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Abstract: Problem statement. Modern education is undergoing significant
transformations associated with integrating digital technologies, among which
computer visualization tools occupy a special place. They play a key role in improving
the quality of learning, contributing to a better assimilation of complex concepts
through the visual presentation of information. However, despite the widespread use
of these technologies, there is a dearth of generalized data on their effectiveness,
optimal use cases, and potential limitations. The purpose of this article is to review
and summarize the existing practices of using computer visualization tools in
education. Materials and methods. We used the following methods of scientific
cognition: analysis and synthesis to analyze individual aspects of computer
visualization, comparative study to compare the effectiveness of different visualization
tools in education, classification to group computer visualization tools, systematic
review to identify already existing results of the efficacy of visualization, descriptive
analysis to record existing practices. Results. The article defines the directions for
implementing computer visualization, particularly scientific, software, and
information visualization. Practices for using program visualization tools,
mathematical and scientific visualization tools, data visualization tools, and
augmented and virtual reality have been identified. The generalization of scientific
content was evidenced by visualization in various subject areas: STEM education,
computer modeling, and programming education. Some studies confirm the
effectiveness of visualization tools in education, particularly the positive impact on
learning outcomes, interest and motivation, cognitive processing, and understanding
of the material. Conclusions. Positive impacts highlight the potential of visualization
tools for STEM education. The development and implementation of new disciplines

focused on visualization are being actualized. The development of visualization tools
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that adapt to individual needs and learning styles is a promising area of research on
personalization and adaptive approaches in education.
Keywords: computer visualization; education, digital tools; IT; visualization tools;

education.
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Anomauia: Ilocmanoeka npooaemu. CyuacHa oceima nepeHcusac 3HAUHI
mpancgopmayii, nos’szani 3 IHmMe2payierd YUPPosux mMexHoNo2il, ceped AKUX
ocobniuse micye 3auUMaromv IHCMpPYMeHmu Komn tomepHoi eizyanizayii. Bowu
gidiecparomsv KIOHU08Y pPONb Y NIOGUWEHHI SAKOCMI HABYAHHS, CHPUSAIOYUU KPAWOMY
3AC60E€HHI0 CKIAOHUX NOHAMb uYepe3 HAoyHe No0aHHsa ingopmayii. I[lpome,
He38axcaoyu HaA WUpPOKe 3ACMOCY8AHHS YUX MEXHON02il, ICHye OJeghiyum
V3A2aNbHeHUX OAaHUX w000 IXHbOI peanbHOi ephexmusHocmi, ONMUMAIbHUX chep
BUKOPUCNAHHS MA NOMEHYIHUX oomedcenb. Memorw yiei cmammi € o02nsa0 i
V3a2anbHeHHs HAsA8HUX NPAKMUK 8UKOPUCNAHH 3AC00i8 Komn tomepHoi gizyanizayii 6
ocgimi. Mamepianu i memoou. Mu euxopucmanu maxi Memoou HayKo8020 Ni3HAHHS!
amaniz i cummes 05l po3OOPY OKpeMux acnekmie Komn'iomepHoi eizyanizauyii,
NOPIBHANbHULL  AHANI3 Ol 3ICMAGIEHHA eQeKmUHOCmi pPIi3HUX [HCMPYMeHmI8
gizyanizayii 6 oceimi, kiacugikayis 0na epyny8aHHs IHCMPYMEHmMie KOMN 10OMePHOT
8i3yanizayii, cucmemMamuyHull 02130 OJisl BUABLEHHSL 8Ce ICHYIOUUX Pe3YIbmamie ujooo
epekmusHocmi  8izyanizayii, onucosuil aumaniz O @ikcayii ICHYIOUUX NPAKMUK.
Pe3ynomamu. Y cmammi euznaueno Hanpsimu peanizayii Komn'tomepHoi izyanizayii,
30KpemMa HayKo8oi, npoepamuoi ma ingpopmayiiinoi eizyanizayii. Busenieno npaxmuxu
BUKOPUCMAHHA 3acobu 8i3yanizayii npoepam, IHCMpyMeHmie mamemamuyHoi ma
HAyKoBoi izyanizayii, iHcmpymenmis 8i3yanizayii 0aHux, 00N08HEeHOI ma 8ipMmyaibHa
peanvHocmi. Y3aeanvHenHs HAYKOB020 KOHMEHM) 3AC6I0YUNO  BUKOPUCMAHHS
gizyanizayii 3a pisnumu npeomemuumu Hanpsamamu: STEM-oceima ma komn'tomepne
MoOeno8anHs, oceima 3 npozpamysants. Oxpemi 00CiOdHCeHHS NIOMBEPOAHCYIONMb
eghexkmueHicms IHCMpYMeHmi8 i3yanizayii 8 0ceimi, 30Kpema, NO3UMUEHUL NIUE HA
pe3yibmamu HAGYAHHS, 3AYIKAGIEHICMb Mma MOMUAyYiro, KOSHIMUBHY 00poOKY ma
po3yminHa mamepiany. Bucnoexku. Ilozumueni eéniusu nioxkpecnioroms nomeHyial
incmpymenmie egizyanizayii ona STEM-oceimu. Axmyanizyemocs po3poOfieHHs U
VIPOBAONCEHHS HOBUX OUCYUNJIIH, OPIEHMOBAHUX HA Gizyanizayito. Po3pobxa 3acobis

gizyanizayii, AKi adanmyomscsi 00 IHOUBIOYANbHUX nompebd ma CMujlié Ha84aHHs, €
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NePCNeKMUBHUM — HANPAMKOM — OOCHIONCEHb, NPUCBAYEHUX NepCcoHanizayii ma
aoanmueHuM nioxo0am 6 0Cceimi.
Knrouosi cnosa: xomn'tomeprna sizyanizayis, oceima, yugposi zacoou, IT, 3acobu

gizyanizayii, oceima.

Problem Statement. Computer visualization tools have revolutionized
educational approaches in many disciplines, changing how complex concepts are
presented and understood. Graphic information can be interpreted faster and more
accurately than information transmitted in written or oral language. Visualization is
used to clarify or convey ideas, overcome language barriers, process information
quickly, and change the storyboard process [9]. The evolution and application of these
tools is a significant shift in pedagogical methodologies, especially in STEM (science,
technology, engineering, and mathematics) education. Studies have shown that
integrating computer modeling into teaching methods is a promising way to develop
scientific expertise and holistic understanding among students [11].

The importance of visualization in education stems from its ability to make
abstract concepts tangible. Computer simulations make it easier to visualize abstract
phenomena, such as molecular changes and planetary motion, that are otherwise
difficult to observe in traditional class settings [16]. This aspect is especially valuable
in disciplines that deal with complex, dynamic, or microscopic phenomena that cannot
be directly observed in traditional classroom settings. Simulation tools designed for
research can provide deep insights into physical processes, interactive visualizations of
phenomena that might otherwise be invisible, and the ability to investigate in silico as
it would be studied in the laboratory, but in a much shorter timeframe. Expanding
access to significant computing power and efficient simulation code has made powerful
computational modeling tools available to engineering researchers, educators, and

students around the world, making processes at the atomic level visible [4].
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Analysis of current research in the context of the historical evolution of
visualization technologies in education. The use of visualization tools in education has
evolved significantly over time. The historical context of introducing electronic
visualization tools in education can be traced back to the first projectors in the 1930s
to modern computer imaging technologies such as 2D and 3D visualization,
stereoscopic 3D, virtual reality, and augmented reality [30]. These technological
advances have changed how teachers present information and how students interact
with learning materials.

In the early stages, visualization in education was mainly limited to static
representations, such as text illustrations, films, and projections from above. In
traditional education, visualization approaches included text illustrations, films,
overhead, whiteboard sketches, and physical prototypes. The two main limitations of
these imaging approaches were interactivity and/or accessibility [9]. These traditional
methods, although valuable, lacked the dynamic and interactive qualities offered by
modern computer visualization tools.

The advent of personal computers marked a significant turning point for
visualization in education. A quiet revolution took place in the scientific laboratories
of physics. Today, the personal computer is ubiquitous. It controls the experiment using
clock motors, piezo micro drives, etc., controls all parameters, and collects
experimental data using intelligent sensors. In particular, modern computer scanning
and visualization methods open the possibility of creating genuinely new types of
experiments. A computer allows you to store and process data on the one hand and
conduct simulation and simulation on the other [15]. This revolution in research labs
has gradually made its way into the educational environment, changing how students
learn and interact with complex concepts.

In the 1990s and early 2000s, specialized software for visualizing education
appeared. Among the groundbreaking tools was QuickTime VR, which allowed

interactive visualization of anatomical structures. While its core features may be most
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commonly used to produce and deliver typical video applications (e.g., lecture videos),
QuickTime VR's additional virtual reality features can be used to create photorealistic,
interactive "nonlinear films" of anatomical structures ranging in size from microscopic
to gross anatomical [17]. Program visualization tools were also developed during this
period to help students understand computer programming concepts. Recently, a
dynamic visualization tool called ViLLE was created. It is language-independent and
aims to provide a more abstract view of programming [10]. In recent years, there has
been a significant shift towards web-based and mobile visualization tools.

Recent scholarly discourse (2020-2025) emphasizes the shift from simple static
illustrations to immersive, interactive, and data-driven visualization environments. The
analysis of current research reveals several dominant trends:

o Virtual and Augmented Reality in CS Education. A systematic review of
studies from the last decade highlights that VR has become a cornerstone for improving
computer science education, providing immersive environments that enhance student
engagement. Mobile AR systems are also recognized as promising tools, especially in
resource-constrained or distance learning scenarios, by overlaying interactive data on
real-world elements [34].

o Dynamic Program Visualization (PV). Current research on tools like C Tutor
and PythonTutor demonstrates their effectiveness in helping students understand
complex programming concepts and execution flows. Studies in Portugal and Serbia
have specifically linked the use of such tools to improved student progress and
confidence in introductory programming courses [35].

o STEM and Mathematical Modeling. The synthesis of modeling, visualization,
and programming within platforms like GeoGebra remains a highly effective approach.
Recent findings indicate that GeoGebra significantly improves the skills of students in
advanced courses, such as calculus and linear algebra, by making abstract concepts

tangible [22].
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o Computer Simulations vs. Traditional Experiments. Comparative studies
published in 2022 suggest that while computer simulations may impose a higher
cognitive load, they often lead to higher academic success than physical experiments,
particularly when teaching complex scientific topics [23].

o Data Visualization and Literacy. With the rise of big data, tools like Tableau
are being integrated into curricula to enhance students' analytical and visual skills,
fostering essential digital competencies for the modern workforce [26].

o Pedagogical Challenges and Barriers. Recent literature also addresses the
"implementation gap." Despite the proven benefits of simulations and PV tools, many
educators face obstacles related to the complexity of tool development and the lack of
theoretically sound frameworks for their integration into lecture halls [31].

o Accessibility and Personalization. A significant trend in 2023-2025 research
is the focus on handheld AR solutions for people with disabilities. There is a growing
demand for adaptive visualization tools that can be personalized to individual learning
styles and needs [29].

o Digital Tools in Specialized Disciplines. In medical education, recent
practices involve the use of 3D multimedia complexes and virtual atlases to simulate
living conditions and anatomical structures, which is crucial for deep biological
understanding [33].

o STEM-Project Based Learning. Recent studies (2022) emphasize that STEM
projects serve as a vital means for training future teachers in modeling, combining
theoretical knowledge with practical, visual-heavy applications [18].

o Interactive Technologies. The use of interactive boards and web-based
platforms is being analyzed as a way to create a more collaborative and visually-rich
educational environment, specifically for teaching coding and technical
disciplines [27].

The article aims to review and generalize the existing practices of using

computer visualization tools in education. We summarize the technical evolution of
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these tools, describe their use in education, and consider formal assessments of their
effectiveness for schooling.

The study is of theoretical importance and practical orientation since its
conclusions can become the basis for improving curricula, developing new educational
products, and forming recommendations for teachers. In the context of the constant
updating of digital solutions and the growth of competition in education, such a
generalization is significant for further progress in the industry.

Materials and methods. To achieve this goal, we used the following methods
of scientific cognition: analysis and synthesis to analyze individual aspects of computer
visualization (in particular, technologies and pedagogical approaches) with further
generalization to identify common trends, advantages and disadvantages of different
practices; comparative analysis to compare the effectiveness of various visualization
tools in education (in particular, 3D modeling, AR/VR, interactive graphs);
classification for grouping computer visualization tools by criteria (e.g., level of
interactivity, subject areas); systematic review to identify pre-existing results on
imaging performance; descriptive analysis to record existing practices, their technical
characteristics and application in education; case study to provide specific examples of
the use of visualization in educational institutions; Historical analysis to investigate the
evolution of computer imaging technologies in education.

Results. Imaging tools in education can be classified according to their
functionality, purpose, and scope. The article defines the directions for the
implementation of computer visualization, particularly scientific, software, and
information visualization. It has been established that all visual content can be divided
into three subgroups: structured, artistic, and demonstration visual objects, which can
be static or dynamic in a single plane or three-dimensional space [30].

Application visualization tools. Application visualization tools constitute a
significant category, especially in computer science education. Program visualization

is a field of research that studies ways to visually assist students in understanding
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program behavior. Application visualization can be either dynamic or static. Dynamic
program visualization tools visualize the execution of programs. They usually show
how programs are executed by highlighting the parts of code being executed and
visualizing changes in the states of variables [10]. Prominent examples of such tools
are ViLLE, Python Tutor, and PROVIT-CI. Application Visualization (PV) is an
educational tool often used to assist users in understanding the flow of an application.
PV is quite effective in assisting learners in completing several programming subtasks.
PV can help students to some extent in learning the complex topics of the introductory
programming course [6]. These tools help visualize the execution of programs, making
abstract programming concepts more concrete and understandable.

Mathematical and scientific visualization tools. These tools focus on making
abstract mathematical and scientific concepts more accessible. GeoGebra is an
interactive geometry, algebra, statistics, and computational learning program designed
to teach and learn mathematics, science, and engineering. Its dynamic interface allows
users to accurately and interactively visualize models and results. GeoGebra syntheses
three key functions: modeling, visualization, and programming [24]. These tools allow
students to interact with mathematical models and scientific simulations, deepening
their understanding of complex phenomena [32].

Flow visualization tools are another essential subcategory in scientific
visualization. To achieve the educational goal, the authors of the study [19] integrate
several methods into FlowVisual, including tracing field lines, comparing them,
identifying and classifying critical points, and surface visualization [19], thereby
helping students to imagine and understand fluid dynamics and other complex physical
phenomena.

Data visualization tools. Data visualization tools focus on presenting and
interpreting datasets, which is becoming increasingly important in the era of big data.

Various digital data visualization tools, such as Tableau, enhance students' analytical
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and visual skills [13]. These tools help develop digital skills in analyzing and
interpreting complex datasets.

Augmented and virtual reality. Augmented reality (AR) and virtual reality (VR)
are the newest stages in visualizing education. Among these technologies, augmented
reality (AR) is a promising approach, allowing computer-generated interactive data to
be visualized on top of real-world elements, thereby improving understanding and
intuition about educational content, often in mobile settings. A dual-interface system
allows educators and students to develop and interact with AR content directly related
to academic outcomes. The authors Nunes at al. [8] argue that the design of
ARPocketLab, aimed at manual operationalization using a minimal set of physical
resources, is especially relevant in conditions of shortage of training materials or in
situations where distance learning becomes necessary. Such immersive technologies
provide students with new ways to interact with educational content. A study [1]
substantiated the role of virtual reality in computer science teaching over the past
10 years. Through bibliometrics and content analysis of articles related to the use of
VR in education, the authors characterized the current points of research in VR that
have appeared recently and are promising for improving computer science
education [1]. The growing interest in VR for computer science education reflects the
potential of immersive imaging technologies to enhance the learning experience.

The generalization of scientific content indicates using visualization in various
subject areas.

STEM education and computer modeling. Computer visualization tools are
widely used in STEM education, in particular for computer modeling. In the review
publication [16], the authors explore the role of computer modeling in science
education to synthesize its effectiveness in deepening students' understanding of
complex scientific concepts. The study results demonstrate that computer modeling
positively affects student engagement and motivation, leading to increased interest,

participation, and critical thinking skills in science subjects. The effectiveness of
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computer simulations in STEM education has been demonstrated in numerous studies,
including [21]. The "Understanding" phase [11] emphasized how PhET simulations
contributed to a more profound understanding as students made in-depth observations.
The "Application" phase demonstrated the effective transformation of knowledge
gained from simulation into practical scenarios, combining theoretical and real-world
experience of physical processes. Students' use of high-order thinking skills at the
stages of analysis, evaluation, and creativity has shown that modeling contributes to
assimilating scientific concepts [11]. These results highlight the potential of
visualization tools to improve content knowledge and higher-order thinking skills.

Education in programming. In programming education, visualization tools are
essential in helping students understand abstract programming concepts [14]. The
introduction of C Tutor, a well-known program visualization tool, into programming
courses has shown students' progress (improved knowledge and confidence) and the
feasibility and usefulness of C Tutor [2]. Research [3] demonstrated that multimedia
technologies have been used to create an interactive environment for learning
programming on JavaScript. Visualization concepts have been included to provide
visual learning of variables, loops, control structures, functions, etc. (the user can
understand programming concepts and execute codes using a code bar [3]).

Medical and anatomical education. Imaging tools have had a profound impact
on medical and anatomical education. Visualization of anatomical structures has
expanded students' understanding of complex biological systems. Currently, there are
a large number of computer programs and applications that allow students to deepen
their knowledge of the structure of the human body. Such imaging systems include the
3D Atlas of Human Anatomy, 3D Organon VR Anatomy, an interactive anatomical
atlas that demonstrates the operation of various human body systems [28]. The
methodological functions of these teaching tools are closely related to the specifics of
teaching human anatomy in medical schools or universities and to the real simulation

of living conditions in the educational process.
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Some studies confirm the effectiveness of visualization tools in education.

Impact on learning outcomes. Studies consistently demonstrate the positive
effects of computer visualization tools on learning outcomes. Many studies have shown
the positive impact of GeoGebra on the efficiency and effectiveness of learning and
teaching topics related to science, technology, engineering, and mathematics. Studies
[12; 24] have shown how GeoGebra improves the skills of schoolchildren and students
in advanced mathematics courses such as calculus, mathematical statistics, linear
algebra, linear programming, computer-aided design, computer-aided geometric
design, analytical, and projective geometry. A comparative study [7] gave an idea of
the relative effectiveness of different imaging approaches. Regardless of the place of
study, the results showed higher academic success for students working on computer
simulations than when working on experiments, despite a higher cognitive load. The
authors concluded that simulations may be more appropriate for teaching complex
topics [7]. These results suggest that different imaging methods can affect learning
outcomes differently.

Interest and motivation. Computer visualization tools have been proven to
increase students' interest and motivation. The results [8] demonstrate the effectiveness
of providing didactic care through computer visualization tools, with positive feedback
in terms of usability and learning productivity. The interactive nature of tools such as
augmented reality facilitates active interaction with educational materials. The impact
of visualization on students' interests is especially noticeable. Newby et al. [8] explain
that visuals can be eye-catching, provide real-world examples, stimulate thinking or
research, increase data processing efficiency, improve comprehension and memory,
and illustrate procedures [9].

Cognitive processing and understanding of the material. With the advent of
computers and the ability to generate vast amounts of data, visualization makes it
possible to use our visual senses. Indeed, other technologies such as statistical analysis,

artificial intelligence, mathematical filtering, and sampling theory will play a role in
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big data processing. However, because imaging directly engages the human visual
system and brain, it remains an unrivaled technology for understanding and
transmitting data [9]. The direct involvement of the visual system makes visualization
a compelling approach to conveying complex information. Computer visualization
tools can significantly impact how students process and understand complex
information. The authors [5] prove that designing visualization tools based on
constructivist learning theories can improve cognitive processing and deep
understanding of data.

Discussion. Despite the potential benefits, implementing computer visualization
tools in educational institutions faces several challenges. The complexity of developing
and using visualization tools can be a significant hurdle. Unfortunately, in technical
education, creating complex geometric virtual prototypes, producing videos, or
developing websites is often seen as a challenging task, and with a web-centric
generation of learners, expectations for visual learning are extremely high [5].

Effective integration of visualization tools requires the analysis of pedagogical
approaches. Computer simulations were designed for real-world research, and their
adoption requires a justification regarding the goals and methods to achieve them.
There are many potential applications for computational simulations, but a
theoretically sound foundation is needed to teach students as effectively as possible to
help educators use simulations reasonably. Studies have shown that program
visualization is effective for students to perform programming exercises or support
self-paced learning. However, very few teachers actively use PV tools. The article [20]
discussed educators' obstacles when combining PV tools into lecture halls.
Understanding and removing the barriers preventing educators from using
visualization tools is critical to successfully integrating them into educational practice.

Ensuring equal access to visualization tools remains a significant challenge. All
people have the right to access information and use available technologies, but not

everyone has the same opportunities [25]. The development of accessible visualization
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tools requires considering the diverse needs of users, including people with various
disabilities. The study [25] analyzes potential future research areas related to individual
personalization of such solutions. The results of the literature review can contribute to
the creation of recommendations on the accessibility of augmented reality and
stimulate the development of accessible solutions not only for people with disabilities
but also for people without disabilities [25].

Conclusions. A review of the literature reveals a variety of approaches,
applications, and results regarding the use of computer imaging tools in education.
From app visualization tools to augmented reality applications, these tools have
changed how students learn and interact with complex concepts across disciplines.
These positive impacts highlight the potential of visualization tools to address some
ongoing challenges in education, especially in STEM fields. Integrating visualization
tools with new technologies opens up opportunities for educational innovation. New
disciplines such as interaction design, human-computer interaction, and user
experience are essential for education. The convergence of visualization with
interaction design, human-computer interaction, and user experience design opens new
opportunities to enhance the learning experience. The future of educational
visualization lies in personalization and adaptive approaches. One of the identified
research gaps is the lack of personalization in the applications developed, which gives
room for future research. Developing visualization tools that adapt to individual needs
and learning styles is a promising study area. At the same time, significant challenges
remain in the widespread and effective implementation of visualization tools, and the
future of visualization in education lies in personalization and integration of

visualization with new educational technologies.
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