Uhryn D. I., Masikevych A. Yu., lliuk O. D. / Herald of Advanced Information Technology

2024; Vol.7 No.4 : 424-436

DOI: https://doi.org/10.15276/hait.07.2024.31
UDC 004.9

Hybrid evolutionary algorithm for effective adaptive
teaching of medical students

Dmytro I. Uhryn

ORCID: https://orcid.org/0000-0003-4858-4511; d.ugryn@chnu.edu.ua. Scopus Author ID: 57163746300
Andrii Yu. Masikevych?

ORCID: https://orcid.org/0000-0001-5496-2596; masikevych.a@bsmu.edu.ua. Scopus Author ID: 57214332363
Oleksii D. Iliuk?

ORCID: https://orcid.org/0000-0002-0904-3045; olexiyilyukm@gmail.com

DYuriy Fedkovych Chernivtsi National University, 2, Kotsiubynskyy Str. Chernivtsi, 58002, Ukraine,

2 Bukovinian State Medical University, 2, Teatral'na Square. Chernivtsi, 58002, Ukraine

3 Temabit, 1B, Pavlo Tychyna Ave. Kyiv, 02000, Ukraine

ABSTRACT

The article investigates three evolutionary algorithms are analyzed: genetic algorithm (GA), particle swarm algorithm (PSO)
and ant colony algorithm (ACO) to assess their ability to adapt curriculum to different characteristics of students, including their
level of knowledge, learning style, practical skills and pace of study. The study compares effectiveness for each evolutionary
algorithm creating flexible curricula that meet the individual needs of each student. Based on the analysis, the author proposes a
hybrid algorithm that combines the advantages of each of the approaches considered. The article discusses the features of the hybrid
algorithm, its ability to quickly adapt the learning process, improve individual learning efficiency and improve the quality of medical
training. The proposed hybrid approach was tested in simulation conditions, which demonstrated its advantages in ensuring effective

personalization of learning, avoiding local minima, and responding flexibly to changes in students' performance.
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INTRODUCTION

Medical education is one of the most complex
and demanding fields of study, requiring a high level
of theoretical knowledge, practical skills and
psychological readiness to work under high stress.
Since each student has unique perception, basic level
of knowledge and pace of learning, there is a need to
develop individualized approaches to the learning
process. This individualization of learning requires
increasing the effectiveness of education and the
adaptation of students to real clinical conditions.
However, traditional approaches to planning and
implementing educational programs often do not
take into account the requirements for
individualization of learning, which can lead to
insufficient levels of training for graduates.

Nowadays, artificial intelligence methods, in
particular evolutionary algorithms, are increasingly
used to solve optimization problems in complex
systems that require adaptability and flexibility.
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Such algorithms include the genetic algorithm
(GA), particle swarm algorithm (PSO), and ant
colony algorithm (ACO). Each of them has its own
advantages and disadvantages [1, 2], [3] for different
types of tasks, and all of them are able to adapt to
changing conditions, making them promising tools
for individualizing the learning process.

The purpose of this study is to investigate the
possibility of using evolutionary algorithms to
optimize the curricula of medical students. The
article analyzes how a genetic algorithm can be used
to identify and adapt educational methods to meet
the individual needs of students. The particle swarm
algorithm is proposed for rapid adaptation of
learning objectives and learning pace, while the ant
algorithm can be useful in planning the sequence of
practical classes to develop professional skills and
critical thinking.

Also, the theoretical aspects of the application
of each algorithm, the methodology for developing a
hybrid approach and the results of simulation testing
are considered, which confirm the advantages of the
hybrid algorithm for personalized learning of
medical students.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0 /deed.uk)
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PROBLEM STATEMENT

Medical education is critical for training
professionals who will work under high stress and
make decisions that have a direct impact on the lives
and health of patients. The lack of personalization
leads to a decrease in learning effectiveness, as well
as to different levels of graduates' training.
Therefore, there is a need to create adaptive
educational methods [7, 8] that provide an
individualized approach to each student. Such an
approach should take into account not only
theoretical knowledge but also the development of
practical skills, critical thinking and psychological
training. Creating such adaptive programs is a
difficult task, as it requires taking into account a
large number of factors and parameters that affect
learning outcomes.

In addition, the current structure of curricula
does not always allow for timely adjustments for
each student depending on their progress and
individual needs. Outdated assessment methods,
inability to adapt to new requirements in a timely
manner, lack of automated solutions for
personalizing the educational process — all this
hinders the achievement of high standards of
education [9, 10], [11].

Given these problems, the question arises:
how can the educational process for medical
students be optimized to ensure personalization,
adaptation to individual needs, and improvement of
the quality of training? This article offers an answer
to this question. It is proposed to use evolutionary
algorithms  (genetic algorithm, particle swarm
algorithm and ant algorithm) to create an adaptive
individualized curriculum for medical students.

ANALYSIS OF LITERATURE DATA

The use of adaptive algorithms in education, in
particular evolutionary algorithms, is actively
discussed in the scientific literature as an effective
approach to personalizing learning in various fields,
including medical education. This section provides
an overview of research on the use of swarm
algorithms, such as GA, PSO, ACO, as well as their
modifications and hybrid variants in educational
processes.

1. Genetic algorithm (GA)

A genetic algorithm based on the principles of
natural selection and evolution is often used to
personalize learning. Literature shows that GA can
effectively customize individualized learning paths,

show that a genetic algorithm can optimize the
sequence of tasks, learning materials, and exercises,
selecting them depending on the individual student's
performance [12, 13], [14, 15]. This is especially
important in medical education, where students need
to learn a large amount of complex information and
practical skills.

2. Particle swarm algorithm (PSO)

The particle swarm algorithm is used to quickly
adapt to changing learning conditions, as well as to
efficiently allocate learning resources. Literature
reviews show that PSO allows you to adjust the pace
of learning according to the speed of learning.
Research in this area shows that PSO can be useful
for creating adaptive learning programs that meet the
individual characteristics of each student, especially
when it comes to the rapid acquisition of theoretical
knowledge. In addition, PSO is able to effectively
respond to changes in the student's level of training,
allowing you to adjust the intensity of training.

3. Ant colony optimization (ACO)

The ant algorithm is a common method for
solving routing problems and finding optimal paths,
which makes it promising for planning the sequence
of practical classes in medical education. Studies
show that ACO can optimize students' routes
through different stages of learning, ensuring smooth
learning of practical skills and development of
clinical thinking. The ant algorithm is especially
useful in simulation training and practical exercises
where the sequence of tasks and time constraints
need to be taken into account.

4. Hybrid
personalization

algorithms in learning

There is a lot of research on developing hybrid
approaches that combine the strengths of different
algorithms to achieve better results. Hybrid
algorithms that combine GA, PSO, and ACO show
high potential for creating personalized learning
paths, as they are able to combine global search for
optimal solutions, adaptive learning rate, and
efficient routing [17, 18], [19]. Studies confirm that
such hybrid algorithms improve the flexibility and
adaptability of learning processes, which is
especially important for medical education.

5. Challenges and prospects of using swarm
algorithms in medical education

Despite significant progress, there are certain

iallV when it t0 adani terials challenges in the application of evolutionary
espemal y when It Comes 10 adapting materials 10 a algorithms in education. These include the
student's level of knowledge. For example, studies
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complexity of configuring algorithm parameters, the
need for significant computing resources, and
ensuring the accuracy of results for various
educational scenarios. However, current research
indicates that the use of powerful hybrid algorithms
integrated into learning platforms can significantly
improve the quality of medical training.

PURPOSE AND OBJECTIVES OF THE
STUDY

The purpose of this study to evaluate the
effectiveness of the genetic algorithm, particle
swarm algorithm, and ant algorithm for building
individualized teaching methods, as well as to create
a hybrid algorithm that combines the advantages of
each of these approaches. Such a hybrid approach is
designed to increase learning efficiency [16] and
provide flexibility and adaptation of the curriculum
to the individual needs of students.

This purpose can be achieved by completing the
following steps.

1. Analysis of the advantages and limitations
of each of the evolutionary algorithms — GA, PSO
ACO in the context of adaptive learning and
personalization of the educational process.

2. ldentification of criteria for an individual
approach that should be taken into account when
building curricula for medical students, such as basic
level of knowledge, specialization, learning style,
practical skills and pace of learning.

3. Development of a hybrid algorithm that
combines the advantages of GA, PSO, and ACO,
providing resistance to local minima, adaptability to
changing conditions, and quick adjustment to
individual student needs.

4. Conducting a simulation of testing a
hybrid algorithm to evaluate its effectiveness
compared to individual algorithms in creating an
adaptive learning process.

5. Analysis of the benefits and challenges of the
hybrid approach in the context of medical education, in
particular, assessment of its ability to improve the quality
of training of future medical professionals through
individualized learning and flexible scheduling.

MATERIALS AND RESEARCH METHODS

To implement this study, we used data on the
educational process of medical students collected
from various educational platforms and simulation
programs. These data included.

1. Academic profiles of students -
information about the level of knowledge, learning
style, speed of learning, specialization and personal
interests.

2. Results of tests and practical tasks — data
on students' progress, their achievements in
theoretical and practical stages of training, including
the results of simulations.

3. Training materials — distribution of
learning tasks by complexity, taking into account
both theoretical and practical aspects, such as
clinical cases, simulations and critical thinking
modules.

Genetic algorithm. It was used to determine
the optimal curriculum by “evolving” it to best suit
the individual characteristics of students. Selection,
crossover, and mutation were used to adapt training
modules to each student [20, 21], [22, 23].

Particle swarm algorithm. PSO was used to
adapt the pace of learning and select learning
materials based on students' current achievements.
Each “lobe” in PSO represented a separate learning
strategy, and the algorithm optimized the process by
finding the most effective approaches.

Ant algorithm. ACO was used to optimize the
routing of the learning process, as a Fig. 1, in
particular when planning the sequence of practical
tasks and cases. The algorithm built optimal paths
that ensured the best development of practical skills
and clinical thinking.

Description of the scheme

1. Student — a student who requests an
individualized study plan.

2. GA — a genetic algorithm that generates
optimal learning directions, transmits the best plan
options to PSO.

3. PSO is a particle swarm algorithm that adapts
the learning rate and transmits progress data to the
ACO for scheduling practice tasks.

4. ACO is an ant algorithm that optimizes the
learning path by creating a sequence of tasks based
on ratings and feedback.

Development of a hybrid algorithm

Based on the analysis of the results of
individual algorithms, a hybrid algorithm was
developed that combines the strengths of GA, PSO,
and ACO. To implement the hybrid approach, a
model was created where the genetic algorithm
provides a global search for optimal curricula, PSO
allows for quick adaptation of the plan to changing
learning conditions, and ACO optimizes the
sequence of practical classes.

The hybrid algorithm combines the best
solutions of each method to increase flexibility and
adaptation of the training plan visualized on the
Fig. 2.
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Source: compiled by the authors
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This diagram shows the process of transferring
data from separate algorithms to a hybrid algorithm
that combines the results to provide an adaptive
curriculum, as well as adjusting this plan based on
feedback from students and teachers.

RESEARCH RESULTS

The graph illustrates the impact of the hybrid
algorithm on the level of students' knowledge in
different areas of medical specialties. Initial
knowledge scores varied depending on the specialty,
indicating different levels of student preparation at
the start. The use of a hybrid algorithm that adapts
the pace of learning and selects optimal educational
materials [24, 25] allowed us to improve the level of
knowledge in each group.

This adaptive approach contributed to
accelerated learning for students with an initially
higher level of knowledge and gradual development
for students with a lower level of knowledge as
shown in Fig. 3, which led to an increase in the
average score for all areas.

The initial level of knowledge ranged from 3.5
to 8.0 points (out of 10 possible). After applying the
algorithm, a significant increase was achieved in all
groups: the greatest improvements were seen in
Dentistry and Physical Therapy, where the level of
knowledge increased to 6.5 and 6.5 points,
respectively. For General Medicine and Pharmacy,
the level of knowledge also improved to 8.0 points,

educational materials to the individual needs of each
group of students.

This graph shows how the hybrid algorithm
affected the development of students' practical skills
in different medical specialties. The initial level of
practical skills varied significantly between groups,
with particularly low scores in Dentistry and
Pharmacy. The application of the hybrid algorithm
allowed us to adapt the intensity and complexity of
tasks to the individual needs of each student,
gradually increasing the load and complexity on the
Fig. 4.

The initial level of practical skills ranged from
2.5 to 8.5 points, indicating significant differences
between the groups. After applying the hybrid
algorithm, the practical skills score increased in all
groups, in particular for Dentistry and Pharmacy
students, who showed an increase to 5.0 and 5.5
points, respectively. This demonstrates the effective
integration of gradual and more complex practical
tasks that helped students to adapt more quickly to
the practical aspects of their specialty. Practical
Skills Before and After Hybrid Algorithm describes
the impact of the hybrid algorithm on the
development of students' practical skills, which is
key for medical specialties where practical skills are
of great importance. The importance of using this
algorithm in the hybrid approach is due to the need
to increase the efficiency of learning practical skills
and their gradual development in conditions adapted

which indicates the effective adaptation of to the needs of students [26, 27], [28].
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428 Information technology in socio-economic, ISSN 2663-0176 (Print)

organizational and technical systems

ISSN 2663-7731 (Online)


http://hait.od.ua/index.php/journal/theme4
http://hait.od.ua/index.php/journal/theme4

Uhryn D. I., Masikevych A. Yu., lliuk O. D. /

Herald of Advanced Information Technology

2024; Vol.7 No.4 : 424-436

101

Practical Skills Level (out of 10)

Initial Practical Skills
Post-Hybrid Practical Skills

Ge‘r)ueral Medicine Dentistry

Nursing

Pharmacy Physical Therapy

Medical Specialty

Fig. 4. Practical skills before and after hybrid algorithm

Source: compiled by the authors

Beginner level of practical skills. At the
beginning of the study, the practical skills of
students in  different  specialties  differed
significantly: from the lowest level among Dentistry
students (2.5 points out of 10) to the highest among
Nursing students (8.5 points out of 10). Such
discrepancies indicate different levels of training in
certain areas, which may depend on both previous
experience and individual characteristics of each
group. For specialties with low scores, such as
Dentistry and Pharmacy, the use of an adaptive
algorithm is particularly important as it helps to
eliminate gaps in practical skills, giving students the
opportunity to develop more intensively in this area.

The hybrid algorithm uses three main
approaches to develop practical skills

Genetic algorithm. This approach uses a
global search to determine the optimal practical
tasks and simulations that best suit the student's level
of training. This algorithm selects tasks with
progressive difficulty, as well as those aimed at
strengthening basic skills. This choice helps to
gradually improve students' skills, especially in
areas with a low initial level.

Particle swarm algorithm. Allows you to
adapt the intensity and pace of practice sessions
based on individual student progress. PSO helps to
quickly adjust the intensity of practical exercises,

lowering it if necessary to avoid overload, or
increasing it for students with a high learning rate.
This allows students to develop practical skills
gradually, at their own pace, which increases their
effectiveness.

Ant algorithm. It is used to build an optimal
sequence of practical tasks. ACO allows you to build
a learning path where each subsequent task is
gradually more complex, based on the skills you
have already mastered. This contributes to the
consistent development of practical skills and allows
students to confidently approach more complex
tasks, which significantly increases their readiness
for real clinical situations in optimized process, the
result of such a process is shown in Fig. 5.

The graph “Adaptation to technology before
and after hybrid algorithm” demonstrates how the
hybrid algorithm helped students adapt to the use of
new technologies in their studies. The initial level of
adaptation to technology ranged from 4.5 to 8.5
points. After applying the algorithm, the adaptation
improved significantly, especially for Dentistry and
Physical Therapy groups, where the level increased
to 8.0 and 6.5 points, respectively. This growth is
attributed to the adjustment of the learning pace and
the introduction of appropriate technological tools,
which contributed to the increase in digital literacy
and comfort in using technology, the results of
which are shown in Fig. 6.

ISSN 2663-0176 (Print)
ISSN 2663-7731 (Online)

Information technology in socio-economic,
organizational and technical systems

429


http://hait.od.ua/index.php/journal/theme4
http://hait.od.ua/index.php/journal/theme4

Uhryn D. I., Masikevych A. Yu., lliuk O. D. / Herald of Advanced Information Technology
2024; Vol.7 No.4 : 424-436

107
S 8f
u—
[S)
-t
=]
L
> 6f
o
o
c
e
(&)
@
e 4}
c
o
=
©
bt
a
5
3 2
Initial Adaptation to Technology
—e— Post-Hybrid Adaptation to Technology

Gegeral Medicine Dentistry Nursing Pharmacy Physical Therapy
Medical Specialty

Fig. 5. Adaptation to technology before and after hybrid algorithm

Source: compiled by the authors

101
Initial Critical Thinking
—o— Post-Hybrid Critical Thinking
—~ 8r
o
—
‘G
5
°
— 6t
]
>
et
(@)}
=
vl
£ 4r
c
l_
©
L
@] 2t
Geroweral Medicine Dentistry Nursing Pharmacy Physical Therapy
Medical Specialty
Fig. 6. Critical Thinking Before and After Hybrid Algorithm
Source: compiled by the authors
430 Information technology in socio-economic, ISSN 2663-0176 (Print)

organizational and technical systems ISSN 2663-7731 (Online)


http://hait.od.ua/index.php/journal/theme4
http://hait.od.ua/index.php/journal/theme4

Uhryn D. I., Masikevych A. Yu., lliuk O. D. /

Herald of Advanced Information Technology

2024; Vol.7 No.4 : 424-436

The graph “Critical Thinking Before and After
Hybrid Algorithm” shows the changes in the level of
critical thinking that were achieved with the help of
the hybrid algorithm. The initial level of critical
thinking ranged from 3.0 to 7.5 points, depending on
the specialty. After applying the algorithm, a general
improvement was recorded in all groups. For
example, for Dentistry and Physical Therapy
students, critical thinking increased to 4.5 and 6.0
points, respectively. This indicates the effectiveness
of the selection and adaptation of tasks aimed at
developing analytical thinking and the ability to
make informed decisions.

DISCUSSION OF THE RESULTS

Each of the criteria showed a significant
improvement after applying the adaptive learning
approach, which emphasizes the importance of
integrating individualized algorithms into medical
education.

1. Increasing the level of knowledge

The hybrid algorithm showed a significant
improvement in students' knowledge in all areas.
This confirms the effectiveness of the global search
for optimal educational materials using the genetic
algorithm and the customization of the learning pace
using the particle swarm algorithm. The results
indicate that students learn the material faster when
it is adapted to their initial level of knowledge, and
the learning process ensures the gradual
complication of topics. For medical education, this
means that students gain a knowledge base that
becomes the basis for further development and
specialization.

2. Development of practical skills

The results showed a significant increase in
practical skills, especially among students with an
initially lower level of practical training. Thanks to
the adaptive approach provided by the hybrid
algorithm, students received tasks with a gradual
increase in complexity, which contributed to
sustainable progress. The genetic algorithm
optimized the choice of tasks based on the students'
skill level, while the particle swarm algorithm
ensured individualized learning intensity. This
allowed students to better master practical skills,
which is critical for medical specialties that require a
high level of competence in performing procedures
and manipulations.

3. Adapting to technology

The hybrid algorithm also proved to be
effective in improving students' technological

training, especially for specialties where the initial
level of adaptation to technology was relatively low.
The use of ACO helped to optimize the sequence of
technology integration into the learning process,
allowing students to gradually get acquainted with
new tools and digital resources. The particle swarm
algorithm ensured a comfortable learning pace for
each student, which contributed to faster adaptation.
For modern medical education and practice, it is
important that students are fluent in using
technological tools, as medical technology and
digital resources play a key role in modern
healthcare.

4. Development of critical thinking

The development of critical thinking is one of
the most challenging aspects of learning, but the
results showed that the hybrid algorithm is also able
to effectively promote its formation. The
combination of GA and ACO provided an adaptive
selection of tasks that gradually develop students'
analytical skills, ability to make informed decisions
and evaluate clinical situations. These skills are
fundamental to the medical profession, as they
require a deep understanding of theoretical
knowledge and the ability to apply it correctly in
practical settings.

5. Implications of the results for medical
education

The results of this study emphasize the
importance of individualized approaches to teaching
in medical specialties, where different levels of
student training require differentiated curricula. The
hybrid algorithm allows us to take into account the
unique needs of each group, which significantly
increases the efficiency of learning. It is also
important that such a learning system reduces the
risk of stress and overload, as the pace and
complexity of learning are adjusted to the individual
student's capabilities. This allows students to remain
motivated and confident in their abilities, which is
important for achieving high results.

6. Challenges and future prospects

High computing resources. One of the key
challenges in applying the hybrid algorithm is the
need for significant computing resources. Since the
algorithm combines three complex methods (genetic
algorithm, particle swarm algorithm, and ant
algorithm), powerful processors and a large amount
of RAM are required for their synchronized
operation. This limitation can make it difficult to
implement the algorithm in educational institutions
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with limited technical resources. To overcome this
obstacle, further research is needed to optimize the
computational efficiency of the algorithm, as well as
the possibility of implementing it on cloud platforms
that can provide scalability.

7. The complexity of setting parameters

The hybrid algorithm requires fine-tuning of
numerous parameters, such as mutation rates in the
genetic algorithm, inertia coefficients in the PSO,
and pheromone levels in the ant algorithm. Each
parameter can have a significant impact on the
result, and their adjustment requires considerable
time and professional knowledge. One possible
solution is to develop a system for automatically
adjusting parameters based on machine learning[29].
This would increase the efficiency of the algorithm
and simplify its adaptation to different educational
programs.

8. Integration  into

platforms

existing  learning

Another challenge is integrating the hybrid
algorithm into existing educational platforms and
Learning Management Systems (LMS). Many of
them are not designed to support adaptive
algorithms, especially those as complex as the
hybrid algorithm. This may require additional costs
to modify or expand the functionality of the LMS. In
the future, it is possible to develop application
programming interfaces (APIs) that would allow for
easy integration of the algorithm into various
educational systems and platforms.

9. Ensuring the confidentiality of student
data

The use of the algorithm involves the collection
and analysis of a significant amount of data about
students, including their level of knowledge,
progress in learning, and individual characteristics.
This raises questions about privacy and data
protection. To ensure data security, it is necessary to
implement reliable information storage and
processing policies, as well as to comply with
privacy laws such as the GDPR. Research in this
area should consider the use of data anonymization
or differential privacy techniques..

10. Psychological aspect of adaptive learning

Adaptive learning can have both positive and
negative psychological effects on students. On the
one hand, personalization promotes motivation and
increases self-confidence, while on the other hand,
over-adaptation can cause additional pressure and
stress for students who may feel the expectation to

achieve consistently high results. For further
development of the algorithm, it is necessary to take
into account the psychological aspects of adaptive
learning and develop mechanisms to support
students to prevent emotional burnout. The general
aggregation of the study results is shown in Fig. 7.

Graphic “Aggregated Criteria Before and
After Hybrid Algorithm” illustrates all criteria
(Knowledge Level, Practical Skills, Adaptation to
Technology, Critical Thinking) and highlites
improvements in each specialty. This graph shows
that the hybrid algorithm had a positive impact on all
aspects of learning, including theoretical knowledge,
practical skills, technology adaptation, and critical
thinking[30]. For example, in Dentistry, the initial
indicators were the lowest, but after applying the
algorithm, each criterion increased significantly.
This emphasizes the flexibility and adaptability of
the hybrid algorithm, which customizes learning
trajectories to the individual needs of each group,
thus improving the quality of learning.

CONCLUSIONS

This study evaluated the effectiveness of a
hybrid evolutionary algorithm that combines a
genetic algorithm (GA), a particle swarm algorithm
(PSO), and an ant colony algorithm (ACO) for
adaptive learning for medical students. The findings
show that the hybrid approach significantly
improves students' knowledge, practical skills,
adaptation to technology, and critical thinking. The
main findings of the study include:

1. Increase in the level of knowledge by 1.5-3
points in all groups. The hybrid evolutionary
algorithm allowed students to learn theoretical
material more effectively by adapting the pace of
learning and individualizing the selection of
materials. The use of GA ensured the selection of
optimal learning materials, which contributed to an
increase in the average level of knowledge in all
areas. This shows that personalization of learning is
critical for the quality of knowledge acquisition in
medical education.

2. Increase in practical skills by 1.5-4 points,
especially in groups with initially low scores.
Thanks to PSO and ACO, the algorithm ensured
optimal adjustment of the pace of practical classes
and gradual complication of tasks, which allowed
students to significantly improve their practical
skills. Students of Dentistry and Pharmacy achieved
an increase of 5.0 and 5.5 points, respectively, which
indicates the high efficiency of the hybrid approach
for developing practical skills even for students with
an initially low level of training.
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Source: compi

2. Improved adaptation to technology by
1-2.5 points. The algorithm has significantly
improved students' ability to work with digital tools
and technological resources. This is especially
important for modern medical education, where
digital tools have become an integral part of
practice. PSO provided a comfortable learning pace
for mastering technologies, and ACO built an
effective sequence of their implementation in the
educational process.

4. Increase in the level of critical thinking by
1-2 points. Through GA and ACO, the hybrid
algorithm allowed students to develop analytical
skills and the ability to make informed decisions.
This increase is an important indicator for medical

specialties, where critical thinking is key in
decision-making and evaluation of clinical
situations.

5. Confirmation of the effectiveness of the
individualized approach. The results of the study
confirmed that individualized learning based on a

led by the authors

hybrid algorithm provides a higher level of training
for students, allowing them to learn at their own
pace and to meet their own needs. This resulted in
stable growth rates across all criteria, indicating the
benefits of flexible learning.

6. High efficiency of the hybrid algorithm for
all groups of students. All study groups showed
improvement in key criteria, regardless of their
initial level. This demonstrates the versatility and
reliability of the hybrid approach, which provides
high results even in groups with different levels of
training.

Thus, the hybrid evolutionary algorithm is an
effective tool for adaptive learning that contributes
to significant improvements in medical students'
learning. The use of this approach can help
educational institutions improve the quality of
education and prepare students for the modern
requirements of medical practice.
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AHOTAILIA

VY cTarTi JOCTIKEHO 3aCTOCYBaHHS EBOJIOIIIHMX aNrOPUTMIB JUIsS ONTHMI3alii Mpolecy HaBYaHHS CTYICHTIB MEIMYHHX
CHeiaTbHOCTEH, 3 aKIIEHTOM Ha IHJWMBIIyalli3allil0 OCBITHIX TpaekTopiil. [IpoaHaili3oBaHO TpU OCHOBHI MiJXOJH: TCHETHIHUI
anroput™ (GA), anroput™m poto vactok (PSO) ta mypammaunit anroput™m (ACO) — i OmiHKM TXHBOI 3JaTHOCTI aJanTyBaTH
HaBYaJIbHI TUTAHU BiATIOBIIHO JI0 Pi3HUX XapaKTEPUCTHUK CTYJACHTIB, 30KpeMa PiBHS 3HaHb, CTIIIIO HABYAHHS, IPAKTHIHIX HABUYIOK Ta
TEMITy 3aCBOEHHS MaTepiaiy. Y X0 JOCITiDKEHHS HOPIBHIHO iXHIO €(eKTHUBHICTh y CTBOPEHHI I'HYYKHNX HABYAIBHHX IIPOTpaM, IIo
BI/ITOBIAIOTh 1H/AMBIAYaJ bHHUM NOTpebaM KOKHOTO CTyaeHTa. Ha OCHOBI IpoBemeHOro aHamizy 3alpOIOHOBAaHO TiOpHIHMIT
AITOPUTM, SKUH TIOEAHYE TIEpEeBaru KOXKHOTO 3 PO3TIITHYTHX MiIXOMiB. Y CTarTi 00TOBOPEHO OCOOIMBOCTI TiOPHUAHOTO alrOpHTMY,
HOro 37aTHICTH NIBHAKO aJaNTyBaTH HAaBUYAIBHMI MpoIlEC, MOKPAIyBaTH iHIUBIAyalbHY e()eKTHBHICT HABYaHHS Ta ITiJ(BHIITYBAaTH
SKICTb TIJITOTOBKM MEIMYHHX (axiBUiB. 3alpONOHOBAHMH TIOPHIHUH MifXix Oyno NMPOTECTOBAHO Yy CHMYISIIIMHMX YMOBax, IO
MIPOJIEMOHCTPYBAJIO ioro mepeBarn B 3abe3nedeHHi e(eKTHBHOI IepCcoHaNi3alil HaBYaHHS, YHUKHEHHI JIOKQIFHHX MIHIMYMIB Ta
THYYKOMY pearyBaHHi Ha 3MiHH y IOTpe0ax CTYJEHTIB.
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