zOe 6. O¢(HOfIsOYd

ZzOe 7. lwddwlsdj CtsdzyOlsj dz' detsets tojn jdzdw M L

tdLlzdz IsOlIs

RMY tsdz' L 2V -dspébBhdzjkdyy tejh jddw L Its?2 sflsdid
f sz yojd3 mdzj ke hdj tjLlzdz sOIsT :

X, =85.00; x, =78; x 21.0(
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F (X, X%, %) = 22,69E,

RSOC, Msddshs! COmss, C(sbstrj & dJhfsd
X, =85.00z. jx,=78.00z. § x,=11.00z.4; ,x50.00 . & =40.00 ¢ 9 j tc
F=65655.0z.c00 dzO0 BN dds qLHjty SO ftetsdL o sHMise O.

t dmkz2astud Mdzdls § dz' dz' M f Sehfiog) wiz) ddaddplss ¢ § dzj sd ud M¢ &

1 sd3dte dIsj| "wtjHdzid L(¢ 0

1 7764 0
2 6977,25 786,75
3 6801 176,25

t IMkz@&s 0B &zd YO Mmiej Hdzj J Csdduj Mot L dzOyj dzd 2

10000

8000
.\._. _._'oa(h *t<

6000

4000 .
-, " e

2000 et e

0 | - 4 T 4
1 2 3

t dimkzdlas€ j Hdzj § L dz2Oyjdedy WikdeS ydd

I T 9BHT

ltetso JHjdets dg MEsdz €5 o ygmdzdlsj dzr dzr 2+ €Mt j to
fisddiddL Oydw d MmMddzsjL yoilktsear j §OttOd3] Ister WicOG
iMEsdz €5 90t Odzlstso dL CesddBddzOydd yojlstse Wts
QuasvwBtsdsz ftced ftosdLotsHMmIsea] Ctotetsor o dL HJ dzd:
Jdwils: d&BjlstsHT BOIj BOSdyYd Mitets fosctOdRIBdicso
sC, yYybt h@sy dets fMHj zO! M dOddij dz' " dd&id L OlstcO
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stmyLJLALRC VYOLOJTUIRYIGARR 1t JA[uEd
grReuv[f 3 JIARY[HSRM Ul Ol [1LRE

CtcCddz viczde®EBR | dBHJEW d] o

% OOt OdzH MS d2 etsmizHOtemise j dzde 2 kzdzd o j

vdzde jtemMdIsj smMEd2 BRd 90ts 15, 14010
abdirofiyevn@gmail.com

b dedets s OYdvwtsB dzOflsd Mtso toj d3j dede’ n or ydmdzdls j dz' o
sy dzgr » dzsedyudi MSdmas LOHOY d2O Mdsej  OttOdzdzj dzd L
Ols' j fsCOL Odz' B IstsHT f OtcOdzdzj dz! desects toj h j dzd
zzyj dedz' = f §foish s §fagsfyl MBIEsH BdaC gd BOY fHded VW
HE MdBfsBOkd L OBtsdzj o 0ded?2 d L OBtsdzj 9 Oded W dzqd
j yd Odz! dets tcOL tcOBSIsOdzdets? 1 tesc tc O d3dz” Python
tcsBdes I dMr a0jlsmw Oterndlsj Skkteq, {WwO&SdEdo d
Bjdzj dzdj HosctcORB . o fodsh! s tLOL OB SISO ddsd
Jdedw Y tsMmisOodzj dgdets?2 L OH Oyd .
J ¢inczrtst® tOf Is d3, Btsdzj L dzd , kzsedyj m¢ ow
O, §OOdkdj &dL Oydw, ndhfssd btdjL dd

O T % X

J twgh
S dzf ud o
Hd Oc detsfls d ¢

TGS
FEF=S—0F 6 g

=
8

l. llrrrlRre

I B ndyddem€
fsLotsdzvshdj + W
ZzOMmistswh jj o tcJ
or wo dzw Is! Mme to]
ftodded &3OI! 16

52 HJOcdtsMsdS,j OCIsdodsts dMmyftsd Lt
WiSldodets OdzOdzdL dqtetseo Ols' HOdzdz" j
wo fqpeh jMmMlsokjls oL @3y desfyls! sSB tc OE
e MO ¢ stsihstcr | fsBseOs s  totse dats
dgw 1 Odzd ud 4 Btsdz' htsegts B j di3ZO
BiHIdyYyddzmM S dr HOdzdzr = ftsorhOjls My desMils! HJ OCG dzts i
[ desed] ftosBdz @ OdgOdzdL ©, MddzlsiL © d o' wWe dzj d
ftospdzj d3Ff HiHECISdJodzsets o 9osHO, tOMY L dzZOos Odedv 5
ftcdotsHwls € tjhjdadt Ctdi3BddzOlsstcdz" = LOHOY M o' B
LOHOY o' fipOfOBsMmwes dsecdyj MSdrn kEteOodzj dad2[ 1] .

J HOdzdzts?2 tOBTSIsj [ 2] ftcd HiNlsOo dzj dz dzso " 4§ o dH
WEdC yd2 dz0 thdtsey fjttOyd?2, dmede yoe hdr i t.C
LWWJSCIsdoe desmls cOL OB BISC uthstsatsGts sBBtckzH 9 Od
ftos] CIsdtetse QQarrdy . J w&mmwmm ydd dmCdzs yj dedv W steds
WiEdCyd2 ddzd f s5dzd dzts dzr r-fj @ @Mﬂ@z@,ﬁt@lﬂdﬁﬂeaﬂ@dﬂ[dﬁl&@@t
¥ izde€ ydtsdzOdz! dz" J Ho tsd ydzr j§ H G tc O BA3" ted M J ded 2
ftesd Ssdtetso Odzdw, Isj Misdtecso OdAff®tc  ls da’ -0 cigafsfipdsidds,d @ d
cOL 60O

BsisCd d sfbdidLOydd fte
l t©0OBtlsy [ 3] d&sHjddkzjlsh
CdiRf sLdydsdeder = klso j tofpdzj dzff s § | dsdz"  to dinpdvdedatss d3d Y
LOBBdzj 90ded?2 d Btsdzj L dgv o3q . lklsjdy tjh jddw Mmdmlis,
tcj L zdz! SOIstsg Istf " jsded{inOwad j L Oo dMmMddismisd ftedL dzOC ts9
LOBBdzj © Odzed 2 . [ JIsBBHT cOMyjlsO or MCOLT o9 Odzd 2 d d3
ftoesyj Mifse Hd&zv dqLEkyjddw tWwHO 90yde = B d&zOMIs] 2,
ftcd dLEyj ddd dRcteOydHE As sfdd €@ Clas dzd yj Mise j dadets,  dzt
RMMdzj Hse Oded ] HtesBdzj B3 BIHdyYUddemM S 52 ddzd Isj = dzad Y4 |
Gy jls Brls) or Oy jds ujkiL Mdfljd dscduimidn
1 OHOYO 6ftejH]jdjddvdsegdyj fd- MEBROY dgj dd2 1SOCY ]

do
@®tc
setO@RdEsets B J MY J Y
vooMmdMmlsy O dsedyud M¢
J H
z

C

105



BjHJYyddzemMS 52 HdOEdsmisdSj, d o wBh jd3 Mdzzyoj d
sftejH] &V jIsmwv dO&duydy dtsedyimsédras Mowe j 2.

l tOBBlsj [5] ttOmMhdkslstej dz@ Otrndlsi Sktce®, Wk
f tod d3d de dzd W d dzistclz d3d dzls Odz! dzts G ts Csd3f dzj € MO tr
dmf sdz' L soaOdzedd o WEdHOKR] dzlsOdz dz" = d §ted ¢ dzOH dgr
f sigsh s or MesC s Bsdr aygdidg padfp2 dzre tcOL destsB tcOL dz' -
dJMsjMmlse jdedzr 5 tsBtcOL s oL ddSOsls HdMStjlsder | OB
(BetcOdzd yJ ded 2 ) .

UlJndsdzsedwY § OtcOdzdzj dzdL Oydd fHtesctcORBdesets

fsLodzv jls 1 WWjClsdoades d B'" flstets tojh Ols! Btsdz h d
fsisOo dzj dgdets?2 L OHOYd WwWodzw jlsfqw or wodzjdedjy Wodz
fd d
I

V{wvor f1sd 1671 9YR.

10 thdtse ] MootsClkzy dtshiddc det W ¢ teji TG df © dzyf dzg L oz
HJOGdztsL 2 BHdsL dzOydzets Mtsslse j Isis oilAfjids] LA jtHo, dzj o
By dzs ftoj HMIsOoadlIls: o -p[HH] OBEZJY'™ (I8OBdZdyoO

v OB d&ZdYyoO 1.
ANz dz€ yd sdzOdz! dzOw  1s© B SdfQ 9 @z) £ tsdzfstcdzi 2 .

A Y, é | é Yim

X
X
é .
i

é
X

) tej HY tsdztsy d o35, migl§ tBY i ggRs-BRHYNL OB s dzj (9,Fgdzd §)
{t OMMmdslstedd Mdzj Hize M dji=8ldagje £1 fm) to j d3j dadzr j

el jfmdzd k2 BBz ddsEts (5B

=1, : (1)
i0,f teslsdo dzsd3 Mdzz YO

y el;fr]dzc{ E Btdz dzscts 18 @©dit @
ITlofeslsdo dasds fdzz y O

UBEHO MoawL! dBjyHE MdBfsskO®Rd L OB dj o Odzd 2
dZzO0 wiLrCj OdcEHheA) _dBeg&ifoOddj o9MjcHO Mfttots

X %0 %, (MEn), st Bldj 40 (4@ Wdy), IlstyHjhlse j dadzts

106



d 2O dzts ¢ d y dats Bsy jls BT IS dL e j Mmisdaets x,xxlsds, 4z s
SBWL Olsjdz dets HEsdzy dalg dB ' 820 s1B Bctisdzj o O dzdsj L OB tsdzj 9 Odzd
o COLOdEZ & fMd&fsskOr. wdjHto Olsj d dts, IssyHjfls:
o d X%, 2 y(j=lnmen. vOhkt EEEOrOMHWY ssd NE] tso
Bhescdj LOBsdjoOddY, BlkdjsO WkdSydy o {Ilsdg b
X - (ylL‘Jy2 U--U %1):11(71 ¢n i 51) [7-8].

[ dzv tOdgdzi 2 HJdOGdetsMisdSd L OBBdzj 9 Oded 2, CtSGHO
f4Jted yd dz mMddz des Cstetej dzdteze h drn ddzd oL Od dizsd M ¢ dzs
dzj sBRrsHdBsMIs! o ©OLwKOBBIS] dBjrOddL B3O yjlsS et

sOSCdB tBEOL WA B M BisPdOD fjzd o O sfyw Mdzj HEs " dj B

104 Yoo oYy JF L

7 @)

(% X Xy ) =1,
GHHEN( 220 hem(i 4,2, »m).

Clsts 0o jdzMlsots HtojHMIsSOodzw jIs mMse 52 mMotsjcets
(LOBtsdziw Bzd)R,) BIs Otcc lzd3i dzls 8,%,» (xind BT BHSAREB ) H d O G dats
mMemistsdls o Istsd3, yYlstsBr WwWodzats o' Wodlsy LIsd L Oodmdds
([qE‘nJhlcj)quW mMdMmisd &3 ZtcOodej dzed?2 (3) Mrmd BOISH ydets Bs>

Fq Fs . Fa Gy G3 ... G

Y y Y Y Y Y Y Y

Y
U=U,ul, u..ull, V=V, "V, n..n 'V,

A=F "V

t dfedj 3OIsdyde 2 tejhjdedj MmdMmlsjd3s EteOo dzj ded g
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L1, toertoerfJused Pt fatoffvd1d Ll ryYyriRre

l csctcOBBO tOL tcOBBISOAZO HAv tojh jddw MmdMmisj d3r
fcdz! Ls9OIlsjdzv ontHAE j] HOdzdz j, f§ OtcOdzdzj dz' dets tsB to
PyTorchd L OfdMmr e0jls tjLEzdz IsOIsT 9 WO2d . ) f tots-
Mz iz W dj GMdsedzr j| WEdydd:

A Yisjddj ontHd 7 HOdzdz' n: | 9jHKdae,J Of Hdd Cuyt
Motslse jIlsMlseaze h dj dgdd3 dd3dd &z0 ( d &3 Is s d3* d dzOL 9O
FtcOodzj dzgd?2 dL W 0O2 dzO.

A tOLEOBBISCO kZtOodzj dzd2: [ tEduimMSdy o' Oy j

Hdzw B M Jjyud ddy ¢ OtcOdzdzj dz' dz" =- 1 $ sy dsfifjdasded20.w  dnjs
HOdzgdzr = © BdBARZIBI] S]] PyTorch, ColsstcOV W Ekd€ yd
dmtf sdz’ L k¥ [ fig'® dzjHddeg"w ydmazse r n H Odzdz" n ( 2O tod d34
o MsC BtcOL di3j todz" = BOMMdotses) d orf ff sdzdzj dedw o dzd n
sBtOBOIsr 9Ol MW o CPU dd&zd GPU (yjtjr CUDA),

A utshtOdzj dad J toj M J dzd 2 d tjLizdz OB : td
or ydimdzj dzd 2, rR-&OzfwY Oo o SWatz S ObH jdz' d2' 7 Isj § f
("javobl.txt" d "javob2.txt").

A usLHOdd] bOBddYy': 1 tScOBRBBO tsLotsdvjls

dazd 1) diNHE §jtej dsd dede" di3d (MdBfIstsds" d L O
Hills Oo dzj dzjmdvalixts W 02 dzj

[ OdzdzOW tcOL tcOB SIsOdzdzOY JtotsctcOBRBBO G tsL otsdzw j Is

CteOWwduj ME 6 GRUSG W] dnistiedz! (L 5o O dzdQUEBA o dsaL digfsts lsigtstindd
PyTorch ylts HOjlIs L d&Oydlsjd desj ftejddzzh jmlseats ftod

dtendlsjClztcO ftcOBBdscts B MY j uj ddw

) 5CeOBBO § sttt dAOgSmOmMsitEs o S &8 izOf)i30 fdzj H
Shdetse dzr j d3j IStSHT

1 readinput file: YdlsOjls HOdzdz" §] dL onrBHMSEEE W O2 d
ZtcOo dzj dzd v .

get uservariables wfftcjH jdzv jls Ctsdzdyj Mdyts d d d3j dzO
|l ogic_string_to_torch: o BBOLEZJIS dztse(
2O ted d3j to, ¥ +@Ox1Pd] jSBtOL ZjIsmw o batch[:,
f solve Jrydmdzw jls oefmj eoetLd@sydr j tjhjddwy d L
WO2dzr .

1 write_to filess wtsAatcOdzv jIs tjh jdzdw o bkHBBdatsdz H dzWw ¢
ss6 ts, ftosctcOBBO BBIJMY JydoOjls oL OddBsHJ 2 M
main Yt tBdzj e yoOjls 9eotH Ctdzdyj Mse O f jtoj d3J

polssBOIsdL Oydwy d ¢ OtOdzdzj dzdL Oydw

[ Odzdz" 2 fSHABH tjOddLEZjlsmw o ftoscteOdid3j Mmdzj

A 1 OttOdzdzj dz' dz" j o' yd Rydniratipts W ozts ite j i disiAs! so r o
Btsdz! hs2 dzOBtste tojh jdad?2. Cltsls f tetsyj fipfigch $iztf tc O 0 dzv
Csltster 2 B iMijudoOjl (W% jChkdodtsj dMisd Lse Od

A [ tsHEd dOv Mk lizteO®: sOYH'™ 2 ¢ i tsdzj dals
Zftetsh OjIs HtsBOodzj dzdj detso™ m WkdzC yd?2.

(0
ftcd

T
il
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A dolbtsdizOlsdL Oydw
(6ddej £OyYdw, tGJ“JdZdJ

Clstsls ftSHABBH (o
tcOL dzd ydz" = L OH OVY.

lteddzeydt OBl ftotscteORBdsets B j Mt j Uj ded W

l tosetcOdBBdets] MtejHMisoats tOBBISOjIs dzO fMdzj Hiz® M d A
a)l esHdlsmMw fodz Ls9OIsjdzjdid: I tsdz LtsoOIlsjdz 989tsH
dzOL 9 Odzd v .
b)utsL HOdzdJ IsOBdzd yr : ANzdz2C ydw create_tabl e
fsdz' L 59 Olsj dz SftjHjdvjls Mttldish jddj o H
Mtsslse j IsMise j dadzts .
)l d daj tOydw mdmlsj &3 zsedud ¢ d
OQolstsd3OIdui MCd cjdjtedtelzils MmdM
&0 to dsd @, Uy) =1
d1OatsyHjddj tjhjddvw: [sSedudimMSdy bkttOo dzj dzdWw
M fesigsh 18 d&@jlssHO solve. lted 1 IstsdR"omM&H p tsL d
n-ydmdzs f jtoj d3jdeder =) t©OLBdoOoOjlsmw dzO f Oysd o
e)utsntcOdzj dzdj tojL Ezdz sOlsso: t 4" JddedCBV d O g @ 0 O
SIsHjdz' dzf 7 WO2dO0 IsjSCMmMssotset WBtedBOSO t xt .
ltoj ddi3zh jMlsea O  tetsc tc ©Od3A3"
l tcsetOBBO dqd3j JIs MdzjHkze hdj fHtojddigkzh j Mise O:
A wCttetsfis! : | L By dsiis: B' Mistes?2 ©BKLOBEBIS J
dmy sdz' L Byadictgd=PU.
VHBBMlsoats fftsdzr L s9 Olsj dzv : bolstsdiBOIdL dteso Odzdz
MsLHOE s EHtsBMisos H&W ftsdz! L 59 Olsj dzw .

1
d
o

& LsoOljd sotHdl Itsd ¢
tsRteOdzj dzdj EtOodzj dzd2) o
s edeCsmis! MmdMmlsj & d dst

hOJ

T ktOe dzj dzq 2
Isd &3z dzse d ud M

A 1deCtsmis! : | L By dshls! ©jhOls! twOL dzd ydz' j |Is
A I tL By dtshis! ©OMhdtejddv: [ jECt HEBSBOO dzv Is!
fnd mis§ iz

ClsO e teOdBRO sOC Y j Bsy j s M sdz L ts9 Ols

( 2O tcHIMACS) , yYlsts tBdzj ¢ YyOjls | PATHeqel jj alzd @ gigfis. ) Hickz
V. fruovfrrsé¢ trzr1RCc 1¢rovyr R ¢V ¢JRY P LJUY[rr13Mm
vsjMmlsser 2 fted d3j to

dzv tsftejHjdiddy MmMowrd Wd&iyHE otMmf Oddlsj d' dz d
Mls BORdzddz@ ®Mdztss j MIsOdzH Otelf ditg ds . s1ld 9 jSILOY jHisiey O)
d dzd &30 dzd - fsCOL Olsj dzd , Cslsster j Bselzls EZCOLT
fnf ©dzj dzd ™ d dzj B zOGtstftedV Isdz A ftesedztsmisd yj M< d -

tsldsh jddj BiyHE osmfOddld d &d L OB sdj o Od
sd3tsh 1 8 tsBMdzj Hiso Odzad 2 .

l sdzj L dzd / x1 X2 X3 x4 x5 X6
yl - + - - + +
y2 + + + + + +
y3 + + + - + +
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y4 - + - - + +
y5 S R R S R L
y6 - + - + +
y7 + + - + +
y8 + + - + + +

y, - ntetsded yd MS¢ d2 y,Bitcdsjda-cftisdad 2 B J t6C &z dzj Ly,-te@§ &0 ¢ 4 ,
L OB 5dzj o Odzq §-dzjorg ®WAHRD ¢ 7 y-dESEsREqsQdz dz@v s fifsidy |0,
B to ts dzfy,f EOVID-19, x -s j &3 j t6 @AM, dz'  ( xBE &0, Ko @ &
dzd 2 C o) stesfis! M HOdgHw | dzldcafJsdetisdgts{dsdsw 4,[8].¢ d 4 d L o

10 Shdssj kOsddyr 2 Wstddtkjlkfv nmdhlsj o d
fjtoj dgj dzdz’ 7 .

fi=x- (uUy, O, ¥) O =% && X% 2y,

f,= %, - (Uy,UyU0y, U, U0 y) 9, X &% & X&X& X& %* Y,
fo=%- (Y.Uy,) 0= X & X8 X & X& X 2

fo=x- (Y. Us & W) 9. % & & V, (4)
fo=x- (0, & W ylly, U g x=y 2

fo=%- (wUy,Uy U,Uy, Uy) g =X &% &, &% 2 y

0= X &X%& X& % 2 Y, G = X& X& X & X, %y

VMl teihjddv 5?2 Mdmisjd  ZHEp dzj)didude Bk H
Missde yse TsQeffaemlse jIsMisalzs s L dzOyd ded ¥ dz0 dzd yd v
X, %» %, ©BMls@ffds daizg yseo Mtlse jlsMmiseo s Is L dgBnbd. ged ¥ dzC
k-udmdzts ey h jdzd2 MdMmlsj dsr (3). vt jhls!,

6ljmizd Bt dasc-ts 5B dzO
- 04 eslsd o dzts d3fydzz 1 O j
(i=1» Kk; ] =L >m) ,
_8ld Mdzd kB Sd2 dSGH R ROLE
s Of tetsls d o dzts B3y dzlz y ©

(i=L,»k;s=m % »n m

(5)

g!, <Y’ BftejHjddl:, CO0SOW CtdBddOy
Odz@ ds dalz ) dzts o " T, Py dc o= [B]. Mistsdze Yy

ftetso jHjdedd MOodzdlsj dz' dzsects OdzOdzdL O ff ts¢C
W fsmksOodzj dgdz’ R L OHOY tejhjddw fmdmlj d |
90, ©OLtOBBIOMREseE fl dMfsd L s Odzdj &3 tow
f tedp'H fipls Qo@iBjdzd y4 3 ded >y d .
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stsslse jIsMmisekzs hdj tjihjddw Mmdmlsj 3" EkEttOo

x1 X2 x3 x4 x5 X6 yl y2 y3 y4 |y5 y6 y7 y8
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 1 0 0 0
0 1 0 0 1 1 1 0 0 1 1 0 0 0
0 1 0 1 1 0 0 0 0 0 0 1 0 0
0 1 0 1 1 1 1 0 0 1 1 1 0 0
1 1 0 1 1 0 0 0 0 0 0 1 1 0
1 1 0 1 1 1 1 0 0 1 1 1 1 1
1 1 1 0 1 1 1 0 1 1 1 0 0 0
1 1 1 1 1 1 1 1 1 1 1 1 1 1

RMsd LEw Odkeswdlsd ¢ &OMMd¥dsoydd (5) H
fsdzz yOs Isigw fdzj Hizs h ) OOEIdUjMSd) tjLEzd SOIT
[ HO Mdzjrkjls, ulsts ftd LOBsd o Oddd

y, - L OB tsdzj €>@0&[x0: d dzdx2, x4, x5,x§ d dzdx, x2, x4, x5,x¢ d dzd

(x1, x2, x3,x5,x§ d dzfii, x2, x3,x4,x5,xf-dzOB dz¥ HOj Ismw M Mmd i IstsBOBd ;
y,-LOBBdzj 9 Odzdj dzOB &zt HOjIsMw M oMmjdi3dd Md B sd3
y, - L OB tsdzj €xXD d20xB, x5, x¢ d dzdxt, x2, x3,x4,x5,xf -dzOB dz¥ H O] Is W

fd &Y Is 5 BO i3
y, - L OB sdzj oD a&Efxh: d dzdx1, x4, x5,x§ o dzd{xd, x2, x4,x5,x$ d dzd

(xt, x2, x3,x5,x$ d dzffd, x2, x3,x4,x5,xf-dzOB oz HOj Isiw M Mmd B IstsBORBJ ;
ys -L OB tsdzj 6 deqxR, x5, x9 d dzfk2, x4, x5,x§ d dzfki, x2, x4, x5,x$ d dzd

(xt, x2, x3,x5,x$ d dzffd, x2, x3,x4,x5,xf-dzOB dzs HOj Isiw M Mmd B IstsBOBJ ;
Yo - L OB tsdzj o(2ded §5: d dzd(x2, x4, x5,x§ d dzd(x1, x2, x4, x5 d dzd

(x1, x2, x4, x5,x$ d dzffd, x2, x3,x4,x5,xf-dzOB dzs HOj Isiw M Mmd B IstsBORBJ ;
y, -L OB tsdzj bxdOxdck4, x5 d dz¢pa, x2, x4, x5,x$  dz(xi, x2, x3, x4,x5,x§ -

dzOB dz8 HOJ Isw M Mmd BY IssBOBJ ;
y,-L OBSdzj 0 Odzdj &OBd® HOjlsMw M oMmjdd mddkyflssd

vO0Cdd3 tsBOL 53,  f§Oydjdsses m vy2, y 3, y 7
B ssdiiso L OBBdzj 9 Odedw. 1 L Issd3 Mz yoOj ItejBlzjlsh
, Y4, y5 d y8. 1 1lstsdz MdzkyO,j dzjtsBrtsHd B I d3c
f sdzdzdjls j s €OL Ols jdzd. 1 0 ft6OCIdej Ctdzdyd Mlsets f
Bdzdyj dBSYyjls BT Is! &ZOMmistsdzr €5 Btsdz " d a3, Yylsts jv
By els] 0. stesdz] Istsc ts, oafMmistej] yos smw 9" ME OL " 9 C
mMdzse Odzd d Odsdf2= dajr RSB H pdsts B tej HJ dzd Is i tod yc
Ols (LOBBdzj 8 Odzd J f Oydd dzls ©) dgmr SHW gL

flssdidsea, dOBdEHOj i3 n k2 SCStdftcjlsdtsets §f Oyd,j dzls

108/ dSY[1RY
[ Odzdzts ] JosctcOB3Bds] MiejHMmlsoats fioj HISMISO dzvw § Is

f OwOddj dz' descets tojh jdedV TdMmls kO sl dREPBER G ktC
OolbtshBOldL oo Oz e s fBHABHO {HLBELOBEO B J MY j U

&® g
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dmf sdz! L s9 OdzO® © t©OL dzd ydzr = tsB &ZOMIsW R, 9o ¢ dz
Mlse j dedz" 2 ddalsj dzdzj € Is. dtSL HOdzdztsy ff totsG tc O A3k
B3 ftcd SBELOBBIS ] BBd hdr tBI j ©3se H Odzdz = .
H
U
)
J
q

QO W
W NG

dedzs? dMMmdzj Hse Olsj dz' MEs?2 tOBBIS] tOMMBO
LOBtSdzj 9 0dzd?2 f dx MftetseotsyHOsh ddd
o' MC OL " o Odzd j diy lsidiFdshpd] lxigdas 2dzts ofta doy ddggdat
d2 O tsdnOCedffdRfw i3 (BtsH] dzdtetse Odzd MdMmis] d
mMdMmlsj &3 dsedyjmMSdr EkteOodzj dzd?2 d 0OdzOd:
ry LOadMmddtsmis: MdBflssdktse Bdzj L dzj 2 M

BN ONY IO NS N
s oI
mQ—wzn—H_i—nN- -

CTrEI®

U Ut
1. 10Ctejom&cd2 ¢.1r. tihjddi stdfddénimdiflr) d dzty

I j &0k M9 6 219.0 9 .

2. d. ¢. ltcdratsHY d2, clBoar j tcOL dztsy § dzd W B zdzj
dim¢dzs yd dedv ddzd o MmdMmlsj O dseduiMitset fosj
3. 1. ¢BHdqsWdje [/ [tedyd MEOw &BsH| dz d ¢t
oLOddtsMow L d &jNHE LGBBdZJS dedw isd d dn fand3UlS

(149/1)394 6 ). v O®ROLS OdZHMC 2 cEtikHOtefise j dadz 2 Iz dac
https//doi.org/10.59251/21811296.2025¢1.149.1.3174

4 . Adteifsoa @ d. ¢. [ jIstsH tcOMmMmizy Hj ddw d mdmls
UOCOdztc s e MG SG 5 q’dzfnlso[lslzls@ dgds. ¢.1. yvjase0O. 20
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7. viczdze ©Oj o ¢ ., ¢BHC{T.GtSWC[JS 1. t OLtcOBSISC O

ted " J ded W L OH Oyd Otelsted Is ©. -Is Jf ~jdgoHUzjdBfXte@VH dzO ts dzic
cutsotcj d3j dzdztsy Msmistswdzedy d fjtemMifjSlsder tOL o dlIsc
ddzlsj dzdzj $ Is0Oé&28 JfigjrReOs 62 T2M24 6., 35
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VickzdzB ©Oj & ¢ . , 1 02 z2d3Odztse ¢ . , dBHJosW dj o
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tor1t o1 fusd |
vlitolfriRre
1 0C jdetse 1. [ .

e-mail: bnakeno@yandexcom

SOL1 ULV dMdPte@sdg, 6. ¢ dzdBOIT, sOLO-MisO

¢ dzdetsls Oy d w

] MkOl' j ©OMM&Okedo OjlsMy L OHOYO 6flkdkod c
MslstebHddS s BOARE O f Eyyltsd §jj k) ddses ¢ ddj d
g dzj 2desc s flescteOBBdtess Odd™, fjHdsyjd ¢dBicC
sBEYjddj HdAE®Ofse &addtzbmMS sets s 0 d dzd dzj
sflsddidL Oydd udmdzj dedesmisd ¢ J tefyts dzO dzO.

CHWWiSCldodesy EZftwOodzjdzedy JtemMsdzOdzsdy W o dzv j Ismw
EmMdzze, Mt jdzdes ©®© BOdS meomMitsdg MjSltstej, GHJ €
dztsWw dz' desfyls! Cdzd jdelstse. [Hdes?2 dL G dzOeader =  tofsB dz
fsstsCO dJ bgQygtEHaj et HdaW, Yylsts ftedeatsHdls ddst
dzj sf tcOo HOdzdz" &3 L OlstcOls O3, zdets € Jjcet dzgjnoOls¢
dzj ZHso dzj Iso sty dzdkts Mis@y jSipsdpjjdzistsigdzts 0 dzs e 5 ( dzfyls to iz o3
LOHOYd IstcOHdyd sdzdpt® dafsfiij f tif de' tsLG e jOlsiolyd tedsch d dzd j .

1 simMlsOdeso € O L OH OY(q

1 OdABC" MlsOdzE o OjIsfmw M ItckHdshisw id ftod MmMhls
dqu 0 tjLé¢dr SCBdziBOdd?2 okt Cddjdlstses o Isjy,.
sBMdzzy do Odzedv B'" dzs tOMMudlsOdets dzj sBrtsHd BBy € 5d
9: 00 HI5jL1APBdZ0DOIsT fftoj HMEOO dzj dzr o IsOB dzd yJ

1l toj d3j dadets 2

WO 9-10 | 1011 | 1112 | 12-13 | 1314 | 1415 | 1516 | 1617 | 17-18 | 1819

1 J 5BRtSHJ A

stk H dzd C s 16 30 31 45 66 72 61 34 16 10

v OB dzd yGsBlatsHd B SCtdzdyj Mot MitslstclzH dzd € t

ZIsOlsdzr | MlstckHdzd ¢ ttOBBISOsIs dzdBts M 9: 00 HTB
HS 13: 00, d&dsts I 11: 00 HBs 19: 00 M BBJHBAd M 1
$8. UvOCY] By dts dgOded BOIs' MslstckzHded S s M YOfisd
tcOBtfr YOMO). Rr ftyoOmtse OV MigfO d @ HLINGO® fdif EzOts 19
2:

l1jtedsH dz©2| 917 | 11-19 | 913 10-14 | 1115 | 1216 | 1317 | 1418 | 1519

) cyoOmse OW | 8 8 6 7 9 10 8 6 6

vOBdkZdYO 2. 1 tYyoOfmMtses OVvY MO C O hisOlsder 7 d o dzj
vtejBlzj Ismw

0) tOMMyudkol: flkddod dsj Stdkduyjmsets hkO
oftcjHjdzdls! BhEY Hdzjodezd L Ol &zOlsk HdW ofj o M
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B) tcOMffdis@isk sds Hs{ tsdzdzd Is f tes Wzl Ols jsdztc @z \QjCzd B Iz Is
Bddzd Bz ds 4 b IsOlawle o sl dedsSo tsdzjf j HotidejddO a4 yj dzts o

tdnhdddi MdoKfdjcnd & BjssHER

rdzv toj hjdedvw HOdzdzts j B PO dMaz] dzze h dj tsBBL d2ZOYJ «

1. 1 jtojdsjdedz" j Hdzw hIsOlsde = ftslstezH dzd € tso :

X1 -Ctsdzd yj Msots MslstczHdzd Ctso, ttOBSIOshdn fp 9: 00

X2 -Ctsdzd yj Msots MslstczHdzd Ctso, ttOBSIKOs hdn fp 11:0

2. ljtjdgjdedz" j HOzW odzj "IsOIsde’ » MBlstelzH dzd € 59 :
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DEVELOPMENT OF A TECHNIQUE FOR DETERMINING
THE TIME OF WATER MASSES REACHING BETWEEN SECTIONS
OF THE CANAL

Ergashev Otabek!!), Ergasheva Shaxnoz&!, Mamadaliev Nurillo [
!Fergana State Technical University, Fergana, Uzbekistan
e-mail: ergashev1984otabek@gmail.com

Abstract: This paper investigates the travel time of water masses between sections of a
canal limited by hydraulic structures, focusing on the gqgéesady transition from one steady state
to another. Current methodologies for calculating the free surface curweesen water flow are
often reliant on graphical dependencies or tabular functions, rendering them inadequate for
modern computational applications. This paper proposes a numerical algorithm that utilizes the
finite difference method and qudsiearization techniques to calculate the free surface curve in
open channels, accommodating lateral outflows and inflows. The study assumes known
parameters such as channel bed, flow rate ( Q ), and water depth ( h_n ) at specific channel
sections, providing a framewk for enhanced accuracy in hydraulic modeling and water
management.

Keywords:License Plate Recognition (LPR), water flow dynamics, hydraulic structures,
quasisteady state, free surface curve, channel flow analysis.

The travel time of water masses between sections, limited by hydraulic structures, is
determined from the condition of a quaseady transition from one steady state to another (Figure
1) based on the following expression
Y 0 0-()

where
0 — - propagation time of the wave front,
0 - —— - propagation time of water flow,

Q1andQ 2- water flow rates of the corresponding established water regime in the canal
section,

W andW arethe volumes of water in the canal section of the corresponding established
water regime in the canal section.

The volume of water in the canal section is determined as follows
®w 1 0Qw?2)
¥ (X) - the area of the living section of water in the section of the channel along the length.

To calculate the volume of water in the area, it is necessary to know the ordinate of the free
surface and the morphometric characteristics of the channel.

Currently, there are various methods for calculating the curve of the free surface of the
uneven movement of the water flow, based on the integration of the differential equation of the
uneven movement of water in open channels without lateral outflowisifémas.
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These techniques are based on the use of graphical dependencies or table functions and are
not suitable for use in modern computers.

Free surface curve
Vr“
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Figure 1- Determination of the time of water masses' arrival between sections of the canal

This paper presents a numerical algorithm for calculating the free surface curve of uneven
water flow in open channels with lateral outflows and inflows, based on the integration of the
differential equation for uneven water movement using the finiterdifte2= method and the quasi
linearization method for approximating nonlinear dependencies.

Let us assume that the channel bed, flow @t@ater depth n are gives fOr example, at the
end of the channel in the secti@#N) andsite hydraulic paramete(sigure 2).
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Figure 2- Scheme of the channel section
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We divide the section of the channel having a lehgihto separate sections of a relatively
small length equal thn.

In this case, each selected section of the channel with a lengttonsidered separately,
going upstream: first, we calculdtarea, thenl etc.
The calculation of each section consists in determining the depdind the flow rate an@ mof
the flow at the beginning of this section, according to known vaesdh m+1

We apply the following difference equations

— 1.0

C
C

T

!

0 17 Q Q - QA 0Ds
710 X Qo U

o)

o - —
(4)

Here (.)m +1means that the corresponding expression is calculated from the known value
of Q m+1andh m+1and corresponds to small sections with numipetl.

The calculation is carried out from the end section of the channel to the beginning, i.e.,
the unknown quantities af@m andh m, which are calculated by formulas (5) and (6), i.e. flow is
recursively determine@ mand depthh mon the boundary sectionN (1), (N -1), ..., (2), (2.1).

0 0 N &, ()

Q Q a, (6)

where (.mand (.)m +1are parameteff®r cuttingmandm +1 Im- step length.

For a prismatic watercourse channel without lateral inflow, the equation has the following
form

S8

Q  Q — a (7)
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The main empirical variable in dependences (5) and (6) is the flow rate modulus of the channel
section. In numerical calculations, to calculate the free surface of the water flow, the
approximate formula is used

~ ~ ~

0 -06 RO beo hQ  ave FQ  .(@8)

We have implemented computer calculations using expressions (5), (6) in the form of
software modules for calculating the curve of the free surface of the water flow.

An algorithm for determining modes with different values of the water level at the end of
the canal section with known values of water flow rates at the end and side water consumers, we
calculate the curves of the free surface of the water flow for thespmnding level values.
Further, according to the curve of the free surface, the conditions for fulfilling the restriction on
the pressure in front of the water outlets are checked and such a value of the water level at the end
of the channel is selecteat, which all restrictions on the pressures of the outlets would be met and
the values of the total loss for evaporation and filtration in the channel section would be minimal.

The method for calculating the time of arrival of water masses is formulated as follows:

1. The parameters of the initial steady motion of the channel section are 98t; +.evater

flow at the beginning of the canal sectiéh: - water level at the end of the canal section

2. The parameters of the established steady motion of the channel section ar€Xxetwiater

flow at the beginning of the canal sectiéh, - water level at the end of the canal section

3. According to the algorithm described above, the change in the free surfaces of the initial and
established steady modes and the area of the water flow along the top is calculated.

4.  According to the formula of numerical integration, the volumes of water corresponding to
the initial and established set modes are calculated.

5.  Further, the differences in the volumes and flow rates of water are calculated corresponding
to the initial and established set modes.

6. The propagation time of the wave front, the propagation of water flow and the travel time
are calculated using the expressions given in (1).
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A Phyqispsred Parameterizat iExmpl offithlge N®rvied o 154
Regi mes Ctompwtgadt i onal Si mul ati on

Volkan Duran?, EIman HazarA

AbstractT he <c¢cl assi cal Prisonero6s Dil emma pro
standing strategic interaction between rational agenf8e introduce a parameterized
variantthatemployghysicsinspiredmathematicatlransformationgo explorenovelstrategic
regimesbeyondthe standardformulation. Threecontinu ous parametess gravitational field
strength (G), quantum entanglemen), (and spacdime curvature §)0 are introduced as
metaphorical constructs that systeatically modify payoffmatricesthroughtrigonometricand
phasebasedransforma tions. An interactive webased simulation platform was developed using
HTML5 and JavaScript, enabling redéiime exploration of the parameter space and visu
alization of resultingstrategicdynamics.Theplatform computesnodifiedpayoff structures,
appliesunitary-like transformationgo probabilitydistributions,andidentifies optimal strategy
regions across the threimensional parameter spaceResults demonstrate that this
parameterization generatagualitatively distinctstrategic regimes, including regions where
cooperation becomes the dominant t@nal choice under specific parameter combinati®ns
outcomes not present in tlbassicalformulation. Furthermore, sensitivityanalysesreveal
critical thresholds wherstrategicshiftsoccur, andemporalsimulationsllustrate convergence
be haviors in repeated gamed his work contributes to computational game-they by
demonstrating how systematic mathematical parameterizations can @veajenstrategic
structures,and providesan educationaltool for exploring the sensitivity of gaméheoretic
outcomes to underlying model assumptionke in teractive simulation is publicly available
at: https://huggingface.co/spacesblkan36/quanturgravity-prisoners-dilemma

Keywords: gametheory,p r 1 s aodilemnmajcemputationalkimulation,parame terized
models, strategic interaction, educational technology, quanturainspired models, gravitational
metaphors

1 INTRODUCTION

ThePr i s dieenmajls 2] represent®ne of gamet h e omoygt siusliedframeworks,
capturingthe fundamentatensionbetweerindividual rationality andcollectivewelfare.

] dJaiversity, Turkey. Email: volkan.duran@igdir.edu.tr

~
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In its classicaform, two playerssimultaneouslghoosebetweercooperatior{C) or defee tion
(D), with payoffsstructureguchthatmutualdefections theuniqueNashequilib- rium despitenutual
cooperationyielding superior collective outcomes[3]. This paradox has implications across
disciplines,including economicspolitical science biology, and psychology, highlighting scenarios
whereselfinterestleadsto suboptimalgroup outcomes.

1.1 Motivation and Scope

While the classicalformulation has proven remarkably generative,exploring parametric
variationscanrevealhow strategicequilibria dependon specific payoff structuresand decision
making frameworks[4]. Traditional extensions, suchs iterated gamesr spatial structureave
enrichedour understandingl, 10]. However,fewer studieshavesyster atically parameterizedhe
payoff matrix usingcontinuoudransformationspiredby other scientific domains.

This work introducesa novel parameterizationinspired by conceptsfrom physic®
specifically,gravitationalffield theoryandquantunmechanicd notto claimactualphyst calinfluence
on strategicdecisionsput ratherto employtheseasmathematicametaphordor systematigayoff
transformationsand probability modulations. By borrowing trigono- metric functions (akin to
gravitationalpotentials)and phaserotations (reminiscentof quantum evolutions), we create a
flexible framework to probe strategic sensitivities.

We emphasize that this model doesrepresent actual quantum mechanical or-gtational
phenomenalnstead, we use physigsspired mathematical operations (trigeneetrictransformations,
phaseevolution, probability amplitudeformalism) as a structuredway to explorehow continuous
parameterscan reshapestrategiclandscapes.This ap- proach aligns with emergingtrendsin
interdisciplinarymodeling,wheremetaphor$rom physicsenhancehe analysisof socialsystemg7,
9].

1.2 Related Work

Quantumgametheoryhaspreviouslyextendedtlassicalgamedby incorporatingsuperpe sition
and entanglementleadingto new equilibria [7,8]. For instance Eisertet al. demon stratedthat
guantumstrategiesanachievePareteoptimaloutcomesn theP r i s dilemmadr’s However,
our work differs by using quantulike mathematics metapherally, without invoking physical
guantumeffects.

Similarly, gravitationalanalogieavebeenusedin socialnetworkmodels[11], butnotdirectly
in payoffparameterization®©urcontributionbridgesheseby combiningbothmetaphorén aunified
parametridramework, supportebly aninteractivecomputationatool.

1.3 ResearchQuestions
This studyaddressethreeprimary questions:

1. How do systematiarigonometricmodificationsto payoff structuresaffect equilib-
rium strategies?
2. What strategic regimes emergewhen probability distributions are modulatedthrough

phasebased transformations?

3. Can interactive computational tools facilitate pedagogical understanding of pseam
sensitivity in gameéheoretic models?

4, Additionally, we explore: How do parametemteractiongnfluencethe emergencef
cooperationn singleshotandrepeatedjames?
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2 MATHEMATICAL FRAMEWORK
2.1 ClassicalPr i s oDbilenma s
Thestandargayoff matrixfor asymmetricP r i s ®@ite@maé:s

RS _
Pc]assical - (T P) [l)

wherethe payoffssatisfyT > R > P > S (TemptationReward,PunishmentSucker).A common
instantiation use$ =5, R=3,P=1,S =0[1]. The Nash equilibrium is mutudefectionwith payoffP
for bothplayers.

2.2 Parameterized Payoff Modification

We introducethreecontinuougparameters:
3 GV [0,2]:0 g r av i fieldad ti roeninegntrdisinemagnitudeof payoffscaling.
3 oN [0,1]: 0 e n't a n goke B mE iantodulatesnitial probabilityamplitudes.

3 aN [0,1: 6 c ur v at u r Teinflerces thenautvatiiiké bending of payoffs.
Themodified payoff matrix is computedas

/=

P(G. k) = R(1+ Grcos(km/2)) S(1 — Grsin(kr/2))
TR = T(1 —Grcos(km/2)) P(1+ Grsin(km/2))

This extended transformation incorporates trigonometric functions to introduedinaan effects,
amplifying cooperativgpayoffs(R andP) anddiminishingtemptation/suckguayoffs(T andS) asthe productGi
increaseswhile theanglesaddoscillatorybehaviorfor richer dynamics.

Forexamplewith G = 1,7 = 0.5, thematrixbecomespproximately

—0.35 : , : .
195 (note : negativepayof f sarepossible, representingstrongerpenalties).
L)

Lo W

Ut

Probability DistributionTransformation
To model probabilistic strategy selection, we define an initial probability amplitueleovec

cos(ym/4) e/
sin(~m/4) (3)
sin(y7/4) '
cos(ym/4)e—7/?

1) =
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representinthefour outcomestates:CC,CD, DC, DD. Thisvectorevolveshrouaha rotation:

[(t)) = U(t)|vo) (4)

where { = G'x and U(¢) applies element-wise phase rotation:

i (t) = g ;[cos(t) + isin(¢)] (5)

The resulting probabilities are computed as:
pi = i (t)?/ Z [o;(1)]*  (normalized) (6)
J
This normalization ensures probabilities sum to 1, enhancing numerical stability.
2.3 Expected Payoff Calculation
For a player choosing strategy s € {C', D}, the expected pavoll is:

Eluy] = Z p(s) -P(G K)[s, 5]

s'e{C,D}

—
=1
—

where p(C') = pec + pep and p(D) = ppe + pop. In repeated games, we average over
multiple iterations.

3 COMPUTATIONAL IMPLEMENTATION
3.1 Web-BasedSimulation Platform

An interactivesimulationwasdevelopedising:

3 HTML5/CSS3for interfacedesign

3 JavaScriptor mathematicatomputations

3 Chart.jsfor 2D temporalvisualizations

3 Plotly.js for 3D parameter space exploration

3 Additional libraries: Math.jsfor symboliccomputationsand PapaParstor CSV

Theplatformfeatures:

Realtime parametendjustmentia slider controls

2 Dynamicvisualizationof modified payoff matrices

3. Probabilitydistributiondisplayswith barcharts

4. Interactive3D scatterplots showingoptimal strategyregions
5

6

=

Gamehistorytrackingwith CSV exportfunctionality
Monte Carlosimulationsfor stochasti@analysis

3.2 Optimal Strategy Search Algorithm

To identify regionsof maximalpayoff, we implementarefinedgrid searcloverthe pa rameter
space with finer resolution:

function findOptimalSolutions(){ let results= [];

for (let G =0; G<=2; G+=0.1){

for (let gamma= 0; gamma<= 1; gamma+= 0.1) {

for (let kappa= 0O; kappa<= 1; kappa+= 0.1) { let payoffs = computePayoffs(G,gamma,
kappa);
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let optimal = payoffs.coop> payoffs.defect? 'Cooperate': 'Defect’; results.push({G,
gamma, kappa, optimal, payoff: Math.max(payoffs.coop

b
}
b

returnresults;

}

This produce®ver1,331evaluategparametecombinationg11 pointsperdimension),

visualizedin 3D spacewith payoffbasedolor mappingandstrategylabels.

3.3 Interactive Visualization Code

Thecoresimulationis availableat[6]:
https://huggingface.co/spaces/Volkangéantumgravity-prisoners-dilemma
Key computational functions include:

3 calculateGravitationalPayoffMatrix()Applies equation (2) with trigonometric
extensions

3 calculateQuantumsStatesomputegprobability evolutionwith normalization

3 findOptimalSolution():Executegrid searchalgorithmwith progressracking

3 playGame():Simulatessinglegameiterationwith probabilisticopponent

3 runMonteCarlo():Performs1000simulationsfor statisticalconfidence

4 RESULTS

4.1 Emergent Strategic Regimes

Parametespaceexplorationrevealdour distinctregimegextendedrom original three):

4.1.1 ClassicalRegime(Ga 0)

WhenGY 0,themodelreducedo theclassicalP r i s dDileenmaiegardles®f 0and s values.
Defectionremainghedominantstrategywith expectegayoffsconvergingo the standard Nash equilibrium
(E[up] & 1 assuming equal probabilities).

4.1.2 CooperationFavoringRegime(G > 1.2, A>0.6,1 > 0.5)

In thisregion,thepayofftransformatioramplifiesmutualcooperatiomewardswhile theprobability
distributionshiftstowardcooperativeoutcomesUndertheseconditions,cooperatiorbecomeghe expected
payoff-maximizingstrategywith E[uc] > E[up] by up to 20% in simulations.

4.1.3 OscillatoryRegime(0.3< G < 1.2, A>0.7)

Intermediate gravitational parameters combined with high entanglement producelabsal
cooperationprobabilitiesas1 varies, generatinglternatingdominancebetweenstrategies.Periods of

oscillationareapproximately26 / G

4.1.4 ChaoticRegime(G > 1.5, A< 0.3,7 >0.8)
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High G andkappawith low gammaleadto unpredictableshifts dueto negativepayoffs, simulating
oOhirgihs k6 environments where strategies fluctuate
4.2 Parameter Sensitivity Analysis

Thesimulationdemonstrates:

3 Payoffmodificationsaremostsensitiveto the productGr , with partialderivatives

O E /(@) B1.5 neartransitions.

3 Probabilitydistributionsrespondprimarilyto A with varianceincreasingjuadrat
ically.

3 Optimal strategytransitionsoccur sharplyat G 1.0 for A> 0.5, asshownin
Table

Tablel: StrategyTransitionPointsfor SelectedA Values

A TransitionG (atT = 0.5) DominantStrategyPostTransition
0.4 1.1 Defect
0.6 0.9 Cooperate
0.8 0.7 Cooperate

4.3 Temporal Dynamics
Gamehistorytrackingoverrepeatedterations(upto 100gamesyhows:

3 Cooperatiorprobability stabilizesafter 5-10 gamesin classicalregimes, butakes
20+ in oscillatory ones.

3 Expectegpayoffsconvergdo parametedependengquilibria,with standaraerrors
<0.1lafter50iterations.

3 Strategy switchingpatterns dependn 2 magnitude,with high o2 promoting per
sistence in cooperation.

MonteCarlosimulationsconfirm thesarendswith 95%confidencentervals.

5 DISCUSSION

5.1 Interpretation of Results

This parameterizationdemonstrateghat systematic mathematicaltransformationscan
generatequalitatively new strategicregimes. The emergenceof cooperatiorfavoring re- gions
illustrateshow payoff structuremodification® eventhosenspiredby metaphoricabhysicalconceptd
canfundamentallyalterrationalstrategyselection Thesedfindings resonatevith evolutionarygame
theory, whereenvironmentaparametersfluenceco- operation 4, 9].

The oscillatoryand chaoticregimessuggespotentialapplicationgo reatworld sce narios
like economic cycles or international relations, where parameters fluctuate.

5.2 Pedagogical Applications
TheinteractivesimulationprovideseducationaValueby:

1. lllustrating parametesensitivityin gametheoreticmodelsthroughhandson ex-
ploration.
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2. Demonstratinghow continuousmodificationsaffect discretestrategicoutcomes,
bridgingmathanddecisiontheory.

3. Providing intuitive visualization of abstract mathematical concepts, such as phase
rotations.

4. Enabling hypothesis testing through riiale parameter adjustment and datapext.

5. Supportingclassroonactivities,with exportabledatafor furtheranalysign tools

like Python or R.

5.3 Limitations and Clarifications

Critical disclaimer: This model doesnot representictualquantummechanicor graw
itational physics.Theterminologyis metaphorical. The mathematicabperationd while inspired by
concepts from physiésare purely formal transformations without physjaatification.

The 0 g u a n grababibty formalism usesamplitude notation but doesnot imple- ment
guantumsuperposition,measurementollapse,or entanglementn the rigorous sensdefinedby
guantuminformationtheory[5]. Limitationsincludetheassumptiorof symmetricplayersandsingle
shotfocus;realagentsnayexhibitboundedationality[12].

Similarly, ogravitational o effects are
connectiorto generalelativity or spacetimgeometry.

5.4 Future Directions

Potentiakextensionsnclude:

3 lteratedgamedynamicsunderparametewariation, incorporatinglearningalgo
rithms.

3 PopulatioAlevel evolutionarysimulationsusingagentbasednodeling.

3 Integratiorwith behavioragametheoryexperimentatiatafrom humansubjects.

3 Alternative parameterizatioschemege.g., exponential polynomial, or machine
learningoptimized).

3 Multi -playerextension®f the framework,suchaspublic goodsgames.

3 Empiricalvalidationthroughonlineexperimentsia theplatform.

6 CONCLUSION
We have presenteca parameterizedvariant of the P r i s diesmademploying physics
inspired mathematical transformations. Through computational simulation and interac tive
visualizationwedemonstratéhatthisparameterizatiogeneratesovelstrategiaegimes, including
parameter regions where cooperation emerges as the rational choice.
Thiswork contributedo computationagjametheoryby providing:

1. A frameworkfor systemati@ayoff matrix transformations

2. Evidencethat continuous parameterizations can produce discrete stiiitgic
3. An opensourceeducationatool for exploringgametheoreticconcepts

4. A templatefor developingmetaphotbasednathematicamodels

5. Insights into parameter interacticasd regime transitions

While thephysicsterminologyis metaphoricatatherthanliteral, themathematicastructure
provides a rigorous foundation for investigating paranugpendent strategoehavior. The publicly
availablesimulationenablegurtherexploratiorandservessa pedagogical resource for game theory
education.

DATA AVAILABILITY
The complete simulation code, including all mathematical functions and visualization
components, is openly available at:
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https://huggingface.co/spaces/Volkan36/quangravity-prisoners-dilemma
Game history data can be exported in CSV format directly from the web interface.
Raw parameter search results are available upon request.
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Abstract

In classical long bearing theory, the fluid flow is studied by neglecting the effect of the centrifugal
force of the lubricating fluid film. However, in the case of the shafts rotating at high speeds, the centrifugal
force of the lubricant is not too smadl be neglected. This paper aims to obtain the pressure expression of
the lubricating fluid in hydrodynamic floating ring bearings. The Reynolds equation for the long bearing
case is solved by analytical methods. The numerical results are consideregl dasth of a stable
equilibrium position of the shaft motion, i.e. the axis of symmetry of the shaft does not move during the
investigation. The plot of the velocity components in the tangential axis direction is also shown. The
theoretical results of thegpabolic velocity distribution are similar to the velocity distribution of Newtonian
fluids, which are derived from the Bingham plastic flow model. In addition, a comparison of the pressure
distribution of the lubricating oil obtained from this study waétkperimental results at different inlet oil
temperatures was performed.

Keywords:centrifugal force, long bearing, floating ring bearing, pressure expression, analytical
method, oil temperature.

1. Introduction

One of the problems of lubrication theory is that the-gsffillation of the shaft, which is mainly
caused by the nonlinear hydrodynamic force of the lubricating oil film. To investigate the dynamics as well
as the stability of motion of the shaft, itriecessary to calculate these hydrodynamic forces. These forces
are obtained by integral the pressure distribution function of the oil film over the surface of the rotating
shaft. So the core of this probleg ibBeiaoagesti gmat
pressurei the Reynolds equation. In classical hydrodynamic lubrication theor®],[the Reynolds
equation is established by using the system of hypothesis. In which the author pays attention to the
hypothesis about ignorintpe centrifugal force of lubricating oil film. However, the phenomenon of self
oscillation and the dynamic instability of the shafts of faglver motors do not follow the rules in classical
hydrodynamic lubrication theory. In industry, the angular vejaafithe shatft is very large, so the influence
of the centrifugal force of the lubricating oil film cannot be ignored. To explain this phenomenon, the author
proposes a plan to establish a modified form of Reynolds equation, in that the influence fobed fbrice
of the lubricating oil film is not ignored [3]. The investigation of dynamics of the shaft can be launched
by this equation.

In the classical theory of hydrodynamic lubrication for the long bearings, the object of study is a
shaft rotating in a fixed bearing. The narrow gap between the shaft and the bearing is filled by a thin film
of oil [1, 2,5]. The hydrodynamic bearing wiftfoating ring (threesolid body model) [67], Fig. 1. The
shaft is an absolute rigid cylindgy which rotates free with angular spemdnside the bearing modeled as
a cylindrical shell 2, which is fixedhe ring 3 rotates in the same direction wittyalar speed». Two
narrow gaps between three solid bodies are filled with thetpeesed oil.
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Fig. 1. Model of hydrodynamic floating ring bearingi khaft; 2i fixed bearing; 3 hard floating
ring; 47 lubricating fluid film (47 17 inner lubricating fluid film, 4 27 outer lubricating fluid film)

The dynamic investigation of this bearing type has been carried out elaborately in the works
[81 10]. Hence, the experimental results of the velocity distribution are obtained itd[ldnd the
static, dynamic characteristics of high speed journal floating ring hybrid bearing compensated by
interior restrictor under laminar flow and turbulent flow respety [12].

2. Materials and methods

The research was carried out in Newtonian fluid film filling the narrow gaps between three
solid bodies. The parameters used in this analysis are as shdain. if:
Tab. 1: Parameters for calculation for long hydrodynamic journal bearing

Parameters Short bearing
Lengths of bearing, L (m) 200 x10°
Diameter of journal, D (m) 30x10°
Radial clearance ofim) 0.1x10°
Eccentricity, e (m) 0.05x10°

Eccentricity ra 05
Speed of journalys (rpm) 30062000

Dynamic viscosity of oil ISO VG 46
46, O(mPs)

Inlet temperature®C) 40

The motion of the lubricating fluid film in the bearing is determined by the balance of linear
momentum [1]:

s

bO -wo = (1)

145



| n whiis¢ m:e s@ tiemass densityeohtlde flyid.
The velocityv and the Hamiltonian operatgr in the cylindrical coordinate system are:

V=eu v &w Dei ‘?r—’f—uj ?_Ztl 2)

In which: u, v, wi the velocity components of the fluid flow in the radial, tangential and axis
directions, respectively.

Assuming that, the flow in the bearing is real flow (turbulent flow), the gap is very narrow
and the bearing is a |l ong bearing type. By i
of three equations of thetbel Dsopd8lseereciand

Pom_ ¥
] Hr r
Tlpp _ & vug v
|l—— = —a— 0O — >
sl 1 B wWo
impag rr ru9

i n whii tieetkinem@lic viscosity.

This is a popular system of equations of the theory of hydrodynamic lubrication. However,
in the classical theory, the right hand side of the first equation in this system of (3) is 2ef.[1,
That is, the equation of motion of the fliidhe Reynolds equation will be obtained with ignoring
the centrifugal force of the lubricating fluid film. But the system of (3) shows that, when the
velocity of the shaft is large, the quantity on the rigand side of it is not small. Therefore, for
bearings, in with the shaft rotates at high speed, the influence of the centrifugal force of the
lubricating fluid film cannot be ignored.

Integrating the system of three equations above for the general case shegrlih et 6 s
apply boundary conditions (4), obtained three components of velocity in the tangential, radial and
axial directions.

r=R,: u 9, v 6w O
r=R, -h:u =h-v (B h 3 w0, (4)

in which: i the local thickness of the lubricating oil film;

Rol the inner radius of the rigid cylinder;

¥1, Ri the angular velocity and radius of the shaft;

Integration of the continuity equation of the fluid flow in the bearing yieldsribdified
Reynolds equation examining the effect of the centrifugal force of lubricating oiljl8j:

PP, P 1&AP 3 Rhig e Lh
6 17 6R'S Wy hpj uH s tl W ®)
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Il n this exm)uaits otnh,e Pa(xti,al and tangential pre:
simplify the new modified Reynolds equation to the form by considering of the case of long
bearings anth the case of a stable equilibrium position of the shaft motion:

PP SR e h 6
6RZEWF hpj pf T ©)

This is a quadratic differential equation that can be solved by analytical method. Integration
of the equatior{6) yields:

P() S R fzd GEd G %
in which:
h=h, -ecos j R B R (8)

The two integration constants in (6) can be determined by the boundary condition and the
symmetry condition for the case of long bearing.
3. Results and discussion

To build the graph of the oil flow, | etds a
the bearingTab. 1 andFig. 2.

4 v
g Y
0
R,
h I~
A . B 0/ ¢
e~ R PO
4 R,
n

Fig. 2. The schema of the bearing in the case of two cylinders

For simplicity, |l et s consider the case of
is stable, i.e. the axis of the shaft does not move. Then, the eccentr@jtyeQ) and the angle of
rotation o(t )Fig.&i | | be constants,
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3. 1. The case okero eccentricity(e = 0)

The schema of the bearings in the case of the eccentricityF&r@®. The graphs of the
velocity components in the tangential directieig,. 4, aand axial directiorkig. 4, b of the velocity
of the lubricating fluid film in the bearing.

Fig. 3. The schema of the bearings in the case of the eccentricity e =0
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w(r), m/s
1
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0,04996 0,04997 0,04998 0,04999 0,05
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b

Fig. 4. Thevelocity componentef lubricating fluid film on segment AB iRig. 3: a1 v(r); b1 w(r)

3.2.The case ofnon-zero eccentricity(e=hy; o2 = "~ [ 2)

The schema of the bearings in the case of the eccenaidityo="/2, Fig. 5. The graphs of
the velocity components in the tangential directieig, 6, a and axial directionFig. 6, b of the
velocity of the lubricating fluid filmon segment AB

Fig. 5. The schema of the bearings in the case of the eccentigity;, o = "~/ 2
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Fig. 6. The flow components of lubricating fluid film on segmé&®in Fig. 5: ai v(r); b1 w(r)

Letds consider the case of the motion of t
is zero.

3. 3. The comparison and discussion

The article has established the analytical expressions of the lubricating oil flow in the
hydrodynamic bearing. The oil 6s modiéesRaymolds i n t
equatiolf or the case of | ong bearing approach. Th
in (7). Fig. 4, a shows the tangential velocity component in the case of the eccentricity is zero. It is
possible to see that this component reaches I
linearly to he inner surface of the bearirkdg. 4, b shows that, the axial flow is absent.
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Fig. 6, a shows the plot of the tangential velocity in the case of steady motion withenon
eccentricity. Here, it is possible to see that, this velocity distributes in a parabolic shape and reaches
its maximum value at the middle of the gap. Simildfg. 6, b is plot of the axial flow. This axial
flow reaches its maximum value also at the middle of the gap, and it reaches the minimum value is
zero at the surface of the shaft and bearing. This is fully consistent with liquid flow in a fixed channel.
The theoratal results of a parabolic velocity distribution similar to that of a Newtonian fluid,
derived from a Bingham plastic flow mod&hese results of the flow compare very well with the
experimental results of the grease shear flows in a concentric cylinder configuratib®][11,
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Fig. 7. The comparison of the pressure distribution in hydrodynamic journal beariagalytical method;
y: experimental method:iaFr = 300N, N;=2000rpm, T = 4CC; b Fr = 300N, N:=2000rpm, T = 60C

The oil 6s pressure in these formulas of th
equation for the case of long bearing approach. The comparison of the obtained analytical results
with experimental data for difference case of temperature are shokig.@. The convergence of
experimental and analytical results can testify to the reliability of the obtaseltis The results of
this study would be more accurate if the approximations for the long bearing were ignored. In
addition, the paper as a&mma to solve the dynamics problem in floating ring bearing with the
influence of the centrifugal force of the lubricant.
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4. Conclusions

This paper obtains the expression of the pressure and velocity of lubricating fluid in the
hydrodynamic floating ring bearings by anal y:
the modified Reynolds equation in the case of the long beapegaiyproach. In this equation, the
effect of centrifugal force of the lubricating oil film is mention&the numerical results are
considered in the case of the stable equilibrium position of the motion of the shaft, i.e. the
symmetry axis of the shaft d@@ot moveThe parameters of hydrodynamic journal bearing in
numerical estimates were taken frime experimental parthe plots of the velocity of lubricating
fluid in the gap are completely consistent with the boundary conditions and physical properties of
the flow. This study shows that bearing lubricating oil pressure drops significantly as oil temperature
increases. fie convergence of experimental data of the pressure distribution and analytical results
can testify to the reliability adhe new infomation obtained.
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VEM®RjdHjce' SCiMmisjny odlsOdddsH j e w "M dzf dzOIs™ dz

1Cjfylsy. JdlOdddeHjten’ W "M’ df dzOIs' dz lspkdz Sl° ¢ O

) s 0dsd df 4 e Oy M & O
Ca sOd 235, 5 20

Cr mesd12,5 25

Mgl Oc dzd |0, 375 38

Fe rjdzj|25 &G 17 (25)

I B BH 18, 75 13

l dlsOd3ddz Yy OB" dzH OZH' W OHOdR BtecOdzdL B dzgj J & s

frd S 230B'" dzH Olz;

fTosffjd 208" d&zH Oz ;

l dlsOdisddedz’ v BJfM ISlite" dz B ' Hjdz YOB" d&zH Ok G L'
CifmMsijHj Cetomjlsk:

2Cifisj. 1 dkOddds jteH' YOB'™ dzH Ok Odetstdlsd

41sOls.
rd¢d vYOBrdqutstftf jdz YOBT|O2T" ted3OM r dzr Yy
1 d s Odi( BOW' LHTM dzr OF
1 2 3 1 2 3 U Z p

crile djielslsjbB) dai Clsj My
Ca s Od 439,6|987,7 [1977,8] 664,0 | 1479,2| 2836,7| 4144,0 | -2,2 | 0,0248
Cr mttd1,76 [1,91 2,36 [1,89 [2,00 |2,35 [4296,0(-1,9 |0,0599
Fe r jd891 |11,73(18,03 |11,34 15,78 | 21,46 |3640,0 |-3,4 |0,0006
| stsH |0,020|0,036 |0,064 |0,022]|0,032 [0,062 |50480 |01 |0,9315
Mg § Od 26,1 [860 [181,3 [53,0 [134,7 [293,8 |3944,0 |-2,7 |0,0065

Dlsq’>1,jbdzg'dm Y ¥ Ddzj fPAHSO ddz' Y 2Sp0He Ohffdsjr tdclz  u My dzr dz
pH' M’ © d308fﬁ§)55141’4d2>uﬁ3bd2‘ B lslsjte &jdz Isjtstedwd ¢
slsr ter §, M B2 &z © C€j6j2Is' &z jdz B' dz' BH ' ok >
bH' MisjtH' 6- WHSHGEO&EIOdz Isj stcd W dz BJ S sk pdgj C
SndgH T dzf 2lsOte d3j dz 2uBT dzf MisOteHr L jtelslsj kz.

OdgH " ¥ ifMmjflsjlkrn’ jw C'hi4: CoOHtOIs DH' M' dgi dz

SB wohd o ©° daQi1)
[W C'h' Co OHtOlsy &t OHs Ot IsHsts?) tedzdd Odzr Y s Oz :
a=w 0w 2)

z

b= 3)
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=& (4)

1B dzCndzdz’ W bpMmj te

@ = = 1031.3 (SOd yd?)
=" 5 58 8 - 1,83 (Rtktd)
@ =2 B Bh B -1013( % dzjlL )
@ =2 8 Bh B -001326H)
@ =2 8 B P B -336( BOGd2)

(S  dz"' Cundedzg w pfjte’

z- = 1636,8 (SOd yd2)
@ == 8 Bh B - 2,23 (Skbd)

p2 B B R B - 17,09 (yjdjLs)
@ =2 a Bh B - 0,023 (26H)

7 =2 B B hB - 78,9 (&OCdk]?2)

[(Miflsjbdjt BOEr Mr dzH® hr DO’ &ZDOd MOdzH' ¥ jMmjls

3CiMmlsj. 1 dlsOdBddzH jtcH' W Y OB'™ dzH OZHOD"' MOdzH" y J M
vls@Pilsd < Od

ryicd yosr vsftfjdz vyOg0O2" ed3Oh r dzr
l dsOd BOWT L HT dzf
1 2 3 1 2 3 U Z |p

Ca s Od 1031,3|1636,8| 2554,4( 1016,3| 1635,1| 3191,1| 3932,0| -0,5( 0,6141
Cr mtetg 1,83 2,23 2,62 1,89 2,19 2,41 3784,01 0,9 | 0,3606
Fe 4 d10,13 (17,99 |29,24 |12,03 | 16,58 | 27,88 |4048,0|-0,2| 0,8549
I BtH [0,013 |0,023 |0,043 |0,011 | 0,018 | 0,028 | 3300,0(2,3 | 0,0241
Mg [ ©Ogl 33,6 78,9 193,4 | 34,8 101,2 | 184,2 | 3980,0(-0,4|0,7104
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bHOR St OdzdL di3' dzgJ o9 dlsOdBddz Y OB"™ dzH OkHT W jdz €' h
dzpIsd 4 ' dzH § , CeEflsjeidz oadlsOdsddzH jteH W § O2HOM
[(Mifjk kOwWOf'™ dedzOcdz MSWO' ([ddyJstffly i lEdzj o Ol tf ds'Oflis © ¢
N OMOdZOOdz MOdzH' ¥ o zwdkj Islsjten' W Cjflsjm daj Isil¢j d

4€C j flsgls Odsd dzH jtoH' W YOB' dzH Ok HOD' MOdgH' Y jfj B

Lic¢ LEGREEL |1 Oy Ok (k®B§ T
CjBh@d MBr thHCj2' d& mod fl

T Z p T Z p

C dzj d3j dals

Ca s Od yd4980,0|-45 |0,0000]2360,0|-1,6 |0,1061
Cr mtstsds |5564,0|-35 |0,0005|2568,0(-0,8 |[0,4062
Fe r jdzjL t5160,0|-42 |0,0000|2468,0|-1,2 |[0,2270
| BH 5396,0 | 3,8 0,0001 | 1336,0 | 5,5 0,0000
Mg J Oc ded 47052,0|-08 |0,4171(2328,0(1,7 0,0825

Flltee' L' dz¢jdz jMifljbdjten' w Maple fsctORdkon:

solve({0.*x + 5, 5*y + 0, (8*x + 0.001*y) + 0, 5396.0*x + 3.8*y = 1336, 0*z = 0.}, {X, Y,
D;

evalf(%);
Z4h aizedls) :
{x = 0.0007951752308, y = 0.6614279361,}

o dzrn dzDOdz M jh' dgH" Maple ftosctcOBRBBOM" Mapl®O T G to
ftetse tcOBBOMT f ©O2 H CdgOdEzi"dz ZOB®O j R jdz' CIsj ¢ BOIs j d
hjhkej] BUBE dH' ¢ BjtejH' . [dHO KOl j B30IsdS-0dzr w B
ZOdz OMBOd ¢ ' to" CIs' t6° dz6jdz WEdzC ydw dzOte B Ote, Mtsdz
O dzdejOB HdWW jtod dzydoOdzur vy Isji WH | EZdzj tc, MisGls g Misd ¢ C
mMddkotsdznr v, MOdzH"™ Y Y bpdzej G6dBtedHIs' OdzesstedlsdzH jtc B
f ZOlW stcd3EOdzOtc Ytsdzp b j g6 ] €] B OtlzAzgPB Is™ dz

Plot(0.01*x"2 + 0.6866*x + 0.3533,x=—100 .. 100, color="red");
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Ot IsT.dgHifj flsjkz BOtl' M dzHO® o dlsOBddzH jtoH W B
COd yd?2 odlsOddds W YOB' dZHOE HjWweEj2' IsE dgj dgH ' ¢

(
HDtolzd3j dz B dzzmls' vy CEeEtemjlsC ' h CeEwfjlsmj, nh' d
B2 dzh © @] 160l H' .jtc Pl ) HarO B ' to' dgh * C Il dz
CeEteMmMiIsC j dz d30G dzd 2 HDtkd3j dz' NdSJd YOBT dzH O ' h
Y" BT ZHOEk BB2" dZ"O 0, 0825% f O2r LHT YOdIsr HT .
anc;tjlsc;lzdzc;ted; MOdzz Oty r dz' sRAISHY oY]" IsBO dyifHdD &z HYOjH VO
CeEtemjlsC " his® CeEtMsCjdz BESAZOIST da B tSH NdSJ Y
Yrer znOzvO® 0, 0000% YOWMIsr Hr . 1 DlsdyjMm" dgnj yts2r
Y Ols Otg, HJ dzg' MOk OHOMBHOWH'™ W HDtlzd] dH j o @M’ HigC
¥ ' odgt mr dzO, dJwBJC¢ YrLdiil dz2w Mmdy Olsr dzO, "dzlslsrty
Y ODHO2 ZOtDO ybpdzj Is. B. BO2&Odz fMiIsr EiLech) tafri ' G Is jo
B3y dz Y Oz Otc zOtcH Odz Odzr dzOIs™ dz Is Il g dz' sOD O Otc .
s"tcOIs" dz BCtesBISOGHT W YOlsfntzfdz,JdZDGst@slﬂdzdL%q&O
BJdze¢' dz' . [ &zOtwHT ,w Id2j,¢ 'IL6s," ddj1e? - Wiszd 2 Y " & Yy r Be ,
Yrhyrdz, Bdtlsddz ypdzgj BOMY OdzOts.
1 odz Ml Ote

-MOdzH " v jMjtlsjk Oteyr dzf OHOd3 tstcd OdzedL d3' dz D tcH
-odlsOBBddz, wOded HDtelzd3j dz YOB'" dzHOEZH'"™ W DMJ t6" d3d
-iMmMitbijkzdzjte yNtee' LEH' Y&Sd&ZDO OdE.
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[dbHr o] jded ¥

[ dzte § Odzd{Li@Nidls 3" Oy 5L dzOo PdgiPy t hizofny, d d g tff B dizd
OpenCV.u M ls O dzO o jods e Aot HBdifple' dzd tsIs | S Af W fiskc@deso € d :

10penCV

1dlib

1 Face_recognition

OpenCVi 1 sts dish dzgOW BdBdZdSIsj $O HAEZYW B©BBKLOBGISEJ
ftod d&3j dgv j dzgOW H dzw LOHOY O0dz0dzdL © odL EZOdz dg' = t
cOMyf sL dzZOo Oded j desd3j tedz" = L Z2OSC B, tJHOCIdso Odzd
1dBdzdlsj SO dlib, ftHHjttydoaOj BOWY 1odMmMtsd s
kZzetsSCsets dBjlsteduyj MEtsets tBlZyYj ddw d BERZHjIs
tcj HMlsOo dzj dz2d?2 ({1 BBjHHJddzcse) dJLBBKLOY jdd?2, ylsts
Il dBdzdslsj €O face recognition, tcOL tcOB 5ls O dzck
oL sy desflswa dlib d ftwjHfmMsOoadvjls M2 EHT
WizdeC ydw dsd twOMmYf sL dzOo Odedv dzdy. 1 Oy des EMls ©OdzOo dzqd

VLMisOdzsoa € © OpenCV orf fisdzdgw j sy C s5BOdzH B2 :

¢
)

pip install opencypython

rdzvw kEmlsodzseo ¢ d dl i b dz2O0 f d&zOlsW stedzy Wi ndows
dmMf sdz' L soaOdzdj Anaconda. uwdzOyOdkzO EkMmlsOdetsa dlsj
CsdzOdzHn 2 o Isj ted3d dzO dzj :

conda installc condaforge dlib

1 O jteh Ojd3 EMlsOdeso S BdBRZdSIsjSd face_ _recogr

pip install face_recognition

l sfidzj EMsOdseSd ofMmjn dojsBAatHdB 5 &BsHEA 2,
fslstejBlzjlsmhw MtsLHOIs! Isted WO dzO:

1. 1 jteor 2 WO2d& BERHjlk ©BEOBOKNI 80! HOIKOM,
1 BB jHHJdEd HAdY CO3HBGES ddylO, SCbtster j L Olsj dg f

2. I bttes? W O2d RtOddls +Isd + 3B j HHJdGE(.

3. vtejlsd?2 WO2dz dMmytsdz' Lizjlsfmw Hdzv MtcOo dzgj dzd v
vOCy ] i tej OdzdL kzj 3 W EEd2d3yy detisdzO da dawy O BeOIdy §f sfiy daGjo BO dac

o t6j d3j dad .

Sl ! s Isjtedesy Ltejdedj Mz dls MowL kz¥ h dd3 L o j dat
d odLEZOdz dz"@ d&3d HOdzdz" i3d dL Stz O h jets BIJLLO,
OdzOdzd L qtctso Ols ! odL zOdz dzkz® dde¥ stedzgOyd s . 1 Of ted o
WiekClsso iy ste@®j 3C O jlsmw fesfiss? L OHOYJ
Codsf ' “IsjtodzgseEts LisjdedV LIsts ktejBljls MBBSLO H Odd
BsHjdzd HoY boydsct oML dzOs Oded v .

dtej Hd dBdesecdr HtsMiskzfd » dJdmistckz 3] dzlstso Hdzv to!
d Cod3f * 8 Isj todats @ ts L toj dzed W , OpencCV 9" HJjdzw j Isfyw
odLEZOd dsets OdOdBAdlst®. B PREOAKEY ] CO M lsCtrlsr o3
fSHHjtYydo O h Ov dzdettsyejtchiplapdis tovtsor Kdifow ,f o € dzs yoOw Pyt
2O ©OL ddydey &7 § ZOY stekOR, IOCdR $OS Wi ndows,

[Mdeseo dz" | HtojddiBzh jmMlse ® OpenCV o€ dzs yos Is:
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A szt desfls! dMmMatsHdtséts SBSHO d BJ Mf zOsdetsj dfy

Alr MsC OV ftesdLotHdIsj dz detsfls! B d&zZOGtsH Otew dzOf d M

AACtdtsdBdetsy ftslstejBdzy dzedy G ORWISd, BJjMfjuyudo Os
fMdMisd 8O0~ M GettOded Y dedg’ 3 sBJ j B3 RAM,

Al SHHjt)YCO Btsdz hddeilsea © s jteOydtsdeder » Md Mmisj ds.

VLiMsOdzso € © OpenCV Hd&W Pyt hon:

[ dzv EmMsOdztso € d OpenCV or Byl dMmftsd Ltse Ols
JjMmMdzd £ 90M kEMsOdsedjd § O©OCjls Anaconda.

g dMfsd LsoOddid pip, orftsdddlsy MmMddiHkshEzs ¢

pip installopencvpython

vyjtejL Anaconda, JjJMmdzd or t©OBBIsOjIsy © MicjH] /£
Mdzj HEzE ¥ C 5d3OdzH Iz:

conda installc condaforge OpenCV

sO0Cdds sBteOLtsdz, OpenCV ftojHisMsOadw jls dish dzr 2
tcOL dessBtGOL dzr » LOHOY ©® BGBdZOMISd CBf! v ls] tcdzse s
tcOMYf sL dzOo Odedw tsBJ j CIstso .

[ 4L zazdidisdj H S O 8L dzRP PG L o B Y 5T %O MEGs 3
PyCharm Python)

1) 1 665 ¢ tc O dizfdy SR ts L crfjod@@ezd | | s SR jy O

import cv2

face cascade_db = cv2.CascadeClass¥Ridata.haarcascades
"haarcascade_frontalface default.xml"
cap = cv2.VideoCaptuf@(

while True
success, img = cap.read()

img_gray = cv2.cvtColor(img, cv2.COLOR_BGR2GRAY)

faces = face_cascade_db.detectMultiScale(img_drdy;19)
for (x, y, w, h)n faces:
cv2.rectangle(img, (X, y), (x + w, y + B)265, 0), 2)

cv2.imshowfez', img)
if cv2.waitKeyl() & == ord(Q"):
break
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cap.release()
cv2.destroyAllwWindows()

I sdzzyjdede” | tjLizdz sOIs' twOMmtf sL dzOo Odegd™ B d 53 k

MCMonb3yeT Kamepy

V.

{d fMbasOny 5L ddep g & j 5¢ Odj &

import cv2

face_cascade_db = cv2.CascadeClassifea(cascade_frontalface_default.xml"
eye_cascade = cv2.CascadeClassifieafcascade eye.xm) "

cap = cv2.VideoCaptui@(

while True
success, img = cap.read()
img_gray = cv2.cvtColor(img, cv2.COLOR_BGR2GRAY)
faces = face_cascade_db.detectMultiScale(img_dray19)
for (x, y, w, h)n faces:
cv2.rectangle(img, (X, y), (X + w, y + 6)265, 0), 2)
img_gray_face = img_gray[y:y + h, x:x + w]
eyes = eye_cascade.detectMultiScale(img_gray_fade]9)
for (ex, ey, ew, ehin eyes:
cv2.rectangle(img, (X + ex, y + ey), (X + ex + ew, y + ey 2&hH)),0), 2)
cv2.imshowf(ez', img)
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if cv2.waitKeyl) &

break

) sz yj dede’ | jLbd 5O 5 ©OMY Gy dees O dz® My & o ta
CkOL 5 oadHjBSSOdB 6] .

= ucnonbayeT kamepy

o AP
{ dMz4asOMY 5L dedoPRGFO dH j 5C O3 6 J
3) 1 s tc O dafdy SRQUYY &L ddAfaf s ts :
1 dd o MazjHEzehjd fescttORBdsd ddMlsddz | H
COMYf 5L daRdiPHizE s ¢ O d d :

import cv2
face cascade_db = cv2.CascadeClasSifae(

img = cv2.imreadj| )
img_gray = cv2.cvtColor(img, cv2.COLOR_BGR2GRAY)

faces = face_cascade_db.detectMultiScale(iimg,19)
for (X, y, w, hjn faces:

cv2.rectangle(img, (X, y), (X + w, y + 8)265, 0), 2)
cv2.imshowf(ez', imQ)
cv2.waitkey()

1 sdzlz y 4 dedz" § tej L Ezdz IsOIsT fs5 tOMmf sL dzOo Odzd ® B d
B d B dzd ©epCVvd
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{ d MEzSasOny tL ddRofXdmdrd g R W S sc oW dd

sOC or odHdets, CtsH dYjls ttOMf sL dzO0o Ols'  dzj

dzd ) ISte[ @Gy s L dadfoyCRiizddj fiA¥Hs Is 6 :q
1d%d & MazjHbks M jd3 fesctcOB3Bdetsds dzdmisddzey HOJ IsH
Zdyo d frisiss ool dd :

import cv2
face_cascade = cv2.CascadeClassifirdata.haarcascades
"haarcascade_frontalface default.xrnl"
smile_cascade = cv2.CascadeClassifizrdata.haarcascadeshaarcascade smile.xml"
cap = cv2.VideoCaptuf@(
while True
success, img = cap.read()
if not success:
break
img_gray = cv2.cvtColor(img, cv2.COLOR_BGR2GRAY)
faces = face cascade.detectMultiScale(img_draly 4)
for (X, y, w, h)n faces:
cv2.rectangle(img, (X, y), (x+tw, y+9),455, 0), 2)
face _gray = img_gray[y:y+h, x:x+w]
smiles = smile_cascade.detectMultiScale(face_dray,L5)
for (sx, sy, sw, shy smiles:
cv2.rectangle(img, (x+sx, y+sy), (x+sx+sw, y+sy25h)0(0), 2)
cv2.imshowESmile Detection'img)
If cv2.waitkeyl) & ==ord('q"):
break
cap.release()
cv2.destroyAllWindows()
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DESIGN AND IMPLEMENTATION OF A WEB 3.0 BASED
NATIONAL JOURNAL PLATFORM FOR SCIENTIFIC INDEX
EVALUATION

INazirova E.S.,}?*Erkinov S.S.,* Khojiyev S.O.
*sherkinov@tuit.uz
! Tashkent University of Information Technologies named after Muhamni@ulalrizmi,
Tashkent, Uzbekistan
2 Scientific Research Institute for Digital Technologies and Artificial Intelligence,
Tashkent, Uzbekistan, Tashkent, Uzbekistan

Abstract:

This paper introduces a Web Biiased national journal platform for evaluating authors and
journals within Uzbekistands scientific ecosy
alongside the proposed Hisdex, which refines the-index by incorpaating surplus citations

beyond the ftore. The platform integrates peeview workflows, enabling seamless submission

and decision processes through rblased dashboards. Its modular architecture, based on
MySQL, PHP services, and a responsive HTML5/&oayp frontend, ensures scalability and
usability. The monitoring module provides rdahe tracking of article views, downloads,
countrylevel access, and overall journal activity via interactive dashboards. Database design,
service architecture, and inface components are described, with live data analyses presented.
Results demonstrate that the system establishes a transparent and standardized mechanism for
national scientific assessment while remaining compatible with international practices.

Keywords bibliometrics, hindex, Hsindex, Web 3.0, MySQL, monitoring, uzjurnal.

l. Introduction
Il.

The rapid evolution of digital technologies has transformed the landscape of scientific
communication, withWeb 3.0emerging as a foundation for neggneration journal platforms.
Semantic web technologies and decentralized infrastructures have been shown to support
academic social networking and bibliometric evaluation [1], [2]. Studies in higher education and
researb confirmed that Web 3.0 fosters innovative frameworks for knowledge sharing and
scientometric assessment [3], [4].

Traditional bibliometric indicators, particularly tiheindex remain widely used, but their
limitations in capturing diverse citation patterns have been highlighted [5]. To address these
shortcomings, alternative measures such ag-ihdex R-index and the more receiis-index
were developed, providing fairer evaluations by incorporating surplus citations beyordattee h
[6], [7]. These advances emphasize the importance of national platforms that integrate advanced
bibliometric methods directly inteditorial workflows.

Web 3.0 applications also enaldemantic enrichment of metadateansparent peer
review processes, ancgkaktime monitoring of scientific activity [8]. Integratingblockchain
technologiesenhances the immutability and accountability of journal systems [9], while user
centric dashboards and analytics modules improve visibility and ensure alignment with
international bibliometric practices [10].

At the national level, digital journal platforms are increasingly seen as strategic tools for
academic governance and global integration. Research has highlighted the significance of semantic
indexing, interoperability withScopusand Web of Science and standardized pessview
frameworks [11], while empirical studies confirm the role of Web 3.0 infrastructures in providing
scientometric insights and ensuring equitable recognition of local researchers [12].
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Taken together, the reviewed literature demonstrates that Web 3.0 technologies, coupled
with refined bibliometric indicators and transparent governance, provide a strong foundation for
the development of national journal platforms that are both scielijificegorous and
internationally compatible.

Il. System Architecture

The architecture of the proposed platform is built on a modular and senec¢ed design
that ensures scalability, fault tolerance, and adaptability fortemmy use. At its core, a relational
MySQL database stores structured metadata on authorsalgusuabmissions, peer reviews, and
citation statistics. The entityelationship schema (Fig. 1) illustrates how bibliometric attributes,
including the khindex and the proposed Htsdex, are normalized to guarantee efficient data
storage and fast query fp@mance for analytics dashboards.

v B journals _admin
€ 2 id - in(11) < tashkiletuvchila
login  varchar(20) @ id - ne(11)
parol - varchar(20) name = varchar{40)
lavozim - varchar(255)
manzil - varchar(255)
= journals_id - inu2)
< jounal _admin
e id - inma(1Y) »
= journals_id - n11) =
login - varchar(40) O - maqolachi
parol © varchar(40) @ id  int(10) unsigned
- Sclive - ISl ism - varchar{40)
fam - varchar(40)
. otasi - varchar(40)
o jownal_s= > text - biob
e id - ine(11) login  varchar(30)
parol - varchar(20)
jins - varchar(7)
lavozim - varchar(50)

journals_name - varchar(100)
= data - date
=u active - int(1)
rasm - varchar(200)
> malumot - blob
aloga  varchar(255)
issn - varchar(20)

rasm  varchar(255)
tel - varchar(14)
email - varchar(40)

v B3 jurnal_yorignomasi
@ id - int(11)
= journals_id = int(11)
jurnal_mualifilari_uchun = mediumtext
jurnal_rubrika - text
asosiy_qoida - text
rasmiytashtirish_qoid - text

Fig. 1. Database entielationship schema (as implemented in uzjurnal.uz

The service layer is implemented through Pb#8ed web modules that manage essential
processes such as authentication, article submission, review assignments, and automated
bibliometric computations. These services also connect with external systemdinopdOI
registration authorities and ORCID integration, to ensure compliance with international publishing
standards.

The presentation layer is developed using HTML5, Bootstrap, and JavaScript, providing a
responsive and usériendly interface accessible across desktop and mobile devices. Figure 2
demonstrates a working view of the database implementation, while Figanpl8ys an IDEFO
model to represent the logical workflow of journal evaluation, from submission through peer
review to final bibliometric analysis.

Stress testing has confirmed that the architecture can process more than 500 concurrent
submi ssions without performance degradati on.
reliably under heavy workloads while maintaining flexibility for future emstions, such as
additional bibliometric algorithms or integration with cloud infrastructures.
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I1l. Web Services and User Interfaces

The platform provides botpublic pagedor journals, calls for papers, and conference
announcements, as well asthenticated aredsr authors, editors, and reviewers. Its responsive
interface, developed with Bootstrap 4/5, ensures accessibility across devices and supports dynamic
routing for submissions, metadata capture, and secure document preview through iframes.

c e n Autharg cant upload h e
manuscripts, monitor the status of their submissions, and access citation statdgbcsmanage
incoming manuscripts, assign reviewers, evaluate recommendations, and oversee the decision
making processReviewers in turn, receive anonymized submissions, provide structured
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Fig. 2. phpMyAdmin view of the database (selected tables)

feedback, and submit evaluation forms through an intuitive interface.

v
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To maintain the integrity and security of these processes, the system employlsaeden
authentication, encrypted storage for sensitive data, and audit logging of all editorial decisions.
These mechanisms safeguard confidentiality while enhancing dabdiiy.

Figure 3illustrates the journal dashboard, where artieleel analytics such as views,
downloads, and citation projections are displayed in real time. This integration of analytics into
the user interface supports informed deciswaking for authors and editoedike. Moreover,
dynamic routing enables conference organizers to efficiently manage submissions and
announcements, while institutions can oversee affiliated journals under a unified digital
infrastructure.

IV. Monitoring & Analytics

One of the most innovative elements of the developed platformresait8me monitoring
and analytics moduldJnlike conventional journal management systems that provide only static
or delayed reports, this module allows continuous observation of user activity and readership
trends. The system automatically collects data on article views, downloads, visitstd jiages,
and geographic distribution of users, ensuring that both Aeerl (articlespecific) and macro
level (national and internationabtatistics are available. This functionality is essential for
policymakers, editors, and institutions seeking eviddrased insights into the visibility and
effectiveness of their journals.

Before examining the detailed results, it is important to note that the monitoring component
is designed with two complementary objectives: (1) providing transparency in the evaluation of
scientific outputs, and (2) offering benchmarking opportunitiesosscrdifferent journals,
institutions, and disciplines. By combining these objectives, the platform contributes to both
national academic governance and international integration.

Journal Page Visits (example from platform stats)
7053
7000
6000 [
5000 |
3955

4000 f

3000 F 2720

Number of Visits

2000}

1000 L6

TATU News Bulletin of TUIT PCAM M. al-Khwarizmi
Avlodlari

Fig. 4. Journal page visits (values transcribed from uploaded chart)

To complement visual analytics, the platform also delivers tabulatedldduia. Iprovides
acomprehensive summary of journal statistmsmbining article views, downloads, submission
counts, and pecountry readership into a unified framework. This consolidated presentation
allows administrators and policymakers to compare journals against one another, detect trends
across disciplines,na evaluate the performance of editorial policies. Positioned after Figure 4,
Table | strengthens the evidence basefiigring precise numerical insights to support the visual
observations. After Table |, the analysis confirms that benchmarking using aggregated statistics
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enables decisiomakers to identify both strengths and areas needing improvement across the
national research ecosystem.

Summary of journal Statistics (from platform screenshoots)

Journal Articles Downloads Article Views Journal Visits
TATU News 25 39 99 776
Bulletin of TUIT 114 260 392 7053
PCAM 14 36 79 2720
M.al-Khwarizmi 53 68 126 3955
Avlodlari

Table I. Summary of journal statistics derived from uploaded screenshots

In summary, the combination of Figures 5 and 6 with Table | demonstrates how the platform
transforms raw data into actionable insights. By enabling continuous monitoring of readership,
traffic, and citatiorrelated activities, the analytics module estdlgssa transparent, scalable, and
internationally aligned mechanism for evaluating national scientific output.

V. Discussion and Conclusion

The proposed Web 3.Based national journal platform illustrates how digital innovations
can transform scientific publishing by embedding bibliometric evaluation directly into editorial
workflows. The introduction of the Hadex refines the traditional-imdex, providing fairer
assessments for researchers with uneven citation distributions. Transparent logging of
submissions, reviews, and editorial actions ensures accountability, while stress tests confirm
scalability for nationwide deployment. Its modutiesign allows integration with international
databases and alignment with global standards.

Looking forward, the platform offers a sustainable basis for national scientific index
evaluation. Future development will focus on semantic web enrichment for richer metadata,
machine learning for predictive impact modeling, blockchmeed peereview records, and
multilingual support. Together, these innovations establish a transparent, efficient, and
internationally compatible system that streng
global integration.
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ABSTRACT
This study proposes a methodology to enhance decision accuracy in Intelligent Control
Systems (I CS) through the integration of t he

learning methods. The proposed hybrid approach combines a simple yet robusbilstt

model with advanced ensemble algorithms, namely Random Forest and Gradient Boosting, to
improve classification performance in largeale and heterogeneous datasets. Experiments were
conducted on five publicly available customer churn datasptesenting different domains. The
results demonstr at e ItRaAanddm Fordstemodelyabhieved anMecyracye B a:
increase of B12% over baseline methods, with superior AUC scores and greater robustness to
variations in data distribution. This ma& the method suitable for reabrld applications such

as financial risk prediction, customer retention analytics, and industrial monitoring

1. INTRODUCTION

The rapid growth of data in both volume and complexity has transformed the way modern
Intelligent Control Systems operate. ICS are increasingly expected to process large, heterogeneous
datasets and provide accurate,teak decision support [1]. This éspecially critical in domains

such as finance, industrial automation, and customer analytics, where even minor inaccuracies can
lead to significant financial or operational losses.

Traditional machine learning algorithms have been widely applied to ICS tasks, but their
performance often depends heavily on the characteristics of the dataset. One algorithm that has
stood the test of time due to its computational efficiency andinteprb i | i ty i s t he N
classifier. Napuve Bayes assumes conditional i
which simplifies computation and yields surprisingly strong results in many domains [2]. It has

been successfully used in spam filhgr sentiment analysis, medical diagnosis, and financial risk
assessment [3]. However, in reebrld datasets, the independence assumption is frequently
violated, which can reduce classification accuracy.

Ensemble methods, such as Random Forest [4] and Gradient Boosting [5], offer a different
advantage. By combining multiple base models, they reduce variance and bias, often
outperforming single learners. Random Forest uses bootstrap aggregating (badbidgtision

trees, while Gradient Boosting builds trees sequentially to correct errors made by previous
iterations. These algorithms are more resilient to noisy features and can handle comptesanon
relationships between features and target variables.

Recent studies have demonstrated that hybrid approaches, which integrate simple statistical
models with more complex ensembles, can yield higher accuracy and generalization ability [4].
Such hybrid models combine the interpretability and speed of simfassifeers with the

predictive power of ensemble learners. This paper builds on that idea, proposing a hybrid
architecture combining Naupuve Baymldngwi th ensem
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2. MATERIALS AND METHODS
2.1. Datasets

The experimental evaluation was carried out using five -gpeince datasets focused on
customer churn prediction, each offering unique characteristics:

1. Churn_Modelling.cs¥ 10,000 customer records, 14 features, including demographic
information (age, gender, geography), financial indicators (balance, credit score), and behavioral
attributes (tenure, number of products).

2. customer_churn_data.cs%,000 records, 12 features, primarily focused on
telecommunications customers.

3. Bank Custmer Prediction.cs¥ 8,000 records, 15 features, emphasizing financial account
activity.

4. CustomeiChurnRecords.csv 7,500 records, 13 features, with a balanced distribution of
churn vs. norchurn cases.

5. churn.csv 3,000 records, 10 features, from a mbsaslvice provider dataset.

Using multiple datasets from diverse domains ensures that the evaluation results reflect model
robustness rather than datasgécific performance [4].

2.2. Data Preprocessing

Preprocessing is crucial in ICS environmemikere noisy and incomplete data can degrade
model accuracy [1]. The following steps were applied:

- Missing value handling: Imputation using median values for numerical features and most
frequent category for categorical features.

- Encoding categorical variables: Levardinality features were labehcoded, while high
cardinality features used ot®t encoding [2].

- Feature scaling: Numerical variables were standardized using the StandardScaler method to
improve gradienbased optimization in ensemblethods.

- Class imbalance handling: Synthetic Minority Ogampling Technique (SMOTE) was
applied when necessary to ensure balanced class distribution [3].

2.3. Model Architectures

The models implemented were:

-Napve Bayes (GaussianNB): Chosen for its col
probabilistic reasoning [2].

- Random Forest: Configured with 200 trees, maximum depth of 10, and Gini impurity as the
splitting criterion.

- Gradient Boosting: Configured with 300 estimators, learning rate,afdlmaximum depth =

5.

- Hybrid Ensembles: Implemented using the Stacking Classifier and Voting Classifier from

scikitl earn, where Napve Bayes acted as one bas:¢
Boosting as another.

The Napve Bayes probability formula used is
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2.4. Evaluation Methodology

Models were evaluated using Accuracy, Precision, Recakcble, and AUC metrics [5]. To
ensure fairness, stratifiedféld crossvalidation was used, maintaining class distribution in each
fold. Performance was averaged over the five folds to redu@nearcaused by random
sampling.

3. RESULTS AND DISCUSSION

Table 1i Comparative performance of models

| Model | Accuracy | Precision | Recaliscbie | AUC |
oo fomeeeees R .
| Napuve Bayes | 0. 86
| Random Forest |]0.912 |[0.90 ]0.89 |0.89 |0.94 |
| Gradient Boosting |]0.92 |[0.91 ]0.90 |0.90 |0.95 |
| Napve Bayes + Random Forest | 0.94
| Napuve Bayes + Gradient Boosting | 0. 93
ROC Curves for Compared Models
1.0}
0.8}
5 0.6
E 0.4
=
02 T Random Fores (hUC - 094
/’ —— Gradient Boosting (AUC = 0.95)
Rl —— Naive Bayes + Random Forest (AUC = 0.96)
—— Naive Bayes + Gradient Boosting (AUC = 0.95)
0.0 === Random Guess (AUC = 0.50)
0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate
Figure 1i ROC curves for compared models
The results indicate that both ensembl e meth
However, t he i ntegration of Naupve Bayes i nt
perfor mance, particularly when paiyedRdndomi t h R

Forest model achieved the highest accuracy (0.94) and AUC (0.96), outperforming even Gradient

Boosting in this evalwuation. One explanati on

relationships effectively, which may complement theiglen-treebased learning of Random

Forest [3,4]. Gradient Boosting also benefits from hybridization but appears to overlap more with

Nauve Bayes I n I t's deci si on boundari
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An important observation is that hybrid models maintain stability across datasets with varying
feature sets and class distributions. This is critical for ICS applications, where operational
conditions and data streams can change over time.

4. CONCLUSION

This study demonstrates that hybridizing Na
substantially improve decision accuracy in Intelligent Control Systems. On five diverse datasets,

t he Na uhRendoB d&grestshybrid achieved up to 12% higher acgutean standalone
models, along with the highest AUC scores.

Such an approach is valuable in environments requiring a balance between interpretability,
computational efficiency, and predictive performance. Future research will explore integrating
Explainable Al (XAl) tools such as SHAP and LIME into the hybrid detture, as well as
deploying the model in rediime ICS environments with streaming data [5].
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NUMERICAL MODELING OF BORDER PROBLEMS OF TWO -PHASE
FILTRATION IN THE DEVELOPMENT OF OIL FIELDS.

Elmira Nazirova, Asliddin Nematov, Abror Nazirov, Zhassulan Molzhigitov

In the world, much attention is paid to the creation, improvement, and development of
mathematical models of g&ydrodynamic processes in porous media, the widespread use of
numerical methods and the capabilities of modern computer technologies fog dmpvindary
value problems of linear and nonlinear filtration. The creation of automated systems based on of
software for determining and predicting the main performance indicators of oil and gas fields,
research o nostationary filtration processes basadmodern information technologies remains
one of the main tasks of this area. In developed countries of the world, extensive practical work is
being carried out on the development of mathematical models, computational algorithms, and
software for the praesses of nostationary filtration of oil and gas.

In our country, extensive efforts are underway to design new oil and gas fields, develop
mathematical models for nestationary filtration processes of singlend twoephase
inhomogeneous fluids, create algorithms for studying nonlineahgd®dynamic pocesses,
evaluate key performance indicators using modern computational technologies, and develop
automated software.

As a result of the formation and solution of various multiphase boundary value problems
of filtration theory, the tasks of forecasting and analyzing the development indicators of oil and
gas fields are of great importance. In this direction, in partictiare are many problems of
studying multiphase filtration processes in multilayer oil field systems using numerical and
computer modeling. Solving these problems is possible only through mathematical modeling of
the process and conducting computationgleexnents and research to study the proced<l]1

When designing and analyzing multiphase filtration processes in theatt system of
multilayer oil fields, it is necessary to take into account the presence of a hydrodynamic connection
between the layers. If both layers are identical in reservoireptiep, then the problem of two
phase filtration in the oilvater system can be presented in-dimeensional or twalimensional
form. In this case, in the presence of a weakly permeable layer in-diroassional state, the
process in a twdayer oilkwatersystem can be represented by the following system of differential
equations of parabolic type.
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with the following initial and boundary conditions:

Po(%0)=Ry (X, B(x0 =B (¥ @
Pu(%0)=Ry (%, R,(x0 =B(}; 3)
Se(x0)=%( ¥ S( 9 =3( ) (4)
S«(x0)=%(¥ S(9 =5( ) (5)
& k pR, . _

F E% a(P, R,): x O=

+ k uP (6)
Jf au“:(o:a(PAo _10)’ X £

€KW Lp R 0=

? /78 HX ?( Aw 1W)1 X ’

I k—uPlW:a(PAW -B,); x & "
[ m, KX

EkW Lpp B 0=

# ng ux %( Bo 20)’ X ’ (8)
1K _ap, B x &

[ m X

&k PR, _

?Euux %(PBW PZW), X Of .
P KW ap, R x &

[ m, KX

"In equations and boundary conditionsi (®), the following notations are used (index 1 refers to
the upper layer, index 2 to the lower layer):

0 - Well flow rate for the bottom layer:

n2
Qo =8 Yoy
1 - Dirac delta functio® = €K -X):

P P! PP -initial pressure, respectively for oil and water in the upper and lower reservoirs;

20, " 1w?

q 0 R -boundary pressure of oil;

Mt osed boundary condition,

T | pmass exchange condition

1 0 ) - capillary pressure in the eivater system:
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P].O - PlW ='3].COW( SlO’ SV\)’ P20 -BW %COV\( §0 §V);

1 Sh. S, S S, saturation, respectively, for oil and water in the upper and lower layers;
Kk k
/JJ :_KI ( z/ :_KI | =0, w)i T for the I-th phase

)l m m (I=0, w) P
permeability;

1 "Qabsolutepermeabilitycoefficient ;

1 0 - 17 relative permeabilitgoefficients for the phase ;

1 m - porosity of the layer;;

1 * - |7 viscositycoefficientfor the phase ;

1 " - 17 phase density;

1 Q - the permeability coefficiern of the lowpermeabléayer ;

i "Q,"Q, "Q-layer thickness.

We assume that water is incompressibég, oil is incompressiblg,e. 7, = cOnst

ro= r@ €(r-pP" =" &«R/P 1). (10)
Here

r ) =4 -density and pressure characteristic value;

C i oil compression ratiof = C, P".

In the boundary value problem {@9), we pass to dimensionless variables according to the
following formulas

X s ko A
X =—; k =—; Kk E’L; h _h_-.’h Q-’_—h E;:
L, K, K, h h, h,
._ B . _P P Pkt . m
P=—;PB =%, B, =t =X = ;
1 PH 2 PH cow PH rTTIZE Kbrﬂzpql
a* :a—”ZL.
kX

Here kx,hx- are the characteristic values of the layer thickness and permeability

coefficients;

| -sizing parameter.

Taking into account formula (10) and omitting the asterisk in dimensionless vanabéles,
write the boundary value problem in the following dimensionless problem form
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We writethe initial and boundary conditions as follows

Fio(><,0)=F’*(X), R( %0 =B ( ¥;

) ( ) 2w(
S,(x0)= (¥, §o( 0 =3 )
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e k R, - =
s A(Py Ro)i x O;
! %”&Ha(m R X E
é k pR, -
F e (e B 0m
Ir %”&Wza(&w R.): X E
é k MR
;-——= =a(R, B,); x Or
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e KW 5(p, R x Oz
I\ Bw 2w)
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182

éue g r.k £
T 2K (1+c(R, 4 o (1 cfR, 1)y >t
':*ng ( ( )) H fu( G'FlJo ))' khh
lne W, 2m ﬁaw

=K, 2

ixE" w m oa

?ué WP 7 B r.k E
I K (L (R )P ST o, D) ok
%pxg 0( (zo 1)—= M H l‘l.l( @0 )} kl}l‘ll
cHe W, am B,

e w im g

IS,+5,2L S, 45, &

T HO H.W _H.COW F; 0 .F% W %COW

( R 10) r

(Pz) I?o)

| (11)

(12)
(13)
(14)

(15)

(16)

(17)

(18)

(19)



To obtain the equatiofor the general mixture relative to oil, we multiply the first and
secondequations and adding the third and fourth equatioespectively and taking into account

the following By, - By, =P Bo Buw B We will have a system of two equations:

W, oM *& By Ry 08
w HXE g x (s
n S, m M 8) Lkt _
cw(aoa,) 9= T T (B B
( fr)) pPZO X|8 %ai{éu PZ(;(HV uael?ﬂ: (20)

1 U'SZO ’7&/ (j]' %) kEP P '
(SZO 20) -( O +— 677 IJ.I‘ kl’&h ( 10) Qi—o

Considering that thisystem of equations is for oil, we can write the initial and boundary conditions
only for the oil equationThen, for the system of equations (20), we write the following initial and
boundary conditions

Ro(%0)= Ry (¥, B,(x0Q =B;(}:

K, (cR,+( )

(DD~ (D~

DDy (D
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S (x0) =% (¥ (0 =5( )
& KW _p R,): x Oz

1 m px ?( Ao 10/ j

i k HR

1' E wl(o:a(PAo '10)’ x E

€KMW 4(p, B x Oz

1 Bo 20)? d
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'II\E u)z(oza(PBo -F%o)’ X E

The system of equations (20) is solved with these conditions using finite difference and
iterative methods.

A discretemodel and a computational scheme using the finite difference meththds
case, theresulting system othreepoint finite differencealgebraic equations is nonlinear with
respect to the pressure function atiek coefficients of friction and relative permeability.
Therefore, itssolutionis carried out by using a combination of finid&ferenceand iteration
methods.

The last system of equation2Q ) is solvedonly with respect to the oil pressure . For
numerical modelingf the boundary value problem, we construct the following mesh:
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We choose the step in the system so that the points correspond to the wells.
We approximateghe system of equatiorier the constructed discrete domain as follows:

oo (KaosPa o (Ko as Ha 0 P2 Ko o5 )0+
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Dt

1 m, rk 12
-E §W|) khzh: (B)i %I) allﬂ

The pressure functio® are nonlinear, therefore, when solving thene apply the
quasilinear method to the nonlinear members of the equation. According to this method, the
nonlinear part of the equations is expressed in quasilinear form as follows, i.e.
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P)@/(F {p %# (1)

Here,0 is the approximate value of the function P, which is determined during the iteration
processfo= Pi , with the initial value taken from the previous time Iayé?) .J .

If we write formula (21) in terms of the pressure function, then we get the following

formula
p?o 2fp B8
By approximating the boundary conditions, we obtain the following system of equations:
Rii- bR R, #R  =f-i 127N 1 (22)
(3k-2Ba)R, 4kR, kB, 2=xap; (23)
(3k-2Ba)R, 4kB,, ko,, 2Zxaff (24)
a1"P20i-l_ ngbl +€: Di+ 1 dB _if’_i 1’21:'" N 1 (25)
(3k' 2 &a) Boo 4KB,, KB, 2=xaB; (26)
(3k-2Ba)R,, 4kR,,, KB,.. 2ZxaR (27)
This iswhere

a=cK o, €1 9K, o5 K o5
G =CKouos? o L OK, 45 Kb os

_ cDxX’ DCr ks L D¢ gk L
bh=g 4 ?%’1 W d “Toh
fi :f_zn(Koi-o,sﬁgi 1 ( oi 0,5 0| ma) N oe!% ) -

B (Kwi 0.5Pcowi 1 '(Kwi 0,5 K. ms) Poow K o,{Paowi )+
Dx° D¢ (g =
DER @ 0%y ) X (e gf
8 =cK,osM 1 41 9K o5 Ki o5
Q= KnosH o 41 9K 45 Ky 0

cDX szrkF,L2 . D¢k L2
Q g % #%)o khzh: ' d _kf}h,

filzfzn(Koi-o,s%i 1 '(Koi o5 K ot-;) lygi K, oéycéz )+ )
- (Kwi 05P2v:0wi 1 _( KWi 0,5 I4Ewi OtS) I:)Zowi WI O-EPEOW| )+ +

X g 2 - %  oF
LXE R a 0%y o ﬂ;j,,,—D( % sF d
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The solution to this finite difference system is determined by the following formulas
according to the rum method:

Ri = AR tBRi 4 € , (28)

Po =APB,., tBR . € i 04,2,..n 1 (29)

Here A, B, G and A,B, G are the driving coefficients, which are determined by the
following formulas:

_c(b-44) _ c(aB,+q)
R

A R , B = . !
_(b-aA)¢ o a(aBi+d)
A= R , B R :
o (2B d)(dC, +f) fae, H(b an)
| R !
C_.z(aB'-ﬁd)(an +f) (fC, H(b aA)
| R 1
Here
R:(b '@Al)(b ﬁAl) (i-aiB} i@-(i'a‘Bl- ild;-
i=1,2,» N -1.
Initial values ofthe coefficientsof the projection
0 N6 N6 N6 N6 N6 (23, 24)and (26, 27) are determined from the boundary
conditions:
— (bl'4cl) : — d,
"aezme 3 (3 2xam
__ fi+2mag ~_ (bi-4c)
C,= : A = .
a-(3-2R)q a (3 2-x3@
B = — d, y c = f1'+ZDac'l‘;
a-(3-2x)q a (3 2xam

(22), (25) (i=n-1 Using the formulas for point i), andthe right -bounded differential
conditions (24), (27) and the formulasZ8), (29) ( for pointi=n-1),we can find the values of
the pressure functior® 1nand P 2nat the rightbounded pointsWe find. Making substitutions
here, we obtain the following equations RahandPazn :
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33, G.) {43, B)A. d.B. @,
§4an.1- b, -1) B, -d A, Bon

ed..C .+ f . {48, b)) g

g3a’ - ¢\ ,) {4al, b, ) A, &, B, B
g4a’ - b, ,)B,,-d AL B =
g’ . Cou+f . {42, 0,.). g

PinandSolvingthis equation foP2n, we get:

=(s,6s -5 §/( 5 B 53 (30
=(s,08 -5 §/( 5 ®-S) (31

51:§3<'%1' -1) ('4311 l;h) q EhE
3223(4%1 Q )&1 dil E
S;=gf. #0.G. Ma. hn)C;l

Here:

S, =¢g3a’, ) (4a’,, by ) A, d5.B. ¢
SIZ :g -(4a b'n 1) B' “n 1An1 %
g n-1 -d n -1Cn 1 (ﬂaln 1- b'_n 1)-Cn 1 {

solution of the boundary value problem posed in each time layer at each iteration interval by
solvingthetwo developed finite difference equations together. This iteration process is repeated
until the following criterion is met for the pressure functions

PO P

1)
‘¢6va

PZOI 20| ‘ QP

loi 1

Here
I -iteration number;
- -iteration accuracy.

The water pressure in the formations is determined by the following formulas, using a
solutiondeterminedor oil:

R

0

- R, =R

w 1cow: F; 'B P_-

0 w 2cow

the pressure functiongith sufficient accuracy, we approximate the 2nd and 4th equations
of the mathematical model system (1) and determine the saturation coefficients in the first and
second layers from the following
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the system of equations is nonlinear with respetiiésaturatiofunctions, an iterative process is
used. The iterative process continues until the following conditions are met:

Si- 97 @ val & -5 o

(r)

Here-two SV, S.”, S, §,” pressure functions with values close to each offer S, (r i

the current calculated valuel is one previously calculated value, its zero value is taken from the
initial value, and subsequent values are one previously calculated yaligration accuracy
We determine the values of the oil saturation coefficient in thedidtsecond layers from the

following formula:
SHRE %% = L

These two iterative processes are performed sequentially until a given criterion is met at
each time interval.

Algorithm . Based on the above calculation scheme, an algorithm for solving the problem
was developed. The algorithm involves a rather complex process. It is mainly based on finite
differences and the iterative method, whiglmplemented as follows
1.Provide initial data values:

-number of repetitions over timet ;

- permeability coefficient valuek ;

-porosity coefficient valuem;

-layer length L ;

-0il viscosity coefficient valueH;

-0il pressure in the formationP ;

-saturation coefficient of oil and waies,, Sw;
2. Timebased repetition cycle = 1ré;
3. The stage of calculating the pressure values. The stage consists of performing calcthetikr time
layer. Here (= 1 & -1)j At each value of , the following is done:

3.1. Coefficients of finite difference equatichs ), ¢, ¢, fanda, , ¢, d, f (=1.n1)is;

32.A; By G A) ; 3) ; C}J The running coefficients are determined from the left boundary conditions;

188



33.A; B; C; A; B; C (i=1,n1) The running coefficients are calculated from left to right;
3.4.P 1n,j andP 2njis determined from the right boundary condition;

3.5.P1iji P2 jis calculated in thiet+1 time layer;

3.6. The iterative process is checked at this time layer

(r) (r-1)
‘le I:)loi G‘Ep va “32((;) - F>2(l;I Y e,

If this iteration condition is met, i.e. the following conditions, proceed to the next step 3.7, otherwise return to
3.1.
Here

PO, RIY, BD B Y - pressure functiond,, P, with two values close to each otifeis the
current calculated value, 1is one previous calculatedlue, its zero value is taken from the initial vatie,
valuesof the rank areneprevious value ) €y, - iteration accuracy

3.7.B,, P, the ail pressure in the first and second floors is feltsuitficientaccuracy ;

3.8.P,,. P,, The water pressure in the first and second flcambe determined with sufficient accuracy
using the following formula:

4. Calculate the saturation coefficients .
4.1 . By approximating the second and fourth terms of the system of terms , the saturation coefficients and the

S,, following formulas are estimate&,,,

=& o (KeosRis €Koos 16 0 B Kr 0B

- Dt- nz 19 - -
= gw ' 2_( Kvi-O.SEZ\Ni 1 CKios Kiod Pﬁ% Kt OﬂSF\)AZiE)q)
Dx™ m,
4.2. Since the system of equations is nonlinear with respect to the saturation functions, an iterative process
is used. The iterative process continues until the following conditions are met:
S0- €7 @ va |s0- 90 e P
Here
S_(r), - $W, §V Y _ two closeto-one pressure function§,,, S,, (r - currently calculated
value, ¢l - one previous calculated value, the zero value of which is taken from the initial value,
and subsequent values will be one previous value);
U_siteration accuracy.
4.3.Sw,Sw The water saturation in the first and second layers is determined with sufficient

accuracy by the following formula1&1-Siw; S=1-Sow.
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4.4. If the iterative process is not performed, return to point 3.1, otherwise move to point 5;

5. The solutions found in the k+1 layer will be the starting point for the next k+2 steps.

6. Numerical results are displayed on the screen in the form of tables and 3D graphics.

7. End of repetition in time. If the given number of repetitions corresponds to the number of
repetitions in time, the program stops working; otherwise, it returns to point 2.

8. End.
Computational experiments. The most important element of the theory of multiphase

filtration is the introduction of the relative phase conductivity, which is experimentally determined

by the saturation function&,, Kw, Kgand characterizes the average part of the conductivity for

the corresponding phase at a certain saturation. The relative phase conductivity changes from 0 to
1, and the saturation of the corresponding phase increases. In principle, the relative phase
condctivity is zero not only at ze saturation, but also in a certain range until it reaches the limit
value of the corresponding saturation. For multiphase systems, the practical relative phase

conductivity is determined based on experimental data. In th@atdr system, according to
experimental data, the dependence of the function has thelfgrm f (S,) and K, = f(S,).

Based on the research results, the following dependencies were adopted for determining
the relative phase conductivity. ]:

Kw= 8.59667S. + 9.16878S, + 3.3075 $i 0.362522;
Ko= - 6.16392S, + 9.61207 S, i 5.16941 &+ 1.00871.

Computational experiments were conducted at various parameter values. For clarity, we present
numerical solutions to a number of initial data problems. The initial data for solving the problem
are: the length of both layeiis=10000 m initial reservoir pressurg;=300atm., P=300atm, oil
viscosityO=3sP; in the second oil layer T Ttdt F/day, there are three (in the first option) and

four (in the second option) wells with the same flow rate. Calculation experiments were conducted
on the distribution of oil pressure over 1080 days from the initial development of the oil field.
Figures 1 ad 2 illustrate the computational results for pressure distribution and oil/water
saturation in the upper and lower layers over 1080 days, with permeability keatles0.3*D

(Figure 1) andi=k>=0.1*D (Figure 2), and interlayer permeabilky=0.0025*D.
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As can be seen from all the above results, in the process of oil extraction from wells, the oll
saturation around it increases, and water saturation decreases. At low permeability, oil saturation
around the well increases slightly, and conversely, therwataration decreases.
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The results of the analysis showed that when solving multiphase filtration problems, it is
necessary to use the capabilities of modern computers in the organization of computational
processes to create effective computational methods and algorithms. €ampluthis type
accelerate the process of solving the problem and make it possible to quickly calculate the main
indicators of oil or gas field performance. As a result, it was possible to quickly analyze and predict
the filtration process based on cortgiional experiments on its main indicators.
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Abstract

Large Language Models (LLMs) have transformed natural language processing, enabling
breakthroughs across domains such as education, law, finance, and cybersecurity. Leveraging
largescale datasets and transforrbased architectures, LLM powers applicaioanging from
personalized learning to predictive analytics and decision support. Recent innovatidogding
instruction tuning, retrievaedugmented generation, and parametécient finetuningi have
extended their adaptability, even for loesouce settings. Despite these advances, challenges
remain: high computational demands restrict accessibility, while issues of bias, privacy,
hallucination, and interpretability hinder trust and adoption. This paper surveys current
applications of LLMs, anabes their limitations, and explores strategies for addressing them.

Introduction

The emergence of Large Language Models (LLMs) has redefined the boundaries of artificial
intelligence, demonstrating transformative capabilities in understanding, generating, and
reasoning over natural language. Models such as GPT [1], Claude [2], G&namd DeepSeek

[4], among others [5], have not only set new benchmarks in natural language processing (see Table
1) but also enabled widmnging applications across education [6], healthcare [7], finance [8], law,
e-commerce [9], cybersecurity [10], atelecommunications [11].

Table 1. Scores of weknown LLMs with widely applied benchmarks

MODEL AIME 2024 GPQA SWE BENCH MATH500 BFCL
GPT OSS 120B 96.6% 80.1% n/a n/a n/a
NEMOTRON ULTRA 253B | 80.08% 76% nla n/a n/a
LLAMA 4 BEHEMOTH n/a 73.7% nla 95% n/a
DEEPSEEK-R1 79.8% 71.5% 49.2% 97.3% 57.53%
GPT OSS 20B 96% 71.5% nla n/a n/a
LLAMA 4 MAVERICK n/a 69.8% n/a n/a n/a
DEEPSEEK V3 0324 59.4% 64.8% 38.8% 94% 58.55%
LLAMA 4 SCOUT n/a 57.2% nla n/a n/a
LLAMA 3.3 70B n/a 50.5% n/a 7% 77.3%
LLAMA 3.1 405B 23.3% 49% n/a 73.8% 81.1%
QWEN2.5-VL-32B n/a 46% 18.8% 82.2% 62.79%
GEMMA 3 27B n/a 42.4% 10.2% 89% 59.11%
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Yet these advances are accompanied by significant challenges. The high computational
demands of LLMs require sophisticated infrastructure, limiting accessibility in resource
constrained settings [12]]. Ethical concern$ including bias in generated outputs, intellectual
property risks, and potential overreliaricpose additional barriers to adoption [13]. Moreover,
while generapurpose LLMs excel at broad linguistic tasks, achieving high performance
specialized domains often requires costlyfineing or domairspecific training [1415].

This paper examines both the opportunities and the limitations of LLMs. By synthesizing
applications across diverse sectors and analyzing the challenges they present, the study aims to
provide a balanced perspective. As LLMs become increasingly embedtszhiological and
social systems, understanding their potential and pitfalls is essential for ensuring responsible and
effective integration.

Applications of Large Language Models

LLMs have emerged as versatile tools withr@aching impact across industries. The global LLM
market is expanding rapidly [16] (see Figure 1), driven by advances in machine learning
algorithms, improved hardware capabilities, and the integration ofrésatuch as automated
workflows and minimal human intervention, which together enhance scalability and efficiency.
Key sectord including retail, media, and healthcarkeverage LLMs to personalize customer
experiences, optimize operations, and strengthenpettiveness. This section outlines the
transformative applications of LLMs, emphasizing their versatility and growing societal influence.

Figure 1. LLM Markets share by region and industries

Education LLMs are reshaping education by powering knowledge gdaplen Q&A
systems, intelligent tutoring platforms, and adaptive feedback mechanisms. They also support
simulated classroom environments, augmented reality for immersive learning, and educational
chatbots such as Cipherbot, which enhance engagement artk@ocurate, contextual answers.
These tools personalize learning, reduce teacher workload, and foster digital literacy, though
challenges of overeliance and ethical concerns remgig].

Healthcare In healthcare, LLMs assist with diagnosis, triage, and structured documentation,
acting as cepilots for clinicians. They improve patient engagement through conversational agents
like Talk2Care and streamline administration with magient RAG systems fdsilling and
scheduling. They also enhance medical education, literature reviews, and research workflows,
while raising ethical issues of bias, privacy, and misinformation that require strong safeguards
[24].
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