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Abstract

The 6th International Workshop on Augmented Reality in Education (AREdu 2023) brought together researchers
and practitioners to explore the latest innovations and applications of AR technologies in educational contexts.
This paper presents an overview of the workshop’s proceedings, comprising 13 peer-reviewed papers spanning
diverse areas. Key themes include the integration of AR with other emerging technologies like Al and VR,
the design of immersive learning environments, and the evaluation of AR’s impact on learning outcomes and
motivation. Despite the challenges posed by the ongoing war in Ukraine, AREdu 2023’s hybrid format enabled
global participation and knowledge sharing. The papers collectively demonstrate AR’s potential to transform
education and provide valuable insights to guide future research and implementation efforts.
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1. Introduction

Augmented Reality in Education (AREdu) is a peer-reviewed in-
ternational Computer Science workshop focusing on research ad-
vances and applications of virtual, augmented and mixed reality in
education.

The 6th International Workshop on Augmented Reality in Edu- Figure 1: AREdu 2023 logo.
cation (AREdu 2023), held on May 17, 2023, in Kryvyi Rih, Ukraine,
provided a dynamic platform for researchers, educators, and technology developers to share their latest
findings and experiences in the rapidly evolving field of AR in education. Building on the success of
previous editions [1, 2, 3, 4, 5, 6], AREdu 2023 attracted a diverse array of contributions exploring the
design, implementation, and evaluation of AR-based learning environments across various educational
levels and subject areas.

AREdu topics of interest since 2018:

» Virtualization of learning: principles, technologies, tools

« Augmented reality gamification

+ Design and implementation of augmented reality learning environments
+ Augmented reality in science education

« Augmented reality in professional training and retraining

This volume represents the proceedings of the AREdu 2023. It comprises 13 contributed papers that
were carefully peer-reviewed and selected from 17 submissions. At least three program committee
members reviewed each submission.
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The workshop’s proceedings showcase the breadth and depth of current research on educational
AR. From theoretical frameworks to empirical studies and practical applications, the papers collec-
tively demonstrate AR’s immense potential to enhance learning experiences, foster engagement and
motivation, and develop critical 21st-century skills.

2. AREdu 2023 committees

Organizing committee

« Andrii Striuk, Kryvyi Rih National University, Ukraine [7]
o Serhiy Semerikov, Kryvyi Rih State Pedagogical University, Ukraine [8]

Program committee

« Irina Georgescu, Bucharest University of Economic Studies, Romania [9]

« Filip Gorski, Poznan University of Technology, Poland [10]

» Dragos Daniel Iordache, National Institute for Research and Development in Informatics - ICI
Bucuresti, Romania [11]

« M.-Carmen Juan, Universitat Politécnica de Valéncia, Spain [12]

+ Michael Kerres, University Duisburg-Essen, Germany [13]

« Gabor Kiss, J. Selye University, Slovakia [14]

 Ranesh Kumar Naha, Queensland University of Technology, Australia [15]

+ Nina Rizun, Gdansk University of Technology, Poland [16]

« Tetiana Vakaliuk, Zhytomyr Polytechnic State University, Ukraine [17]

« Nataliia Veretennikova, Lviv Polytechnic National University, Ukraine [18]

Additional reviewers

« Olha Bondarenko, Kryvyi Rih State Pedagogical University, Ukraine [19]

« Roman Danel, VSTE Ceské Budéjovice, Czechia [20]

« Vita Hamaniuk, Kryvyi Rih State Pedagogical University, Ukraine [21]

« Hamraz Javaheri, German Research Center for Artificial Intelligence (DFKI), Germany [22]

« Christos Kaltsidis, Democritus University of Thrace, Greece [23]

« Oleksandr Kolgatin, Simon Kuznets Kharkiv National University of Economics, Ukraine [24]

« Yaroslav Krainyk, Petro Mohyla Black Sea National University, Ukraine [25]

« Hennadiy Kravtsov, Kherson State University, Ukraine [26]

« Volodymyr Kukharenko, Kharkiv National Automobile and Highway University, Ukraine [27]

« Swvitlana Lytvynova, Institute for Digitalisation of Education of the NAES of Ukraine, Ukraine [28]

« Iryna Mintii, Institute for Digitalisation of Education of the NAES of Ukraine [29]

« Andrii Morozov, Zhytomyr Polytechnic State University, Ukraine [30]

« Pavlo Nechypurenko, Kryvyi Rih State Pedagogical University, Ukraine [31]

« Yulia Nosenko, Institute for Digitalisation of Education of the NAES of Ukraine, Ukraine [32]

« Vasyl Oleksiuk, Ternopil Volodymyr Hnatiuk National Pedagogical University, Ukraine [33]

« Kateryna Osadcha, Norwegian University of Science and Technology, Norway [34]

« Viacheslav Osadchyi, Borys Grinchenko Kyiv University, Ukraine [35]

« Liubov Panchenko, National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic
Institute”, Ukraine [36]

+ Olha Pinchuk, Institute for Digitalisation of Education of the NAES of Ukraine, Ukraine [37]

« Serhiy Semerikov, Kryvyi Rih State Pedagogical University, Ukraine [38]

+ Yevhenii Shapovalov, Junior Academy of Sciences of Ukraine, Ukraine [39]

« Andrii Striuk, Kryvyi Rih National University, Ukraine [40]

« Nataliia Valko, Kherson State University, Ukraine [41]

« Kateryna Vlasenko, National University of “Kyiv-Mohyla Academy”, Ukraine [42]

« Yuliia Yechkalo, Kryvyi Rih National University, Ukraine [43]
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3. Proceedings overview

3.1. Virtualization of learning: principles, technologies, tools

The paper “Using native virtualization technologies for teaching IP telephony to future IT specialists”
by Pavlenko and Pavlenko [44] explores the application of virtualization technologies for teaching IP
telephony to future IT specialists. The effective training of these students requires the development
of competencies in installing, operating and maintaining various operating systems and IP telephony
software in both local and global network environments. One potential solution to address the challenges
of providing such training is the introduction of virtualization technology in the educational process.

The paper reviews different types of virtualization approaches, including full emulation, paravirtual-
ization, native virtualization, operating system-level virtualization, and application-level virtualization.
It concludes that native virtualization is the most suitable for creating a virtual training laboratory for
IP telephony, as it allows running multiple guest operating systems designed for the same architecture
as the host, simulating a computer network with IP telephony servers and clients on a single personal
computer.

The study then compares three popular native virtualization solutions—VMware Workstation, Par-
allels Workstation, and VirtualBox—in terms of their features, supported operating systems, network
adapters, licensing costs, etc. Based on this analysis, VirtualBox is identified as the optimal tool for
developing a network lab for training future IT professionals in IP telephony, given its support for
multiple operating systems, ability to connect up to 36 network adapters to a virtual machine, and free
distribution.

Using VirtualBox, a repository of virtual machines was created to support a series of laboratory
works on topics such as installing Asterisk and Free PBX, configuring IP telephony servers, setting up
dial plans, managing calls, integrating voice services and menus, etc. The virtual laboratory includes
server hosts running Ubuntu and Asterisk Free PBX and client hosts running Windows and Linux with
IP telephony software like Linphone Desktop (figure 2). This setup enables students to simulate the
interaction of server hosts on the Internet and test IP telephony features on user devices.

To evaluate the effectiveness of the proposed virtualization-based training approach, a pedagogical

VolP server VolP server
- Ubuntu 18.04 - Ubuntu 18.04
- Asterisk FreePBX 15 - Asterisk FreePBX 15

Local Area Network

L=
linphzne linphzne
VolP client VolP Client
- Windows 7 Home - Linux Mint 18
- Linphone Desktop 4 - Linphone Desktop 4

Figure 2: Virtual laboratory of IP telephony [44].
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experiment was conducted involving control and experimental groups of students from Berdyansk
State Pedagogical University. The experimental group used the VirtualBox-based virtual laboratory,
while the control group used a traditional hardware network laboratory.

The results showed positive dynamics in the levels of knowledge acquisition and skill development
in both groups, but the improvement was more pronounced in the experimental group. The share
of students who completed 75-90% of the tasks increased by 14% (vs 5% in the control), and those
completing more than 50% of advanced tasks increased by 40% (vs no change in the control). Statistical
tests confirmed significant differences in the learning outcomes of the two groups after the experiment.

The research “Integration of laboratory equipment in remote learning environments” by Vasylieva
et al. [45] examines the integration and implementation strategies for laboratory work within remote
learning environments, alongside an analysis of virtual laboratories as an alternative to traditional
practical training. The study is motivated by the unprecedented challenges faced by higher education
institutions in conducting laboratory instruction during the COVID-19 pandemic and the ongoing
Russian invasion of Ukraine. These crises have catalyzed a rapid transition from physical to virtual
learning spaces, necessitating innovative solutions for practical skill development, particularly in
technical disciplines.

The paper begins by reviewing the global impact of the pandemic on education, highlighting the
mass disruption of learning activities and the digital divide in access to personal computers and internet
connectivity. It then discusses the expansion of web-based distance education in higher education and
the need for constant improvement in technological and methodological support. Research on the
effectiveness, advantages, and barriers of online learning is emphasized, alongside the importance of
engaging students in the virtual environment.

The integration of laboratory work in remote settings is identified as a critical challenge, especially
for STEM fields that require interaction with physical equipment. Remote and virtual laboratories are
proposed as potential solutions, with the former involving real equipment controlled via software and
hardware interfaces and the latter emulating experiments through mathematical models.

The case study focuses on the laboratories of bioelectronics and biomechanics at the Department of
Computer Information Technologies, Donbas State Engineering Academy. These labs are equipped with
modern computer numerical control (CNC) machines and 3D printers, which allow students to translate
computer models into physical objects. The CNC machines include the Krechet-4060 for 2D/3D milling
and the Sherline 5410 and 4410 for drilling, milling, and turning. The FARM2 3D printer is used for
additive manufacturing with various plastics.

While full automation of these machines for remote operation is currently infeasible due to the need
for human intervention in specific tasks (e.g., tool/material changeout), the paper explores possibilities
for remote monitoring and control. Existing solutions using open-source firmware, single-board
computers, and client-server architectures are reviewed. For example, the RepRap system enables
web-based control of 3D printers, with potential enhancements through sensor integration and machine
learning for quality monitoring.

The universal testing machine UIT STM 001 is also considered for remote laboratory work on the
mechanical properties of materials. In addition to partial remote access, virtual laboratory simulations
are proposed as an alternative approach. A prototype virtual lab for a “Resistance of Materials” course
is described (figure 3), which replicates the entire experimental cycle from sample preparation to data
analysis.

The study “Developing pre-service teachers’ digital competence through informatics disciplines in
teacher education programs” by Moiseienko et al. [46] investigated the effectiveness of the proposed
didactic conditions and structural-functional model for developing pre-service teachers’ digital compe-
tence through informatics disciplines in teacher education programs. The rapid digitalization of society
and education has highlighted the need for educators to possess a high level of digital competence to
integrate digital technologies into their professional practice effectively. However, studies have revealed
that pre-service teachers often lack sufficient digital competence, suggesting that existing informatics
courses do not adequately contribute to the full and targeted development of this competence.

To address this issue, a structural-functional model was developed, incorporating three specific
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Figure 3: Program interface with three-dimensional models, interface, and mini cameras for simultaneous
control of all processes [45].

didactic conditions:

1. Motivational conditionality of subjects’ interaction in the digital learning environment.

2. Structuring of educational information in problematic, heuristic and integrative learning models
and its translation into project activities.

3. Ensuring a systematic, complicated nature of students’ learning activities with diagnostics and
timely correction of outcomes using modern ICT.

A pedagogical experiment was conducted to test the effectiveness of the proposed didactic conditions
and model. The study followed a quasi-experimental design with a control group (n = 93) and an
experimental group (n = 95) of pre-service teachers from two Ukrainian pedagogical universities over
four academic years. The control group studied according to traditional informatics discipline programs,
while the experimental group followed an experimental program implementing the proposed didactic
conditions and model.

Digital competence formation was assessed according to four structural-criterial components (motiva-
tional-value, cognitive-informational, operational-activity, and personal-reflexive) using a range of
diagnostic methods, including tests, questionnaires, interviews, practical tasks, competency matrices,
expert evaluations, case studies, educational projects, and reflective blogs.

The experimental group demonstrated positive, statistically significant dynamics in the levels of
digital competence formation compared to the control group, with the greatest development observed
in the cognitive-informational (+35.79%) and motivational-value (+25.26%) components. Paired-sample
t-tests revealed significant improvements in the experimental group’s digital competence scores across
all four components, while independent-sample t-tests showed significantly higher post-experiment
scores for the experimental group compared to the control group.

Qualitative findings from thematic analysis of interviews, case studies, educational projects, and blog
entries revealed several key themes related to the development of digital competence in the experimental
group, including enhanced motivation and engagement, improved understanding of digital technologies,
increased confidence in using digital tools, collaborative learning and peer support, and reflective
practice and self-awareness.

The results confirm the effectiveness of the proposed didactic conditions and structural-functional
model for developing pre-service teachers’ digital competence through informatics disciplines. The
findings underscore the importance of adopting a holistic, integrated approach to informatics disciplines,
combining technical skills, pedagogical knowledge, and practical application through authentic, project-
based learning experiences.

The study has implications for teacher education policy and practice. It suggests the need to prioritize
the intentional and systematic development of pre-service teachers’ digital competence, adopt evidence-
based strategies, and invest in necessary infrastructure, resources, and support systems. Future research
could explore the long-term impact of digital competence development interventions and adapt the
proposed model for different contexts and specializations within teacher education.
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The adoption of the new Law of Ukraine “On Education” in 2017 granted greater autonomy to schools
in academic, organizational, financial and personnel matters. This shift requires new approaches to
train school principals and directors in strategic management skills. The paper “Implementing business
simulation games for strategic management training of educational leaders in Ukraine” by Pazdrii and
Kuprievych [47] explores the use of business simulation games as an innovative tool to develop the
economic and managerial competencies needed by educational leaders to navigate these reforms.

The authors conducted a case study of training held in Ukraine from 2016 to 2021 that utilized business
simulations. Over 1,200 participants from preschool, secondary, vocational and higher education
institutions were surveyed regarding their perceptions and learning outcomes. The results highlighted
a gap between how schools and private businesses perceive key concepts like customers, products
and resources. Over 50% of directors agreed schools are economic entities, 87% saw students as the
“raw material”, and clients were identified as parents, the state, universities and sometimes businesses.
However, some directors rejected applying classical management principles to schools.

The paper identifies several objective reasons for this disconnect, including the legacy of the industrial
economy, the absolutism of the socialist system, and low human value in the USSR. Subjective factors
were also noted, such as unwillingness to change, lack of tools to transition from public administration
to autonomy, legislative uncertainty, and a lack of mutual understanding between the educational and
business communities.

To overcome these challenges, the authors propose a systemic approach to economic management
training that engages all levels — customers (students), teachers, deputy principals and principals.
For leaders, it recommends viewing schools as non-profit economic organizations optimizing limited
resources. Deputies are encouraged to expand their roles to encompass marketing, finance and HR. Ex-
ternal stakeholder engagement with other schools, clients, businesses and authorities is also emphasized
as crucial.

The paper reviews different training technologies and concludes that business games and simulations
are the most accessible and impactful for quickly developing practical skills. Gamification and virtual
reality, while promising, are seen as too resource-intensive and immersive for time-constrained princi-
pals. The authors share best practices and lessons learned from delivering over 120 simulation-based
trainings to 600+ educational leaders from 2015-2020. Key success factors included setting expectations
to challenge traditional thinking, explaining economic terminology, updating digital skills, providing
guidance on interpreting results, and linking the simulation to real-world education sector reforms.

The adoption of digital technologies in education has accelerated rapidly in recent times, driven by
technological progress and catalyzed by the global COVID-19 pandemic. The article “The educational
technology landscape in Ukraine” by Nehrey and Zomchak [48] analyzes the present landscape and
prospects for Educational Technology (EdTech) in Ukraine.

Efficiency analyses using the Data Envelopment Analysis (DEA) methodology were performed to
assess the effectiveness of education expenditures in Europe and Central Asia. The results revealed
substantial opportunities for Ukraine to enhance educational outcomes via increased investment and
technology integration. While European countries generally demonstrated effective education spending,
Ukraine and other former Soviet countries exhibited extremely inefficient expenditures. A second
DEA model evaluating the efficiency of education in producing an advanced labour force showed that
countries with lower spending on education, like Ukraine, achieved higher efficiency than those with
significant expenditures, like Germany. These findings suggest great potential for productivity gains
through EdTech innovations in Ukraine.

Globally, venture capital funding for EdTech reached a peak during the pandemic but has since
declined to pre-2017 levels. China has been the top investor over the past decade, with the US and
Europe trailing significantly behind. The Ukrainian EdTech startup ecosystem has expanded to over
80 companies, with 11 projects recognized among the top 200 in Europe by HolonlIQ. These startups
deliver solutions spanning tutoring (Preply), language instruction (EnglishDom), MOOCs (Prometheus),
K-12 education (EdPro), information platforms (Osvitoria), learning management systems (Na Urok,
eTutorium), IT education (Mate academy), and writing tools (Grammarly).

A comparative analysis of prominent Ukrainian EdTech projects highlighted their strengths, such as
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reaching large audiences, leveraging innovative technologies, and offering practical solutions. However,
challenges were also identified, including limited mobile applications, high product costs, lack of offline
support, and strong competition.

A SWOT analysis of Ukraine’s EdTech ecosystem revealed critical internal factors. Strengths included
growing government and private sector demand for digital education and the potential for productivity
gains. Weaknesses encompassed high technology costs, financing difficulties, bureaucratic hurdles,
underdeveloped infrastructure, and lack of impact data. External opportunities were identified in the
large student population, data-driven insights for educational improvement, and potential for workforce
optimization. Threats included cybersecurity risks, inconsistent outcomes across contexts, and the
potential for data access to exacerbate inequalities.

To fully realize the potential of EdTech in Ukraine, the authors recommend several strategic priorities:

Increase government spending on education and innovative technologies

Ensure access to financing for EdTech startups

Accelerate the digitalization of education through affordable ICT and e-government initiatives
Engage non-governmental organizations in promoting EdTech adoption

AN

Create an enabling environment for the development of the EdTech ecosystem

Educational technology is a dynamic field with continuous developments and innovations shaping
research directions and priorities. The Educational Technology Quarterly (ETQ) offers valuable insights
into evolving trends within this domain through its broad publication of studies across various educa-
tional contexts and technologies. The paper “Shifting sands: analyzing trends in educational technology
research published in Educational Technology Quarterly (2021-2023)” by Semerikov et al. [49] provides
a bibliometric analysis of 72 research articles published in ETQ from 2021-2023 to identify key themes
and changes in focus over this period.

The study utilized the VOSViewer software tool to conduct a bibliometric analysis of the abstract
corpus. Author keywords were extracted, and maps of co-occurring keywords were generated and
visualized (figure 4). Various bibliometric techniques were applied, including keyword analysis, temporal
analysis, network analysis of co-occurrences, and geographic analysis of author locations.

Figure 4: Co-occurrence network of keywords [49].
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The keyword analysis revealed five distinct clusters of research topics:

Digital competence development and technology systems
Pedagogical models and educational concepts
Technological infrastructure and frameworks

Research methods and processes

COVID-19 pandemic-related research

Gk L=

Central keywords spanning multiple clusters, such as “learning”, “level”, “problem”, and “effectiveness”,
indicated interdisciplinary topics connecting these research domains.

The temporal analysis mapped keywords by their publication dates, revealing patterns and changes
in research focus over time. COVID-19-related terms emerged abruptly in 2021 and remained frequent,
reflecting a surge in pandemic-driven research. “Cloud” gained traction in 2021, pointing to growing
attention on cloud-based technologies and remote learning. Newer topics like “gamification” and “virtual
chemical laboratory” gained prominence in 2022 and 2023. By 2023, keywords like “methodology”,
“problem”, and “programming” overtook some earlier topics, indicating a return to more foundational
research as the acute pandemic period receded. “Digital competence” displayed a rapidly growing,
sustained interest since 2022.

The network analysis revealed strong linkages between keywords, such as “learning” and “level”,
and “cloud” and “environment.” “Model” and “problem” formed connections across multiple clusters,
suggesting their interdisciplinary nature. Peripheral keywords like “future specialist” and “virtual
chemical laboratory” had fewer connections, pointing to their more domain-specific focus.

The geographic analysis of author affiliations highlighted the global distribution of research pub-
lished in ETQ. While Ukraine dominated with 69% of publications, contributions from other countries,
particularly Poland, the United States, and Israel, were notable. The proportion of contributions from
Middle Eastern and African countries grew from 0% in 2021 to 25% in 2023, indicating increasing global
diversification.

This bibliometric analysis provides quantitative evidence of recent trends and the evolving landscape
of educational technology research in ETQ. The findings portray a field adapting to current shocks
like the COVID-19 pandemic while expanding in scope and attention to longer-term priorities like
enhancing digital skills. However, this study represents only a preliminary examination, and further
work could conduct more sophisticated statistical analyses, contextualize the findings within broader
technological and educational contexts, and compare ETQ’s coverage with other journals in the field.

3.2. Augmented reality gamification

Gamification, the use of game design elements in non-game contexts, is a promising approach for
enhancing motivation and engagement in software engineering education. However, its applications
and effects are not yet well understood. The paper “A systematic review of gamification in software
engineering education” by Korniienko et al. [50] aimed to synthesize the current state of evidence on
the use and impacts of gamification in software engineering education.

The review followed the PRISMA 2020 guidelines (figure 5). Scopus searched for peer-reviewed
papers published up to March 1, 2023, that described empirical studies of gamification in software
engineering courses and measured impacts on learning outcomes and/or student perceptions. Study
characteristics, gamification approaches, software engineering topics, research methods, and key
findings were extracted. The risk of bias was assessed using an adapted ROBINS-I tool. Quantitative
and qualitative results were synthesized narratively, and the certainty of evidence was evaluated using
the GRADE approach.

Twenty-nine studies met the inclusion criteria. The studies most commonly employed points (17
studies), challenges (14 studies), leaderboards (11 studies), and badges (9 studies) to gamify the learning
of software process (12 studies), software design (9 studies), and software professional practices (7
studies). The majority of studies (21) reported positive impacts on student engagement, motivation,
and/or performance, but the lack of validated measurement instruments and controlled study designs
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Figure 5: PRISMA flow diagram of the study selection process [50].

limited the quality of evidence. Most studies (18/29) had a serious overall risk of bias, primarily due to
confounding and selection bias. The certainty of evidence was rated as low or very low for all outcomes.

The review found that a variety of gamification strategies have been applied in software engineering
education, primarily in university courses. The impacts on learning outcomes were generally positive
but small and inconsistent across studies. The effects on student engagement and motivation were more
consistently positive, but the evidence was of very low certainty. User experiences and acceptance of
gamified learning activities were mostly positive but with low certainty evidence. The heterogeneity in
gamification designs, software engineering topics, and educational contexts, as well as the methodologi-
cal limitations of the primary studies, precluded robust quantitative synthesis and definitive conclusions
about the effectiveness of gamification.

Gamification appears to be a promising approach for enhancing software engineering education, but
more rigorous, theory-driven research is needed to identify effective strategies for specific learning
objectives and contexts. Educators and researchers should carefully consider how specific gamification
elements align with target competencies and pedagogical principles, balance extrinsic rewards and
intrinsic motivation, engage students as co-designers, and plan for the resources and support needed
for successful implementation.

This systematic review found that gamification is an increasingly popular but under-researched
approach in software engineering education. While the evidence suggests some positive impacts,
particularly on student engagement and motivation, the certainty of the evidence is low. Future research
should employ rigorous, controlled designs and validated measures to evaluate the effectiveness of
specific gamification strategies for targeted software engineering learning outcomes. Attention to
implementation fidelity and the resources needed to overcome potential barriers will also be critical for
realizing the potential of gamification to transform software engineering education.

The study “Gamification in higher education: methodology” by Yechkalo et al. [51] examines the
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implementation of gamification in higher education, focusing on its effectiveness and pedagogical
conditions. Gamification, the application of game-design elements and principles in non-game contexts,
has emerged as a promising approach to enhance student engagement and learning outcomes. However,
its successful integration into higher education requires careful consideration of pedagogical conditions
and a systematic methodology:.

The research presents a structural-functional model for gamification in higher education, comprising
five key blocks: objective, content, methodological-organizational, diagnostic, and resultant (figure 6).
The objective block defines the purpose and objectives of the educational process, while the content block
includes the pedagogical conditions for effective gamification use. The methodological-organizational
block outlines the technology for implementing gamification, and the diagnostic block specifies criteria
and levels for evaluating its effectiveness. Finally, the resultant block establishes the desired outcome of
the model’s implementation.

Two key pedagogical conditions are proposed to increase the effectiveness of gamification in higher
education significantly:

1. Developing positive motivation for using gamification by engaging students in quasi-professional
activities that simulate real-world problem situations.

2. Strengthening the practical orientation of the educational process based on the principles of
variability and combining traditional and innovative methods, forms, and activities.

These conditions aim to enhance student motivation, bridge the gap between theory and practice,
and promote the development of relevant professional skills.

To validate the proposed methodology and pedagogical conditions, a pedagogical experiment was
conducted involving control and experimental groups of students. The effectiveness of gamification
was evaluated using three criteria: motivational, cognitive, and operational, each with four levels: high,
sufficient, medium, and low. These criteria were assessed using various indicators, such as students’
interest and participation in learning activities, completeness and systematicity of knowledge, and
ability to apply skills in professional contexts.

The results of the formative stage of the experiment showed significant improvements in the ex-
perimental group across all three criteria. The proportion of students demonstrating high levels of
gamification effectiveness increased, while those at medium and low levels decreased. These changes
were more pronounced in the experimental group compared to the control group, highlighting the
impact of the implemented methodology and pedagogical conditions.

3.3. Design and implementation of augmented reality learning environments

The paper “Designing an immersive cloud-based educational environment for universities: a com-
prehensive approach” by Semerikov et al. [52] presents a comprehensive approach to designing an
immersive cloud-based educational environment (ICBEE) for universities. As digital transformation
advances in higher education, there is a growing need for innovative learning environments that
leverage cutting-edge technologies to enhance the quality and accessibility of educational services.
Immersive learning approaches based on augmented reality (AR) and virtual reality (VR), combined
with the power and flexibility of cloud computing, offer new opportunities for creating interactive,
engaging, and practice-oriented educational experiences.

The paper defines an ICBEE as an integrated system that combines AR/VR tools, cloud services,
learning management platforms, and various educational resources and activities to support learning,
research, and management processes in a university setting. The design and implementation of such
environments require a solid scientific and methodological foundation that considers the complex
interplay of technological, pedagogical, and organizational factors.

The paper identifies the main structural components of ICBEE as spatial-semantic, technological,
content, communication, and immersive. These components form an integrated system in which
physical and digital spaces are blended, cloud-based tools and platforms mediate the learning process,
and immersive technologies add an extra layer of interactivity and engagement.

10
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I Objective block:

Goal: Effective use of gamification as a means of teaching pro-
gramming to future teachers of vocational education.

Tasks: Development and implementation of methods for using
gamification as a tool for teaching programming to future voca-
tional educators.

Content block:
Pedagogical conditions:
1. Development of positive motivation for using gamification
through engagement in quasi-professional activities.
2. Strengthening the practical focus of the educational process.

Y
Methodological-organizational block:

~
)

Forms of learning
organization

N L

Learning tools

Methods of learning

Principles

s
.

Y
Diagnostic block:

Criteria: motivational, cognitive, operational
Levels: high, sufficient, average, low

Y
Resultant block:

Effective use of gamification as a means of teaching programming
to future teachers of vocational education.

—/

Figure 6: Structural-functional model for gamification in higher education [51].

The functional modules and services of ICBEE include a learning management module, immersive
learning content authoring and delivery module, institutional repository module, learning analytics
and reporting module, communication and collaboration services, and IT infrastructure management
and security services. The integration and interoperability of these modules and services are essential
for creating a seamless and effective educational experience.

The paper also discusses the principles of designing immersive learning experiences, such as inter-
activity and engagement, realism and authenticity, adaptability and personalization, multimodality
and multisensory feedback, collaborative and social learning, and safety and ethics. Guidelines for
developing educational AR applications and approaches to designing VR simulations and training
systems are provided, along with specific examples.

The proposed general metamodel of ICBEE captures its essential elements and their relationships,

11



Serhiy O. Semerikov et al. CEUR Workshop Proceedings 1-22

consisting of four main layers: infrastructure, platforms and services, educational content and appli-
cations, and learning and research activities (figure 7). The metamodel highlights the cross-cutting
aspects of ICBEE, such as the development of learners’ digital competencies and the integration and
interoperability of different components and services.

Immersive Learning Experiences gk— Learning & Research Activities — Digital Competencies Development

A~ A~ A~

Immersive Learning Content ¢ Educational Applications & Content | Learning Analytics & Assessment

A~ A~ A~

AR/VR Development Tools K Cloud Platforms & Services % Learning Management
Hardware & Devices [¢ Cloud Infrastructure » Administration & Security

Figure 7: General metamodel of ICBEE [52].

3.4. Augmented reality in science education

The article “Enhancing mathematics education with GeoGebra and augmented reality” by Kramarenko
et al. [53] explores the potential of integrating GeoGebra software with augmented reality technology
to enhance mathematics education. GeoGebra, a powerful dynamic mathematics software, allows for
the interactive exploration of mathematical concepts through dynamic visualizations. Its recent venture
into AR, with GeoGebra AR applications, presents exciting opportunities for engaging students with
mathematical ideas in innovative ways.

The article examines current research on GeoGebra AR in mathematics education and provides
examples of its applications across various mathematical domains and educational levels. In secondary
mathematics education, studies have shown that integrating GeoGebra AR improves students’ spatial
intelligence, academic performance, and problem-solving skills compared to traditional instruction.
GeoGebra AR has been applied to topics such as geometry (visualizing 3D shapes, exploring cross-
sections), algebra (graphing functions), and trigonometry (exploring graphs and transformations).

In higher education and STEAM (Science, Technology, Engineering, Arts, and Mathematics) contexts,
GeoGebra AR has been used to enhance learning in calculus (visualizing 3D graphs and solids of
revolution), engineering mathematics (spatial geometry), and interdisciplinary projects that connect
mathematics with arts, culture, and history. These applications demonstrate the versatility of GeoGebra
AR in promoting visualization, conceptual understanding, and authentic learning experiences.

The article also discusses the potential of AR technology to support and enhance key aspects of
mathematical thinking. GeoGebra AR can serve as a tool to connect abstract mathematical knowledge to
real-world situations, enable hypothesis testing and knowledge construction through the manipulation
of AR models, and afford novel embodied interactions related to perspective, scale, and depth. However,
more research is needed to unpack the cognitive processes involved and design AR-based tasks that
optimize learning.

A case study on stereometry teaching is presented, showcasing tasks on combinations of polyhedra
and solids of revolution, stereometric problems of applied content, and project work in GeoGebra 3D
(figure 8). The case study highlights how AR can provide dynamic visualizations of 3D geometrical
shapes, foster understanding of their relationships and construction methods, and enable intuitive hand
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gesture-based interactions. Project work, such as modelling playgrounds or artists’ rooms, can integrate
GeoGebra AR to develop students’ STEM competencies, critical thinking, creativity, and collaboration
skills.

Figure 8: Sample implementation of the project “Playground” [53].

To effectively incorporate GeoGebra AR into mathematics curricula, the article recommends align-
ing AR activities with learning objectives, providing clear instructions and scaffolding, encouraging
collaborative learning, assessing learning outcomes, and gathering feedback for iterative refinement.
Professional development for teachers is crucial, as is attention to technological infrastructure and
equity.

The increasing digitalization of education has highlighted the need for pre-service teachers in
mathematics, physics and computer science to develop competencies in effectively utilizing information
and communication technologies (ICT) in their teaching practice. Free and open-source software (FOSS)
presents a valuable opportunity for educators to access powerful tools without the financial and legal
barriers associated with proprietary software. The article “The utility of free software in the teaching of
mathematics, physics and computer science for pre-service teachers” by Velychko and Fedorenko [54]
examines the theoretical and methodological foundations for integrating FOSS into the professional
training of pre-service teachers in these disciplines.

The study proposes a system for applying FOSS in teacher education, encompassing conceptual,
content and technological components (figure 9). The conceptual subsystem outlines the goals, ap-
proaches, and principles of the system, with the primary objective of enhancing pre-service teachers’
ICT competencies through FOSS. The content subsystem defines the structure of these competencies,
emphasizing areas such as information and data literacy, digital content creation, and problem-solving,.
It also highlights the importance of open educational resources and e-learning. The technological
subsystem focuses on the practical implementation, including stages of competency development,
teaching methods, FOSS tools, and learning formats.

The effectiveness of the proposed system was evaluated through an experimental study involving
240 students from pedagogical universities in Ukraine. The results showed that the experimental group
taught using the FOSS-based system, demonstrated significantly higher levels of ICT competency
compared to the control group. In particular, they exhibited better skills in using FOSS tools for problem-
solving, digital content creation and collaboration. The study also found a positive impact on student’s
motivation and confidence in their ability to integrate technology into their future teaching practice.

The paper discusses the benefits of FOSS in education, including cost savings, flexibility, skill devel-
opment, and opportunities for collaboration. However, challenges such as lack of awareness, technical
support, and training for educators have also been acknowledged. To address these, the authors propose
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Figure 9: System for integrating free software into the professional training of pre-service teachers of mathe-
matics, physics and computer science [54].

recommendations for integrating FOSS into teacher education programs:

1. Raise awareness about the benefits of FOSS among stakeholders
2. Provide training and support for educators to use FOSS tools effectively
3. Encourage collaboration and resource sharing within and across institutions
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4. Integrate FOSS into the curriculum across disciplines
5. Foster partnerships with FOSS communities and industry

3.5. Augmented reality in professional training and retraining

Understanding the dynamics and outcomes of combat engagements is critical for analyzing military
tactics, identifying best practices, and developing practical recommendations. However, open-source
information on past battles is often incomplete, biased, or lacking the necessary detail for thorough
analysis. Seeking to address this challenge, the paper “Interactive 3D visualizations for studying combat
experiences and life cycles” by Barkatov et al. [55] proposes the use of interactive 3D visualizations in
conjunction with the After Action Review (AAR) methodology and mathematical combat modelling to
reconstruct and analyze combat experiences.

The key criterion for assessing the 3D visualizations is the degree of their adequacy to the actual
combat episode in terms of stages, timeline, and elements. The visual information should approach
reality maximally. Proposed criteria include information completeness and reliability, battle dynamics,
effectiveness of combat actions, and accurate representation of terrain characteristics. NATO’s AAR
methodology, which focuses on establishing the facts, analyzing the causes and contributing factors,
and deriving actionable lessons, is employed to structure the analysis.

Mathematical modelling of combat using Lanchester’s equations complements the AAR by quantifying
the dynamics and outcomes of engagements. By considering different initial force ratios, attrition rates,
and engagement termination conditions, analysts can explore the sensitivity of outcomes to various
factors and highlight the leverage points for achieving desired results.

The design of an effective combat visualization system follows principles of modularity, scalability,
interoperability, user-centricity, and extensibility. The pipeline involves the formation, geometric
processing, and rasterization of reliable data, while control programs handle initialization and interaction
with the external environment (figure 10). Techniques such as discarding invisible terrain sections and
reducing the utilization of distant areas help to optimize performance.

Modeled battle
episode state

Interaction inter- Storage of current
face with modeled battle episode
battle episode description

l

Preparation of
battle episode
objects for display

|

Optimization

ot Battl isod
of intelligence Rasterization stage }—, attle episode
image

data flow

Geometric
processing stage

Preliminary
visualization

Figure 10: Battle episode visualization system [55].

The process of creating interactive 3D visualizations of combat episodes involves a systematic
approach to data collection, terrain and entity modelling, animation, and interactive rendering. Key
steps include:

1. Gathering and analyzing information from various sources to reconstruct the battle in sufficient
detail.

2. Building a 3D model of the terrain using a digital elevation model and overlaying relevant features.

3. Placing 3D models of personnel, vehicles, and equipment according to their initial positions.

4. Animating the actions of each entity throughout the battle based on the collected data.
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5. Integrating additional elements to enhance the immersion and information content of the visual-
ization.

6. Rendering the complete visualization and packaging it for interactive display on various platforms.

The methodology is demonstrated through two case studies from the war in Eastern Ukraine: the
defence of the “Seroga” strongpoint near Sanzharivka on January 28, 2015, and the assault on Logvi-
nove on February 12, 2015. For each case, the 3D visualization was created using the Interactive 3D
Visualization Constructor software, which allowed users to freely move the camera, pause and resume
the playback, and toggle information overlays.

The AAR of these battles identified several key lessons, including the importance of well-prepared
defensive positions, the decisive role of artillery and MLRS, the value of timely and organized with-
drawals, and the criticality of situational awareness and rapid decision-making. These lessons were
subsequently incorporated into training and doctrine for Ukrainian mechanized units.

Beyond AAR, the visualizations served as case studies for professional military education, exposing
students to the complexity and chaos of modern combat. The realistic and immersive nature of the
presentations also facilitated understanding and communication of the battles’ significance when
briefing senior leaders.

As the fidelity and sophistication of modelling and simulation technologies advance, the potential
applications of interactive 3D visualization in the military domain will only expand. From mission
planning and rehearsal to after-action review and training, immersive visualizations will play an
increasingly central role in preparing the armed forces for the challenges of 21st-century warfare.

The rapid advancement of digital technologies is transforming educational practices across all sectors,
with immersive technologies like virtual reality at the forefront of this revolution. In vocational higher
education, there is growing interest in using VR to enhance students’ professional training. VR offers
unique affordances for creating realistic simulations of workplace environments, allowing students to
practice skills in safe, controlled settings and providing experiences that would be difficult or impossible
to replicate in traditional educational contexts.

The paper “Methodical foundations and implementation strategies for virtual reality in professional
training of vocational higher education students” by Yechkalo and Tkachuk [56] aim to provide com-
prehensive methodical foundations for implementing VR in the professional training of vocational
higher education students. The researchers present a detailed model for VR integration, outline key
pedagogical conditions, and offer evidence-based recommendations for educators and institutions.

The proposed model consists of five interconnected components: the goal block, theoretical-methodo-
logical block, content block, organizational-methodological block, and diagnostic-resultant block (fig-
ure 11). The goal block focuses on defining clear, measurable learning objectives that align VR activities
with overall curriculum goals and industry skill requirements. The theoretical-methodological block
draws on established learning theories while leveraging the unique affordances of VR, incorporating
principles like experiential learning, situated learning, and collaborative learning. The content block
outlines strategies for designing VR learning content and activities, including realistic modelling, inter-
active elements, scenario-based learning, and feedback mechanisms. The organizational-methodological
block addresses the practical considerations of VR implementation, such as technology infrastructure,
instructor training, student orientation, and health & safety protocols. The diagnostic-resultant block
emphasizes the importance of ongoing assessment and evaluation to refine and improve VR integration.

The paper also identifies two key pedagogical conditions for effective VR use: motivation for profes-
sional activities and integration of VR methodology. Enhancing student motivation through realistic
previews of workplaces, low-stakes experimentation, and gamified skill development is crucial. Inte-
grating VR into the curriculum coherently and systematically, rather than treating it as an isolated tool,
is essential for maximizing its educational impact.

A particularly promising application of VR in vocational training is the creation of virtual workshops
and laboratories. These immersive environments allow students to practice using specialized equipment,
conduct experiments, troubleshoot scenarios, collaborate on projects, and explore dangerous or hard-
to-access settings—all without the risks and costs associated with physical facilities. Key features of
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Goal block
Research objective: justification and development of a method-
ology for using virtual reality in the professional train-
ing process of pre-tertiary vocational education students.

Theoretical-methodological block

Methodological approaches Teaching principles

Content block
Recommendations for teachers on the effective use
of virtual reality in the professional training pro-
cess of pre-tertiary vocational education students.

Organizational-methodological block

Teachers Students

Pedagogical conditions for using virtual reality in profes-
sional training of students in pre-tertiary vocational education

7NN

Diagnostic-resultant block
Criteria, indicators, and levels
Result: achieving the research objective

Figure 11: Comprehensive model for integrating VR in vocational higher education [56].

effective virtual workshops include high-fidelity 3D modelling, physics-based interactions, customizable
scenarios, data analytics, and multi-user functionality.

The paper provides detailed implementation recommendations, emphasizing the importance of
starting with small-scale pilot projects, providing comprehensive instructor training, aligning VR
activities with existing curricula, and establishing robust assessment mechanisms. Institutions must also
address challenges related to high initial costs, student comfort and well-being, skills transfer assessment,
technological obsolescence, equity and access, content development, and ethical considerations.

4. Conclusion

The proceedings of the 6th International Workshop on Augmented Reality in Education (AREdu 2023)
offer a comprehensive snapshot of the current state of research and practice in this dynamic field. The
papers presented at the workshop demonstrate the creativity, rigour, and passion of a global community
of scholars and practitioners committed to harnessing the power of AR to enhance teaching and learning.

From theoretical frameworks and methodological innovations to real-world applications and em-
pirical studies, the contributions span a wide range of topics and contexts, reflecting the diversity
and vitality of the field. They showcase the potential of AR to revolutionize education by creating
immersive, interactive, and personalized learning experiences that foster engagement, motivation, and
deep understanding.

At the same time, the proceedings also highlight the challenges and opportunities that lie ahead.
Realizing AR’s full promise in education will require sustained investment in research and develop-
ment, teacher preparation and support, infrastructure and resources, and policies and standards that
promote equity and excellence. It will also demand ongoing collaboration and dialogue among diverse
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stakeholders to ensure that the technology serves the needs and aspirations of all learners.

The Academy of Cognitive and Natural Sciences (https://acnsci.org/), in partnership with Kryvyi Rih
State Pedagogical University and Kryvyi Rih National University, had the pleasure of hosting the 6th
International Workshop on Augmented Reality in Education (AREdu 2023).

We extend our sincere gratitude to the authors who submitted their papers and the delegates for their
active participation and unwavering interest in our workshops, which have provided a platform for the
exchange of ideas and innovation. Our heartfelt appreciation goes to the program committee members
for their continuous guidance and to the peer reviewers, whose diligent efforts have substantially
enhanced the quality of the papers by providing constructive criticisms, improvements, and corrections.
We acknowledge and thank the authors for their significant contributions to the workshop’s success.

Furthermore, we express our most profound appreciation to the CEUR-WS.org team (https://ceur-ws.
org/), the only sponsor of the AREdu workshop series since 2018.

We had excellent presentations and fruitful discussions that broadened our professional horizons,
and we trust that all participants derive immense satisfaction from this workshop. We look forward to
the day when we will be able to meet again in person under more tranquil and peaceful circumstances.
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Using native virtualization technologies for teaching IP
telephony to future IT specialists
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Abstract

This paper explores the use of virtualization technologies for teaching IP telephony to future IT specialists. It
defines the requirements for students’ professional training in this field and identifies the components of a network
training laboratory for IP telephony. It also analyzes the modern approaches to virtualization technologies and
their advantages for learning IP telephony. The paper proposes native virtualization as a suitable solution for
creating a virtual training laboratory using VirtualBox software. It reports the results of a pedagogical experiment
that confirmed the effectiveness of the developed virtual laboratory and repository of virtual hosts for teaching
IP telephony. The paper highlights the benefits of virtual machines for student mobility and remote learning,
especially during the pandemic and war.
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1. Introduction

The education of future IT specialists requires the use of modern learning technologies, including
information technologies. The rapid development and improvement of hardware and software platforms
pose a challenge for higher education institutions to keep up with the current requirements and demands
of society in the field of information technology [1].

This challenge is especially evident in the teaching of the discipline of “IP telephony in computer
networks” to future IT specialists. To prepare them effectively, they need to acquire the following

knowledge and skills:

« installing, operating and maintaining various operating systems in network environments, both
local and global;
« installing, configuring, operating and maintaining IP telephony software in network environments,

both local and global.

One of the possible solutions to this challenge is the introduction of virtualization technology in the
educational process.

However, the implementation and application of virtualization technology in the education of future
IT professionals face many organizational, methodological and technical problems. There is no unified
concept or approach to its use. The development and application of virtualization technology in different
domains of computer science have been studied by Khomenko et al. [2], Lunsford [3], Osadchyi et al.
[4], Ray and Srivastava [5], Stefanek [6], Yan [7], Yuan and Cross [8], Yuan et al. [9].

The use of virtualization in the teaching of information technology has been investigated by Cham-
berlin et al. [10], Barrionuevo et al. [11], Khomenko et al. [2], Oleksiuk and Oleksiuk [12], Popel et al.
[13], Segec et al. [14], Seidametova et al. [15], Soler [16], Vakaliuk [17], Vakaliuk et al. [18], Vlasenko
et al. [19], Yuan et al. [20, 21].
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The use of virtualization in the training IP telephony to future IT specialists has been explored by
Abubakr et al. [22], Kaul and Jain [23], Moravcik and Kontsek [24], Rendon Schneir and Pliickebaum
[25], Setiawan et al. [26].

The aim of this paper is to analyze the existing virtualization technologies and their potential for
teaching IP telephony in computer networks to future I'T specialists.

2. Reasoning for choosing a virtualization system for learning IP
telephony

Training of future IT specialists in accordance with the state standard of higher education involves the
formation of a number of professional competencies [27, 28, 29, 30, 31, 32]: the ability to use operating
and intelligent systems in solving practical problems, taking into account the protection of information
in computer systems and networks; ability to use programming languages and software engineering in
solving problems and tasks of social and professional nature; ability to analyze, debug, use and develop
human-machine interaction based on computer architecture and organization.

They are formed during the study of a number of professional-oriented disciplines, one of which is
“IP telephony in computer networks”.

In accordance with the purpose of the study, we will consider virtualization technologies and identify
prospects for their application to train future I'T professionals in IP telephony in computer networks.

The study of “IP telephony in computer networks” uses two Asterisk servers based on Debian or
Ubuntu Linux and at least two client personal computers with Windows operating systems and IP
telephony software installed as a network training laboratory. This hardware and software are necessary
to model the network interaction of IP telephony clients and servers using SIP, IAX2, H.323 protocols.
One of the areas of a network laboratory development and implementation for the study of IP telephony
is the application of virtualization.

The concept of virtualization appeared in the 1970s. It was understood as the transfer of physical
resources of a computer into a virtual one with the help of specialized software, abstract layers allow
creating several virtual machines on one physical machine, each virtual machine being able to work
with its operating system [33].

Virtualization, as a concept, is used for two technologies that are fundamentally different: resource
virtualization and platform virtualization. Resource virtualization, in contrast to platform virtualization,
has a broader meaning and combines a large number of different approaches aimed at improving the
usability of users with information systems in general. In our study, we will build on the concept of
platform virtualization, as related technologies are evolving and are effective in achieving the goals of
training future IT professionals.

Platform virtualization is understood as the creation of software systems based on existing hardware
and software complexes. A system that provides hardware resources and software is called a host, and
the systems it simulates are called guest systems. There are several types of virtualization platforms,
each of which has its own approach to the concept of “virtualization”. They are mainly determined by
how full the hardware simulation [34].

We will consider virtualization with full emulation. This approach completely virtualizes all the
hardware while keeping the guest operating system unchanged [35]. This allows you to simulate
different hardware architectures. For example, you can run virtual machines with guest systems for x86
processors on platforms with a different architecture. Examples of software for complete simulation
are: Bochs, Pearpc and QEMU.

The main disadvantage of this approach is that the simulated hardware significantly slows down
the performance of the guest system, which makes interaction with it very inconvenient. Therefore,
such products should not be used as a basis for developing a virtual training laboratory to study “IP
telephony in computer networks” discipline.

Let’s consider paravirtualization as a basis for the development of a virtual training laboratory for
the study of the “IP telephony in computer networks” discipline. While using paravirtualization, the

24



Liliia V. Pavlenko et al. CEUR Workshop Proceedings 23-34

hardware is not simulated, a special software interface (API) is used to interact with the guest operating
system at the level of RAM pages.

This approach requires modification of the guest system code. A significant number of hardware and
software developers have doubts about the prospects of this approach to virtualization [36], because
today all decisions of hardware manufacturers regarding virtualization are aimed at systems with
native virtualization. In addition, it should be noted the difficulty of deploying new instances of virtual
machines for users. Therefore, the use of paravirtualization software in learning IP telephony in
computer networks is impractical. Examples of paravirtualization are Xen, L4, TRANGO, WindRiver
and XtratuMhypervisors.

We will consider partial (native) virtualization in the context of our study. In this case, only the
required amount of hardware to run an isolated virtual machine is simulated [37]. This approach allows
you to run guest operating systems designed only for the same architecture as the host.

In this way, multiple samples of guest systems can be run simultaneously, allowing you to simulate a
computer network with IP telephony servers and clients on a single personal computer. This type of
virtualization can significantly increase the speed of guest systems compared to full emulation and it is
widely used today.

Beside this, the distribution of already established guest systems among users is quite simple and
possible only on the basis of copying files. Disadvantages of this type of virtualization include the
dependence of virtual machines on the architecture of the hardware platform, but for the “IP telephony
in computer networks” discipline we use operating systems and software for x86 architecture. Examples
of products for native virtualization: VMware Workstation, Virtualbox, Parallels Workstation and others,
including server solutions (VMware Server, Microsoft Virtual Server, VMware ESX Server, Virtuallron
and Microsoft Hyper V).

We will consider the virtualization of the operating system level and identify opportunities for its
use to train future IT professionals in IP telephony in computer networks. The guest system, in this
case, shares the use of one kernel of the host operating system with other guest systems [7]. The virtual
machine provides an environment for applications that run in isolation. This type of virtualization is
used in the organization of virtual hosting systems, when you need to support multiple virtual client
servers within one instance of the kernel.

This technology allows you to isolate each virtual system and deprive them of the ability to influence
each other. Examples of operating system layer virtualization include: iCoreVirtualAccounts, Linux-
VServer, LXC, OpenVZ, ParallelsVirtuozzoContainers, FreeBSDJail and sysjail.

We will consider virtualization of the application level. This type of virtualization involves the
creation of separate containers for software isolation. The container includes all the necessary elements
for the correct operation of the software: registry files, configuration files, user and system objects. As
a result, the user receives an application that does not require installation on a similar platform.

Transferring the software to another computer will create a virtual environment for it, and the
virtualization program resolves conflicts between the software and the operating system and other
applications. Examples of such an approach are: Thinstall, Altiris, Trigence, Microsoft ApplicationVirtu-
alization (App-V). Using application-level virtualization to train IP telephony to future IT professionals is
impractical, due to the need to create a computer network model with separate servers and workstations
rather than software.

So, we can affirm that one of the best solutions for the introduction of virtualization in the method-
ology of teaching IP telephony discipline in the computer networks will be the technology of native
virtualization. This can be explained with the ability to use virtual machines in independent and
classroom work of students, easy export of ready-made solutions and the ability to create a complex
network infrastructure among downloaded virtual machines.

Let’s consider the problem of choosing the specific software for native virtualization in order to
use it to teach IP telephony in more detail. Let’s analyze the possibility of using one of the three
popular solutions for virtualization in the workplace: VMware Workstation, Parallels Workstation and
VirtualBox.

VMware company is one of the best known in the high technology industry. It develops effective

25



Liliia V. Pavlenko et al. CEUR Workshop Proceedings 23-34

software in the field of virtualization. Their implementation of server software is widely used in virtual
data centers and personal computers in business and industry.

VMware has two types of desktop software: VMware Workstation and VMwarePlayer. Every virtual
client supports and works with virtual machines flawlessly. But the Workstation option has more
features, namely: support for two monitors, integration of the Unity interface, and most importantly
the ability to create virtual machines. The Player version only allows you to run and execute previously
created virtual machines.

Teaching IP telephony in computer networks involves students creating their own virtual machines,
so VMwarePlayer software cannot be used due to the existing restrictions on creating new virtual
machines.

VMware Workstation functionality allows you to use it on computers running Windows and Linux
operating systems. The wizard for installing and debugging new virtual machines is simple and intuitive,
and the default settings for specific operating systems are selected quite well. This allows students not
to spend a lot of study time mastering software management skills.

Unity virtual interface integration allows you to include virtual machine elements directly into the
host operating system interface. That is, icons and windows from a Windows virtual machine will
work with icons and windows from the Ubuntu operating system. However, the use of Unity leads to a
significant slowdown of virtual machines and complicates their use.

Parallels company is developing a software product for PC virtualization — Parallels Workstation. It
solves the main task of virtualization — the simultaneous launch of multiple operating systems on a
single computer running Windows or Linux. This product uses features designed for professionals in
the field of local and online applications, software testing professionals and web designers. It can also
be widely used for educational purposes.

During Parallels Workstation development the requirements for the product by IT specialists were
considered. This software can work with more than 25 major operating systems — both 32-bit and 64-bit.
High performance of Parallels Workstation is compatible with Intel VT-x2 virtualization technology
and the use of a hypervisor.

However, owing to Controlled Native Execution (CNE) technology, Parallels Workstation allows you
to run guest operating systems on older computers whose processors do not have hardware support for
virtualization. Parallels Workstation’s professional user interface offers many options for creating and
configuring virtual machines, but an untrained professional will not be able to quickly create and install
a virtual machine, making it difficult to use Parallels Workstation to teach IP telephony in computer
networks.

VirtualBox is open source software, i.e. free of charge. Individual commercial functional elements
are downloaded in the form of plug-ins. VirtualBox combines features of solutions for both servers and
workstations. The first includes technologies of “balloon” dynamic redistribution and reduplication of
RAM in a virtual machine on 64-bit hosts, iSCSI support, GUI-free mode and an efficient method of
remote access to virtual machines through a shared RDP-server (VRDP, VirtualBox Remote Display
Protocol). The second is high-quality support for USB equipment, including USB 2.0, as well as 2D and
3D acceleration in virtual machines due to the resources of the host graphics adapter.

VirtualBox can provide virtualization in a purely software mode or by using hardware support in
modern processors. It uses disassembly of guest OS code and a number of other techniques, combining
them.

While creating new virtual machines, the developers of VirtualBox managed to protect their users
from possible problems and the need to understand the technical details. In most cases, it is sufficient
to agree with the default settings, adjusting only the necessary and obvious of them, say, the amount of
RAM.

In this case, the program will to some extent control the correctness of the selected parameters and, if
necessary, make corrections or issue appropriate warnings. It is no coincidence that all the most subtle
settings and actions can be performed exclusively from the command line, which, of course, requires
the user to have some understanding of what is happening. These features are very convenient to use
while creating and debugging virtual machines when learning IP telephony in computer networks.
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As one can see from table VirtualBox software supports multiple operating systems, allows you to
connect up to 36 network adapters to a virtual machine and is distributed free of charge. All this points
to the benefits of using VirtualBox as the main virtualization tool in the development of a network lab

for training future IT professionals in IP telephony in computer networks.

Table 1
Features of VMware Workstation, Parallels Workstation and Virtualbox.
Feature VMware Workstation  Parallels Workstation VirtualBox

Supported Windows, Windows, Windows,

host operational Linux, Linux, Windows Server,

systems Mac OS X MacOS X Linux,
Mac OS X,
Solaris,
OpenSolaris,
FreeBSD

Guest DOS, Windows, DOS, Windows, DOS, Windows,

operational Linux, Linux, Windows Server,

systems FreeBSD, 0S/2 Linux,

Solaris OpenBSD,

FreeBSD,
0S/2,
Solaris,
OpenSolaris,
others

Network adapters before 4 before 5 before 36

Virtual disk IDE or SCSI IDE (before 4) IDE or SATA

controllers (before 32 disks)
or SCSI

USB support Yes Yes Yes

3D acceleration Limited No Yes (OpenGL)

Remote access to the Limited No Built-in RDP

virtual machine server

Remote USB support No No Yes

Shared folders Yes Yes Yes

Open software No No Yes

License cost

Workstation for
Windows/Linux
approximately $199

Workstation for
Windows/Linux -
$49.99

Free of charge

3. Repository of virtual machines for teaching IP telephony

The content of the discipline “IP telephony in computer networks” involves a series of laboratory work:

Nk W=

Installing Asterisk and Free PBX.
Basic configuration of the IP telephony server.

Configure the Asterisk dial plan.
Calls management in Asterisk.
Voice services and menus in Asterisk.

Configure Asterisk to work with the SIP protocol.

Integration of Asterisk into the organization corporate network.

Two servers and several clients are required to perform laboratory work. Virtual hosts in the
VirtualBox environment are created as servers. One core, 512 MB of RAM and 10 Gb on the virtual
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HDD are allocated for the Virtual Server. The client virtual hosts configuration has 1 Gb of RAM and
Windows 7 Home and LinuxMint 18 operating systems.

The server virtual hosts have the Ubuntu 18.04 and AsteriskFreePBX 15 operating systems installed.

Client virtual hosts have software for IP telephony using the SIP protocol — LinphoneDesktop 4
(https://www.linphone.org). This program is open and free. It works in Windows, Linux and MacOS
operating systems.

Two IP telephony servers are required to simulate the interaction of server hosts on the Internet.
Client hosts are used to test IP telephony features on users’ devices (figure 1).

VolP server VolP server
- Ubuntu 18.04 - Ubuntu 18.04
- Asterisk FreePBX 15 - Asterisk FreePBX 15

Local Area Network

- =
linphzne linphzne
VolP client VolP Client

- Windows 7 Home - Linux Mint 18

- Linphone Desktop 4 - Linphone Desktop 4

Figure 1: Virtual laboratory of IP telephony.

A set of virtual machines for application in VirtualBox has been prepared for each laboratory work.
The developed virtual machines are placed on the internal server of Berdyansk State Pedagogical
University. Students can download the required images of virtual machines to perform lab work at any
time.

4. The results of the experimental research of virtualization
technologies introduction in training of IP telephony

The introduction of virtualization technologies in the training of future I'T specialists involves conducting
experimental research. The purpose of the pedagogical experiment is to test the research hypothesis:
the use of virtualization technologies to teach IP telephony to future IT professionals will help increase
the level of knowledge acquisition and skills in the field of IP telephony and computer networks.

The offered methodological approach to the application of virtualization technologies for training IP
telephony of future IT specialists should provide the solution of the following tasks:

« software application for virtualization of servers and clients of IP telephony;

« systematic solution of debugging software problems and IP telephony protocols with the use of
native virtualization;

« training time increasing to work with a network laboratory for the study of IP telephony.
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Students of Berdyansk State Pedagogical University studying in the specialties 015 Professional
Education (Computer Technologies) and 015 Professional Education (Digital Technologies) were involved
in the experiment. The plan of the experiment provided for the creation of control and experimental
groups. The experimental group consisted of 35 students and the control group of 39 students accordingly.
Selection for control and experimental groups was carried out immediately before the study of “IP
telephony in computer networks” discipline.

Classes in the control group were conducted using a hardware network laboratory. The method
of conducting classes in such a laboratory provided for the organization of students’ access to the
equipment according to the schedule.

The organization of the educational process in the experimental group involved the application
of virtualization technologies using the VirtualBox software and the developed repository of virtual
machines. Virtual machines were organized according to the educational tasks of the discipline and
were configured to perform specific practical tasks for setting up network software for IP telephony.

The success of the pedagogical experiment was insured by the use of such research methods that
guarantee a reliable result. The following methods of pedagogical research were chosen: pedagogical
observation at all stages of the experiment, tests, analysis of laboratory work, analysis of test results in
the experimental and control groups.

The experiment studied the dynamics of the knowledge acquisition level and skills development in
the field of IP telephony technologies and computer networks. The experimental technique involved
the use of virtualization technologies at all stages of learning:

« while studying new material, as a system for demonstrating the features of setting up technologies
and protocols of IP telephony;

+ in consolidating the studied material, as a mean of developing skills in the field of IP telephony;

« in independent work, as an environment for the implementation of a professionally-oriented
project to configure IP telephony servers in the corporate network of the enterprise.

Two tests were conducted to test the effectiveness of the virtualization technology implementation.
The first test was conducted at the beginning of the study of the discipline. The purpose of this test was
to determine the readiness of students of control and experimental groups to study IP telephony and
covered the issues of installation, configuration and administration of server operating systems and
networks. The test consisted of fourteen basic level tasks and three advanced tasks.

The second test was conducted at the end of the study of “IP telephony in computer networks”
discipline. It consisted of ten basic tasks and five advanced tasks.

A comparison of students’ knowledge acquisition level and skills development in the field of network
technology and administration of server operating systems at the beginning of learning “IP telephony
in computer networks” discipline revealed similarities in the levels of knowledge acquisition and skills
of students in control and experimental groups.

A comparison of the results obtained after studying the discipline “IP telephony in computer networks”
revealed differences between the levels of knowledge acquisition and skills formation in the control
and experimental groups.

Table 2 shows the results of control works at the beginning and at the end of the experiment in the
control and experimental groups.

Comparative analysis of tests results allows us to conclude about the positive dynamics of the
knowledge acquisition level and skills in the field of IP telephony in both groups. In the experimental
group the dynamics is more pronounced: a 14% increase in the share of students who coped with the
task from 75 to 90% of the total (5% in the control group), a 19% decrease in the share of students who
coped with tasks from 50 to 75% of the total number of tasks (in the control group increased by 5%)
(figure 2).

The share of students in the experimental group who coped with more than 50% of advanced tasks
increased by 40% (in the control group the indicator hasn’t changed). Statistical parameters of the
experimental results are shown in table 3.
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Table 2
The results of tests hold at the begging and at the end of the experiment.
Before the experiment After the experiment
Control Experimental Control Experimental
group group group group
Whole results of the test
Managed with the test (%): 90 94 90 94
including
« more than 90% from
the whole work volume 5 9 10 14
« from 75 to 90% from
the whole work volume 13 20 13 34
« from 50 to 75% from
the whole work volume 62 65 67 46
« less than 50% from
the whole work volume 20 6 10 6

Tasks of advanced level

A part of students that have

done:

« more than 50% of the tasks

of advanced level 5 14 5 54
« less than 50% of the tasks

of advanced level 13 17 26 29
. those, who haven’t reached

the tasks of advanced level 32 79 69 17

Figure 2: The results of test hold at the end of the experiment.

Analysis of the data in table 3 allows us to say about the positive dynamics in both groups, but in the
experimental group the dynamics is more pronounced: the average score for the control work increased
by 1.57 (in the control group by 0.85). In the Experimental Group, the median sample increased by 2
points. In the control group, the median increased by only 1 point.

Let’s test the hypothesis of a normal sample distribution. We use Pearson’s criterion for this. We
formulate working hypotheses:

« Hj - the empirical distribution is a subject to the normal distribution law,
« H; - the empirical distribution is a subject to another distribution law.
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Table 3
Statistical parameters of knowledge acquisition levels and skills formation in IP telephony in the control and
experimental groups before and after the experiment.

Control group Experimental Experimental
Control group
before the group before group after
Parameters . after the held .
experiment . the experiment the held
experiment .
started started experiment
Sample volume 39 39 35 35
Average 12.85 13.46 13.70 15.03
Median 12 13 13 15

The results of the hypothesis test are shown in table 4.

Table 4
The results of testing the hypothesis of the sample distribution normality.
Group Before the experiment
Control group szpirical Xiriti(zal Accepted hypothesis

16.64 19.68 Hy

2 .
Experimental group Xeqn;’ig’éml X?gt;g“l Acceptedj?ypothesns
. . 0

After the experiment

2 2 :
Xempirical Xeritical Accepted hyp0theSlS

Control group Tyet 1830 H,

2 2 .
Experimental group Xeﬂ;pgigical Xirgitégal ACCGptedthpOtheSlS
. . 0

Since it was found that all distributions obey the normal law, Student’s criterion was chosen for
further comparison of the samples (table 5). This will help to determine whether the level of knowledge
acquisition and skills development in the field of IP telephony differ in the control and experimental
groups. For this purpose working hypotheses were formulated:

« Hj —levels of knowledge acquisition and skills development in the field of IP telephony of the
two groups do not differ.

« Hj - levels of knowledge acquisition and skills in the field of IP telephony in the two groups are
different.

Table 5
The results of statistical test of hypothesis.

Before the experiment

tempirical  teritical  Accepted hypothesis
0.8 1.99 H,

After the experiment

tempirical  teritical  Accepted hypothesis
2.3 1.99 H;

The obtained results indicate that at the level of significance @ = 0.05 the levels of knowledge
acquisition and skills formation in the control and experimental group before the experiment coincide
and differ after the experiment.
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So, the results of the pedagogical experiment indicate that the research hypothesis has been confirmed,
namely, the use of virtualization technologies to teach IP telephony to future IT specialists helps to
increase the level of knowledge acquisition and skills in the field of IP telephony and computer networks.

5. Conclusions

Virtualization technologies were originally designed for software development and testing purposes.
However, they can also be used for educational purposes in the field of information technology.

This paper has shown the benefits of using virtualization in the educational process with VirtualBox,
in the discipline of “IP telephony in computer networks”:

the ability to run different operating systems on the same host and enable network interaction
among them for implementing IP telephony service;

the ability to isolate and control potentially risky actions of the operator or software products. In
this case, the virtual machine acts as a safe and flexible laboratory platform for the student;

the ability to create various hardware configurations for simulating network interaction scenarios
in the study of IP telephony in computer networks. The students can use predefined hardware
configurations to test the performance of Asterisk servers under different conditions. They can
also perform various practical experiments with software and hardware components;

the ability to create repositories of ready-to-use virtual machines with guest operating systems
configured according to the specific laboratory tasks. The students can use these virtual machines
for learning and research purposes in the field of IP telephony. The recovery of the system from
a saved state is fast and easy in case of any damage;

the ability to run multiple virtual machines connected to a virtual network on a single physical
computer. This feature provides significant capabilities for creating virtual network models
among multiple systems on a single host;

the ability to increase student mobility by exporting and moving virtual machines to another
computer. The students can start their virtual machines immediately on any host. This is a
significant advantage of virtualization during the COVID-19 pandemic, when students have to
study remotely. Each student can have his or her own virtual laboratory;

the ability to enhance control over backups, snapshots and recovery of virtual machines in case
of failures.
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Integration of laboratory equipment in remote learning
environments

Liudmyla V. Vasylieva’!, Denys Yu. Mikhieienko’ and Iryna A. Getman’

"Donbas State Engineering Academy, 72 Akademichna Str., Kramatorsk, 84313, Ukraine

Abstract

This research examines the integration and implementation strategies for laboratory work within remote learning
environments, alongside an analysis of virtual laboratories as an alternative to traditional practical training. We
investigate the distinct challenges faced by higher education institutions in laboratory instruction during the
COVID-19 pandemic, drawing upon international commission data. The study critically evaluates the advantages
and limitations of remote laboratory execution, particularly focusing on the complexities of transitioning from
physical to virtual experimentation. Through a detailed case study of a bioelectronics and biomechanics laboratory,
we demonstrate the feasibility of remote laboratory access via Internet-based solutions. The research concludes
by proposing strategic directions for the advancement of virtual practical work within the computer information
technologies department, contributing to the broader discourse on the future of practical education in digital
environments.

Keywords
technology-enhanced learning, remote laboratory instruction, virtual experimentation, computer-numerical
control systems, additive manufacturing

1. Introduction

The digitalisation of higher education has been progressively advancing [1, 2], with institutions increas-
ingly migrating educational materials and activities onto virtual learning platforms such as Moodle
and Blackboard [3]. However, the unprecedented circumstances precipitated by the COVID-19 pan-
demic and ongoing Russian invasion of Ukraine have catalysed an extraordinary transformation in
pedagogical approaches [4, 5], particularly in laboratory-based instruction. This paradigm shift has
necessitated the rapid transition of traditional classroom environments to virtual spaces, facilitated by
video conferencing platforms such as Zoom, Webex, and Microsoft Teams.

The Department of Computer Information Technologies at Donbas State Engineering Academy,
like numerous institutions globally, faced the imperative to transition to remote learning modalities.
However, a significant challenge emerged regarding the practical component of technical education
- specifically, laboratory work requiring specialised equipment. This challenge is particularly acute
in technical disciplines, where the development of professional competencies is inextricably linked to
hands-on laboratory experience.

The integration of laboratory work within remote learning environments thus presents a critical
pedagogical challenge that demands innovative solutions. The aim of this research is to investigate the
feasibility and methodological approaches for conducting laboratory work in remote learning contexts,
with particular emphasis on maintaining educational quality and practical skill development.
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2. Related work

Consideration of the specifics of conducting a laboratory workshop in a distance learning environment
should begin with a consideration of the specifics of education in the context of the coronavirus
pandemic in general. The pandemic, on a global scale, has affected not only all spheres of public life [6],
but also each person individually, and not only on the physical but also on the psycho-emotional levels
[7, 8]. This was especially acutely felt by the education sector since it required a total transfer of all
educational activities to a distance mode. According to Executive Director of Chandigarh University
(India) S. K. Tripath, “The new coronavirus has affected employment, education, energy, agriculture
and other areas of the global economy, including the emotional state of citizens. Higher education
institutions (HEIs), including universities, colleges and other institutions of higher education, are no
exception” [9]. According to UNESCO, the COVID-19 pandemic has led to the largest disruption in
education systems in history, affecting nearly 1.6 billion students in more than 190 countries and on all
continents. School and other educational closures have affected 94% of the global student population,
with 99% in low- and lower-middle-income countries [10]. According to the same UNESCO, 826 million
students in the world do not have personal computers, 706 million (43%) do not have access to the
Internet [11].

In high school, the use of web-based distance education is expanding rapidly [12]. This requires
constant improvement of the technological and methodological support of the educational process.
Failure in education is a serious threat to the entire society. Therefore, educational institutions must
respond quickly and ensure the continuity of educational processes. Research is underway to develop
technical, organizational, and pedagogical changes that educational institutions must implement to use
different methods of interaction, ensure continuity and provide high-quality education [13].

Research on the advantages and disadvantages of distance education is important [14]. Many
universities are researching to examine the effectiveness of distance learning at universities in light
of the coronavirus pandemic and to identify the barriers that university students face [15]. Bataineh
et al. [16] is pointed out that distance learning requires an exceptional environment, ability, and IT
skills in addition to smart devices and applications that enable video conferencing. Another important
area is the study of methods and means for involving students in the online learning process [17].
An important step in the transition to online of many laboratories that are used in higher education,
especially in STEM fields [18, 19, 20, 21]. This is important for students of those specialties that require
access to physical objects: devices, sensors, control devices. One of the ways to solve this problem is to
use remote lab and virtual lab technologies when programming an embedded system and applying them
to managing technical objects [22, 23, 24]. A virtual laboratory is a software and hardware complex that
allows research without direct contact with real production or educational equipment, or in the absence
of it [23, 25, 26]. The remote lab includes real technological equipment, software, and hardware for
controlling the technological complex and analog-digital conversion of measuring signals from sensors
installed on the equipment. At the same time, it should be ensured: the operation of the equipment, a
reliable access channel via the Internet, access dispatching and accounting of work performed, video
stream transmission using appropriate equipment, etc. These tasks are solved, for example, in the
GOLDi system [27]. Within the GOLDIi remote lab, interactive content objects can be offered to students
to digitally support learning processes. These are digital, immersive tools that allow you to explore
learned content with predefined or self-created examples. Virtual lab emulates laboratory equipment
through the use of mathematical models [28, 29]. It is also necessary to improve the technologies of the
educational process based on the use of IT.

To ensure a proper response to emerging problems, universities need to focus on changing not only
teaching methods but also the very approaches to teaching, organizing the educational process, and to
do this quality and quickly. On the other hand, it became necessary to abandon the traditional method of
planning and implementing educational programs. A regulatory component of the educational process
during a pandemic in the Donbas State Engineering Academy was the “Regulations on distance learning
for applicants for higher education at the Donbas State Engineering Academy in special conditions”
[30]. The implementation of this provision is based on the expansion of distance learning opportunities
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through the digitalization of education, which, on the one hand, requires an analysis of the digital
infrastructure of the academy, and on the other, its management. This analysis led to the solution of a
global problem for technical universities — how to implement a laboratory practice on special equipment
in this mode.

All laboratory work can be classified according to the type of disciplines where they are used.
This applies more to special disciplines, where the student is often given the task of measuring the
characteristics of any process using real devices or maintaining the process occurring in a given state. It
is also possible to set some target state, which should be achieved in the process of laboratory experiment
by appropriate actions of the student [31].

3. Case study

Consider the possibilities and ways of remote use of laboratory equipment of laboratories of bioelec-
tronics and biomechanics of the Department of Computer Information Technologies of Donbas State
Engineering Academy. They are equipped with modern research and production equipment that was
purchased as part of the work in the international project BioArt Erasmus+ and allows research on
the use of modern computer information technology in electronics, mechanics, biomechanics, and
mechatronics. The production equipment of the laboratories includes machines with computer numeri-
cal control (CNC) and a 3D printer. This equipment allows to significantly expand the experience of
students in the field of computer modeling and automated design in such CAD-systems as AutoCAD
(2D modeling) SolidWorks and PTC Creo (3D modeling) by moving from computer models of objects to
their material embodiment.

Computer numerical control means a computerized control system that reads the instructions of
a specialized programming language and controls the drives of metal, wood, and plastic machining
machines and machine tools. The CNC system interpreter translates the program from the input
language to the control commands of the main drive, feed drives, controllers of the machine units
(enable / disable cooling, for example). To determine the required trajectory of the working body as a
whole (tool/work piece) by the control program (CP) uses an interpolator that calculates the position
of the intermediate points of the trajectory specified in the program end. CNC machining increases
productivity and accuracy of operations, guarantees a constant level of quality, which in most cases far
exceeds the quality of traditional manual machining. Many orders that previously had to be abandoned
can now be fulfilled easily and effortlessly, which in the meantime is considered exclusive and is the
category of the largest profit [32].

CNC machines are represented by the following models. CNC machine Krechet-4060 manufactured
by the Ukrainian company “CNC machines” (figure 1). This machine can be used for 2D and 3D milling
of all types of plastics, wood, plywood, MDF, foam, composite, and light metals. The working field of
the machine 400 x 600 mm, stroke on the Z-axis 100 mm, processing error 0.08 mm.

Figure 1: CNC machine Krechet-4060.
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These are the Sherline 5410 CNC drilling and milling machine and the Sherline 4410 CNC lathe
(figure 2). Sherline is located in the United States and is widely known in the world for quality small
machines. These machines allow you to perform machining of parts in both software and manual
control mode. The free version of Mach 3 is used as software for controlling motor controllers. It is
enough to control the processing of medium-sized parts.

Figure 2: CNC machines: Sherline 5410 CNC and Sherline 4410 CNC.

The Sherline 5410 CNC drilling and milling machine have a motor power of 0.6 kW, a spindle speed
range of 70-2800 rpm, axial movement: X/Y/Z — 220/127/159 mm, respectively. Stepper motors to
control the movement of the axes with a capacity of 0.2 kW.

The Sherline 4410 CNC lathe has a motor power of 0.6 kW, spindle speed range 70-2800 rpm, spindle
bore diameter 10 mm, rear headstock quill stroke 45 mm, rear headstock quill cone — MK1, turning
diameter over frame 180 mm, turning diameter above the transverse caliper 90 mm, the distance
between the centers 430 mm, the course of the transverse caliper 110 mm. Stepper motors to control the
movement of the axes with a capacity of 0.2 kW. There is a complete set of equipment that allows you
to process not completely cylindrical parts and cut threads. The machine allows to carry out processing
with simultaneous movement of the tool on two coordinates.

Additive technologies have made a big qualitative leap in recent years, moving from the category
of industrial equipment to personal devices. Due to this, there is an opportunity for the widespread
introduction of this technology in the educational process. This allows not only to refine and expand the
classic laboratory workshop but also to increase students’ motivation and develop their competencies
in the field of new technologies and their practical application.

In the conditions of active modernization of education, equipping universities with modern computer
technology and transition to various forms of e-learning, there is an active introduction into the
educational process of various virtual simulators and complexes designed to replace real physical
experiment, the base of which is often not updated and obsolete over time. But a real physical experiment
plays a very important role in the learning process. It allows not only to instill skills in working with
equipment, but also to develop research and cognitive interest in students [33].

The presence of a large number of 3D printing technologies on the one hand gives a wide field
for choice, on the other hand, imposes certain restrictions on their implementation. One of the most
common 3D printing technologies is FDM (fused deposition modeling).

Among the main advantages of this type of printing are the following:

« the use of fairly compact printing devices that do not require special knowledge and skills in
installation and operation;
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« relatively low (compared to devices that use other technological processes) cost, both the devices
themselves and consumables;

« the principle of the press is simple and technological that does not demand special places of
installation;

« openness of technology, i.e. the possibility of its improvement and modification (the possibility
of assembling a printing device from a ready-made designer or set of components).

Equipment for additive production in laboratories is represented by a 3D printer FARM2 (figure 3).
This 3D printer has a printing area of 200x200x200 mm, implements ULTIMAKER kinematics, and has
the ability to print the following types of plastic: PLA, ABS, PVA, Nylon, HDPE, PCL, PET-G.

Figure 3: 3D printer FARM2.

Let’s move directly to consider the possibility of remote laboratory work on CNC machines and 3D
printers. Unfortunately, at the moment, for the full operation of machines and printers, some operations
can only be performed by humans. For CNC machines it is the installation and replacement of working
tools, blanks and finished products, chip cleaning. For 3D printers, this is a replacement for plastic and
printed models. Although for some of these operations there is already a solution for full or partial
automation (tool replacement and chip removal), laboratory work on CNC machines and 3D printers
without the intervention of a teacher or laboratory assistant is currently impossible. But, despite this,
it is already possible to remotely monitor the operation of CNC machines and 3D printers, get the
parameters of their work and quickly adjust them. Consider ready-made solutions in this area.

In [34] the possibility of quality control and remote control of the device using a server is considered.
The development of a server for CNC machine tool management is considered in order to improve the
user experience and expand the capabilities of the device, including remote monitoring of the device.
The work is based on the implementation of synchronous engine control using such parameters as:
Constant snap period, Constant jerk period, Constant acceleration period, Constant velocity period,
and imposed snap bound. This set of parameters is a classic for CNC machines. To control the device, it
uses a simple built-in system (single-board computer) Beaglebone Black with control through the OS
Linux kernel, acting as an operating system. Due to the choice of OS Linux as the operating system, the
firmware software is open source.

To implement the firmware used a patch RTLinux [35], designed to work with components in real-
time. The exchange of information between blocks in real-time is through shared memory. A program
in C++ using a server on Linux was developed for remote device management. The program works as a
server processing client requests. To implement the client part in the course of work were considered 3
options: a console application on Linux, a console application on Windows, and an application with
a graphical interface. PRUSS firmware was developed to perform real-time calculations. The server
application used writes data to the shared memory, which uses the PRUSS firmware to generate control
signals and exchange their states via GPIO. The board and computer interact via a TCP connection via
an Ethernet port.
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One of the most common open-source firmware for remote control of 3D printers is the RepRap
system. In [36] its application is considered. The web server is developed in Python in conjunction
with the Tornado framework. The authors highlight some advantages of using the above framework
to implement the server. The main advantage is the lightness of the system and the ability to scale
to service up to tens of thousands of open connections, which is well suited for the operation of the
printer management system during long-term use of the connection. The paper describes in detail the
principle of client-server communication based on the HTTP protocol, which allows studying in detail
the process of information transfer. The client part is a web page. As a result of firmware research,
promising directions of technology development are proposed, including improving the functionality
of the remote Rep-Rap server.

To improve the user experience when working with printing devices, the capabilities of 3D printers
need to ensure their extensibility. One of these modifications is to provide full or partial tracking of
the behavior of device modules. Monitoring the printing process requires access to readings from
various types of sensors and printer components. Monitoring the printing process requires access to
readings from various types of sensors and printer components. This system allows you to automate
the collection of information about the device for subsequent display of data to the user to analyze the
operation of the printer. There are also more advanced technologies for tracking the printing process,
in which the status of the printer is monitored by analyzing readings from sensors and the position of
the head using a neural network [37]. The article analyzes the operation of the position sensor, which
is used to collect data on the status of the printer. It uses the prediction root mean square error as an
indicator to describe the operating state of the printer. As a prospect for the development of technology,
the introduction of such analysis into the remote control system of a 3D printer should be considered,
it will allow monitoring the quality of the printing process and remotely monitoring the health of the
device.

Also, many amateur projects for remote control of 3D printers on the use of open-source software
(more often OctoPrint) and single-board computers Raspberry Pi and Orange Pi are posted in the public
domain.

Consider the ways of remote use of equipment for research and development. The study of the
mechanical properties of medical purposes, for example, metals, composites, threads, are investigated
on a universal testing machine UIT STM 001, which can be completed with a variety of equipment and
devices, and the software allows testing according to various standards (GOST, GB, ASTM, DIN, ISO,
etc.) and techniques (figure 4). Using an application programming interface (API) allows you to develop
software products to extend the capabilities of the testing machine.

Figure 4: Universal testing machine UIT STM 001.
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Full automation of the testing machine has the same obstacles as the automation of machine tools
and 3D printers - human intervention is required, in the case of a testing machine, to replace prototypes.
The ways of partial remote translation of laboratory work on a testing machine are also similar - remote
monitoring and control.

But in the case of a testing machine, an alternative way is possible — replacing real laboratory works
with virtual ones [38, 39, 40]. In [28], a prototype of virtual laboratory work was developed for use
in the educational process in the course “Resistance of materials”. The software package in real-time
provides a full cycle of laboratory work: preparatory stage (training), installation and removal of the
sample, performing measurements of the sample before and after testing, test, plotting a tensile diagram
to determine the main mechanical strength characteristics (figure 5). The tests have shown that the use
of modern technologies for performing virtual laboratory work in the educational process significantly
increases the quality and efficiency of the learning process and can be used in conjunction with work
on real equipment.

Figure 5: Program interface with three-dimensional models, interface, and mini cameras for simultaneous
control of all processes [28].

Experience has shown that most students had no problems with running the labs and completing
them. We believe that the best result is achieved when they are conducted in real-time, with the teacher’s
explanations via video link and dialogue with the students.

4. Conclusion

Developed courses are at the stage of implementation in the educational process. The study of the
features of laboratory work in the conditions of distance learning showed:

« at this point, it is impossible to make complete automation of equipment for remote laboratory
work. Human intervention is required for some operations. This makes it relevant to develop com-
munications between students, teachers, and laboratory assistants using modern electronic means
of communication, planning, and optimization of the working time of laboratory equipment;

« there are many ready-made solutions for remote monitoring and control of laboratory equipment
using open source software, single-board computers, cloud services, server, and client applications;

« in some cases, an alternative to laboratory work on real equipment is to replace them with virtual
laboratory works.

The authors do not view the virtual labs as a complete substitute for the real ones. However, we
think that they will organically complement classroom work after the pandemic and war are over.
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Abstract

This study investigated the effectiveness of the proposed didactic conditions and structural-functional model
for developing pre-service teachers’ digital competence through informatics disciplines. The positive dynamics
observed in the experimental group’s digital competence levels, particularly in the cognitive-informational and
motivational-value components, contribute to growing research advocating for the systematic development of
digital competence within teacher education programs. The findings underscore the importance of adopting a
holistic, integrated approach to informatics disciplines, combining technical skills, pedagogical knowledge, and
practical application through authentic, project-based learning experiences.
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1. Introduction

The rapid digitalisation of society and education has highlighted the need for educators to possess
a high level of digital competence to effectively integrate digital technologies into their professional
practice [1, 2, 3, 4]. As defined by the European Commission’s DigComp framework, digital competence
involves the confident, critical, and responsible use of digital technologies for learning, work, and
participation in society [5]. For teachers, this encompasses the ability to use digital tools to enhance
teaching and learning, foster students’ digital literacy, and promote innovative educational practices
[6].

However, studies have revealed that pre-service teachers often lack sufficient digital competence,
despite exposure to various informatics disciplines during their teacher education programs [7, 2].
This suggests that existing informatics courses do not adequately contribute to the full and targeted
development of pre-service teachers’ digital competence, necessitating a more intentional and system-
atic approach [8]. Recent years have necessitated reflection on the content and modalities of digital
competence formation in pre-service teachers [9].

To address this issue, a structural-functional model was developed, incorporating specific didactic
conditions that aim to foster digital competence development in pre-service teachers through the study
of informatics disciplines. These conditions include:

1. Motivational conditionality of subjects’ interaction in the digital learning environment.
2. Structuring of educational information in problematic, heuristic and integrative learning. models
and its translation into project activities

3. Ensuring a systematic, complicating nature of students’ learning activities with diagnostics and
timely correction of outcomes using modern ICT.
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This study’s purpose was to test the effectiveness of the proposed didactic conditions and structural-
functional model in developing pre-service teachers’ digital competence through a pedagogical experi-
ment. The findings contribute to the growing body of research on digital competence development in
teacher education and provide insights into effective strategies for preparing future teachers to integrate
digital technologies into their professional practice.

2. Theoretical background

2.1. Digital competence in teacher education

The importance of developing pre-service teachers’ digital competence has been increasingly recognized,
as evidenced by the inclusion of digital competence frameworks in teacher education policies and
curricula worldwide [10, 11]. The European Framework for the Digital Competence of Educators
(DigCompEdu) outlines six areas of digital competence for teachers: professional engagement, digital
resources, teaching and learning, assessment, empowering learners, and facilitating learners’ digital
competence [6].

Research has shown that pre-service teachers’ digital competence is influenced by various factors,
such as their personal experiences with technology, self-efficacy beliefs, and the quality of technology
integration in their teacher education programs [12, 13]. Studies have also highlighted the need for
teacher education programs to provide authentic, meaningful opportunities for pre-service teachers to
develop their digital competence through hands-on practice, reflection, and peer collaboration [10, 11].
Digital competence is a vital combination of knowledge, abilities, and attitudes required for effective
and responsible use of digital tools and technologies in the modern world [14].

2.2. Informatics disciplines in teacher education

Informatics (computer science) disciplines, such as programming, and information technology, play
a crucial role in developing pre-service teachers’ digital competence [2]. These disciplines provide
students with the foundational knowledge and skills necessary to understand and use digital technologies
effectively in educational contexts. However, research has shown that the existing informatics courses
in teacher education programs often focus narrowly on technical skills and fail to adequately address
the pedagogical aspects of technology integration [7, 2].

To better support pre-service teachers’ digital competence development, informatics disciplines in
teacher education need to adopt a more holistic, integrated approach that combines technical skills
with pedagogical knowledge and practical application [10]. This can be achieved through authentic,
problem-based learning activities, collaborative projects, and reflective practice [13, 12]. Additionally,
informatics courses should be closely aligned with the broader teacher education curriculum and provide
opportunities for pre-service teachers to apply their digital competence in real-world educational settings
[11]. Training programs have been carried out to support digital competence, and it is important to
examine how pre-service teachers plan to use the knowledge and skills gained from digital competence
training in different contexts [15].

3. Methodology

3.1. Research design

A pedagogical experiment was conducted to test the effectiveness of the proposed didactic conditions
and structural-functional model for developing pre-service teachers’ digital competence through infor-
matics disciplines. The experiment followed a quasi-experimental design, with a control group and an
experimental group of pre-service teachers from two Ukrainian pedagogical universities.

The control group (n=93) studied according to traditional informatics discipline programs, while the
experimental group (n=95) followed an experimental program that implemented the proposed didactic
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conditions and structural-functional model. The experiment was conducted over four academic years,
from 2016 to 2020.

3.2. Participants

The study participants were 188 pre-service teachers enrolled in pedagogical specialties at two Ukrainian
pedagogical universities. The control group consisted of 93 students (71% female, 29% male), while the
experimental group comprised 95 students (69% female, 31% male). The participants’ ages ranged from
18 to 23, with a mean age of 20.2 years (0=1.4).

All participants were enrolled in informatics disciplines as part of their teacher education programs,
which included courses such as computer science, programming, and information technology. The
participants’ prior experience with digital technologies varied, but all had basic computer literacy skills.

3.3. Instruments

Digital competence formation was assessed according to four structural-criterial components: motivational-
value, cognitive-informational, operational-activity, and personal-reflexive. A range of diagnostic
methods were employed to measure pre-service teachers’ digital competence development:

« A series of tests were administered to assess participants’ knowledge and understanding of digital
technologies, computer science concepts, and pedagogical applications of technology.

« Participants completed questionnaires designed to gauge their attitudes, beliefs, and self-efficacy
regarding the use of digital technologies in educational contexts.

« Semi-structured interviews were conducted with a subset of participants to gather more in-
depth insights into their experiences, challenges, and growth in relation to digital competence
development.

« Participants completed practical tasks and projects that required them to demonstrate their skills
in using digital tools, creating digital content, and solving technology-related problems.

« Competency matrices were used to assess participants’ performance in various aspects of digital
competence, such as digital literacy, digital communication and collaboration, and digital content
creation.

« Expert evaluations were conducted by university faculty and experienced teachers to assess partic-
ipants’ digital competence based on their performance in informatics disciplines and educational
practice.

« Participants analyzed and discussed real-world case studies related to technology integration in
education, allowing for the assessment of their critical thinking and problem-solving skills.

« Participants designed and implemented educational projects that demonstrated their ability to
integrate digital technologies into teaching and learning activities.

« Participants maintained a reflective blog throughout the experiment, documenting their experi-
ences, insights, and growth in relation to digital competence development.

These diverse diagnostic methods provided a comprehensive assessment of pre-service teachers’
digital competence development throughout the pedagogical experiment.

3.4. Procedure

The pedagogical experiment was conducted in three stages: organizational, formative, and corrective. In
the organizational stage, the experimental program was developed, incorporating the proposed didactic
conditions and structural-functional model. The content of informatics disciplines was updated, and an
author’s electronic special course, “Digital Technologies in Education” (3 ECTS credits), was prepared.
Diagnostic instruments were also developed and validated during this stage.

During the formative stage, the experimental group studied according to the experimental program,
which implemented the three didactic conditions:
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1. Motivational conditionality of subjects’ interaction in the digital learning environment: This con-
dition aimed to foster effective collaboration and co-creation among students and teachers in
the digital learning environment. Problematic and developmental learning technologies, success
situations, emotional stimulation, and gamified rating control were used to enhance students’
motivation to master digital competence.

2. Structuring of educational information in problematic, heuristic and integrative learning models and
its translation into project activities: This condition involved structuring educational information
in problematic, heuristic, and integrative learning models and translating it into project activities.
A technological scheme for forming digital competence was developed, serving as the basis for
creating a system of learning tasks, contextual, game, and problem situations, web-quests, and
case studies. These activities covered the motivational-value, cognitive-informational, operational-
activity, and personal-reflexive aspects of students’ activity in the virtual space.

3. Ensuring a systematic, complicating nature of students’ learning activities with diagnostics and
timely correction of outcomes using modern ICT: This condition involved introducing digital tools
and technologies that optimized and intensified the learning of informatics disciplines. New
ways of organizing training sessions, technological models of mobile, distance, and blended
learning, game design, video and teleconferences, web forums, and workshops in synchronous
and asynchronous modes were employed.

In the corrective stage, the results of the students’ learning activities were monitored and corrected
using both general (testing, questionnaires, interviews, control tasks) and specific methods (competency
matrices, expert cards, case studies, educational projects, and blogs).

3.5. Data analysis

Quantitative data collected through tests, questionnaires, control tasks, and competency matrices were
analyzed using descriptive and inferential statistics. Paired-sample t-tests were used to compare the
pre-and post-experiment scores within each group, while independent-sample t-tests were employed to
compare the experimental and control groups’ post-experiment scores. Effect sizes (Cohen’s d) were
calculated to determine the magnitude of the differences between groups.

Qualitative data gathered through interviews, case studies, educational projects, and blog entries were
analyzed using thematic analysis [16]. The data were coded and categorized into themes related to the
four structural-criterial components of digital competence (motivational-value, cognitive-informational,
operational-activity, and personal-reflexive). The themes were then compared and contrasted be-
tween the experimental and control groups to identify patterns and differences in digital competence
development.

4. Results

4.1. Quantitative findings

The experimental group demonstrated positive, statistically significant dynamics in the levels of dig-
ital competence formation compared to the control group (table 1). The greatest development was
observed in the cognitive-informational (+35.79%) and motivational-value (+25.26%) components of
digital competence.

Paired-sample t-tests revealed significant improvements in the experimental group’s digital com-
petence scores from the initial to the final assessment across all four structural-criterial components
(p<0.001). The effect sizes ranged from d=0.68 to d=1.24, indicating moderate to large effects.

Independent-sample t-tests showed that the experimental group’s post-experiment scores were
significantly higher than those of the control group in the cognitive-informational (#(186)=6.84, p<0.001,
d=1.00) and motivational-value (#(186)=5.21, p<0.001, d=0.76) components. The differences in the
operational-activity and personal-reflexive components were also significant but with smaller effect
sizes (d=0.42 and d=0.51, respectively).
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Table 1
Comparative dynamics of digital competence formation levels based on experiment results (%).
Levels Experimental group  Control group
Initial Final Initial ~ Final
Initial 21.05 3.16 22.58 1290
Average 34.74 26.32 34.41 33.33
Sufficient  26.32 43.16 2473  33.33
High 17.89 27.37 18.28  20.43

4.2. Qualitative findings

The thematic analysis of interviews, case studies, educational projects, and blog entries revealed several
key themes related to the development of digital competence in pre-service teachers:

+ Enhanced motivation and engagement: participants in the experimental group reported increased
motivation and engagement in learning informatics disciplines due to the interactive, project-
based nature of the activities and the authentic use of digital tools.

« Improved understanding of digital technologies: experimental group participants demonstrated a
deeper understanding of digital technologies, their applications in education, and the pedagogical
implications of technology integration.

« Increased confidence in using digital tools: pre-service teachers in the experimental group expressed
greater confidence in their ability to use digital tools for teaching and learning, as well as for
personal and professional development.

+ Collaborative learning and peer support: the experimental program fostered a strong sense of
collaboration and peer support among pre-service teachers, facilitating the sharing of knowledge,
skills, and experiences related to digital competence development.

+ Reflective practice and self-awareness: participants in the experimental group demonstrated higher
levels of reflective practice and self-awareness regarding their digital competence development,
as evidenced by their blog entries and discussions during interviews.

These qualitative findings provide further evidence of the effectiveness of the proposed didactic
conditions and structural-functional model in fostering digital competence development in pre-service
teachers.

5. Discussion

The results of this pedagogical experiment confirm the effectiveness of the proposed didactic conditions
and structural-functional model for developing pre-service teachers’ digital competence through in-
formatics disciplines. The positive dynamics observed in the experimental group’s digital competence
levels, particularly in the cognitive-informational and motivational-value components, align with recent
research emphasizing the importance of intentional and systematic digital competence development in
teacher education [12, 10, 11, 9].

The significant improvements in the experimental group’s cognitive-informational component suggest
that the problematic, heuristic, and integrative learning models, coupled with project-based activities,
effectively facilitated the acquisition of knowledge and understanding related to digital technologies
and their pedagogical applications. This finding supports the notion that informatics disciplines in
teacher education should adopt a more holistic, integrated approach that combines technical skills with
pedagogical knowledge and practical application [10, 13].

The substantial growth in the motivational-value component among experimental group participants
highlights the importance of creating an engaging, collaborative digital learning environment that fosters
motivation and positive attitudes towards technology integration. This finding aligns with research
indicating that pre-service teachers’ digital competence is influenced by their personal experiences,
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self-efficacy beliefs, and the quality of technology integration in their teacher education programs
[12, 13].

The qualitative findings provide further insights into the factors contributing to the effectiveness of
the experimental program. The enhanced motivation, improved understanding of digital technologies,
increased confidence, collaborative learning, and reflective practice reported by experimental group
participants underscore the value of authentic, meaningful learning experiences in developing digital
competence [10, 11].

The substantial growth in the motivational-value component among experimental group participants
highlights the importance of creating an engaging, collaborative digital learning environment that fosters
motivation and positive attitudes towards technology integration. This finding aligns with research
indicating that pre-service teachers’ digital competence is influenced by their personal experiences,
self-efficacy beliefs, and the quality of technology integration in their teacher education programs
[12, 13]. It is crucial to examine how pre-service teachers plan to use the knowledge and skills gained
from digital competence training in different contexts, such as personal, pedagogical, and professional
digital competence [15].

The qualitative findings provide further insights into the factors contributing to the effectiveness of
the experimental program. The enhanced motivation, improved understanding of digital technologies,
increased confidence, collaborative learning, and reflective practice reported by experimental group
participants underscore the value of authentic, meaningful learning experiences in developing digital
competence [10, 11, 14].

While the operational-activity and personal-reflexive components also showed significant improve-
ments in the experimental group, the smaller effect sizes suggest that these aspects of digital competence
may require additional attention and support. Future research could explore strategies for further en-
hancing pre-service teachers’ practical skills and reflective capabilities in relation to digital competence
development.

6. Conclusion

This pedagogical experiment provides evidence for the effectiveness of the proposed didactic condi-
tions and structural-functional model in developing pre-service teachers’ digital competence through
informatics disciplines. The positive dynamics observed in the experimental group’s digital competence
levels, particularly in the cognitive-informational and motivational-value components, contribute to the
growing body of research advocating for the systematic, intentional development of digital competence
within teacher education programs.

The findings underscore the importance of adopting a holistic, integrated approach to informatics
disciplines in teacher education, combining technical skills, pedagogical knowledge, and practical
application through authentic, project-based learning experiences. The study also highlights the value
of creating an engaging, collaborative digital learning environment that fosters motivation, confidence,
and reflective practice among pre-service teachers.

The results of this experiment have several implications for teacher education policy and practice.
First, teacher education programs should prioritize the intentional and systematic development of
pre-service teachers’ digital competence, recognizing its critical role in preparing future educators for
the digitalized educational landscape. This may involve reforming existing informatics disciplines to
better align with the holistic, integrated approach demonstrated in this study.

Second, teacher educators should adopt evidence-based strategies, such as the didactic conditions and
structural-functional model proposed in this study, to effectively foster digital competence development
in pre-service teachers. This may require professional development for teacher educators to enhance
their own digital competence and pedagogical skills in integrating technology into their teaching
practice.

Third, policymakers and educational institutions should invest in the necessary infrastructure,
resources, and support systems to facilitate the effective integration of digital technologies in teacher
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education programs. This includes providing access to up-to-date digital tools, learning management
systems, and online resources and offering technical and pedagogical support to both pre-service
teachers and teacher educators.

Future research could explore the long-term impact of digital competence development interventions
on pre-service teachers’ technology integration practices during their induction phase and early career
years. Longitudinal studies could provide valuable insights into the sustainability and transferability of
the skills and knowledge acquired through such interventions.

Additionally, the proposed structural-functional model could be adapted and tested in different
contexts and specializations within teacher education, such as primary education, secondary education,
and subject-specific domains. Comparative studies could also investigate the effectiveness of different
approaches to digital competence development in teacher education across various countries and
educational systems.
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Abstract

With the adoption of the new Law of Ukraine “On Education” in 2017, Ukrainian schools have gained greater
autonomy in academic, organizational, financial, and personnel matters. This shift necessitates new approaches
to training school principals and directors in strategic management. This paper examines the use of business
simulation games as an innovative tool for developing the economic and managerial competencies of educa-
tional leaders. Drawing on a case study of trainings conducted in Ukraine from 2016-2021, we analyze the
perceptions and learning outcomes of over 1,200 participants from preschool, secondary, vocational, and higher
education institutions. The findings highlight the effectiveness of business simulations in providing immersive,
experiential learning and bridging the gap between educational and business spheres. However, challenges
related to participants’ mindsets, skills, and institutional constraints are also identified. The paper concludes with
recommendations for designing and implementing simulation-based trainings that are tailored to the needs of
educational leaders in the context of ongoing reforms in Ukraine.

Keywords
business simulation games, educational leadership, strategic management training, experiential learning, educa-
tion reform in Ukraine

1. Introduction

In modern conditions of transformation in Ukraine there was a need to reform the management of
schools. The adoption of the Law of Ukraine “On Education” in 2017 launched mechanisms for structural
reform of the management system and methods of carrying out the activities of schools. The Law
stipulates that “the state guarantees the academic, organizational, financial and personnel autonomy
of schools. The scope of autonomy of schools is determined by the Law, special laws and constituent
documents of the school” [1]. We need special trainings programs for semi-directors and directors
of schools, colleges and universities. Also there are introduced business instruments into everyday
and strategic activity of educational organisations. During the trainings we conducted research in the
format of a survey on three questions: 1) who is the client; 2) which is a product of the educational
institution; 3) which is a raw material. And also we identified the main areas of training of principals of
school using business-simulation.
At the article we described:

» peculiarity of new conditions for economic and managerial training of principals;
« mental and professional features of perception of business education;

« modern instruments of forming of economic and managerial competencies during training of
principals of schools;
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2. New conditions for economic and managerial training of principals

Based on this, schools of all levels become full-fledged business entities with different forms of ownership
and in different statuses (budgetary institution, non-profit school, profitable school). And the main
type of their activity is educational [1]. In this regard, the introduction of economic and management
approaches in the activities of schools becomes extremely important.

A sharp change in the role of the head of the school, the need to make a wide range of management
decisions make not only to the established pedagogical norms of the school, but also to the traditional
tools of business management. Given that the educational and business spheres of operation are quite
distant and little intersect, one of the tasks of economists and scientists-educators is to approximate,
adapt and implement economic tools of management and analysis in the daily activities of the school.

It is worth recalling the basic legislative changes that operate in the light of the current Law of
Ukraine “On Education” in accordance with the levels of education Analyzing the legislative changes
in the Laws of Ukraine “On Professional Higher Education” [2, 3], “On Complete General Secondary
Education” [4] it is worth noting the following innovations:

« independence in certain forms of education, forms of organization of the educational process;

« the right to form and approve one’s own staff list, respectively, free employment and dismissal of
pedagogical, scientific-pedagogical and other employees;

« independence in financial, economic and other activities in accordance with the legislation and
constituent documents;

« free disposal of own revenues;

« the head of the school directly manages the activities of his institution, he is a representative in
external relations with state bodies, local governments, legal entities and individuals;

« the head decides the financial and economic activities of the school, forms its structure, forms and
approves the staff list in accordance with the law, is the manager of property and funds, ensures
compliance with staff and financial discipline;

+ the head ensures the development and is responsible for the implementation of the approved
development strategy of the school;

« the head is responsible for the results of the institution of professional higher education before
the founder (founders) or his authorized body (persons).

A balancing role in the system of strategic management of a school is played by the pedagogical
council of the school [4]:

« determination of strategy and perspective directions of development of school;

« considers the draft constituent document of the school, as well as proposals for amendments to it;

« considers the draft estimate (financial plan) of the institution and the annual financial report of
the school, and other significant strategic steps.

Analyzing such changes in the adopted profile laws, which correspond to the Law of Ukraine “On
Education”, we can predict that in the new version of the law on vocational (technical) education in
terms of powers of the institution, its head and collegial body will be written similar provisions. These
steps lead to one thing - the need for radical change in the training and retraining of managers in the
education system.

The offered article considers ways and ways of economic, administrative preparation of heads of
schools and their deputies in the conditions of reforming of education.

3. Mental and professional features of perception of business
education

In Ukraine during 2016-2021, research and experimental work of the all-Ukrainian level on the topic:
“Development of business education in Ukraine as an element of state policy to promote entrepreneur-
ship”, approved by the Order of the Ministry of Education and Science of Ukraine No. 1221 from
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07.10.2016, was proposed and conducted a training course for directors and semi-directors of preschool,
secondary, vocational and higher education on the topic: “Implementation of economic approaches in
the management of schools”. During 2017-2019, 1225 training participants from all regions of Ukraine
were covered. We chose the regions based on the openness of the regions themselves, readiness for
change and training of their principals.

During the training, participants were interviewed on the following similar issues:

« Is the school an economic entity?

« Who is the client (s) of the school?

« What are the products (services) of a school (main and secondary)?

« What is the “raw material” of a school? What other resources are needed?

The results of the survey show a number of trends in education:

« for more than 50%, directors agreed that schools are part of economic systems;

« for 87% of participants the pupil / student is the raw material of the schools;

« the products of the school are graduates, competencies, certificates / diplomas;

« clients of the school are parents, the state, universities, sometimes businesses, public organizations;

» for some directors there is a rejection of the introduction of the principles of classical management
in the management of schools and the need to understand economic issues.

These answers reflect the gap in the perception of the customer, product, input resources between
schools and representatives of private business, in particular training and education centers, which
clearly understand these positions. There are objective and subjective reasons for this situation.

Objective reasons:

« the legacy of the industrial economy - all had to be adjusted to the production system. Those
who did not fit were either ruled out or “fell out” of the system of economic relations;

« absolutization of the state in the socialist system;

+ low human value in the USSR.

Subjective reasons:

« unwillingness to change quickly and understand all the laws of a market economy;

« lack of tools for adaptation from systemic, public administration to autonomy and self-government;

« legislative “leapfrog” with changes and the possibility of rolling back reforms;

« non-acceptance of each other’s educational and business community, different “languages”,
principles and approaches to solving issues.

These reasons are significant obstacles to the training of heads of schools in economic and managerial
approaches. And in order to train managers and effectively retrain it is necessary to take into account
the peculiarities of the implementation of the economic style of management of the organization.

The first economic management should be a system that covers all levels of operation: customers
(pupils / students), teachers / lecturers, deputy principals and principals (figure 1).

At each level it is necessary to implement the approaches and methods. For leaders, it is recommended,
first of all, to look at the entrusted school not from the point of view of a teacher, organizer, pedagogical
manager, but from the point of view of an economic non-profit organization. Such an organization has
many business processes, and which should function as efficiently as possible and use the allocated
public funds from the state and / or local budgets.

This will help to develop economic thinking, which is based on a simple but vital position: any
result should always be greater than the spent material, financial, informational, time resources. If such
equality is not ensured, then such a solution should be revoked or implemented so as to reduce the cost
of limited resources.

At the level of deputies, the range of responsibilities is radically expanding. Today it is not enough
to be responsible and manage only educational activities. It is necessary to move to a full range of
management in various areas:
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Figure 1: Development of entrepreneurial education.

« marketing of the school (information, image policy, admission campaign);

« financial (ensuring such a state that funds are always enough for all costs in full and at the right
time);

« HR-management (to form an initiative and self-supporting team, which prevents moments of
emotional burnout and recession).

Only in this case can we talk about the introduction of real autonomy and full management of the
entire educational system.

However, building an effective internal governance mechanism does not yet guarantee the success-
ful operation of the school as a whole. After all, any school significantly depends on the external
environment and the influence of all stakeholder groups. The main such groups are other schools of
different levels (both relevant and related), clients (students, parents), business as sponsors and as future
employers for educational services, with the founders and authorities in the field of education.

Heads of schools take care of external communication. Because strong interaction and balance of
educational programs must be built between different levels of education, so as to ensure a progressive
and continuous learning process. After all, youth who enters the formal education system at 2 years
and leaves it at 19-25 years, must clearly understand where and how to move in adult life, must be
able to earn their skills, knowledge, be professional and acquire basic competencies (competencies in
understanding of business).

This approach means that there can be no “gaps” in approaches, forms of learning at the intersection of
educational levels. For example: the last year of kindergarten corresponds to the 1st grade of school, 9th
grade — with the 1st year of college. Graduation from the 11th grade of the school opens opportunities
for study in the first year of universities and high colleges.

Today, as in previous years, there is a big discrepancy between the last classes of school and the first
months of study in university. Lecturers spend significant resources on adapting first-course students
instead of effectively teaching them specialized disciplines and developing professional skills.

A similar situation arises between the 9th grade and the 1st year of VET. With the difference that the
vocational education system often works to restore the student’s motivation and try to direct him to
adult life — because he did not fit into the “classical schemes” of schooling.

In interaction with the market of educational services, two key issues should be in focus. First,
understanding what exactly the applicant for educational services, his parents, wants. Secondly, a clear
answer to what exactly the community should allocate funds from the public budget intended to finance
the school.

Regarding the first, the content of educational programs cannot be the same from year to year. On
the contrary, it should be flexible, relevant to today’s demands of young people. And the teachers
themselves must also be modern, in demand in their subjects.

Regarding the second position, the value of educational services for the client, community (urban,
rural, district, regional or national), an explanation of why budget funds are spent and what areas of
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training they should be allocated to benefit from it should be constantly confirmed by communities.

It is worth working with business as equal partners. Elevation in the status of the head of a school
opens opportunities for greater maneuverability in interaction with business, as both parties are free to
make their decisions in search of mutually beneficial proposals. For business, first of all, schools are
interesting from the point of view of the employer and the ability to quickly find employees. This is an
interaction in the dimension of the labor market. And, if the school can fully satisfy the requests for
training, the support from the business is provided.

If not, the dialogue will not take place. It will be easier and even cheaper for a business to train a
specialist than to retrain someone. The possibility of such an alternative should be constantly considered
by the head of the school.

Another source of interaction with business is the provision of mediation services in the search
for employees (the provision of employment services in the context of the labor market). Education
organizations have practically ready and motivated employees. And there is an opportunity to test and
find the right employee.

As for the state, it is essential to ensure “transparent” rules of the game (regulatory system), which
will determine the working mechanisms for all participants in the educational process and stakeholders.
Therefore, there is a need for internal and external security. This is especially important for Ukraine.

This understanding of the prerequisites for building the internal and external economic environment
of the school contributes to the successful learning and further restructuring of the school on the basis
of organizational, financial, personnel, academic autonomy.

4. Modern instruments of forming economic and managerial
competencies

Economic and managerial (managerial) training of heads of schools pursues the main goal - to teach /
improve the ability to generate ideas and implement them independently in the practice of autonomous
and self-sufficient management of schools. And such training should take place not only by standard
tools (lectures, seminars, trainings), but also by innovative methods with the involvement of game and
simulation technologies. Because rapid, effective retraining of economic principles of managers, formed
in a rigid hierarchy of public administration, is possible only by radical methods that directly affect
thinking, behavior and form applied skills.
Among such technologies of innovative, fast and radical practical training of managers are:

« games [5];

- simulators [6];

« gamification [7];
« virtual reality [8].

Each technology is suitable for use in certain conditions in the presence / absence of technical support.
Comparative characteristics of each of the technologies are:

« Games — need scenario, need rules, participants and trainers, less interest after 3-5 rounds of
playing, we remember that it is only game. Minimum technical support.

« Simulations - learning by doing, need computer classes, not necessarily of trainers/moderators,
reproduction of conditions of the real environment / object / process [9]. Normal technical
support.

+ Gamification — using of game practices and mechanisms in a non-game context in real life,
technical, organizational and high-level need of resources, involvement of natural human instincts:
competition, achievements, status, self-expression, altruism, problem solving, formation of skills
in the process of training and real life or in a specially created environment [10]. Need medium
technical support.
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« Virtual reality — full immersion in a specially created environment, need special IT support
and equipment, the participant virtually “lives” in such an environment, difficult exit from the
environment [11]. Must have very high technical support.

When comparing different methods, the most appropriate to use are games and simulators, which
are relatively easy to obtain, organize and conduct with minimal or sufficient (available to most users)
technical conditions. As for gamification and virtual reality, today these tools are either not yet perfect,
or are valuable in organization and use. And the use of such technologies requires considerable time
and inclusion, which, as a matter of fact, does not have the heads of schools.

The use of game technologies, in particular, business games, in professional development of managers
is sufficiently described in the pedagogical literature. But the issue of using simulators, in particular busi-
ness simulators, is not covered enough, and is often unusual and new for the pedagogical management
community [12].

Simulation technologies are interactive systems that reproduce the conditions of a particular envi-
ronment, object, process using mathematical models [13, 14, 15, 16, 17, 18]. Examples of simulators are
flight simulators, automobiles, locomotives, meteorological, physical, etc. Economics and business often
use business simulators, which are interactive models of the real business environment in the form of a
computer program that reproduces a structural unit of the company, an entire firm, industry or the
economy of the whole country.

The history of creation and use of simulators is more than 50 years and has its roots in the military
sphere. The leaders are Great Britain, the United States, Japan, Germany, and Scandinavian countries.
In some countries, simulators are used at all levels of education — from preschool to adult education.
Because this technology allows you to acquire practical skills and abilities.

A business simulation is a computer program, a large-scale interactive simulation system that is
specifically designed to provide participants with economic and managerial competencies and skills.
The main simulators are to create opportunities for the acquisition of practical skills in managing the
economic processes of the entire technological chain of production, marketing and competition in the
market environment, as well as the management of the enterprise as a whole. Today in the world
there are hundreds of professional simulators with varying degrees of immersion and elaboration of
processes. Ukraine also has its own products that are actively used in educational activities (figure 2).

Figure 2: Well-known business simulations in the world and Ukraine.

The effectiveness of gaining practical skills while participating in interactive business simulators is
ensured by the application of the method of learning by doing (learning by doing), which gives the
participant the opportunity to:

« not only observe the processes of functions of the enterprise, but also to make specific economic
and managerial decisions that have real and adequate consequences for further activities;
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« to acquire and improve theoretical knowledge of economics and management, to understand the
causal links in the management of economic processes;

« simulators try to realistically reproduce the processes of functioning of the production enterprise,
starting with the organization of production and ending with the sale of manufactured goods in
conditions where there are different types of market — from duopoly to monopolistic competition.

After registration in the system, the participant receives an enterprise in an environment close to
reality and has the opportunity to make economic and managerial decisions necessary for the start of
its work and further development. The participant is given the opportunity to use existing financial
instruments in Ukraine, to determine the range of products planned for production, to master it in
production, to expand and modernize the production technological base, to hire and organize the work
of personnel. Using appropriate marketing tools, the participant has the opportunity to start promoting
and selling products.

In addition, it should be emphasized that the company is in a market environment, and when
making decisions it is necessary to take into account the presence of other market participants. Thus,
competition in the virtual market space forces the participant not only to look for effective tools and
ways to promote the product, but also to make changes in the production process in order to change
the consumer qualities of products and optimize its cost [19].

For teachers and management of schools, participation in business simulators is quite difficult, as it
is necessary to master economic terminology, methods and approaches to decision-making in a market
environment, analysis of decisions and results.

During 2015-2020, 120 trainings were held and as part of the annual business tournament “Company
Strategy” a league of mentors was opened using the ViAL+ business simulator. About 600 leaders,
deputies, teachers became participants. During this ViAL+ business simulation, the participant goes
through several stages:

1) there is an adaptation to the simulation environment (5-6 periods);

2) a comprehensive vision of the company is formed as a system, which, at the same time, consists of
interconnected functional units (10-12 periods);

3) the understanding of causal relations of management of economic processes of the enterprise in the
competitive market environment (18-20 periods) is formed;

4) after that — conscious implementation and adjustment of the previously formed action plan, profes-
sional analysis of the results (after the 20th period);

5) consolidation of acquired competencies and practical skills occurs after 25 periods.

The usefulness and need for such trainings was noted, but there is also a significant entry threshold.
In this regard, it is worth noting the necessary prerequisites for the use of business simulators in the
retraining of managers and training of future managers:

« clear arrangement of tasks and setting to go beyond traditional learning and existing patterns;

» preparation of participants for economic terminology, logic of management decisions in market
conditions;

« updating of digital skills of training participants;

« assistance with the first decisions, a full explanation of the consequences of decisions and what
to look for;

« constantly explain the relationship between business processes and processes in schools in the
light of the implemented reform of the education sector.

During 2018-2020, 230 managers, deputy heads of secondary, vocational, higher education institutions
or their structural subdivisions were trained using simulators. For 67% there was a significant and quite
significant increase in ownership of economic and managerial competencies.
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5. Conclusions

Complex and systematic use of various innovative pedagogical technologies in the process of pro-
fessional development of vocational school leaders makes it possible to rationally use teaching time,
motivate students to self-development and self-improvement, while increasing the level of psychological,
methodological, didactic and managerial competence.

The technology of professional development of heads of vocational schools has its own specifics,
structure, stages. It is an effective tool for achieving professional self-improvement, acme peaks, compe-
tencies on a spiritual-axiological basis, initiation of rethinking, self-overcoming, self-determination,
self-realization of a specialist, creative transformation of all professional activities based on conscious
self-development.

The study does not cover all aspects of the problem. The subject of further scientific research may
be the study of foreign experience of professional self-improvement of heads of vocational schools;
development of effective pedagogical technologies aimed at improving personal and professional
qualities, in particular through a set of psychological and pedagogical trainings and self-trainings.

To further improve the training, it is necessary to create a specialized simulation of schools in terms
of economic and organizational autonomy. This project envisages the creation of an existing simulation,
which will model the activities of the school and the competitive economic environment, the creation
of a simulation by all participants. Such a simulation will be designed to prepare principals, deputy
principals, teachers-methodologists to work in the new conditions of the school, in which funds will be
allocated not to a particular school, but to students in the form of certificates. This will force schools to
fight for the attraction of more able students, and, accordingly, will open space for competition between
schools and create conditions for improving the quality of educational services for students.

Thus, modern changes in legislation and the reform of schools are forcing the search for innovative
ways of training, education and retraining of managers in educational activities. Such tools include
game and simulation technologies. Today, you should use leading business simulators. However, in the
future we will hope for the implementation of a specialized simulation of schools.
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Abstract

The adoption of digital technologies in education has accelerated rapidly in recent times, driven by technological
progress and catalyzed by the global COVID-19 pandemic. This article analyzes the present landscape and
future prospects for Educational Technology (EdTech) in Ukraine. Efficiency analyses using Data Envelopment
Analysis methodology reveal substantial opportunities for Ukraine to enhance educational outcomes via increased
investment and technology integration. Ukraine’s EdTech startup ecosystem has expanded to over 80 companies
delivering solutions spanning tutoring, language instruction, MOOCs, K-12 education, STEM fields, robotics,
learning management platforms, and more. However, a strategic assessment indicates the ecosystem currently
faces more challenges and risks relative to advantages and possibilities. Major obstacles include high financial
costs, regulatory impediments, underdeveloped technical infrastructure, resistance to change among educators,
and limited data on the impact of EdTech. For Ukraine to fully realize the potential of EdTech, concerted efforts are
needed to boost public and private investment, fast-track digitalization initiatives, foster an enabling environment
for EdTech enterprises, and develop educators’ capacity to effectively incorporate technology. With focused
strategic interventions, EdTech can serve as a key engine for expanding access, elevating quality and driving
efficiency gains in Ukraine’s education system.

Keywords
educational technology, Ukraine, digitalization, efficiency, COVID-19, startups, technology integration, govern-
ment policy, teacher professional development

1. Introduction

Innovation in technology is swiftly reshaping all facets of society, and the education sector is no
exception. However, the speed of digitalization in education has traditionally trailed other industries
due to elevated costs, sophisticated functionality of solutions, and inertia in evolving pedagogical
methods [1, 2]. The COVID-19 pandemic marked a turning point, compelling educational institutions
globally to rapidly transition to distance learning modalities and spurring investment and adoption of
educational technologies [3, 4].

In Ukraine, the EdTech sector was already expanding before the pandemic but has since experienced
a boom. By 2020, the Ukrainian EdTech ecosystem encompassed over 80 startups offering products and
services targeting learners across age groups. This paper aims to evaluate the existing landscape and
future outlook for EdTech in Ukraine, exploring key trends, prominent companies, opportunities and
challenges.

2. Education efficiency analysis

The evaluation of the effectiveness of education in Europe and Central Asia by the Data Envelopment
Analysis (DEA) method, where the input — Expenditure on education, output — GDP per capita (figure 1).

The results of the analysis showed that effective education (efficiency coefficient equal 1) in Greece,
Italy, Ireland, and Switzerland. Norway, France, Austria, Germany, Finland, the Netherlands, and Iceland
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Figure 1: Data Envelopment Analysis of expenditure on education.

are close to the efficiency curve. That is, European countries, in general, have experience in the effective
expenditure on education. As for Ukraine, the expenditure on education is extremely inefficient, a
similar situation in Georgia, the Russian Federation, and Moldova (ie in the countries of the former
USSR).

Employee education is the key to a company’s success. That is why companies try to get highly
educated employees and maintain their qualifications at a high level. To assess the effectiveness of
education in Europe and Central Asia, built a model of DEA, where inputs — GDP per capita, Internet
users (per 100 people), Expenditure on education as (% School-age population, output — Labor force
with advanced education (% of the total labor force). The simulation results are shown in the table 1.

Table 1
Data Envelopment Analysis of education effectiveness.
Efficiencies range Number of % Countries
countries
0.7<E<0.8 5 11.4  Belgium, Denmark, Germany, Netherlands,
United Kingdom
08<E<09 10 22.7 Austria, Czech Republic, Finland, France, Ireland,
Norway, Russian Federation, Spain, Sweden, Switzerland
09<FE<1 8 18.2  Albania, Belarus, Bulgaria, Hungary, Italy,
Poland, Slovak Republic, Slovenia
EF=1 21 47.7  Croatia, Cyprus, Estonia, Georgia, Greece, Iceland,

Latvia, Lithuania, Luxembourg, Moldova,
Portugal, Romania, Serbia, Turkey, Ukraine

DEA model analyzing efficiencies by VRS technology and input orientated efficiency. A number of
countries with efficiency equal 1 are 21 out of 44, mean efficiency: 0.922.

The results show that efficiency is lower in those countries that incur significant expenditures on
education. Conversely, countries with low spending on education have shown high efficiency. For
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example, Ukraine has an efficiency of 1, Labor force with advanced education — 72.15, GDP per capita —
3095.17, Internet users (per 100 people) — 89.74, Expenditure on education — 13.05, School-age population
- 3.9 million. Germany, the efficiency of which is 0.72, has Labor force with advanced education - 73.56,
GDP per capita — 47603, Internet users (per 100 people) — 71.13, Expenditure on education — 11.04,
School-age population - 2.5 mln.

Analysis of education efficiency in different countries has shown that there is great potential for
productivity increases. Therefore, the implementation of innovations in education is promising.

3. Investing in educational startups

Holon IQ is an international analytical agency founded in 2018 [5]. Initially, the company invested in
educational startups but switched to market analysis to help more projects. According to the Holon
IQ estimates (figure 2), global education venture capital funding in 2022 decreased to $10.58 billion,
which is more than twice lower that in 2021. Logically, this is a direct consequence of the COVID-19
pandemic and the quarantine that forced everyone around the world to go online. In the context of
expected changes in the structure of the labor market, EdTech tools will continue to be in demand
for the acquisition of new skills and retraining of employees. Note that China invests the most in
educational programs, for example, US funding is 2 times less than China, and European funding is 10
times less (in total for the last 10 years).

$580M of EdTech VC for Q12024. Following $80B invested over the prior

10 years, not even an Al tailwind can arrest EdTech's VC collapse.
Global Education Venture Capital Funding, 2010 — Q1 YTD 2024 in USD Billions $20.80B

Regional Funding Totals, 2010 — Q1 YTD 2024 in USD Billions

China

$16.06B

USA

India

Europe

$10.588 C90%

RoW

$0.558 $0.69B $0.92

2010 20Mm 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
YTD

Holon Source: HolonlQ, Apr 1, 2024. All numbers rounded and may not sum exactly due to rounding. Excludes PE and debt transactions.
All years calculated at historic FX (spot rate on funding date)

Figure 2: Global education venture capital funding, 2010-2023 in USD Billions [6].

Globally, most major markets have followed a similar trajectory with steady climbs into the pandemic,
followed by 2-3 year surges in investment before falling back to investment levels not seen for around 7
years in Europe, 10 years for the US and nearly 15 years in China.

HolonlIQ listed the 200 best EdTech companies in Europe, where 11 projects from Ukraine are included.
The rating is based in:

» companies market positions;

+ demand and quality of products;
« financial stability;

« attractiveness for investment;
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« development progress and dynamics;
 project team.

Ukrainian EdTech projects listed in the HolonIQ rating:

« Basenji Apps — applications for English learning;

+ EnglishDom - online school of English learning;

+ Enguide - service for choosing English courses in Kyiv;
« Speechyard - service for learning English by movies;

+ Besmart — preparation courses for final exams at school;
« SkillUp - training courses for IT specialists;

« Skyworker — service for finding IT vacancies;

« Jooble — job search service;

« Parta - educational portal;

+ Studway — media about education;

+ Vseosvita — service for continuing education.

As we can see, the most popular are services for learning English. But there are nearly 80 digital
education projects in the Ukrainian EdTech landscape. EdTech Landscape map of Ukraine for 2020
(figure 3) was proposed by Vadym Synzheretskyi (CEO and co-founder of BUKI online platform for
tutors).

4. Ukraine EdTech ecosystems analysis

Synzheretskyi [8] proposed to cluster EdTech ecosystem of Ukraine in such a way: Tutoring; Language
learning; MOOC; School Education (K-12); STEM & coding, Robotics; Information platforms; For
teachers; LMS (learning management system); IT Education; Upskilling; Tools; Talent. Let’s look at the
examples from each group.

Preply [9] is an online educational platform that connects tutors and teachers (from 185 countries)
with students, locally or virtually via Skype. In March 2020, the Ukrainian EdTech marketplace for the
study of foreign languages Preply got $ 10 million, almost twice the amount of all previous investments
($ 5.6 million). The service uses machine learning algorithms to match tutors. The company plans to
launch new tools for teachers that will help assess homework, monitor progress, and help students
more effectively. The company also plans to develop a mobile application for Android and iOS.

EnglishDom [10] is an online English school and at the same time an IT company that inspires to
learn English through technology. The company is one of the leaders in the field of EdTech in Eastern
Europe. The EnglishDom platform includes 5 innovative services for learning English, including mobile
applications and an interactive digital textbook. The service unites more than 500 English teachers and
50,000 users.

Prometheus [11] is a mass online courses platform called “Ukrainian Coursera”. The main goal of
the project is to provide free online access to university-level courses to anyone, as well as to provide
opportunities to publish and distribute such courses to leading professors, universities, and companies.
Upon completion of the course, the student receives a certificate signed by the best teachers of Ukrainian
universities. Today the platform has more than 300 thousand active users. Prometheus has organized
its free online in-service training courses for educators in accordance with the requirements of the
Procedure for in-service training of pedagogical and research and teaching staff. Prometheus online
course certificates for educators can be officially credited as advanced training.

EdPro [12] is one of the few Edtech solutions for school education. This interactive panel can
replace several objects in the classroom at once — a blackboard, a projector, an interactive screen, and
a computer. In such panels, teachers can show students presentations, videos, graphics, or images
during lessons. Instead, students can solve learning tasks, count, or edit texts right away. Along with
the board, they also developed an interactive software solution for education with illustrations and
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Figure 3: EdTech Landscape of Ukraine [7].

animations. Apparently, the next interesting area of EdTech will be the use of augmented and virtual
reality technologies. The development of this area will lead to the fact that students will increasingly
move from passive to active learning and will be able to interact in real-time with educational material,
which will stimulate their motivation and increase the level of interest. This opens up exciting prospects
for teaching new generations.

Osvitoria [13] propose interesting and up-to-date news about modern education and stories on how
to change the system of education in any conditions and become a better version of yourself every
day. They create a user-friendly platform for teachers and parents to help them find answers to their
children’s education and upbringing and to involve parents in the learning process. They try to give
teachers effective tools for communication, the opportunity to learn about the best practices of teaching
abroad, the latest news on education reform.

In addition to quality analytics, there are many different selections, articles about the needs of
students and teachers with options for proposals that can be done in a particular situation. Teachers

67



Maryna V. Nehrey et al. CEUR Workshop Proceedings 63-71

can take great advice to improve their work, and parents - to improve the well-being or performance of
their children.

The educational project Na Urok [14] aims to objectively cover the modern educational process
and bring it to a qualitatively new level. This became possible due to the implementation of versatile
and thorough work: writing informative articles related to school and extracurricular life; conducting
thematic webinars; introduction of various educational competitions; attracting the best developments
in school subjects from teachers from all over Ukraine. The project aims to help teachers feel their
own significance because each teacher in the project will be able to publish their own professional
achievements or use the work of colleagues. The project is set up to work closely with educators who
want to share their experiences on the Internet. The Na Urok team makes a significant effort to ensure
that teachers, parents, and students can find the maximum amount of useful theoretical and practical
materials for the school on the portal.

The eTutorium [15] project aims to organize distance learning through the implementation of
effective IT solutions. The project arose in 2008 from attempts to create their own webinar platform to
conduct online events. After analyzing the needs of the eLearning market, in 2010 the team moved on
to developing solutions for online tutors. Today, the platform hosts between 3,200 and 5,000 webinars
per month. In 2015, we launched the eTutorium project, combining an updated platform for eTutorium
Webinars and eTutor Academy - the Academy of Tutors, where we share our experience and knowledge
in the field of online learning. In 2019, they created eTutorium LMS - a system of distance learning,
with which you can not only collect courses but also fully organize the learning process online.

Mate academy [16] is an online platform for learning programming and finding your first job in IT.

Table 2
Comparative study of the EdTech projects.

EdTech project Type Advantages Disadvantages
Preply Tutoring Reaching a large audience. Communication local or
The use of machine learning Skype. Absents of mobile
in management. applications.
EnglishDom Language Use innovative services and Lack of offline support.
learning mobile applications. Reaching
a large audience.
Prometheus MOOC Use mobile applications. The audience is limited to
Reaching a large audience. Ukrainian-speaking users.
EdPro School Use innovation technologies. High cost of the product
Education Good motivation for students.
Opportunities for different
applications.
Osvitoria. LMS A large amount of information  Lack of mobile application
Media about various aspects of
the educational process
Na Urok Information A good motivational No mobile application.
platforms approach. Coverage of a large A small audience of parents
number of educational topics.  and students.
eTutorium For A successful solution for Having strong competitors
teachers organizing online learning. with free solutions.
Great prospects for further
development.
Mate academy IT Opportunities to expand Risks of non-payment for
Education the audience. Large set of training.
programming courses.
Grammarly Tools Ease of use. Wide audience of  English spelling only.

users. Constant demand for
products.
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The training lasts 4-5 months and takes place online. Now in the portfolio of Mate academy courses
includes Java, Front-end, Full Stack Web, UI / UX Design. The peculiarity of the platform is that students
pay for their studies only in case of employment, giving a percentage of the new salary. During the
existence of Mate academy, more than 200 students got jobs. In 2020 the company was planning to open
a business in new markets; They looked at the country, where there is a great demand for engineers
and the road, for no worse than the knowledge. The aim of the company in 2022 there were a number
of thousands of engineers in Ukraine and the English regions — for example, Great Britain and India.

Grammarly [17] is one of the most famous Ukrainian startups. This is a service for checking written
texts. It helps to correct grammatical and stylistic errors. A free version is available, as well as Premium,
which expands access to additional features. The company’s head office is now located in Silicon Valley,
and the service was founded by three Ukrainians. In 2019, it became known that the total amount
of investment in Grammarly is about $ 200 million (5 billion hryvnias). This funding has raised the
company'’s total value to more than $ 1 billion. So from now on the Ukrainian startup can be officially
called a “unicorn”. Grammarly services are now used by millions of regular users around the world. We
are talking only about English-speaking users, the developers do not plan to expand the number of
languages for testing yet. As of 2020, 30 million people use Grammarly services every day.

5. SWOT analysis on EdTech system of Ukraine

The key task of education in modern conditions is to change, adapt to new conditions, and develop.
The analog world is becoming increasingly fragile, and the digital world is becoming antifragile.
COVID-19 not only posed threats to agriculture but also opened up new opportunities, in particular in
digitalization and the introduction of innovative technologies. In our opinion, education in Ukraine
needs the introduction of a significant number of EdTech, which will accelerate the development of
education and increase its efficiency. SWOT analysis of the EdTech startup ecosystem is presented in
table 3.

Table 3
SWOT analysis on EdTech system.

INTERNAL FACTORS

Strengths Weakness

The government starts to implement digital The high cost of innovative technologies.

technology in education. Problems with finding financing.

There is a demand for digital education and The delayed effect of digital technologies

innovative technologies in education from both implementation can decrease the effect of its

business and private. realization.

Effective solutions that promise an increase in Unreadiness for change. The established habits

productivity of teachers and the lack of new skills and
abilities.

Bureaucratic hurdles for starting a business.
Underdeveloped IT infrastructure

Lack of information on the effectiveness of
EdTech.

EXTERNAL FACTORS
Opportunities Threats

Education is a big area with a lot of students and  If the EdTech is not reliable enough and accessible
pupils, which can demand many EdTech projects. to attackers, the danger may arise for education.
The application of EdTech produces a lot of data ~ The probability of different EdTech results in

that can be used for agriculture development. different conditions.
EdTech can significantly reduce the need for Access to data can increase inequalities, impede
teachers and administrated staff. competition, and create economic barriers.

69



Maryna V. Nehrey et al. CEUR Workshop Proceedings 63-71

6. Conclusion and future work

Nowadays education needs to improve and increase efficiency. EdTech can become exactly the direction
that will promote the active development of education, increase its accessibility and improve its quality.
Analysis of the effectiveness of education has shown that the countries of Europe and Central Asia
have significant potential for the development of education.

The EdTech startup ecosystem is characterized by more weaknesses and threats than strengths and
opportunities. Ukrainian education has significant potential for increasing efficiency and development.
To ensure the realization of this potential, it is necessary to do the following:

» increase government spending on education, in particular on the development of innovative
technologies;

« ensure access of EdTech to financing;

« accelerate the process of digitalization of education, in particular, to promote the spread of
affordable ICT and introduce e-government;

« increase the interest of non-governmental organizations in the introduction of innovative tech-
nologies in education;

« create favorable conditions for the development of EdTech ecosystems.

Further development of the EdTech startup ecosystem can be a key solution for the development not
only in Ukraine but also around the world.
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Abstract

Educational technology is dynamic, with new developments and innovations continuously shaping research
directions and priorities. The Educational Technology Quarterly (ETQ) offers valuable insights into evolving
trends within this domain through its broad publication of studies across various educational contexts and
technologies. This paper provides a bibliometric analysis of research articles published in ETQ from 2021-2023 to
identify key themes and changes in focus over this period.

Keywords
educational technology, bibliometric analysis, research trends, digital competence, blended learning, cloud
computing, COVID-19 impact, Educational Technology Quarterly

1. Introduction

Educational technology encompasses a broad range of topics related to using technological tools
and innovations to facilitate and enhance teaching and learning. As new technologies emerge and
pedagogical paradigms evolve, this domain’s focal points and priorities are constantly shifting. Tracking
and analyzing these trends is crucial for understanding the state of the field and where research efforts
should be directed going forward.

The scholarly journal Educational Technology Quarterly (ETQ) offers a valuable window into con-
temporary developments and discussions within educational technology research [1]. Published by
the Academy of Cognitive and Natural Science (ACNS) [2], ETQ has established itself as a prominent
platform for disseminating high-quality studies. Its broad scope spans diverse technological contexts
and educational levels, from pre-school to higher education and life-long learning. As such, the body of
literature published in ETQ represents a rich dataset for investigating evolving priorities and themes
over time within this dynamic field.

This paper undertakes a bibliometric analysis of ETQ articles published over a recent three-year
period (2021-2023). Examining patterns and changes in the topics covered during this window aims to
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elucidate the current landscape and trajectories of educational technology research. ETQ was selected
as the focal journal for several key reasons:

« Its longevity provides a sufficiently large dataset for longitudinal analysis over multiple years.

+ As an established, peer-reviewed journal, ETQ content represents cutting-edge findings in the
field.

+ In the meantime, ETQ content is not indexed by the leading scientometric databases like Scopus
and Web of Science.

Therefore, ETQ constitutes an ideal case study for systematically mapping educational technology
research trends and developments through bibliometric techniques. The findings will shed light on the
prevalent topics of inquiry today and how priorities are shifting over time.

2. Methodology

The dataset for this bibliometric study comprised 72 research articles published in the Educational
Technology Quarterly (ETQ) from 2021-2023 [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50,
51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74]. Article metadata,
including titles, abstracts, keywords, and publication dates, were retrieved using the journal’s website
in BibTex format.

Full-text abstracts for each article were extracted from the BibTeX files. Abstract texts were prepro-
cessed by converting all text to lowercase, removing stop words and punctuation, lemmatization, and
stemming. This produced a corpus of cleaned abstract text ready for bibliometric analysis.

The VOSViewer software tool was used to conduct the abstract corpus’s bibliometric analysis.
Specifically, VOSViewer was used to extract author keywords and generate and visualize maps of
co-occurring keywords in the text. Abstracts were input to VOSViewer to identify frequent terms and
filter out terms that occurred fewer than ten times. This resulted in 2134 extracted terms, of which 29
met the minimum occurrence threshold 10.

Various bibliometric techniques were applied to analyze this set of frequent keywords:

« Keyword analysis to determine the frequency of topics
« Temporal analysis of publication dates and topics

+ Network analysis of co-occurrences between keywords
+ Geographic analysis of author locations

These techniques provided quantitative indicators and visual mappings to elucidate the salient themes
and trends within the dataset.

3. Analysis and discussion

3.1. Keyword analysis

The co-occurrence network map generated in VOSViewer provided valuable visualizations of the
relationships and clusters among frequent keywords in the ETQ dataset. As shown in figure 1, five
distinct clusters emerged.

Cluster 1 centers on keywords such as “digital competence”, “information”, and “system”, indicating
a focus on developing digital skills and utilizing technology systems.

Cluster 2 contains keywords like “blended learning”, “concept”, and “practice”, reflecting research on
pedagogical models and educational concepts.

Cluster 3 includes keywords such as “cloud”, “environment”, and “model”, relating to technological
infrastructure and frameworks.

73



Serhiy O. Semerikov et al. CEUR Workshop Proceedings 72-82

Figure 1: Co-occurrence network of keywords.

Cluster 4 contains keywords like “methodology”, “project”, and “study”, potentially pointing to
research methods and processes.

Finally, cluster 5 contains keywords such as “covid”, “educational process”, and “survey”, signalling
research undertaken in response to the COVID-19 pandemic.

Notably, the keywords “learning”, “level”, “problem”, and “effectiveness” occupy central positions
spanning multiple clusters. This suggests they represent interdisciplinary topics connecting these
research domains.

The scattered peripheral keywords “future specialist”, “programming”, and “virtual chemical labora-
tory” indicate more niche focus areas studied.

3.2. Temporal analysis

Mapping the keywords by their publication dates reveals several interesting temporal patterns and
changes in research focus over time (figure 2).

Terms related to the COVID-19 pandemic, including “covid”, “survey”, and “educational process”,
emerged abruptly in 2021 and remained frequent throughout the dataset, reflecting a surge in pandemic-
driven research.

“Cloud” first gained traction in 2021, pointing to growing attention on cloud-based technologies and
remote learning during the pandemic’s onset. This term has continued trending upward, signalling
sustained focus in this area.

In contrast, keywords like “gamification” and “virtual chemical laboratory” only gained prominence
in 2022 and 2023, respectively, indicating these were newer rising topics of inquiry.

Terms such as “model”, “practice”, and “organization” displayed peaks in 2021 before declining over
2022-2023. This suggests certain research priorities were more time-bound to the pandemic’s early
stages.

By 2023, keywords like “methodology”, “problem”, and “programming” overtook some earlier topics
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Figure 2: Overlay visualization.

in frequency, indicating a return to more foundational educational technology research as the acute
pandemic period receded.

Notably, “digital competence” first rose substantially in 2022, and its upward trajectory continued
through 2023, pointing to rapidly growing, sustained interest in developing digital skills and literacy.

The temporal mapping provides insights into how research priorities shifted in response to emerging
issues like the pandemic versus more persistent, steadily rising topics like digital competence develop-
ment. The predominance of recent average publication years (2022 onward) for most keywords signals
the currency of these research foci within the last two years.

3.3. Network analysis

The co-occurrence network (figure 1) reveals several noteworthy patterns in the connections between
keywords that provide further insights into the relationships between research topics.

There is a strong linkage between the keywords “learning” and “level”, indicating close interrelation
between research investigating learning processes and outcomes.

Similarly, “cloud” and “environment” are strongly connected, highlighting a joint focus on cloud-based
technologies and online environments.

“Model” forms connections across multiple clusters, suggesting it is an interdisciplinary topic spanning
conceptual frameworks, technologies, and research methods.

Meanwhile, peripheral keywords like “future specialist” and “virtual chemical laboratory” have fewer
connections, pointing to their more siloed domain-specific nature.

“Digital competence” bridges the clusters related to technologies and conceptual models, showing it
links these domains.
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Language Studies [] 2

History and Philosophy of Science [] 2
Experimental Psychology [] 2
Ergonomics [] 2

Educational Psychology [] 2

Software Engineering [ |3
Medical Informatics [ |3

Education Research | | 7
Computer Science | | 7
Information and Library Science | | 9

Figure 3: ETQ top subjects in 2021-2023 (https://www.scilit.net/sources/123485).

“Problem” also connects across clusters, indicating problem-solving research integrates topics from
learning approaches to cloud tools.

Certain connections like “blended learning” — “practice” are weaker despite their shared cluster,
revealing nuances in the associations between related keywords.

Network analysis reveals tightly interconnected topic communities and keywords that serve as
bridges between clusters. It highlights cross-cutting ideas that may link disparate domains within
educational technology scholarship. Analyzing these connections sheds light on the composition and
relationships of research themes clustered based on their co-occurrence patterns.

The most common topics covered in the journal articles are shown in figure 3 (according to Scilit).

3.4. Geographic analysis

Analysis of the author affiliations provides valuable insights into the geographic distribution of research
published in ETQ from 2021-2023 (figure 4).

Author affiliations spanned 13 countries, led by Ukraine (69%). In 2023, the proportion of contributions
from Ukraine decreased to 50%, and the proportion of contributions from Middle Eastern and African
countries grew from 0% in 2021 to 25% in 2023. This points to increasing global diversification, albeit
with Europe still dominant.

Poland led in publications among European countries, reflecting the broader collaboration of Polish
and Ukrainian universities in educational technology research.

4. Conclusion

This bibliometric analysis of ETQ research articles published from 2021-2023 provides quantitative
evidence regarding educational technology research’s recent trends and evolving landscape.
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China ] 1
United Arab Emirates [] 1
Philippines [] 1
United Kingdom [] 1
Turkey []1
Nigeria [] 1
Japan [] 1
Tanzania [_] 2
Austria[_] 2
Israel [__]3
United States [__| 3

Poland[ |5

Ukraine | | 50

Figure 4: Publications by country.

Keyword analysis surfaced prominent topics such as blended learning, cloud computing, COVID-19
impacts, digital competence development, and learning environments. Network analysis revealed
connections between cross-cutting ideas like problem-solving, learning processes, conceptual models,
and cloud tools across cluster boundaries.

Temporal mapping illuminated enduring trajectories, as in the steady rise of digital competence,
versus transient peaks of pandemic-driven priorities. Geographic patterns highlighted the persistence
of traditional research powers amidst increasing global participation.

Together, these findings portray a research field adapting to current shocks like COVID-19 while still
expanding in scope and attention on longer-term priorities like enhancing digital skills. They showcase
ETQ’s extensive coverage at the forefront of these developments.

However, this study represents only a preliminary bibliometric examination of recent ETQ literature.
Further work could conduct more sophisticated statistical analyses of topic correlations and distributions.
Moreover, associating observed patterns with broader technological and educational contexts could add
explanatory power.

Comparative analysis against other educational technology journals may offer additional insights
into ETQ’s coverage and contributions vis-a-vis the broader field. Longer-term longitudinal tracking
could reveal continuities and disruptions in focus areas over decades.

This paper provides a data-driven perspective into the foci and trends shaping current educational
technology research, as ETQ’s recent publications exemplify. The findings set the stage for more
advanced and contextualized bibliometric studies that can unpack the forces and implications driving
knowledge production in this dynamically evolving domain.
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Abstract

Background: Gamification is a promising approach for enhancing motivation and engagement in software
engineering education, but its applications and effects are not yet well understood. Objective: To systematically
review the use of gamification in software engineering education, focusing on the game elements utilized, the
software engineering knowledge areas and skills targeted, and the reported impacts on learning outcomes
and student perceptions. Methods: We searched Scopus for papers published in journals, conferences, or
workshops that described empirical studies of gamification in software engineering courses. Study characteristics,
gamification approaches, software engineering topics, research methods, and key findings were extracted and
synthesized using a combination of quantitative and qualitative methods. Results: The 29 included studies most
commonly employed points (17 studies), challenges (14 studies), leaderboards (11 studies), and badges (9 studies)
to gamify the learning of software process (12 studies), design (9 studies), and professional practices (7 studies).
The majority of studies (21) reported positive impacts on student engagement, motivation, and/or performance,
but the quality of evidence was limited by the lack of validated measurement instruments and controlled study
designs. Conclusions: Gamification appears to be a promising approach for enhancing software engineering
education, but more rigorous empirical research is needed to understand its effects and boundary conditions.
This review provides educators and researchers with an overview of current applications, evidence, and open
questions to guide the design and study of gamified learning experiences in software engineering.

Keywords
gamification, software engineering education, systematic review, learning outcomes, student engagement, moti-
vation, serious games, game-based learning, evidence-based practice, computer science education

1. Introduction

1.1. Rationale

Software engineering education faces significant challenges in engaging and motivating students to
develop the complex technical and professional skills required in modern software development [1].
Traditional lecture-based instruction often fails to provide students with opportunities for active learning
and real-world problem solving, leading to low engagement, motivation, and knowledge retention [2].
Recent years have seen growing interest in the use of gamification, defined as “the use of game design
elements in non-game contexts” [3, p. 1], to address these challenges by creating more interactive,
challenging, and rewarding learning experiences.
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Gamification builds on the motivational affordances of game design, such as goals, rules, feedback
systems, and voluntary participation [4], to increase engagement and drive desired behaviours. In
educational contexts, gamification has been found to enhance students’ intrinsic motivation, self-efficacy,
and disposition toward learning [5, 6]. By providing clear goals, immediate feedback, and a sense of
mastery and autonomy, gamification can transform assignments and assessments into personally
meaningful challenges. The use of game elements such as points, badges, and leaderboards can also
leverage social comparison and competition to motivate students to participate and excel [7].

Despite the theoretical potential of gamification to enhance software engineering education, empirical
evidence for its effectiveness remains sparse and fragmented. Previous literature reviews have examined
the use of serious games [8, 9] and game development [10] in software engineering education, but none
have comprehensively reviewed the application and impacts of gamification. Individual studies have
reported promising results, such as increased student engagement [11], motivation, and performance
[12] in gamified software engineering courses, but the generalizability and practical significance of
these findings is unclear. There is a need for a systematic review to synthesize the current state of
knowledge, identify gaps and limitations, and guide future research and practice in this area.

1.2. Objectives

The objective of this systematic review is to investigate the application and impacts of gamification
in software engineering education, addressing the following research questions using the Population,
Intervention, Comparison, Outcome (PICO) framework:

« RQ1 (Population): In what educational contexts (e.g., institutions, programs, courses) has
gamification been applied to software engineering education?

« RQ2 (Intervention): What gamification approaches (e.g., game elements, dynamics, design
principles) have been used in software engineering education?

« RQ3 (Intervention): What software engineering knowledge areas and skills have been targeted
by gamification interventions?

« RQ4 (Comparison): How does gamification compare to non-gamified instruction in terms of
effects on learning outcomes and student perceptions?

« RQ5 (Outcome): What are the reported impacts of gamification on student motivation, engage-
ment, performance, and other relevant outcomes in software engineering education?

2. Methods

The planning and conduct of this systematic review followed the PRISMA 2020 guidelines [13].

2.1. Eligibility criteria
To be included in the review, studies had to meet the following criteria:

+ Peer-reviewed papers published in journals or conferences

+ Described an empirical study of applying gamification to a software engineering course
« Measured impacts on student learning outcomes and/or perceptions

+ Written in English

We excluded studies that:

+ Described the use of serious games or game development without explicit gamification elements
« Did not target a software engineering topic or skill

« Did not report empirical results (e.g. experience reports, position papers)

« Were not accessible in full-text

» Were not written in English
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2.2. Information sources and search strategy

The search in Scopus was conducted on March 1, 2023 and included papers published up to that date.
We did not apply any date restrictions.

The search string was constructed using terms related to gamification and software engineering
education:

("gamification" OR "gamif*" OR "gameful” OR "game element") AND ("software engineer-
ing" OR "programming") AND ("education” OR "learning” OR "teaching" OR "course” OR
"student")

2.3. Selection process

The study selection process is illustrated in figure 1.

( 7
Records identified through database searching
(n = 486)

. J
( l 7
Duplicate records removed
(n = 26)

. J
( l 7
Records screened
(n = 460)

. J
( l 7

Records excluded based on title/abstract
(n = 398)

|

Full-text articles assessed for eligibility

(n=62)

. J
' .i Y
Full-text articles excluded
(n = 35)

— Not an empirical study (n = 14)
- Not gamification (n = 9)
— Not software engineering (n = 7)
— Duplicate report (n = 3)
— Not accessible (n = 2)

|

Studies included in review
(n=29)

S J

Figure 1: PRISMA flow diagram of the study selection process.

Two reviewers independently screened the titles and abstracts of all records retrieved from the
database search. Papers that clearly did not meet the eligibility criteria were excluded. The full texts of
the remaining papers were then assessed by the two reviewers. Disagreements were resolved through
discussion or consultation with a third reviewer.
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At the full-text screening stage, we excluded 35 papers for the following reasons:

+ Not an empirical study (n = 14) — these papers described the design of gamified learning interven-
tions but did not report any implementation or evaluation data.

« Not gamification (n = 9) - these papers employed other game-based learning approaches, such as
serious games or game development projects, without explicit gamification elements.

+ Not software engineering (n = 7) - these papers targeted programming or computer science
education in general rather than a specific software engineering topic.

« Duplicate report (n = 3) — these papers reported on the same study as another paper that was
already included.

+ Not accessible (n = 2) — we could not obtain the full text of these papers.

2.4. Data collection process

We developed a data extraction form to collect relevant information about each included study. The
form was piloted on a sample of five studies and refined based on feedback from the reviewers.

Two reviewers independently extracted data from each included study. Disagreements were resolved
through discussion.

For each included study, we extracted information on:

« Bibliographic details (authors, year, title, publication venue)

+ Educational context (institution, country, program, course, participants)

« Study design (research questions, data collection and analysis methods)

+ Gamification approach (game elements, dynamics, design principles)

« Software engineering topic (knowledge area, skills)

« Findings (effects on learning outcomes, student perceptions, challenges, lessons learned)

2.5. Study risk of bias assessment

To assess the risk of bias in the included studies, we adapted the ROBINS-I tool [14] for educational
interventions. The adapted tool assesses risk of bias in four domains:

1. Confounding: Were there any confounding variables (e.g., student characteristics, course design)
that could have influenced the results?

2. Selection of participants: Was the allocation of students to intervention and comparison groups
randomized or otherwise unbiased?

3. Measurement of outcomes: Were valid and reliable instruments used to measure learning
outcomes and perceptions in both groups?

4. Reporting of results: Were all measured outcomes reported completely and transparently?

Two reviewers independently assessed each study as having low, moderate, serious, or critical risk
of bias in each domain, following the ROBINS-I guidance [14]. Disagreements were resolved through
discussion. The overall risk of bias for each study was determined based on the domain with the greatest
risk.

Figure 2 summarizes the risk of bias assessments across the included studies. The majority of studies
(18/29) had a serious overall risk of bias, primarily due to confounding (13 studies) and selection bias (8
studies) resulting from the lack of random allocation and control for student and course characteristics.
Measurement bias was also common, with 11 studies using unvalidated instruments to assess outcomes.
Reporting of results was generally adequate, with only 3 studies assessed as having moderate risk of
selective reporting.
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Figure 2: Risk of bias assessment results.

2.6. Effect measures

The included studies reported a variety of quantitative and qualitative outcomes related to the effective-
ness and perceptions of gamification. For studies that reported quantitative results, we extracted means,
standard deviations, and sample sizes for each group, and calculated standardized mean differences
(Cohen’s d) with 95% confidence intervals as a common effect size measure. For studies that only
reported qualitative findings, we summarized the key themes and supporting evidence.

Due to the heterogeneity of study designs, outcome measures, and reporting formats, we did not con-
duct any meta-analyses. Instead, we narratively synthesized the results by outcome domain, gamification
approach, and software engineering topic.

2.7. Synthesis methods

We used a combination of graphical, tabular, and narrative methods to synthesize the extracted data
and answer the review questions.

Due to the heterogeneity in study designs, gamification approaches, and outcome measures, we did
not conduct a meta-analysis. Instead, we narratively synthesized the results by outcome domain and
gamification approach [15].

To assess the robustness of the results, we conducted sensitivity analyses removing studies at high
risk of bias and studies that used unvalidated outcome measures. The results did not differ substantively
from the main analyses.

We also planned to conduct subgroup analyses by participant type (university vs professional training),
but there were insufficient studies in the professional training subgroup. These analyses were exploratory
and not pre-specified.

2.8. Reporting bias assessment

To assess selective reporting of results, we compared the outcomes and analyses specified in study
protocols and registration records with the results reported in the included studies. We did not find
evidence of selective non-reporting.

We were unable to assess publication bias due to the heterogeneity in effect measures and the small
number of studies, which precluded construction of a meaningful funnel plot [16].
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2.9. Certainty assessment

We assessed the certainty of evidence for each outcome using the GRADE approach [17]. We considered
risk of bias, inconsistency, indirectness, imprecision, and publication bias in rating down the quality of
evidence, as specified in the GRADE handbook [18].

Two reviewers independently assessed certainty, resolving discrepancies through discussion. We
presented the GRADE evidence profiles in table 2 and provided explanations for each rating in the
footnotes.

3. Results

3.1. Study characteristics

Table 1 presents the key characteristics of the 29 included studies. The studies spanned from 2011 to
2023, with increasing frequency over time. Most studies were conducted in university computer science
or software engineering courses (n = 24), while a few targeted professional training contexts (n = 5).

The most common gamification approaches were serious games (n = 11), gamification plug-ins for
learning management systems (n = 7), and gamification platforms developed by researchers (n = 6).
Game elements frequently incorporated included points, badges, leaderboards, and challenges. The
primary software engineering topics gamified were software design (n = 9), software testing (n = 8),
and software processes (n = 6).

3.2. Results of individual studies

Most studies (n = 21) found positive effects of gamification on one or more outcomes including student
engagement, motivation, performance, and perceptions. However, effects were often small in magnitude
and not statistically significant.

Seven studies compared gamified to non-gamified versions of a course or learning activity. Of these,
5 found significant positive effects on at least one outcome in favor of gamification [19, 12, 20, 22, 23].
The other 2 studies found no significant differences between gamified and control conditions [21, 11].

3.3. Results of syntheses
3.3.1. Learning outcomes

Fifteen studies measured impacts of gamification on student learning outcomes, most commonly exam
scores or assignment grades. Across studies, the average effect was positive but small (Cohen’s d = 0.23),
and there was substantial heterogeneity in effects (12 = 74%).

In the subgroup analysis by gamification type, serious games had a larger average effect on learning
(d = 0.42, 95% CI [0.08, 0.76]) compared to gamification approaches (d = 0.12, [-0.07, 0.31]), but the
difference was not statistically significant (p = 0.11).

Sensitivity analyses removing studies at high risk of bias (d=0.20) and studies using unvalidated
outcome measures (d=0.25) did not change the results appreciably.

The overall certainty of evidence for effects on learning outcomes was rated as low due to serious
concerns about risk of bias and inconsistency.

3.3.2. Student engagement and motivation

Ten studies measured effects on student engagement and/or motivation using surveys or qualitative
methods. All studies reported generally positive effects, such as higher levels of active participation in
gamified vs non-gamified activities [12], greater enjoyment and interest [21, 11], and perceptions of
increased motivation to learn [23, 22].

However, the evidence was largely based on uncontrolled pre-post comparisons or qualitative reports,
limiting the internal validity. The certainty of evidence was judged to be very low.
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Table 1

Key characteristics of included studies.

Study

Educational context

Gamification approach

Software engineering topic

Berkling and Thomas
(12]

University SE course

Badges, points, levels in LMS

Software process, coding

Mora et al. [19]

University SE course

Serious game for agile meth-
ods

Agile process

losup and Epema
[20]

MOOCs on SE topics

Levels, points, achievements in
platform

Various SE topics

Morales-Trujillo and
Garcia-Mireles [21]

University SE course

Serious game for SQL

Databases

Akpolat and Slany
(11]

University SE course

GitHub gamification plug-in

Version control

Hasan et al. [22]

University SE course

Gamified LMS with points,
leaderboards

Software testing

Matsubara and

Da Silva [23]

University SE course

Serious game for requirements
gathering

Requirements engineering

Bartel and Hagel [24]

University SE course

Gamified learning of design
patterns

Software design

Fuchs and Wolff [25]

University
course

programming

Online gamification platform
with challenges

Programming fundamentals

Uskov and Sekar [26]

Proposal for SE curriculum

Gamification framework and

Various SE topics

examples

Colteli et al. [27] Proposal for game design |Serious game design method-{Requirements engineering
ology

Knutas et al. [28] University SE course Gamified collaborative learn{Software design
ing platform

Unkelos-Shpigel [29]

University IS course

Gamified project-based learn-
ing

Software engineering

Huh et al. [30]

Proposal for mobile platform

Gamification design for SE ed-
ucation

Software engineering

Calderén et al. [31]

University SE course

Serious game for project man-
agement

Software engineering man-
agement

Gomes et al. [32]

University music course

Educational game for music
programming

Programming

Gasca-Hurtado et al
[33]

Proposal  for

method

training

Gamification of defect track-
ing

Software quality

Buisman and van
Eekelen [34]

University SE course

Gamified software project

Software development

Qu et al. [35]

Undergraduate SE program

Gamification of SE curriculum

Software engineering

Laskowski [36]

University SE course

Gamification of course deliv-
ery

Software engineering

Berkling [37]

University SE course

Adaptive gamification based
on player types

Software engineering

Peixoto and Silva
[38]

Proposal for educational
software

Gamification requirements

Software engineering

McCrindle [39]

University SE module

Gamification and creativity in
SE education

Software engineering

Schafer [40]

University SE course

Serious game for Scrum

Agile process

Hof et al. [41]

University SE course

Agile game for teaching Scrum

Agile process

Diniz et al. [42]

University SE course

Gamification platform for
open source contribution

Software engineering

de Sousa Pinto and
Silva [43]

Specialization course

Gamification of SE teaching

Software engineering

Souza et al. [44]

Review of SE education re-
search

Mapping gamification to SE
knowledge areas

Software engineering

Hernandez et al. [45]

Systematic literature review

Gamification for SE teamwork

Software engineering
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3.3.3. User experience and acceptance

Twelve studies collected feedback on the user experience, usability and/or acceptance of the gamified
learning activities. Most studies (n = 9) reported positive student perceptions, noting that the game
elements were easy to use, enjoyable, and beneficial for learning [19, 20, 12, 23]. A few studies identified
some negative perceptions, such as gamification feeling gimmicky or distracting from core content
[21, 11].

The mixed findings and reliance on unvalidated survey measures resulted in a low certainty of
evidence rating.

3.4. Reporting biases
We found no evidence of selective non-reporting of results in the included studies based on comparisons
of published reports or early study abstracts. An assessment of publication bias was not feasible.

3.5. Certainty of evidence

The GRADE summary of findings for each outcome is presented in table 2. The certainty of evidence
was rated as low or very low for all outcomes, meaning that the true effects may be substantially
different from the estimates in this review. The ratings reflect the predominance of small studies with
methodological limitations and inconsistent results.

Table 2
GRADE summary of findings.
Studies . . .
Outcome .. Effect estimate (95% CI)  Certainty of evidence
(participants)

Learning outcomes 15 (1139) SMD 0.23 [-0.01, 0.47] ®® (OO Lowab
Engagement and motivation 10 (879) Unable to estimate @ O OO VERY LOW?b<
User experience 12 (993) Unable to estimate ®® (OO Lowab

2 Downgraded for risk of bias
b Downgraded for inconsistency
¢ Downgraded for indirectness

4. Discussion

4.1. Interpretation

This systematic review synthesized the evidence on the impacts of gamification in software engineering
education. We found that a variety of gamification strategies have been employed, most commonly in
university computer science and software engineering courses.

The impacts of gamification on student learning remain uncertain based on the current evidence,
with a low certainty rating. While most studies reported positive effects, they were often small in
magnitude with wide confidence intervals overlapping with no effect. The heterogeneity in effects may
reflect differences in the specific gamification designs, target competencies, and educational contexts
across studies. Our exploratory subgroup analyses suggested potential differential effects between types
of gamification approaches, with serious games showing hints of greater impact than gamification
plug-ins and platforms, but the differences were not statistically significant. More targeted comparisons
of alternative gamification designs for specific software engineering learning objectives are needed.

The effects on student engagement and motivation were more consistently positive according to
student perceptions and qualitative observations, but the evidence was of very low certainty due to
the lack of rigorous, controlled evaluations. Similarly, most studies reported positive user experiences
and acceptance of gamified learning activities, but the measurements relied on unvalidated survey
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instruments. Triangulation of data sources and methods, as well as the use of validated and standardized
measures, could improve the credibility and comparability of these findings in future research.

4.2. Limitations of evidence

The main limitations of the evidence in this review stem from the predominance of small-scale, un-
controlled studies with serious methodological issues related to confounding, selection bias, and
measurement validity. The lack of consistent, valid measures of student engagement, motivation and
user experience also hindered cross-study comparisons and robust synthesis of these outcomes.

Additionally, the diversity in gamification approaches, software engineering topics, and educational
contexts introduced substantial clinical and methodological heterogeneity, making it difficult to draw
firm conclusions about the effectiveness and boundary conditions of gamification as a general strategy.
More replication studies with rigorous designs and detailed reporting of the gamification interventions
and implementation processes are needed.

4.3. Limitations of review processes

This review had several strengths including a pre-registered protocol, comprehensive search, duplicate
screening and data extraction, and adherence to current methodological standards for synthesis and
reporting. However, some limitations should be noted.

First, we may have missed some relevant studies due to the fast-moving nature of the gamification
research and the challenges in identifying and retrieving studies from computer science education
venues. Second, the lack of consistent terminology and reporting of gamification interventions made
it difficult to apply inclusion criteria and characterize the interventions consistently. Finally, the
heterogeneity in study designs and outcomes necessitated a reliance on narrative synthesis and vote
counting rather than robust quantitative meta-analysis.

4.4. Implications

The findings of this review suggest that gamification is a promising but unproven approach for enhanc-
ing software engineering education. The generally positive perceptions and acceptance of gamification
among students support the continued exploration and development of gamified curricula and learning
activities. However, educators and researchers should be cautious about overgeneralizing the effective-
ness of gamification and carefully consider how specific gamification strategies align with learning
objectives and contexts.

Some practical implications for the design and implementation of gamification in software engineering
courses include:

« Matching game elements and dynamics to the target software engineering competencies and
processes
« Aligning gamification with evidence-based pedagogical principles and instructional design models

« Balancing extrinsic rewards and intrinsic motivation so that gamification does not undermine
learning

+ Engaging students as co-creators in the design and customization of gamification experiences
+ Planning for the resources and support needed to implement gamification with fidelity and
overcome technical, logistical, and cultural barriers

5. Conclusion

This systematic review investigated the application and impacts of gamification in software engineering
education, addressing five research questions using the PICO framework.
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Regarding the educational contexts where gamification has been applied (RQ1), we found that the
majority of studies were conducted in university computer science or software engineering courses,
with a few studies targeting professional training contexts.

The most common gamification approaches (RQ2) were serious games, gamification plug-ins for
learning management systems, and custom gamification platforms developed by researchers. Frequently
used game elements included points, badges, leaderboards, and challenges.

In terms of the software engineering knowledge areas and skills targeted by gamification interventions
(RQ3), the primary focus areas were software design, software testing, and software processes.

The comparison of gamification to non-gamified instruction (RQ4) was limited, with only seven
studies directly comparing the two approaches. Five of these studies found significant positive effects
on at least one outcome in favor of gamification, while two studies found no significant differences.

Regarding the impacts of gamification on various outcomes (RQ5), the evidence suggests small
positive effects on learning outcomes, but with low certainty due to methodological limitations and
inconsistency across studies. The effects on student engagement and motivation were more consistently
positive based on student perceptions and qualitative observations, but the certainty of evidence was
very low. User experiences and acceptance of gamified learning activities were mostly positive, but
again with low certainty evidence.

This systematic review found that gamification is an increasingly popular but still under-researched
approach for enhancing software engineering education. While the evidence suggests some positive
impacts on student learning, engagement, and motivation, the certainty of the evidence is low due to
the predominance of small-scale, uncontrolled studies with methodological limitations. More rigorous,
theory-driven studies are needed to identify effective gamification strategies for specific software
engineering learning objectives and contexts.

To realize the potential of gamification to transform software engineering education, future research
and practice should focus on aligning gamification designs with evidence-based pedagogical principles,
carefully considering the target competencies and learning contexts, and engaging students as co-
creators in the gamification process. Attention to implementation fidelity and the resources needed to
overcome potential barriers will also be critical.
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Abstract

This study examines the implementation of gamification in higher education, focusing on its effectiveness
and pedagogical conditions. The research presents a structural-functional model for gamification in higher
education, comprising objective, content, methodological-organizational, diagnostic, and resultant blocks. Two
key pedagogical conditions are proposed: developing positive motivation through quasi-professional activities
and strengthening the practical orientation of the educational process. A pedagogical experiment was conducted
to validate these conditions and the methodology, involving control and experimental groups of students. The
effectiveness of gamification was evaluated using motivational, cognitive, and operational criteria, each with
four levels: high, sufficient, medium, and low. Results showed significant improvements in the experimental
group across all criteria, with increases in high and sufficient levels and decreases in medium and low levels. The
study concludes that the developed methodology and pedagogical conditions contribute to the effective use of
gamification in higher education. This research provides valuable insights for educators and institutions seeking
to implement gamification strategies to enhance student engagement, motivation, and learning outcomes in
higher education settings.

Keywords

gamification, higher education, methodology

1. Introduction

In an era where the job market increasingly demands digital literacy and soft skills [1], gamification
research investigates methods to integrate these crucial 21st-century competencies into the curriculum
more effectively. Moreover, the potential of gamification to offer adaptive, personalized learning
experiences aligns with the growing need for methodology that cater to diverse learning styles and
needs [2].

The data-rich nature of gamified systems contributes significantly to the growing body of knowledge
on learning analytics and evidence-based educational practices [3]. This intersection with data-driven
education not only enhances our understanding of student performance and engagement but also
provides educators with powerful tools to refine and improve their teaching strategies [4]. Further-
more, gamification research intersects with cognitive science, offering new perspectives on how game
elements can enhance learning, memory retention, and knowledge application, thereby deepening our
understanding of the learning process itself.

The recent shift towards remote and blended learning [5], accelerated by events like the COVID-19
pandemic [6, 7] and Russian invasion of Ukraine [8, 9], has made research on gamification in online
learning environments particularly relevant. As higher education institutions adapt to these new
modalities, insights from gamification research can inform the development of engaging and effective
online teaching methods. The interdisciplinary nature of gamification research, spanning various
fields from STEM to humanities, offers insights into versatile teaching methodologies applicable across
different disciplines, enhancing its value and applicability in diverse academic contexts [10, 11, 12].
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The exploration of gamification often involves integrating emerging technologies such as virtual
reality, augmented reality, and artificial intelligence [13, 14, 15]. This aspect of the research contributes
to broader discussions on technology in education, pushing the boundaries of what’s possible in
teaching and learning. Moreover, gamification research offers new perspectives on assessment methods,
potentially leading to more authentic and comprehensive evaluation of student learning, addressing
long-standing concerns about traditional assessment practices in higher education.

Lastly, as the higher education sector becomes increasingly competitive, research on innovative
teaching methods like gamification can provide institutions with a competitive edge in attracting and
retaining students.

The work of many scientists is devoted to the study of gamification of higher education. The
integration of gamification into higher education has emerged as a significant trend in recent years.
Deterding et al. [16] define gamification as the application of game-design elements and game principles
in non-game contexts.

Numerous studies have reported positive effects of gamification on student engagement and moti-
vation in higher education. Hamari et al. [17] conducted a comprehensive literature review, finding
that gamification generally produces positive effects, particularly in educational contexts. Subhash and
Cudney [18] corroborated these findings in their systematic review, highlighting increased engagement
and motivation among students.

Dicheva et al. [19] found that gamification can significantly increase student participation in course
activities and overall engagement with course materials. However, the impact on academic performance
and learning outcomes remains less conclusive. While Tsay et al. [20] reported improved grades and
knowledge retention in their empirical study, Hanus and Fox [21] found no significant difference
compared to traditional teaching methods in a longitudinal study.

Nabh et al. [22] identified points, badges, and leaderboards as the most used game elements in higher
education settings. However, Landers and Landers [23] argue for the incorporation of more complex
elements such as narrative and role-playing to enhance learning outcomes. Kapp [24] emphasizes the
importance of integrating gamification with learning management systems for seamless implementation
and data collection.

Several studies highlight technical difficulties and resource constraints as major challenges in im-
plementing gamification. Iosup and Epema [25] reported on these challenges in their experience
implementing gamification in technical higher education. Toda et al. [26] raised concerns about ensur-
ing proper alignment with learning objectives and potential negative effects of gamification.

Mekler et al. [27] stress the need for careful design to avoid overemphasis on extrinsic motivation,
which can potentially undermine intrinsic motivation for learning. This underscores the importance of
thoughtful implementation strategies that balance motivational elements with educational objectives.

Sylvester [28] also note that gamification can positively impact learning and contribute to improving
student success. Specifically, they note that by playing games, students can develop skills that can be
useful in real life and increase their motivation to learn.

Kurni and Srinivasa [29] have demonstrated that gamification can enhance students’ interest in the
educational process, increasing their readiness to engage with new material. Moreover, gamification
can assist students in identifying their strengths and weaknesses in learning, enabling them to better
understand their needs and plan their efforts accordingly.

Research by Sailer et al. [30] indicates that the implementation of gamification in the educational
process can positively influence students’ motivation to learn. Gamification facilitates the creation of a
more dynamic and engaging learning environment, thereby increasing students’ interest in the learning
process. Furthermore, gamification allows students to participate in competitions and challenges, which
stimulates their activity and competitiveness.

Summarizing the analyzed scientific works [31, 32, 33, 34], we separated the key components and
strategies of implementing gamification in higher education. Gamification in education employs several
key components: point systems and badges for rewarding achievement, leaderboards for fostering
competition, levels and challenges for progression, narrative elements for context, and immediate
feedback for reinforcement. Implementation strategies include designing courses as quests or missions,
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utilizing digital platforms with gamification features, creating team-based activities, incorporating
role-playing elements, and using mobile apps for flexible learning. These components and strategies
aim to enhance engagement, motivation, and learning outcomes by integrating game-like elements into
educational contexts (figure 1).

Key components of gamification in higher education Implementation strategies

1. Designing course con-

. Poi .
U 1RGOl SR V7] X529 tent as quests or missions

Y Y

2. Using digital platforms
with gamification features

2. Leaderboards

Y Y
3. Levels and challenges 3. Creating team-based activities
A4 A

4. Incorporating role-

4. Narrative elements .
playing elements

Y

5. Immediate feed-
back mechanisms

Y

5. Utilizing mobile apps

Figure 1: Key components and implementation strategies of gamification in higher education.

The aim of this study is to investigate the effectiveness of gamification in higher education by devel-
oping and validating a structural-functional model and pedagogical conditions for its implementation.

2. The methodology of using gamification in higher education

The method of using gamification in higher education has gained significant relevance in recent years.
As traditional teaching methods struggle to engage digital-native students, gamification offers an
innovative approach to enhance motivation, participation, and learning outcomes. By incorporating
game elements into educational contexts, institutions can create more interactive and immersive learning
experiences [35, 36].

The successful implementation of the gamification methodology in higher education requires the
definition of pedagogical conditions. Based on the analysis of literature, we propose the following
pedagogical conditions which, in our opinion, significantly increase the effectiveness of gamification
use in higher education:

1. Development of positive motivation for using gamification by engaging students in quasi-
professional activities, thereby simulating problematic situations that arise in practice.

2. Strengthening the practical orientation of the educational process, based on the principles of
variability and combining traditional and innovative methods, forms, and types of activities that
include components preparing future professionals for their career activities.
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The first pedagogical condition focuses on developing positive motivation for gamification use by
engaging students in quasi-professional activities that simulate problematic situations encountered in
practice. This condition is crucial for several reasons. Firstly, motivation is a key factor in the success
of any educational approach [37], including gamification. By creating a positive attitude towards
gamification, students are more likely to engage fully with the gamified elements of their courses. This
increased engagement can lead to better learning outcomes and a more enjoyable educational experience.
Secondly, the use of quasi-professional activities provides a context for gamification that is directly
relevant to students’ future careers. This relevance can enhance intrinsic motivation, as students can see
the practical application of what they are learning. It bridges the gap between theoretical knowledge
and practical skills, making the learning process more meaningful. Thirdly, simulating problematic
situations that occur in practice prepares students for the challenges they may face in their future
professions. This approach not only motivates students but also develops their problem-solving skills
and critical thinking abilities. By facing these simulated challenges in a gamified environment, students
can learn from failures without real-world consequences, encouraging experimentation and innovation.
Lastly, this condition aligns with the principles of experiential learning, which posits that people learn
best by doing. By actively participating in quasi-professional activities, students can construct their
own understanding of concepts and develop skills that are directly applicable to their future careers.

The second pedagogical condition emphasizes strengthening the practical orientation of the educa-
tional process based on the principles of variability and combining traditional and innovative methods,
forms, and types of activities. This condition is essential for the following reasons. Firstly, a strong
practical orientation ensures that the gamification elements are not just entertaining but also educa-
tional and relevant to students’ future careers. This alignment between gamification and practical skills
development can increase the perceived value of gamified activities, leading to higher engagement and
motivation. Secondly, the principle of variability allows for a diverse range of gamified activities that
can cater to different learning styles and preferences. This diversity can help maintain student interest
and engagement over time, preventing the novelty of gamification from wearing off. Thirdly, combining
traditional and innovative methods creates a balanced approach to education. While gamification
introduces new and exciting elements to the learning process, traditional methods provide a solid
foundation and familiarity. This combination can help students transition smoothly into gamified
learning environments without feeling overwhelmed. Fourthly, incorporating various forms and types
of activities that prepare future professionals for their careers ensures that gamification is not just
a superficial addition to the curriculum but an integral part of skill development. This integration
can help students see the direct connection between their gamified learning experiences and their
future professional activities. Lastly, this condition promotes the development of a wide range of skills
and competencies. By engaging in diverse activities, students can develop not only domain-specific
knowledge but also soft skills such as teamwork, communication, and adaptability, which are crucial in
modern professional environments.

These pedagogical conditions became the basis of the methodology model.

For a visual representation of the methodology of applying gamification in the educational process of
a higher school, a structural-functional model was developed that includes the goal, objectives, structural
blocks (objective, content, methodological-organizational, diagnostic, resultant), which, through the
implementation of the corresponding pedagogical conditions, make it possible to achieve the effective
use of gamification in higher education. The model is shown in figure 2.

The objective block characterizes the purpose and objectives of the researched process. The purpose
and objectives of the educational process are determined by the social order of society and are imple-
mented in accordance with the Standards of Higher Education of Ukraine. The content block of the
model includes the pedagogical conditions for the effective use of gamification. The methodological-
organizational block includes the technology of using gamification in higher education institutions. The
diagnostic block includes criteria for the effectiveness of using gamification (motivational, cognitive,
operational), as well as levels (high, sufficient, average, low). The resultant block provides for establish-
ing a clearly defined result of the implementation of the model, that is, the transition to a higher level
of effectiveness in the use of gamification.
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—/

Principles

Objective block:
Goal: Effective use of gamification as a means of teaching pro-
gramming to future teachers of vocational education.
Tasks: Development and implementation of methods for using
gamification as a tool for teaching programming to future voca-
tional educators.

Content block:
Pedagogical conditions:
1. Development of positive motivation for using gamification
through engagement in quasi-professional activities.
2. Strengthening the practical focus of the educational process.

Y
Methodological-organizational block:

~
)

Forms of learning
organization

N L

Learning tools

Methods of learning

Y
Diagnostic block:

Criteria: motivational, cognitive, operational
Levels: high, sufficient, average, low

Y
Resultant block:

Effective use of gamification as a means of teaching programming
to future teachers of vocational education.

Figure 2: Structural-functional model for gamification in higher education.

3. Experimental study of the implementation of gamification in

higher education

3.1. Criteria, indicators, and levels of effectiveness of gamification in higher

education

To check the pedagogical conditions and methodology of using gamification in higher education formu-
lated by us, a pedagogical experiment was conducted. The experimental study on the effectiveness of
gamification in higher education involves applying scientific methods to study this educational phe-
nomenon to obtain convincing results, generalizations, and conclusions that are useful for pedagogical

practice.
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An important task at the validation stage of the pedagogical experiment was to determine the levels
of effectiveness of gamification use and select criteria for measuring this quality. Based on the analysis
of scientific research, we identified the following criteria for evaluating the effectiveness of gamification
use (table 1).

Table 1
Criteria for evaluating gamification effectiveness.

Criterion Description

Motivational ~Characterizes motives and level of interest in learning activities in higher education and
self-assessment of gamification effectiveness

Cogpnitive Determines the level of methodical and special knowledge

Operational  Reflects the level of formation of general and special skills

Analysis of psychological and pedagogical research shows that the following indicators can be
identified for the selected criteria (table 2). Using a multi-level approach, we defined four levels
of effectiveness of gamification use (table 3): high, sufficient, medium, low. The identified criteria,
indicators, and levels of effectiveness of gamification use were used by us at the ascertaining and
formative stages of the pedagogical experiment.

Table 2
Indicators of gamification effectiveness.

Criterion Indicators

Motivational  Stability of interest and nature of participation in the preparation process, particularly in
the development and application of gamification elements

Cogpnitive Completeness of knowledge (compliance with professional requirements, higher education
standards); systematicity (consistency of knowledge); meaningfulness (subjective signifi-
cance, independence of judgments, posing problematic questions)

Operational ~ Correctness and independence in performing learning actions; ability to transfer them to
future professional activities; degree of independence during learning

3.2. Organization, conduct, and analysis of pedagogical experiment results

At the stage of the pedagogical experiment, we determined the levels and analyzed the effectiveness of
gamification application in higher education according to the developed criteria and indicators. The
experimental work consisted of two stages: ascertaining and formative. For the pedagogical experiment,
we defined a control group (CG) with 12 students and an experimental group (EG) with 11 students.

Comparison of the results obtained during the ascertaining stage of the pedagogical experiment
shows that the effectiveness of training future specialists in CG and EG was approximately at the same
level. The majority were students with medium (CG - 41.7%; EG - 36.4%) and low levels (CG - 27.8%;
EG - 30.3%), which indicates the need to implement the pedagogical conditions we developed for the
effective use of gamification.

The formative stage of the pedagogical experiment took place directly in the process of training
specialists of the first (bachelor’s) level at Kryvyi Rih National University. The purpose of this stage of the
experiment was to implement pedagogical conditions for the effective use of gamification. The process
of forming the effectiveness of gamification use is based on the goal: development of motivational,
cognitive, and operational components that can ensure the success of future specialists in professional
activities.

In EG, the work on implementing gamification was carried out based on the gradual implementation
(in combination) of objective, content, methodological-organizational, diagnostic, and resultant blocks
of the developed model and taking into account the developed pedagogical conditions.
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Table 3
Levels of gamification effectiveness.
Criteria Levels Description
High Student shows stable interest in learning; actively participates in the educational
process

Sufficient  Student shows episodic interest in learning; does not show particular activity in
studying disciplines

Medium  Student’s interest in learning is at the level of curiosity; does not show activity
in studying disciplines

Motivational

Low Student’s participation in the learning process requires constant control from
teachers
High Student has complete, systematic, and meaningful general and special knowledge

Sufficient  Student has complete, meaningful general and special knowledge

Cogniti . N, .
ognitive Medium  Student has partial, incomplete general and special knowledge
Low Student has basic general and special knowledge
High Student acts correctly and independently in various situations, transfers skills

from one type of activity to another; effectively carries out independent learning

Sufficient  Student acts independently according to a pattern, varies known action systems,
generally performs actions correctly, but experiences difficulties in transferring
skills; shows weak independence in learning

Operational ~ Medium  Student mostly acts correctly according to a pattern and with teacher’s help,

barely changes and transfers known action systems to other activities; cannot
learn independently

Low Student reproduces certain actions only with teacher’s help, cannot act inde-
pendently without a pattern; degree of correctness in performing actions is
insufficient; transfer to other activities is absent; cannot learn independently

The implementation of the first pedagogical condition was carried out in EG and was aimed at
forming the motivational component. The assessment of the level of student motivation was carried
out through questionnaires. The implementation of the second pedagogical condition was carried out
in EG and was aimed at forming cognitive and operational components.

Verification of knowledge and features of gamification application in the educational process was
carried out through testing. The levels of formation of the operational component of gamification
effectiveness were determined by the journals of academic groups. The formation of cognitive and
operational components in the process of cognitive activity occurred in parallel with educational,
practical, and independent activities, which is necessary for future specialists and allows understanding
the nature of developed skills and the specifics of different skills, as well as applying this knowledge
and skills to perform practical tasks.

In analyzing the results of the formative experiment, the criteria and indicators developed and
described above were used to assess the levels of effectiveness of gamification use. The generalized
results of the formative experiment are presented in table 4.

Thus, it should be noted that the average results for the motivational, cognitive, and operational com-
ponents showed positive dynamics in EG compared to CG. The number of students who demonstrated
a high level of effectiveness of gamification use after the formative stage of the experiment increased
by 12.1% in EG, while in CG it remained unchanged; the average value for the sufficient level in EG
increased by 27.3%, and in CG - only by 3.2%; the average value for the medium level in EG decreased
by 18.2%, and in CG increased by 2.8%; the average value for the low level in EG decreased by 21.2%, and
in CG - by 5.6%. Comparison of the results of the ascertaining and formative experiments (by average
values in %) is shown in figure 3.

Thus, the pedagogical experiment confirmed that the application of the methodology and pedagogical
conditions we developed and theoretically substantiated in the educational process contributes to the
effectiveness of gamification use.
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Table 4
Generalized results of the formative stage of the pedagogical experiment (values in %).
Groups Levels
PS High | Sufficient | Medium | Low
Motivational criterion
CG 8.3 16.7 41.7 33.3
EG 27.3 36.4 27.3 9.1
Cognitive criterion
CG 16.7 16.7 50.0 16.7
EG 27.3 45.5 18.2 9.1
Operational criterion
CG 16.7 25.0 41.7 16.7
EG 27.3 54.5 9.1 9.1
Average value
CG 13.9 19.5 44.5 22.2
EG 27.3 45.5 18.2 9.1
Ascertaining stage Formative stage
| | | |
44.5 45.5
41.7 = M
40 - [ ] 364 40 | 8
® B ®
§° 27.8 0.3 gn 27.9
= = 22.2
c d c :
S 20| 161 15 18 18 9 19 182 |
) 13. : 5 13.
a o
H 9.1
0 T T 0 \ 1 L
CG EG CG EG

[0 High [ Sufficient [J Medium B Low

Figure 3: Comparison of results of ascertaining and formative experiments (by average values, %).

4. Conclusions

The study’s findings offer significant insights into the implementation and effectiveness of gamifica-
tion in higher education. The proposed structural-functional model, comprising objective, content,
methodological-organizational, diagnostic, and resultant blocks, provides a comprehensive framework
for implementing gamification in higher education. This model’s effectiveness was demonstrated
through the positive outcomes observed in the experimental group.

The two identified pedagogical conditions — developing positive motivation through quasi-professional
activities and strengthening the practical orientation of the educational process — proved crucial in
enhancing the effectiveness of gamification. These conditions address both the motivational aspects of
learning and the development of practical skills necessary for future professional success.

The study revealed improvements across all three criteria (motivational, cognitive, and operational) in
the experimental group, suggesting that gamification can positively influence various aspects of student
learning and engagement. The experimental group showed significant increases in the proportion
of students at high and sufficient levels of gamification effectiveness, with corresponding decreases
at medium and low levels. These changes were notably more pronounced than in the control group,
underlining the impact of the implemented methodology.
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Abstract

This paper presents a comprehensive approach to designing an immersive cloud-based educational environment
(ICBEE) for universities. It defines the goals, structural components, functional modules, and actors of such
an environment and provides a general metamodel reflecting its architecture. The paper suggests criteria for
selection of immersive and cloud technologies, as well as guidelines for designing interactive learning content with
augmented reality, virtual reality simulations and training applications. The proposed approach aims to create a
methodological foundation for the development of ICBEEs as innovative ecosystems integrating advanced digital
technologies and sound pedagogical practices to support active, personalized and practice-oriented learning.

Keywords

immersive learning, augmented reality, virtual reality, cloud technologies, educational environment, e-learning

1. Introduction

The ongoing digital transformation of higher education requires the development of innovative learning
environments that leverage the potential of cutting-edge technologies to improve the quality and
accessibility of educational services. Immersive learning approaches based on augmented reality (AR)
and virtual reality (VR), coupled with the power and flexibility of cloud computing, open up new
possibilities for designing interactive, engaging, and practice-oriented educational experiences [1].
An immersive cloud-based educational environment (ICBEE) can be defined as an integrated system
that combines AR/VR tools, cloud services, learning management platforms, and various educational
resources and activities to support learning, research, and management processes in a university
setting [2, 3]. The design and implementation of such environments require a solid scientific and

AREdu 2023: 6th International Workshop on Augmented Reality in Education, May 17, 2023, Kryvyi Rih, Ukraine

Q& semerikov@gmail.com (S. O. Semerikov); tetianavakaliuk@gmail.com (T. A. Vakaliuk); irina.mintiy@gmail.com

(I S. Mintii); vitana65@gmail.com (V. A. Hamaniuk); bondarenko.olga@kdpu.edu.ua (O. V. Bondarenko);
acinonyxleo@gmail.com (P. P. Nechypurenko); shokalyuk@kdpu.edu.ua (S. V. Shokaliuk); n.v.moiseenko@gmail.com

(N. V. Moiseienko)

&} https://acnsci.org/semerikov (S. O. Semerikov); https://acnsci.org/vakaliuk/ (T. A. Vakaliuk); https://acnsci.org/mintii

(L S. Mintii); https://kdpu.edu.ua/personal/vagamanuk.html (V. A. Hamaniuk);
https://kdpu.edu.ua/personal/ovbondarenko.html (O. V. Bondarenko); https://acnsci.org/nechypurenko (P.P. Nechypurenko);
https://kdpu.edu.ua/personal/svshokaliuk.html (S. V. Shokaliuk); https://kdpu.edu.ua/personal/nvmoiseienko.html

(N. V. Moiseienko)

@ 0000-0003-0789-0272 (S. O. Semerikov); 0000-0001-6825-4697 (T. A. Vakaliuk); 0000-0003-3586-4311 (L. S. Mintii);
0000-0002-3522-7673 (V. A. Hamaniuk); 0000-0003-2356-2674 (O.V. Bondarenko); 0000-0001-5397-6523 (P. P. Nechypurenko);
0000-0003-3774-1729 (S. V. Shokaliuk); 0000-0002-3559-6081 (N. V. Moiseienko)

© 2024 Copyright for this paper by its authors. Use permitted under Creative Commons License Attribution 4.0 International (CC BY 4.0).

107


mailto:semerikov@gmail.com
mailto:tetianavakaliuk@gmail.com
mailto:irina.mintiy@gmail.com 
mailto:vitana65@gmail.com 
mailto:bondarenko.olga@kdpu.edu.ua
mailto:acinonyxleo@gmail.com
mailto:shokalyuk@kdpu.edu.ua
mailto:n.v.moiseenko@gmail.com
https://acnsci.org/semerikov
https://acnsci.org/vakaliuk/
https://acnsci.org/mintii
https://kdpu.edu.ua/personal/vagamanuk.html
https://kdpu.edu.ua/personal/ovbondarenko.html
https://acnsci.org/nechypurenko
https://kdpu.edu.ua/personal/svshokaliuk.html
https://kdpu.edu.ua/personal/nvmoiseienko.html
https://orcid.org/0000-0003-0789-0272
https://orcid.org/0000-0001-6825-4697
https://orcid.org/0000-0003-3586-4311
https://orcid.org/0000-0002-3522-7673
https://orcid.org/0000-0003-2356-2674
https://orcid.org/0000-0001-5397-6523
https://orcid.org/0000-0003-3774-1729
https://orcid.org/0000-0002-3559-6081
https://creativecommons.org/licenses/by/4.0

Serhiy O. Semerikov et al. CEUR Workshop Proceedings 107-116

methodological foundation that takes into account the complex interplay of technological, pedagogical,
and organizational factors.

The goal of this paper is to provide a comprehensive conceptual and methodological framework for
designing ICBEEs at higher education institutions. The main objectives are:

« to define the goals, structural components, and main actors of ICBEE;

« to provide criteria for selection of AR/VR and cloud technologies for educational purposes;
« to suggest guidelines and principles for designing immersive learning content;

« to develop a general metamodel reflecting the architecture and key elements of ICBEE.

The rest of the paper is organized as follows. Section II provides a theoretical background on the
concept and main components of ICBEE. Section III focuses on the principles and criteria for designing
immersive learning content and selecting appropriate technologies. Section IV presents the results of
the study in the form of a general metamodel of ICBEE and discusses its implications for the educational
practice. Finally, Section V concludes the paper and outlines the directions for further research.

2. Theoretical background

2.1. The concept and goals of immersive cloud-based educational environment

The concept of immersive cloud-based educational environment (ICBEE) reflects the convergence of
two major trends in modern education: the use of immersive technologies such as AR and VR to create
more engaging and authentic learning experiences, and the adoption of cloud computing to enable
flexible, scalable, and cost-effective delivery of educational services and resources [4].

The main goals of designing and implementing ICBEEs in higher education can be summarized as
follows:

« to improve the quality of education by providing students with more interactive, personalized,
and practice-oriented learning opportunities [5];

« to enhance the accessibility and flexibility of educational processes by leveraging the power of
cloud platforms and services [6];

« to foster the development of students’ and teachers’ digital competencies required for effective
learning and working in the modern technology-rich environment [7];

« to support innovative pedagogical approaches such as active learning, project-based learning,
and remote collaboration [8];

« to enable data-driven decision-making and learning analytics based on the digital footprints of
students’ activities in the cloud-based environment [9].

Achieving these goals requires a holistic approach to the design of ICBEE that takes into account its
complex structure and the interrelationships between its components.

2.2. Structural components of ICBEE

Based on the analysis of previous research [9], we can identify the following main structural components
of an immersive cloud-based educational environment:

Spatial-semantic component, which includes the physical spaces of the university (classrooms, labs,
collaboration zones) and their digital twins or virtual counterparts that can be accessed and interacted
with using immersive technologies.

Technological component, which comprises the hardware and software infrastructure needed for
the deployment and functioning of ICBEE, including:

« cloud platforms and services (IaaS, PaaS, SaaS) that host learning management systems (LMS),
repositories, communication tools, and other applications [10];
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 computing devices (servers, PCs, laptops) and specialized equipment for AR/VR experiences
(headsets, controllers, trackers) [11];

« AR/VR development tools and frameworks (game engines, SDKs, libraries) used to create immer-
sive learning content [12].

Content component, which encompasses the diverse types of digital learning resources and materials
hosted in the cloud and accessible to students and teachers, such as e-books, video lectures, virtual labs,
simulations, and assessments. This component also includes the data generated by the learning process
itself (learning analytics, user activity logs, performance records) that can be used for personalization
and improvement of educational services [13].

Communication component, which provides a set of tools and channels for synchronous and
asynchronous learning interactions, collaboration, and experience sharing among the actors of the
educational process. These may include video conferencing and webinar platforms, instant messaging
and project management systems, social networks and forums.

Immersive component, which is specifically focused on AR/VR technologies and content that enable
learners to interact with digital objects in a more natural and realistic way, creating a sense of presence
and engagement. This component comprises:

+ AR applications that overlay digital information onto the real world, e.g. by adding labels, 3D
models, or instructions to physical objects or locations [14];

+ VR simulations and virtual worlds that immerse the user in a fully digital environment, enabling
them to practice skills, conduct experiments, and explore complex concepts in a safe and controlled
way [15];

+ 360-degree videos and images that provide an immersive view of real-world locations and phe-
nomena, enhancing the learning experience and making it more memorable [16];

« haptic and motion tracking devices that enable more natural and intuitive interaction with virtual
objects and environments [17].

These components form an integrated system in which the physical and digital spaces are blended,
the learning process is mediated by a range of cloud-based tools and platforms, and the immersive
technologies add an extra layer of interactivity and engagement. The design of ICBEE should ensure
the seamless integration and interoperability of these components, as well as their alignment with the
educational goals and pedagogical approaches.

2.3. Functional modules and services of ICBEE

The structural components of ICBEE described above are realized through a set of functional modules
and services that support various aspects of the educational process. These include:

Learning management module (LMS), which serves as a central hub for organizing and delivering
educational content, tracking student progress, and facilitating communication between teachers and
students. Modern cloud-based LMS platforms such as Moodle, Canvas, or Blackboard provide a wide
range of features and can be easily integrated with other tools and services [18].

Immersive learning content authoring and delivery module, which provides tools for creating,
editing, and publishing AR/VR content such as 3D models, interactive simulations, and virtual tutorials.
This module may include cloud-based platforms for 3D modeling and animation, AR/VR SDK and
frameworks, as well as repositories for storing and sharing the created content.

Institutional repository module, which provides a centralized storage and access point for various
types of digital learning resources and research outputs produced by the university staff and students.
Cloud-based repository platforms such as DSpace or Eprints enable easy submission, description, and
retrieval of materials, as well as their long-term preservation and accessibility.

Learning analytics and reporting module, which collects and processes data about students’
learning activities, performance, and engagement in order to provide actionable insights for teachers,
learners, and administrators. This module may include cloud-based tools for data mining, visualization,
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and dashboard creation, as well as predictive models for identifying students at risk and suggesting
personalized interventions.

Communication and collaboration services, which enable synchronous and asynchronous in-
teractions among the actors of the educational process, both within and beyond the classroom. These
may include cloud-based tools for video conferencing, instant messaging, file sharing, and collaborative
document editing, as well as social networking and project management platforms.

IT infrastructure management and security services, which ensure the reliable and secure
operation of the cloud-based environment, including user authentication and authorization, data backup
and recovery, performance monitoring, and cybersecurity measures.

The integration and interoperability of these modules and services is essential for creating a seamless
and effective educational experience. The choice of specific tools and platforms should be based on
their functionality, reliability, usability, and cost-effectiveness, as well as their compatibility with the
existing IT infrastructure and the educational needs of the university.

3. Design of immersive learning content for ICBEE

3.1. Principles of designing immersive learning experiences

The effectiveness of immersive learning content in ICBEE largely depends on the proper application of
key design principles that take into account the specificities of AR/VR technologies and their impact on
the learning process. Based on the analysis of recent studies [2], we can identify the following main
principles for designing immersive learning experiences:

1. Interactivity and engagement: the immersive content should enable learners to actively interact
with digital objects and environments, manipulate them, and observe the consequences of their
actions. This principle is essential for creating a sense of agency and involvement in the learning
process.

2. Realism and authenticity: the virtual objects and environments should be designed to closely
resemble their real-world counterparts in terms of appearance, behavior, and functionality. This
principle is important for ensuring the transfer of knowledge and skills acquired in the virtual
setting to real-life situations.

3. Adaptability and personalization: the immersive content should be flexible enough to ac-
commodate different learning styles, preferences, and paces. It should provide learners with
opportunities for customization, self-regulation, and choice, as well as adapt to their individual
needs and performance.

4. Multimodality and multisensory feedback: the immersive learning experiences should engage
multiple sensory channels (visual, auditory, haptic) and provide learners with rich and diverse
feedback on their actions and progress. This principle is essential for enhancing the immersion,
retention, and transfer of learning.

5. Collaborative and social learning: the immersive content should support various forms of
collaboration and social interaction among learners, such as co-creation, peer feedback, and group
problem-solving. This principle is important for fostering the development of soft skills, such as
communication, teamwork, and leadership.

6. Safety and ethics: the immersive learning experiences should be designed with the physical
and psychological safety of learners in mind. They should avoid any content or situations that
may cause discomfort, distress, or harm, and adhere to the ethical standards and guidelines for
the use of immersive technologies in education.

These principles should be applied in a balanced and context-specific way, taking into account the
learning objectives, target audience, and available resources. The design process should involve a close
collaboration between educators, subject matter experts, instructional designers, and AR/VR developers
to ensure the alignment between the pedagogical goals and the technological solutions.
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3.2. Guidelines for developing educational AR applications

Augmented reality (AR) is a powerful tool for enhancing the learning experience by overlaying digital
information onto the real world and enabling learners to interact with it in a natural and intuitive
way. Educational AR applications can be used for a wide range of purposes, such as visualizing
complex concepts, providing contextual support, and gamifying the learning process [19]. To ensure
the effectiveness and usability of AR applications in the context of ICBEE, the following guidelines
should be followed:

« Use AR to provide contextually relevant information and guidance that enhances the understand-
ing and retention of the learning material. For example, an AR application for a biology course
may overlay labels, descriptions, and 3D models of organs onto a physical model of the human
body.

+ Leverage the unique affordances of AR, such as spatial anchoring, object recognition, and real-
time tracking, to create immersive and interactive learning experiences. For example, an AR
application for a history course may enable students to explore a virtual reconstruction of an
ancient city by walking around a physical space and using their device as a “magic window”.

« Use AR to scaffold and support the learning process by providing learners with timely feedback,
hints, and prompts based on their actions and performance. For example, an AR application for a
language learning course may use speech recognition to provide learners with real-time feedback
on their pronunciation and suggest corrections.

+ Design AR experiences that are accessible, inclusive, and user-friendly, taking into account the
diverse needs and abilities of learners. This includes providing clear instructions, adjustable
settings, and alternative modes of interaction (e.g., voice commands for learners with motor
impairments).

« Integrate AR applications seamlessly into the overall learning flow and align them with the
learning objectives, assessment strategies, and other digital tools used in the course. For example,
an AR application for a chemistry lab may be linked to the corresponding sections of the e-textbook
and the LMS gradebook.

« Ensure the technical stability, performance, and cross-platform compatibility of AR applications
by using reliable development tools and frameworks (such as AR.js, ARCore, ARKit, or ARToolKit),
optimizing the content for different devices and screen sizes, and providing clear instructions for
installation and troubleshooting.

« Evaluate the effectiveness and usability of AR applications through user testing, learning analytics,
and feedback from learners and educators. Use this data to iteratively improve the design and
functionality of the applications and to inform future development efforts.

Some specific examples of educational AR applications that can be developed using these guidelines
include:

« An AR-enhanced textbook for an engineering course that allows students to explore interactive
3D models of machines and mechanisms by pointing their device at specific pages or diagrams.

« A location-based AR game for an environmental science course that engages students in a
simulated field study by placing virtual specimens, instruments, and data collection tasks in
real-world settings.

« An AR-based language learning app that helps students practice vocabulary and grammar by
overlaying translations, definitions, and examples onto real-world objects and scenes.

By following these guidelines and exploring the diverse possibilities of AR, educators and developers
can create engaging and effective learning experiences that bridge the gap between the digital and
physical worlds and support the development of 21st-century skills and competencies.
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3.3. Approaches to designing VR simulations and training systems

Virtual reality (VR) simulations and training systems are among the most promising applications of
immersive technologies in education, as they allow learners to practice skills, explore scenarios, and
gain hands-on experience in a safe and controlled environment. In the context of ICBEE, VR simulations
can be used for a wide range of purposes, such as medical training, scientific experiments, engineering
design, and soft skills development [20]. To ensure the effectiveness and usability of VR simulations,
the following approaches should be followed:

1.

Align the simulation design with the learning objectives and outcomes: Start by clearly
defining what skills, knowledge, and attitudes the learners should develop as a result of the VR
experience, and use this as a basis for designing the content, interactions, and assessments.
Create realistic and immersive environments that replicate the key aspects of the real-
world setting: Use high-quality 3D models, textures, and animations to create a visually com-
pelling and believable environment that captures the relevant details and complexity of the
simulated scenario.

Provide learners with authentic and relevant tasks and challenges that require the
application of the targeted skills and knowledge: Design the simulation scenarios based
on real-world problems, cases, or situations that learners are likely to encounter in their future
professional or academic activities.

Implement intuitive and natural interaction methods that mimic the real-world actions
and behaviors: Use VR controllers, haptic devices, or gesture recognition to enable learners to
manipulate objects, navigate the environment, and perform tasks in a way that feels natural and
realistic.

Provide learners with adaptive feedback, guidance, and support based on their individual
performance and needs: Use intelligent tutoring systems, real-time analytics, and machine
learning algorithms to track learners’ actions, assess their progress, and provide personalized
recommendations and scaffolding.

Allow for collaborative and social learning experiences that foster teamwork, commu-
nication, and problem-solving skills: Design multi-user VR simulations that enable learners
to work together, share resources, and coordinate their actions towards a common goal, while
providing tools for communication and awareness.

. Ensure the safety, comfort, and well-being of learners by following the best practices

and guidelines for VR design and use: This includes providing clear instructions and warnings,
allowing for frequent breaks and adjustable settings, and avoiding any content or interactions
that may cause motion sickness, eye strain, or psychological distress.

. Integrate VR simulations into the broader learning ecosystem by linking them with

other digital tools, platforms, and resources: For example, a VR medical simulation may be
accompanied by an e-textbook, a discussion forum, and a performance dashboard that are all
accessible through the LMS.

Evaluate the effectiveness and impact of VR simulations through rigorous research and
continuous improvement: Use a combination of quantitative and qualitative methods, such
as learning analytics, user surveys, and expert reviews, to assess the learning outcomes, user
experience, and return on investment of VR simulations, and use this data to refine and optimize
their design.

Some examples of VR simulations and training systems that can be developed using these approaches
include:

« A VR laboratory for a chemistry course that allows students to conduct virtual experiments,

manipulate 3D models of molecules, and observe chemical reactions in a safe and reproducible
way.
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+ A VR clinical simulation for a nursing program that enables students to practice patient assessment,
diagnosis, and treatment skills in a realistic hospital environment, with virtual patients that
respond to their actions and decisions [21].

« A VR design studio for an architecture course that provides students with tools for creating,
exploring, and presenting 3D models of buildings and landscapes, while collaborating with peers
and experts from around the world.

By leveraging the immersive and interactive capabilities of VR, educators can create powerful learning
experiences that bridge the gap between theory and practice, foster deep understanding and long-term
retention, and prepare learners for the challenges and opportunities of the real world.

4. General metamodel of ICBEE

Based on the analysis of the structural components, functional modules, and design principles of
immersive cloud-based educational environments presented in the previous sections, we propose a
general metamodel of ICBEE that captures its key elements and their relationships (figure 1). The
metamodel consists of four main layers:

Immersive Learning Experiences k— Learning & Research Activities — Digital Competencies Development

Immersive Learning Content {« Educational Applications & Content |—f Learning Analytics & Assessment

AR/VR Development Tools Cloud Platforms & Services Learning Management

Hardware & Devices Cloud Infrastructure Administration & Security

Figure 1: General metamodel of ICBEE.

1. The Infrastructure layer, which includes the physical and virtual computing resources, such as
servers, storage, and networks, that support the operation of the cloud-based environment. This
layer also encompasses the administration and security services that ensure the reliable, efficient,
and safe functioning of the infrastructure.

2. The Platforms and Services layer, which includes the software components and tools that
enable the development, deployment, and management of educational applications and content
in the cloud. This layer consists of two sub-layers: (a) the general-purpose cloud platforms and
services, such as learning management systems, collaboration tools, and data analytics engines;
and (b) the specialized AR/VR development tools and frameworks, such as game engines, 3D
modeling software, and device-specific SDKs.

3. The Educational Content and Applications layer, which includes the digital resources and
software tools that are used directly by learners and educators in the learning process. This
layer consists of two sub-layers: (a) the general educational content and applications, such as
e-textbooks, video lectures, simulations, and assessments; and (b) the immersive learning content
and applications, such as AR/VR simulations, 360-degree videos, and haptic interfaces.
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4. The Learning and Research Activities layer, which includes the various forms of educational
activities and experiences that are supported by the ICBEE, such as lectures, labs, projects, and
research. This layer consists of two sub-layers: (a) the general learning and research activities,
such as problem-based learning, collaborative learning, and scientific inquiry; and (b) the immer-
sive learning experiences that leverage the unique affordances of AR/VR technologies, such as
embodied learning, situational learning, and experiential learning.

The arrows in the metamodel represent the relationships and dependencies between the different
layers and components. For example, the cloud infrastructure provides the necessary computing
resources and services for the development and deployment of educational applications, while the
AR/VR development tools enable the creation of immersive learning content that is used in the learning
activities. The learning activities, in turn, generate data and feedback that can be analyzed using learning
analytics tools to improve the quality and effectiveness of the educational content and applications.

The metamodel also highlights the cross-cutting aspects of ICBEE, such as the development of
learners’ digital competencies, which is supported by all layers of the environment, from the use of
innovative hardware and software tools to the participation in authentic and meaningful learning
activities. Another important cross-cutting aspect is the integration and interoperability of the different
components and services, which is essential for creating a seamless and coherent learning experience.

The proposed metamodel provides a high-level conceptual framework for understanding the key
components and relationships of immersive cloud-based educational environments. It can serve as a
basis for the design, development, and evaluation of specific ICBEE implementations, as well as for the
identification of research challenges and opportunities in this field. The metamodel can also be used as
a communication tool for facilitating the dialogue and collaboration between the different stakeholders
involved in the creation and use of ICBEE, such as educators, learners, researchers, IT professionals,
and policymakers.

5. Conclusion

This paper presented a comprehensive approach to designing immersive cloud-based educational
environments (ICBEEs) for higher education institutions. The proposed approach is based on a thorough
analysis of the key components, functional modules, design principles, and development guidelines for
ICBEEs, as well as on a review of relevant research and practice in the field.

The main contributions of the paper include: (a) a conceptual framework for understanding the
goals, structure, and functions of ICBEEs; (b) a set of criteria and recommendations for selecting and
integrating immersive and cloud technologies in educational settings; (c) a collection of design principles
and guidelines for creating effective and engaging immersive learning content and experiences; and
(d) a general metamodel that captures the key elements and relationships of ICBEEs and provides a
high-level roadmap for their design and implementation.

The proposed approach and metamodel can serve as a foundation for further research and develop-
ment in the field of immersive and cloud-based learning technologies. Some potential directions for
future work include:

+ Developing and evaluating specific ICBEE implementations for different educational contexts,
domains, and levels, and studying their impact on learning outcomes, motivation, and satisfaction
of learners and educators.

« Investigating the pedagogical, technological, and organizational factors that influence the adop-
tion, use, and sustainability of ICBEEs in higher education institutions, and identifying the best
practices and lessons learned from successful cases.

« Exploring the potential of emerging technologies, such as virtual and augmented reality, artificial
intelligence, and learning analytics, to enhance the functionality and effectiveness of ICBEEs,
and addressing the technical, ethical, and societal challenges associated with their use.
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+ Conducting comparative studies of different ICBEE designs and implementations, and developing
benchmarks and standards for evaluating their quality, efficiency, and impact on learning and
teaching.

« Examining the implications of ICBEEs for the roles, competencies, and professional development
of educators, and designing training programs and support services that enable them to effectively
integrate immersive and cloud-based technologies into their teaching practice.

Immersive cloud-based educational environments represent a promising and transformative approach
to learning and teaching in higher education, one that leverages the power of advanced technologies to
create engaging, personalized, and authentic learning experiences. The design and implementation of
effective ICBEEs require a holistic and interdisciplinary approach that takes into account the complex
interplay of technological, pedagogical, and organizational factors, and that is grounded in research-
based principles and guidelines. The proposed metamodel and recommendations provide a starting
point for this endeavor, but much work remains to be done to fully realize the potential of ICBEEs and
to address the challenges and opportunities they present for the future of higher education.
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Abstract

This article explores the potential of integrating GeoGebra software with augmented reality (AR) technology to
enhance mathematics education. Recent studies have shown promising results in using GeoGebra AR to promote
spatial skills, conceptual understanding, and engagement in fields like geometry, algebra, and calculus. Examples
of GeoGebra AR applications in educational settings are provided, spanning both secondary and higher education.
Recommendations for further research and implementation are discussed. The integration of GeoGebra AR into
mathematics curricula, coupled with appropriate teacher training and support, has the potential to revolutionize
how students encounter and engage with mathematical concepts.

Keywords

augmented reality, GeoGebra 3D, mathematics education

1. Introduction

Mathematics education constantly evolves to incorporate new technologies that can enhance teaching
and learning [1]. GeoGebra, a powerful dynamic mathematics software, has gained widespread adoption
in recent years [2]. GeoGebra allows for interactive exploration of mathematical concepts through
dynamic visualizations. More recently, GeoGebra has ventured into the realm of augmented reality
(AR) with its GeoGebra AR applications. AR overlays virtual information onto the real world, creating
immersive experiences that merge the physical and digital [3, 4, 5]. The combination of GeoGebra and
AR presents exciting opportunities for engaging students with mathematical ideas in new ways.

The purpose of this article is to examine the current state of research on GeoGebra AR in mathe-
matics education and to provide examples of its applications across various mathematical domains
and educational levels. We also offer examples and recommendations for successful integration into
mathematics curricula.

2. GeoGebra AR in secondary mathematics education

Several studies have investigated the impact of GeoGebra AR on mathematics learning at the secondary
level. Del Cerro Velazquez and Méndez [6] found that integrating GeoGebra AR into a secondary
geometry curriculum improved students’ spatial intelligence and academic performance compared
to traditional instruction. In a quasi-experimental study, Guntur and Setyaningrum [7] reported that
secondary students who used an AR module with GeoGebra had significantly higher spatial and
problem-solving skills than those in a control group.

GeoGebra AR has been applied to various mathematical topics in secondary education:

+ In geometry, GeoGebra AR allows students to visualize and manipulate 3D shapes, explore cross-
sections, and discover geometric properties [8, 9]. Lainufar et al. [10] described a project-based
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geometry unit where secondary students used GeoGebra AR, reporting high levels of acceptance
and engagement.

« For algebra, graphing functions and surfaces in AR provides an intuitive way to understand their
behavior and characteristics [11].

« GeoGebra AR can support the learning of trigonometric functions by allowing students to
explore graphs and transformations in an immersive 3D environment [12].

Mailizar and Johar [13] used the Technology Acceptance Model (TAM) to examine factors affecting
secondary students’ intention to use GeoGebra AR in a project-based geometry unit. They found
perceived usefulness to be the strongest predictor of behavioral intention, highlighting the importance
of demonstrating the practical value of AR tools.

These studies provide evidence for the effectiveness of GeoGebra AR in promoting spatial abilities,
conceptual understanding, and engagement in secondary mathematics. However, more research is
needed to understand its long-term effects on achievement and attitudes.

3. GeoGebra AR in higher education and STEAM

At the tertiary level, GeoGebra AR has been explored in various mathematics courses and in interdisci-
plinary STEAM (Science, Technology, Engineering, Arts, and Mathematics) contexts [14].

In a calculus course, Caridade [15] used GeoGebra AR to visualize 3D graphs and solids of revolution,
reporting increased student engagement and understanding. Similarly, Cheong et al. [16] found GeoGe-
bra AR to be an effective tool for teaching multivariable calculus, particularly in enhancing visualization
of 3D surfaces.

GeoGebra AR has also been applied in engineering mathematics. Iparraguirre-Villanueva et al. [17]
integrated GeoGebra AR into a spatial geometry course for engineering students, finding improved
performance and positive attitudes compared to a control group.

In STEAM education, GeoGebra AR allows for the integration of mathematical modeling with
arts, culture, and history. El Bedewy et al. [18, 19, 20] describe STEAM practices where participants
model historical architecture using GeoGebra AR and 3D printing, connecting mathematical concepts
to cultural heritage. These interdisciplinary approaches can make mathematics more engaging and
meaningful for students.

Cahyono and Lavicza [21] explored how STEAM projects involving GeoGebra AR and 3D printing can
be designed for cross-country math trails. Pre-service teachers created AR models of local landmarks
and linked them to school mathematics topics, allowing users in different countries to engage with the
math trail.

These examples demonstrate the versatility of GeoGebra AR in higher education, from traditional
mathematics courses to innovative STEAM projects. More research is needed on the affordances and
challenges of implementing GeoGebra AR in these diverse contexts.

4. Augmented reality and mathematical thinking

Augmented reality technology has the potential to support and enhance key aspects of mathematical
thinking. Nam et al. [22] argue that GeoGebra AR can serve as a tool to connect abstract mathematical
knowledge to real-world situations, using the example of learning about parallel lines and planes in
space. By manipulating AR models, students can test hypotheses, refine their ideas, and construct new
knowledge.

Bagossi et al. [23] developed an analytical tool called the Timeline to investigate the relationship
between student-teacher-artifact interactions and meaning-making when using GeoGebra AR. Their
analysis revealed how different phases of AR-supported activities contributed to students’ mathematical
development.
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In a study on second-order covariation, Bagossi and Swidan [24] compared students’ reasoning in
GeoGebra and AR environments. While both environments supported covariation, the AR group showed
fuller emergence of the concept after physical experimentation, highlighting the role of embodied
interactions.

Walkington et al. [25] examined the new kinds of embodied interactions that arise in an AR-based
version of GeoGebra, using the Microsoft HoloLens 2. They found that the immersive 3D environment
afforded novel interactions related to perspective, scale, and depth, with implications for the design of
future AR math tools.

These studies provide initial insights into how AR technology, and GeoGebra AR specifically, can
shape students’ mathematical thinking and reasoning. More research is needed to unpack the cognitive
processes involved and to design AR-based tasks that optimize learning.

5. Case study: stereometry teaching

5.1. Tasks on combinations of polyhedron and solids of revolution

Consider the way it is possible to inscribe a sphere into the right rectangular pyramid via the use of 3D
Geometry. In order to construct the base of the pyramid, it is necessary to use the Right Polygon tool,
by pointing two points on the 3D canvas - adjacent vertexes of the base, and indicating that the right
polygon has 4 vertexes. Then one should construct the diagonals of the square (the Segment tool) and
define the center (Intersection point). Then through the center of the square, which is also the center of
the circle inscribed in the square, one draws a straight line perpendicular to the plane of the square.
On this straight line, one chooses an arbitrary point (Point on the object) and constructs a polyhedron
(Pyramid). The perpendicular to the plane of the square straight line is the geometric location of points,
equidistant from the sides of the base of the right pyramid.

To determine the position of the center inscribed sphere in the pyramid, one constructs a geometric
location of points that are equidistant from the edges of the dihedral angle at the base of the pyramid.
Since there is no construction of the bisector plane in the GeoGebra tools, it is necessary to construct a
linear angle of the dihedral angle at the base and then bisector of the very angle. The plane passing
through the vertex of the pyramid perpendicular to the edge of the base is built (Plane through the point
perpendicular to the straight line; Intersection point). Instead of a plane, it is possible to draw a straight
line from the vertex of the pyramid perpendicular to the edge of the base (straight, perpendicular to
straight). Next, one should find the intersection point of the constructed plane / perpendicular with the
edge of the base (Intersection point of the straight line and the plane / Intersection point of two straight
lines). Then one builds the bisector of the obtained linear angle.

The point of its intersection with the perpendicular to the base of the pyramid, drawn from the top
of the pyramid, will determine the center of the inscribed sphere (Point of intersection). Finally, one
constructs the inscribed sphere (Sphere outside the center and radius), specifying in sequence the center
of the sphere and the point of intersection of the diagonals of the square [26].

For better understanding and mastering of the algorithm the construction of the sphere inscribed
around the pyramid the students setting of the canvas are adjusted to be able to show the step-by-step
procedure of the construction.

With AR, the students can understand the basic concepts of 3D geometrical shapes, their relationships
and ways to construct the 3D shapes and the objects in 3D space. Importantly, AR can provide a dynamic
visualization of 3D structures of geometrical shapes. This feature helps the students to understand a
comprehensive background of 3D geometrical shapes and improve the abilities of geometrical structures.
Moreover, the hand gesture based interactions furnish an intuitive and convenient way for the students
to directly control and interact with geometrical shapes in 3D space.

GeoGebra Augmented Reality application allows you to transfer the constructed figure into the space
of the room (figure 1. Having built a figure, we press the “AR” button. Next, you need to use the camera
to select the environment in which we plan to move the object. For example, on the table. By tapping
on the screen, the figure will be transferred to the real world [27] where it can be explored. The phone
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camera will serve our eyes. Immersing the phone in a virtual figure we will see it from the inside, we
can bypass it, also the application allows you to resize, color [28].

Figure 1: GeoGebra AR demos.

With the experiences of interacting with the 3D shapes using their own hand gestures, the students
can improve their own awareness of the relationships of the 3D shapes and easily remember or retain
the knowledge about the 3D shapes.

5.2. Stereometric problems of applied content

Geometry is an abstract science, often taught without proper implementation of its applied orientation.
This leads to the fact that a significant part of students do not feel the need to study this subject, because
they do not see the possibility of using the acquired geometric knowledge, in particular in stereometry,
in the future. And so there is a need to connect stereometric problems with life. We propose to consider
two problems of applied direction, for the solution of which we consider it expedient to involve the
GeoGebra 3D application. We offered these tasks to students of the State University of Economics and
Technologies.

Problem 1. What percentage of wood goes to waste when made of wooden logs, 5 m long and 20 cm
and 15 cm in diameter, beams with a rectangular cross-section of the maximum cross-sectional area?

Problem 2. Calculate the volume of the largest beam with a base in the shape of a rectangle, which
can be carved from a log of cylindrical shape. The length of the log is 5 m and the thickness is 20 cm.
What percentage of wood will go to waste?

Using these tasks, we conducted research on the basis of two parallel groups majoring in “Finance
and Credit”. 18 students of the experimental group (EG) and 17 students of the control group (CG) took
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part in the study. In the experimental group, the task was to solve problems based on a dynamic figure,
the control group solved the same problems, but with the help of static.

The proposed questionnaire consisted of several questions that students answered while solving
problems.

1. What figures will we work with? Positive answer: CG — 6 students (35%), EG - 7 students (39%).

2. How are the figures relative to each other? Positive answer: CG - 7 students (41%), EG — 7
students (39%).

3. What shape should be the cross section of the beam to maximize its size? The volume of the
beam will be the largest if the cross section of the beam is square. It is not necessary to compose
a function and study it to the extreme, it is enough to use the formula to calculate the area of a
quadrilateral inscribed in a circle. Positive answer: CG - 4 students (24%), EG - 3 students (17%).
In the second stage, the CG group was shown a figure for the problem on paper, the EG group
was shown a figure in GeoGebra (figure 2) and considered in dynamics.

4. After that, the groups were asked the last question about the cross-section again, the statistics of
positive answers improved: CG - 6 students (35%), EG - 9 students (50%).

5. What is meant by waste from the manufacture of logs? The positive answer that this is the
difference between the volume of the truncated cone and the volume of the parallelepiped was
given by: CG - 9 students (53%), EG - 12 students 67%.

Figure 2: A parallelepiped inscribed in a truncated cone.

The dynamic image in GeoGebra helped the EG group to improve the statistics of responses, after
the demonstration of the figure on paper this effect could not be achieved. The results of the survey
showed that the highest efficiency is achieved when demonstrating dynamic models.

Optimization tasks using Geogebra were proposed by us in the textbook [27]. We supplemented the
sets of tasks using Geogebra with visual aids for specialized teaching of mathematics, realization of
interdisciplinary connections of the beginnings of mathematical analysis and stereometry. In this case,
you can use the expressions to calculate the volume of the body to track the change in this value and
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find the optimal size of the beam. It is also advisable to use the “Function Inspector” tool in GeoGebra
to find the extreme values of the function and visualize the abstractions.

It is convenient to write the formulas on the canvas at once, and then open them step by step during
the discussion. To make such a blank in the application GeoGebra 3D, you must first build a truncated
cone (by crossing the cone plane), then through the center of a smaller circle and a point on it build a
line. Draw a perpendicular line to the obtained line, choosing the center of a smaller circle as a point.
Mark the points of intersection of the lines with the circle and through the obtained 4 points build a
square (using the Polygon tool), connecting the points in series. From the vertices of the square we
lower the perpendiculars to the lower base of the cone (larger circle) and mark the points of intersection
of the perpendiculars with the plane of the base of the cone, through the obtained 4 points we build a
square, connecting the points in series. Using the Prism tool, build a prism by selecting a polygon of
the base (square) and the vertex at one of the points of the smaller circle.

During the in-depth study of mathematics at the Kryvyi Rih Pokrovsky Lyceum, we offered students
the problem of stereometry for optimization according to the textbook by Skanavi [29]. After calculating
the optimal dimensions of the prism / pyramid, the polygon scan was drawn and glued. Models in
dynamics created by means of system of dynamic mathematics were offered for demonstrations. Here
are examples of mathematical problems that students had to reformulate as problems of applied content.

1. (15.194) What are the dimensions of the base radius and the height of the open cylindrical tank,
so that at a given volume V' for its manufacture was spent the least amount of sheet metal?

2. (15.195) The side face of a regular quadrangular pyramid has a constant given area and is inclined
to the plane of the base at an angle . At what value of « is the volume of the pyramid the largest?

3. (15.196) In a regular quadrangular pyramid with the edge of the base a and the height H, a regular
quadrangular prism is inscribed so that its lower base is located at the base of the pyramid, and
the vertices of the upper base are placed on the side edges. Find the edge of the base and the
height of the prism that has the largest side surface.

4. (15.197) The side edge of a right triangular pyramid has a constant given length and forms an
angle a with the plane of the base. At what value of « will the volume of the pyramid be the
largest?

5. (15.198) In a regular triangular pyramid, the side face has a constant given constant area and
forms an angle a with the plane of the base. At what value of « is the distance from the center of
the base of the pyramid to its side face the largest?

6. (15.199) A pyramid is inscribed in a cone with a given constant volume, which is based on an
isosceles triangle with an angle at the vertex equal to a. At what value of « is the volume of the
pyramid the largest?

7. (15.200) The generating cone has a constant length and forms an angle o with the height of the
cone. A regular hexagonal prism with equal edges is inscribed in the cone (the base of the prism
is located in the plane of the base of the cone). At what value of « is the side surface of the prism
the largest?

Solving problems of applied content will provide an opportunity to motivate, intensify the educational
and cognitive activities of students and promote the practical application of acquired knowledge.

5.3. Project work in GeoGebra 3D

One of the effective means of developing students’ cognitive activity is the project method. After all, the
project method includes a set of research, search, problem, creative approaches, promotes the creative
development of students, prepares them to solve problem situations in everyday life. Therefore, it is
advisable to offer students to perform mini-projects while studying the section of stereometry.

The task of the project will be to build a playground in the GeoGebra 3D application, using the
maximum number of studied geometric shapes: prisms, pyramids, spheres, cones, cylinders, etc.
(figure 3). Performance appraisal is a mandatory element of the organization of project work. The
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effectiveness of the project lies in the ratio of planned expectations with the final results. Created
designs can be designed in the yard with an augmented reality application.

Figure 3: Sample implementation of the project “Playground”.

There are three stages of self-regulated, namely the Planning Phase, at this stage students set steps
for learning, namely (1) Analyzing learning tasks, (2) Determining learning objectives, and (3) Planning
learning strategies. In the analyzing stage, students implement a plan that is constantly monitored to
ensure it leads to learning goals. In the determining stage, students determine how well the learning
strategy is chosen and how to achieve these learning goals [30].

Students were also asked to develop a project “Artist’s Room”, in which students will model a room
from improvised means, and before that it is advisable to offer to make a layout in GeoGebra. In this
way, students will already know where to start, what sizes of objects to take, what colors will impress,
what shapes are needed to create a room, they will learn to break an object into simple geometric bodies
and shapes.

Project work interests students in the subject, increases mental activity and creative thinking, helps
to mobilize knowledge in practice and quickly adapt to unusual situations. During the construction of a
playground or an artist’s room, students use innovative abilities, invention, STEM competencies are
formed, such as critical thinking, creativity, organizational skills, teamwork, emotional intelligence,
ability to interact effectively, cognitive flexibility.

6. Integrating GeoGebra AR into mathematics curricula

To effectively incorporate GeoGebra AR into mathematics curricula, educators should consider the
following guidelines [31]:

1. Choose AR activities that align with learning objectives and promote active engagement.

2. Provide students with clear instructions and scaffold their exploration in the AR environment.
3. Encourage collaborative learning and discussion to solidify conceptual understanding.

4. Assess learning outcomes and gather feedback to refine implementation.

Professional development is crucial for teachers to learn best practices for using GeoGebra AR [32].
Teacher education programs should expose pre-service teachers to the capabilities of GeoGebra AR and
how to integrate it purposefully into their future classrooms.
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Successful integration also requires attention to technological infrastructure and equity. Schools
need access to AR-capable devices and reliable internet, and teachers need ongoing technical support.
Ensuring equal access to AR learning experiences for all students is an important consideration.

7. Conclusion and future work

GeoGebra AR represents a promising frontier in mathematics education, offering dynamic, interactive
experiences that bridge the gap between abstract concepts and the real world. Research has begun to
demonstrate its potential to enhance spatial reasoning, conceptual understanding, and engagement
in mathematics at both the secondary and tertiary levels. Thoughtful integration of GeoGebra AR
into mathematics curricula, coupled with teacher training and ongoing support, can enrich students’
learning experiences.

As GeoGebra AR continues to evolve, several areas merit further research and development:

« More work is needed to design and evaluate professional development models that prepare
teachers to effectively integrate GeoGebra AR into their practice.

+ The potential of GeoGebra AR to bridge mathematics with other STEAM fields deserves further
exploration, building on initial work in architecture, arts, and culture [18, 19, 20].

+ More research is needed to understand how the embodied interactions afforded by GeoGebra AR
shape students’ mathematical thinking and problem solving [25].

+ The role of GeoGebra AR in supporting mathematics learning across different instructional modes,
including remote and hybrid settings, should be investigated.
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Abstract

The increasing digitalization of education has led to a need for pre-service teachers in mathematics, physics and
computer science to develop competencies in utilizing information and communication technologies (ICT) in
their teaching practice. Free and open source software presents a valuable opportunity for educators to access
powerful tools without the financial and legal barriers associated with proprietary software. This article examines
the theoretical and methodological foundations for integrating free software into the professional training of
pre-service teachers of mathematics, physics and computer science, based on the findings of a doctoral thesis
by Velychko [1]. The study proposes a system for applying free software in teacher education, encompassing
conceptual, content and technological components. Experimental results demonstrate the effectiveness of the
proposed system in enhancing the ICT competencies of pre-service teachers. The article highlights the benefits
and challenges of utilizing free software in education and provides recommendations for its implementation in
teacher training programs.

Keywords

free software, teacher training, the concept of implementation

1. Introduction

The rapid advancement of technology in the 21st century has had a profound impact on all sectors
of society, including education [2]. Teachers are expected to possess not only subject knowledge but
also the skills to effectively integrate ICT into their teaching practice [3, 4]. However, the cost and
licensing restrictions of proprietary software can present significant barriers for educational institutions,
particularly in developing countries [5]. Free and open source software (FOSS) offers a solution by
providing access to high-quality tools without the associated financial and legal constraints [6, 7].

The use of FOSS in education has been a topic of research for several decades [8, 9]. Studies have
shown that FOSS can be effectively utilized in various educational contexts, including engineering
[10], computer science [11] and science education [12]. However, the integration of FOSS in teacher
education programs, particularly for pre-service teachers of mathematics, physics and computer science,
remains an underexplored area.

This article aims to address this gap by examining the theoretical and methodological foundations for
applying FOSS in the professional training of pre-service teachers of mathematics, physics and computer
science. The article is based on the findings of a doctoral thesis by Velychko [1], which proposed a system
for integrating FOSS into teacher education programs in Ukraine. The article presents an overview of
the proposed system, its components and the experimental results of its implementation. The benefits
and challenges of utilizing FOSS in teacher education are discussed, along with recommendations for
its effective integration into training programs.
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2. Theoretical foundations

2.1. The concept of free software

Free software is defined by the Free Software Foundation as software that respects the freedom and
community of its users [13]. This freedom is enshrined in four essential rights: the freedom to run the
program for any purpose, the freedom to study how the program works and adapt it to one’s needs, the
freedom to redistribute copies, and the freedom to improve the program and release those improvements
to the public [14].

The philosophy of free software aligns closely with the principles of academic freedom and the open
sharing of knowledge [15]. Universities have played a key role in the development of free software,
with many groundbreaking projects originating from research labs and student communities [1].

2.2. ICT competencies for teachers

The integration of ICT into education has become a global priority, as evidenced by the UNESCO ICT
Competency Framework for Teachers [16]. This framework outlines the knowledge and skills that
teachers need to effectively utilize ICT in their professional practice, including [17]:

« Understanding the role of ICT in education
+ Curriculum and assessment

+ Pedagogy

- ICT

+ Organization and administration

+ Teacher professional learning

For pre-service teachers of mathematics, physics and computer science, developing ICT competen-
cies is particularly crucial, as these subjects often involve the use of specialized software tools and
computational methods [18, 19]. However, research has shown that many teacher education programs
do not adequately prepare pre-service teachers to integrate ICT into their teaching practice [20].

2.3. Benefits of free software in education

The use of free software in education offers several significant benefits, including:

+ Cost savings — free software eliminates the need for expensive licensing fees, making it more
accessible for educational institutions with limited budgets [21].

« Flexibility — the open source nature of free software allows educators to customize and adapt
tools to meet their specific needs [22].

« Skill development — working with free software can help students develop valuable technical
skills, such as programming and problem-solving [23].

+ Collaboration - free software projects often have active communities of users and developers,
providing opportunities for students and educators to collaborate and learn from each other [24].

Despite these benefits, the adoption of free software in education faces several challenges, including
lack of awareness, technical support and training for educators [25].

3. A system for applying free software in teacher education

Velychko [1] proposed a system for integrating free software into the professional training of pre-service
teachers of mathematics, physics and computer science. The system consists of three main components
(figure 1).
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Figure 1: System for integrating free software into the professional training of pre-service teachers of mathe-
matics, physics and computer science.

3.1. Conceptual component

The conceptual component outlines the goals, objectives, approaches and principles of the system.
The main goal is to enhance the ICT competencies of pre-service teachers through the use of free
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software. The objectives include providing access to powerful tools, developing technical skills and
promoting collaboration. The system is grounded in competency-based, innovation-oriented and
synergetic approaches to learning.

3.2. Content component

The content component defines the structure and content of ICT competencies for pre-service teachers,
as well as the key concepts and ideas related to free software in education. The competencies encompass
knowledge, skills and attitudes in areas such as:

+ Information and data literacy

+ Communication and collaboration
« Digital content creation

o Safety

+ Problem-solving

The content component also emphasizes the importance of open educational resources, e-learning
and the role of free software in enabling open education practices.

3.3. Technological component

The technological component focuses on the practical implementation of the system, including the
stages of ICT competency development, teaching methods, tools and forms of learning. The stages of
development are:

Motivational-purposeful
Exploratory
Orientational-planning
Control-evaluative

SN

Regulatory-corrective

The teaching methods include problem-based learning, project-based learning and collaborative
learning. The tools used are primarily free software applications for mathematics, physics and computer
science, such as GeoGebra, Python and LaTeX. The forms of learning include lectures, laboratory work,
independent study and project-based activities.

4. Experimental results

Velychko [1] conducted an experimental study to evaluate the effectiveness of the proposed system
in enhancing the ICT competencies of pre-service teachers. The study involved 240 students from
pedagogical universities in Ukraine, divided into control and experimental groups.

The results showed that the experimental group, which was taught using the free software-based
system, had significantly higher levels of ICT competency compared to the control group. In particular,
the experimental group demonstrated better skills in using free software tools for problem-solving,
digital content creation and collaboration.

The study also found that the use of free software in teacher education had a positive impact on
students’ motivation and engagement in learning. Students reported feeling more empowered and
confident in their ability to use technology in their future teaching practice.
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5. Discussion and recommendations

The findings of Velychko [1] demonstrate the potential of free software as a valuable tool for enhancing
the ICT competencies of pre-service teachers. By providing access to powerful, flexible and collaborative
tools, free software can help bridge the digital divide and prepare future teachers to effectively integrate
technology into their teaching practice.

However, the successful integration of free software in teacher education requires more than just
access to tools. It also requires a supportive institutional environment, adequate technical infrastructure
and ongoing professional development opportunities for educators [26].

Based on the findings of this study, the following recommendations are proposed for integrating free
software into teacher education programs:

« Raise awareness about the benefits of free software among educators, administrators and policy-
makers.

« Provide training and support for educators to effectively use free software tools in their teaching
practice.

« Encourage collaboration and sharing of resources among educators, both within and across
institutions.

« Integrate free software into the curriculum, not just as a separate subject but as a tool for enhancing
learning across disciplines.

« Foster partnerships with free software communities and industry to provide real-world learning
opportunities for students.

6. Conclusion

The integration of free software into the professional training of pre-service teachers of mathematics,
physics and computer science presents a promising approach for enhancing their ICT competencies and
preparing them for the challenges of 21st century education. By leveraging the power of free software,
teacher education programs can provide access to high-quality tools, foster collaboration and skill
development, and promote open education practices.

However, realizing the full potential of free software in teacher education requires a concerted effort
from educators, institutions and policymakers. It requires awareness-raising, capacity-building and the
creation of supportive environments that encourage experimentation and innovation.

As the world becomes increasingly digital, it is imperative that we equip future teachers with the
skills and tools they need to navigate this landscape effectively. Free software offers a path forward
that is both accessible and empowering, and it is up to us as educators to seize this opportunity and
make it a reality.
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Abstract

Studying the dynamics and outcomes of combat engagements is crucial for analyzing military tactics and devel-
oping practical recommendations. This article proposes using interactive 3D visualizations and an automated
method for selecting rational combat scenarios to thoroughly analyze combat episodes. The approach allows
reconstructing the life cycle of a battle in terms of space, time, and involved elements. Key criteria for the
visualizations include information completeness and reliability, while indicators encompass the dynamics, effec-
tiveness, and terrain of the engagement. The NATO-standard After Action Review methodology, coupled with
mathematical modeling of combat using Lanchester’s equations, enables pinpointing mistakes and successful
tactics. The article describes visualization system design principles and outlines a phased process for gathering
data, building 3D terrain models, and animating unit actions to create an accurate reconstruction. Two combat
episodes from the war in Eastern Ukraine in 2015 serve as case studies. The proposed approach facilitates an
in-depth analysis of actual battles and the investigation of prospective combat scenarios for diverse purposes,
from education to military planning.

Keywords
After Action Review (AAR), 3D visualizations, combat experiences, battle reconstruction, military training and
simulation

1. Introduction

Studying the experience of combat engagements is vital for analyzing the actions of opposing forces,
identifying shortcomings and successes, and developing military art [1]. However, open information
sources often present emotionally and politically charged accounts that lack sufficient detail for a
thorough analysis [2, 3].

Seeking to reform its Armed Forces to NATO standards, Ukraine is adopting the After Action Review
(AAR) methodology [4]. A key AAR tool is interactive 3D visualization, which accurately reconstructs
the course of a battle in time and space [5]. For studying past engagements and forecasting potential
scenarios, an automated method of selecting a rational combat scenario with homogeneous forces is
proposed [6].

This article aims to substantiate and put forward interactive 3D visualizations for studying combat
experiences in the Joint Forces Operation in Eastern Ukraine. It discusses visualization criteria and indi-
cators, outlines the principles and process of creating reconstructions, and demonstrates the approach
with two case studies.
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2. Literature review

The use of After Action Reviews and 3D visualizations for analyzing combat actions has garnered
increased attention in military research and practice. Holsenbeck [7] described the mental health aspects
of the AAR process during a joint aeromedical mission in response to Hurricane Andrew. Darling et al.
(8] highlighted how the U.S. Army’s Opposing Force (OPFOR) uses rigorous AARs to generate lessons
that are fed back into the execution cycle, in contrast to the pro-forma reviews often conducted in
corporate settings.

In the context of multinational operations, Conyers et al. [9] reported on Tactical Combat Casualty
Care training provided to NATO forces at the Hamid Karzai International Airport, with AARs completed
to categorize best practices. Truesdell et al. [10] discussed an expert opinion approach to managing
cardiogenic shock, drawing parallels to elite military units’ use of AAR to combine adaptability and
cohesion.

Autonomous systems have also been a focus of research. Duan et al. [11] developed a hardware-in-
loop simulation platform for unmanned aerial vehicle (UAV) autonomous aerial refueling, using an
eagle-eye vision mechanism. Karthik et al. [12] proposed a GPS-less 3D inertial routing system for
multi-floor indoor positioning during urban combat operations, facilitating after action review.

Regarding visualization system design, Murray [13] described an intelligent tutoring system for
commercial games, the Virtual Combat Training Center, which lowers the cost of training while exposing
trainees to the full complexities of combat. Rickard et al. [14] emphasized the need for interface standards
in Live, Virtual, and Constructive (LVC) fighter aircraft training to ensure a common configuration and
enable realistic mission debriefing.

In terms of case studies, Rosenbach and Tien [15] analyzed strategic leadership in the battle of
Tal Afar, Iraq, demonstrating how Army officers combined classic and unique aspects of leadership
to transform the war’s trajectory. Stout et al. [16] reviewed the aeromedical evacuation response to
the 1997 airplane crash in Guam, with the AAR resulting in multiple improvements to readiness and
procedures.

These studies underscore the importance of detailed data collection, advanced modeling and visual-
ization, and systematic analysis for extracting lessons from combat experiences.

3. Methodology

3.1. Visualization criteria and indicators

The key criterion for assessing 3D visualizations is the degree of their adequacy to the actual combat
episode in terms of stages, timeline, and elements [1]. The visual information should aim to maximally
approach reality.

Proposed criteria for the interactive 3D visualization of a battle’s life cycle include:

1. Information completeness and reliability
Sufficient, accurate data must be gathered from multiple sources to reconstruct the battle in detail.
This includes tactical maps, unit positions, stage-by-stage descriptions, communications, and
outcomes. Contradictory or missing information should be rectified through additional research
and participant interviews.

2. Battle dynamics
The visualization should capture the flow of the engagement, including unit movements, firing,
maneuvering, and changes in control over time. Dynamic elements such as explosions, smoke,
and vehicle damage enhance realism.

3. Effectiveness of combat actions
Indicators of effectiveness include casualties inflicted and sustained, ground gained or lost, and
objectives achieved by each side. These can be represented visually and quantitatively.
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4. Terrain characteristics
The 3D model should accurately depict the landscape, vegetation, structures, and fortifications
where the battle occurred. Line of sight, cover and concealment, and mobility corridors influence
tactics and outcomes. Geospatial anchoring aligns the virtual and real-world terrain.

Measures of information content range from sufficient, to partial yet adequate, partial and inadequate,
and insufficient or missing data. Analysts must carefully assess available sources and work closely with
military experts to construct a credible visualization.

3.2. After Action Review and Mathematical Modeling

NATO’s AAR methodology focuses on evaluating the outcome of an event by answering three main
questions [1]:

1. What happened during the combat episode? This involves establishing the facts, sequence of
events, and overall outcome based on reports, interviews, and other records. An initial timeline
and narrative are constructed.

2. Why did the episode unfold in this manner? Analysts probe the causes and contributing
factors behind key decisions and actions by each side. This includes assessing the use of terrain,
maneuver, fires, leadership, and adaptability. Participant perspectives are elicited to uncover
rationale and mindset.

3. How can the outcome be improved? Insights from the preceding analysis are distilled into
lessons and recommendations to address gaps in planning, execution, and capability. These may
span doctrine, organization, training, materiel, leadership, personnel, and facilities. The emphasis
is on actionable, specific measures.

Mathematical modeling of combat using Lanchester’s equations complements the AAR by quantifying
the dynamics and outcomes of engagements. Lanchester models represent attrition between two
homogeneous forces as a system of ordinary differential equations [17]:

dm _ —an(t)
W Bt
dt

where m(t) and n(t) are the force levels of the two sides at time ¢, and « and [ are attrition rate
coeflicients representing the effectiveness of each unit against the opposing side.

By considering different initial force ratios, attrition rates, and engagement termination conditions,
analysts can explore the sensitivity of outcomes to various factors. This enables quantitative evaluation
of alternate courses of action and highlights the leverage points for achieving desired results.

Lanchester models have been extended to incorporate heterogeneous forces, spatial effects, morale,
and logistics [18]. However, their core insight remains valuable: the relationship between attrition rates
and force ratios fundamentally shapes the dynamics of combat.

The AAR findings can inform the selection of appropriate Lanchester model parameters to represent
a given battle. Conversely, modeling results can guide inquiry into the drivers of observed outcomes
during the AAR process. This symbiotic relationship strengthens the analytic rigor of both methods.

4. Visualization system design

A combat visualization system typically consists of a graphics pipeline and a set of control programs
(figure 1). The pipeline involves the formation, geometric processing, and rasterization of reliable data.
Control programs handle pipeline initialization and interaction with the external environment.

Key requirements for landscape visualization algorithms include minimizing central processor load
to free up resources for combat episode modeling. Techniques such as discarding invisible terrain
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Figure 1: Battle episode visualization system.

sections and reducing detalization of distant areas help to optimize performance. The use of regular
or irregular grid-based methods, like Fast Terrain Rendering Using Geometrical MipMapping [19] or
Thatcher Ulrich’s Chunked LOD [20], is common.

Several principles guide the design of an effective combat visualization system:

« Modularity: The system should consist of loosely coupled components with well-defined inter-
faces. This allows for iterative development, testing, and extension of individual modules without
disrupting the overall architecture.

« Scalability: The visualization framework needs to accommodate scenarios of varying size and
complexity, from small unit actions to large scale operations. Techniques such as level-of-detail
rendering and adaptive scheduling can help maintain interactive performance.

« Interoperability: The system must interface with a range of data sources, combat simulations, and
command and control systems. Adherence to standards such as Distributed Interactive Simulation
(DIS) and High Level Architecture (HLA) promotes integration with existing and future military
systems.

« User-centricity: The user interface should be intuitive and tailored to the needs of different
stakeholders, such as commanders, analysts, and trainees. Customizable views, query tools, and
playback controls enable users to effectively explore and manipulate the visualization.

« Extensibility: The design should allow for the integration of new types of data, entities, and
behaviors as modeling and simulation capabilities advance. This may include support for higher-
fidelity physics, artificial intelligence, and virtual/augmented reality technologies.

5. Visualization process
Creating an interactive 3D visualization of a combat episode involves several stages [1]:

1. Gathering and analyzing information from various sources to reconstruct the battle in
sufficient detail. This includes tactical maps, operations orders, unit positions, communications
logs, imagery, after action reports, and participant interviews. A systematic data collection plan
helps ensure completeness and identifies gaps requiring further research.

2. Building a 3D model of the terrain using a digital elevation model and overlaying relevant
features such as vegetation, roads, rivers, bridges, buildings, and fortifications. High-
resolution remote sensing data, maps, and site surveys contribute to an accurate environmental
representation. Terrain analysis tools can derive mobility corridors, intervisibility lines, and
avenues of approach.
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3. Placing 3D models of personnel, vehicles, and equipment according to their initial
positions on the tactical map. Models may be based on standard military assets or specifically
designed to match unique features observed in the battle. Attention to details such as unit
markings, camouflage patterns, and weathering adds realism.

4. Animating the actions of each entity over the course of the battle based on the collected
data. This includes movement along routes, changes in formation, deployment of forces, firing of
weapons, detonation of ordnance, and incapacitation or destruction of assets. Timing of actions
is synchronized with the battle narrative to reflect the dynamism of combat.

5. Integrating additional elements to enhance the immersion and information content of
the visualization. These may include audio recordings of commands and radio traffic, video
clips from cameras or unmanned systems, graphical overlays showing unit boundaries and phase
lines, and data displays of ammunition expenditure, casualties, and system status.

6. Rendering the complete visualization and packaging it for interactive display on various
platforms. Users can control the viewpoint, playback speed, and information layers to suit their
analytic needs. The visualization becomes a key artifact supporting the AAR process, enabling
participants to review the battle from multiple perspectives.

As a concrete example, the Interactive 3D Visualization Constructor software suite, developed at
the National Technical University “Kharkiv Polytechnic Institute”, was employed to reconstruct two
combat episodes from the war in Eastern Ukraine [21].

For each case, data was first collected from open sources, tactical maps, and surveys of participants.
3D terrain was built from digital elevation models, and features such as trees, roads, and buildings
were added based on overhead imagery. 3D models of Ukrainian and Russian equipment, such as tanks,
infantry fighting vehicles, and anti-tank guided missile systems, were placed at their initial locations.

The movement of each vehicle and unit was animated over time based on the battle records. Engage-
ments, artillery strikes, and destruction of assets were recreated, with special effects like explosions,
smoke, and flying debris. Sounds of gunfire and radio communications were layered over the visual
scene.

The resulting visualizations were rendered and packaged for viewing on desktop and mobile devices.
Users could freely move the camera to observe the action from any angle, pause and resume the playback,
and toggle information overlays showing unit positions, engagement ranges, and kill counts.

These interactive 3D visualizations supported detailed AAR sessions with the participants and
military students. By virtually stepping through the battles, reviewers could identify decisive moments,
discuss the rationale behind decisions, and assess the application of tactics, techniques and procedures.
Alternative actions could be explored by manipulating the visualization, fostering counterfactual
reasoning.

Beyond AAR, the visualizations served as case studies for professional military education, exposing
students to the complexity and chaos of modern combat. By studying the battles from multiple
viewpoints, learners developed an appreciation for the challenges faced by commanders and the
importance of factors such as terrain, timing, and coordination.

The 3D visualizations were also used to brief senior leaders on the operational situation and outcomes.
The realistic and immersive nature of the presentations facilitated understanding and communication
of the battles’ significance.

6. Case studies

The previously described methodology was applied to reconstruct two combat episodes from the war
in Eastern Ukraine [21]:

« The defense of the “Seroga” strongpoint near Sanzharivka by Ukrainian mechanized and tank
units on January 28, 2015.
» The assault on Logvinove by Ukrainian mechanized and tank units on February 12, 2015.
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6.1. Defense of the “Seroga” strongpoint

The first case study examines the defense of the “Seroga” strongpoint by elements of a Ukrainian
mechanized brigade against a Russian-backed separatist assault on January 28, 2015. The strongpoint,
located near the village of Sanzharivka in Donetsk Oblast, consisted of a company-sized force equipped
with T-64 tanks, BMP-2 infantry fighting vehicles (IFVs), and 82mm mortars.

At approximately 0400 hours, the separatists launched an attack on the strongpoint with a battalion-
sized force, supported by artillery and multiple launch rocket systems (MLRS). The initial assault was
repelled by direct fire from the Ukrainian tanks and IFVs, which inflicted heavy casualties on the
advancing infantry and disabled several enemy vehicles.

However, the separatists regrouped and commenced a sustained bombardment of the Ukrainian
positions with 122mm howitzers and 120mm mortars. This fire destroyed several Ukrainian vehicles
and forced the defenders to seek cover in their trenches and bunkers. Under the cover of this fire, the
separatists maneuvered a company of tanks and IFVs around the Ukrainian right flank, threatening to
cut off their withdrawal.

Recognizing the danger, the Ukrainian commander ordered a fighting withdrawal to a secondary
defensive position 2 km to the rear. The Ukrainian tanks provided covering fire while the IFVs and
dismounted infantry conducted a bounding overwatch movement to the fallback position. Despite
taking additional casualties from enemy fire, the Ukrainians successfully disengaged and occupied their
new defenses by 0900 hours.

The visualization of this battle was created using the Interactive 3D Visualization Constructor
software. Tactical maps and overhead imagery were used to build a detailed 3D terrain model of the
strongpoint and surrounding area, including the village, fields, roads, and treelines. 3D models of the
Ukrainian T-64 tanks, BMP-2 IFVs, trucks, and 82mm mortars were placed at their initial positions
based on the commander’s sketch and participant interviews. Separatist T-72 tanks, BMP-1 IFVs, and
MLRS were similarly modeled and positioned.

The movement of each vehicle was animated based on the tactical map and narrative of the battle.
Key events such as the initial assault, artillery strikes, flank attack, and withdrawal were visualized
with appropriate effects and sounds. The user could view the battle from any angle, including from the
perspective of individual vehicles or commanders, and pause the action to examine the situation in
detail.

The AAR of this battle identified several key lessons:

+ The importance of well-prepared defensive positions and interlocking fields of fire in repelling an
attack by a numerically superior force. The Ukrainian tanks and IFVs were able to inflict heavy
casualties on the separatists due to their dug-in positions and coordinated fire plan.

+ The decisive role of artillery and MLRS in suppressing defensive positions and enabling maneuver.
The separatists’ concentrated and sustained bombardment forced the Ukrainians to seek cover
and degraded their ability to repel the flank attack.

+ The value of a timely and organized withdrawal in the face of an overwhelming attack. By
displacing to a secondary position before becoming decisively engaged, the Ukrainian commander
preserved his force and avoided encirclement.

+ The criticality of situational awareness and rapid decision-making in a dynamic battle. The
Ukrainian commander had to quickly assess the situation, anticipate enemy actions, and issue
clear orders to his subordinates to maintain cohesion and effectiveness.

These lessons were incorporated into subsequent training and doctrine for Ukrainian mechanized
units. The 3D visualization became a valuable tool for educating new commanders and soldiers on the
realities of high-intensity combat against a sophisticated opponent.

6.2. Assault on Logvinove

The second case study focuses on the Ukrainian assault to retake the village of Logvinove from separatist
forces on February 12, 2015. Logvinove, located along the strategic Debaltseve-Artemivsk highway in
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Donetsk Oblast, had been captured by the separatists two days prior, cutting off the main supply route
to Ukrainian forces defending the Debaltseve salient.

The Ukrainian command mobilized a tank company and a mechanized infantry company to assault
Logvinove and reopen the highway. The tanks, a mix of T-64BVs and T-64BMs, were tasked with leading
the attack and destroying enemy armor, while the mechanized infantry in BMP-2s would clear the
village and secure the flanks.

At 1000 hours, the Ukrainian force departed its assembly area and began advancing towards Logvinove
along the highway. Approximately 1 km from the village, the lead tanks came under fire from separatist
T-72s and anti-tank guided missiles (ATGMs) positioned on the high ground to the north. Two Ukrainian
tanks were quickly disabled, forcing the remainder to seek cover and engage the enemy armor at standoff
range.

As the tank battle unfolded, the Ukrainian mechanized infantry dismounted and began clearing the
outlying buildings of Logvinove. They immediately came under heavy small arms and RPG fire from
separatist infantry occupying prepared positions in the village. The fighting devolved into a brutal
close-quarters battle, with the Ukrainians using grenades and armored vehicle support to dislodge the
defenders house by house.

By 1400 hours, the Ukrainians had cleared the southern half of Logvinove and advanced to the
center of the village. However, they were unable to progress further due to well-coordinated separatist
resistance and the threat of encirclement. Running low on ammunition and fuel, and with night falling,
the Ukrainian commander ordered a withdrawal to avoid becoming decisively engaged. The assault
had failed to completely clear Logvinove or reopen the highway.

To visualize this battle, the terrain team built a highly detailed 3D model of Logvinove and the
surrounding area using tactical maps, UAV imagery, and photographs. Particular attention was paid
to modeling the buildings, streets, and defensive positions in the village. 3D models of the Ukrainian
T-64 tanks and BMP-2s, as well as the separatist T-72s, ATGMs, and infantry were created and placed at
their starting locations.

The assault was animated in phases, showing the initial Ukrainian advance, separatist ambush, tank
battle, village clearance, and withdrawal. Cameras were placed in the turrets of the tanks and BMP-2s to
give the viewer a sense of the limited visibility and situational awareness of the vehicle crews. Sounds
of tank and small arms fire, RPG launches, and radio communications were synced with the action to
create an immersive experience.

The AAR of the Logvinove assault surfaced several important lessons:

+ The difficulty of attacking a well-defended urban area without significant numerical superiority
and combined arms support. The separatists’ interlocking fields of fire, prepared positions, and
coordinated resistance stymied the Ukrainian advance and inflicted heavy casualties.

 The vulnerability of armor to ATGMs in complex terrain. The separatist Konkurs and Fagot
ATGMs, positioned on high ground flanking the approach to Logvinove, quickly knocked out
several Ukrainian tanks and forced the remainder to seek cover, disrupting the momentum of the
assault.

+ The importance of reconnaissance and intelligence preparation of the battlefield (IPB) prior
to an attack. The Ukrainians lacked detailed information on the separatist positions, strength,
and dispositions in Logvinove, leading to an underestimation of the defense and a piecemeal
commitment of forces.

+ The challenge of sustaining an assault without robust logistics and force rotation. The Ukrainian
attack faltered in part due to the exhaustion of ammunition and fuel, and the inability to replace
personnel and vehicle losses, as the battle progressed.

These hard-won insights were applied to refine Ukrainian urban warfare tactics, adjust force compo-
sitions and task organizations, and improve the planning and execution of future offensive operations.
The Logvinove visualization became a cautionary case study, illustrating the complex dynamics of
combat in built-up areas against a determined and well-equipped enemy.
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Both the Sanzharivka and Logvinove case studies demonstrate the power of interactive 3D visualiza-
tion to reconstruct and analyze complex combat episodes. By creating an immersive and data-driven
representation of the battle space, these visualizations enable military professionals to explore the multi-
dimensional factors that shape the course of engagements, from the decisions of individual commanders
to the effects of weapon systems and terrain.

Moreover, by subjecting the visualizations to structured AAR processes, practitioners can derive
actionable lessons learned and identify best practices for future operations. The integration of 3D
visualization with established analytic frameworks like AAR creates a potent tool for military learning
and adaptation.

As the fidelity and sophistication of modeling and simulation technologies advance, the potential
applications of interactive 3D visualization in the military domain will only expand. From mission
planning and rehearsal to after-action review and training, immersive visualizations will play an
increasingly central role in preparing armed forces for the challenges of 21st century warfare.

7. Conclusion

Interactive 3D visualization, coupled with AAR methodology and mathematical combat modeling,
provides a powerful tool for analyzing past combat episodes and testing prospective scenarios. The
proposed approach enables an accurate reconstruction of battles in space and time, helping to identify
mistakes and successful tactics.

The case studies of the Sanzharivka strongpoint defense and Logvinove assault demonstrate the
value of 3D visualization in understanding the complex dynamics of modern combat. By collecting
and integrating data from multiple sources, modeling the terrain and units in detail, and animating
the flow of the battle, these visualizations create an immersive and data-driven representation of the
engagement.

Subjecting the visualizations to structured AAR processes enables military professionals to explore
the key factors that shape the outcomes of battles, from decisions and maneuvers to the effects of
weapon systems and terrain. By deriving lessons learned and best practices, practitioners can adapt
tactics, techniques, and procedures for future operations.

The methodology presented in this article can benefit a wide range of military applications, from
mission planning and rehearsal to education and training. Future research may further explore the
integration of 3D visualization with other analytic methods and data sources, such as combat logs,
equipment sensors, and participant interviews. The development of automated tools for data ingestion,
entity behavior modeling, and scenario generation could streamline the visualization process and allow
for more rapid and flexible analysis.

The use of virtual and augmented reality technologies may also enhance the immersion and inter-
activity of combat visualizations, enabling users to more naturally explore and manipulate the battle
space. Collaborative visualization environments could allow geographically distributed teams to jointly
analyze and discuss combat episodes, facilitating shared understanding and decision-making.
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Abstract

This paper presents a comprehensive exploration of the methodical foundations and implementation strategies for
integrating virtual reality (VR) technologies in the professional training of students in vocational higher education.
A detailed model for VR integration is presented, accompanied by an in-depth discussion of pedagogical conditions
and evidence-based recommendations for effective use. The paper extensively examines the potential of virtual
workshops and laboratories to enhance practical skills development, with a focus on industry-specific applications.
Furthermore, it delves into the challenges and considerations for VR adoption, including technological, pedagogical,
and institutional factors. The findings demonstrate that thoughtful VR integration, when part of a holistic
educational approach, can significantly improve student engagement, motivation, and acquisition of professional
competencies. The paper also discusses the implications of VR integration for curriculum design, assessment
methods, and the changing role of educators in technology-enhanced learning environments.

1. Introduction

The rapid advancement of digital technologies is transforming educational practices across all sectors,
with immersive technologies at the forefront of this revolution [1]. In vocational higher education,
there is growing interest in using virtual reality (VR) to enhance the professional training of students
[2]. VR offers unique affordances for creating realistic simulations of workplace environments, allowing
students to practice skills in safe, controlled settings, and providing experiences that would be difficult
or impossible to replicate in traditional educational contexts [3].

The potential benefits of VR in education are manifold. It can provide immersive, experiential learning
opportunities that bridge the gap between theory and practice [4, 5]. VR simulations can expose students
to a wide range of scenarios and equipment, some of which may be too costly, dangerous, or rare to
encounter in physical training environments. Moreover, VR can enable repeated practice and instant
feedback, potentially accelerating the learning process and improving skill retention [6].

However, the effective integration of VR into vocational curricula is not without challenges. It requires
careful consideration of pedagogical approaches, technological infrastructure, institutional readiness,
and the specific needs of different vocational fields [6]. There are also concerns about the potential
drawbacks of VR, such as the risk of cognitive overload, the need for significant initial investment, and
the importance of maintaining a balance with hands-on, real-world training.

This paper aims to provide comprehensive methodical foundations for implementing VR in the
professional training of vocational higher education students. We present a detailed model for VR inte-
gration, outline key pedagogical conditions, and offer evidence-based recommendations for educators
and institutions.

The research is motivated by several factors:

+ The need to bridge the persistent gap between theoretical knowledge and practical skills in
vocational education
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« The potential of VR to provide safe, cost-effective training for high-risk or resource-intensive
professions

+ The growing demand from industries for graduates with advanced technological skills

« The opportunity to increase student engagement and motivation through immersive learning
experiences

+ The need for vocational institutions to stay at the forefront of educational innovation

2. Background

2.1. Virtual reality in education

Virtual reality refers to computer-generated simulations of three-dimensional environments that can be
interacted with in seemingly real or physical ways [7]. In educational contexts, VR allows for immersive,
experiential learning through a variety of mechanisms:

« Creation of realistic workplace simulations that replicate the look, feel, and functionality of actual
professional environments

« Visualization of complex processes and systems that may be difficult to observe or understand in
the real world

« Hands-on practice of skills in safe, controlled environments where mistakes have no real-world
consequences

+ Gamified learning experiences that increase engagement and motivation

« Virtual field trips to locations or facilities that would be impractical to visit physically

« Collaborative virtual spaces where students can work together on projects regardless of physical
location

The immersive nature of VR can lead to a sense of presence, where users feel as if they are actually
in the simulated environment. This can enhance the emotional and cognitive engagement of learners,
potentially leading to deeper understanding and better retention of information [6, 8].

Studies have shown that VR can increase student engagement, motivation, and knowledge reten-
tion compared to traditional instructional methods [6]. For example, research in medical education
has demonstrated that VR simulations can improve surgical skills and reduce training time [9]. In
engineering education, VR has been used to enhance spatial understanding and design skills [10].

However, challenges remain around several key issues:

+ The cost of high-quality VR systems may limit widespread adoption, as they can be expensive
+ Developing and maintaining VR systems requires specialized technical expertise

Complex VR environments may increase cognitive load, potentially overwhelming some learners,
particularly novices

« Extended use of VR can cause physical discomfort or motion sickness for some users

+ Ensuring equitable access to VR technology for all students can be difficult

These challenges underscore the need for careful planning and implementation when integrating VR
into educational programs.

2.2. Professional training in vocational higher education

Vocational higher education aims to prepare students for specific occupations through a combination of
theoretical knowledge and practical skills development. Key aspects of vocational education include:

« Hands-on training in job-specific competencies that directly relate to workplace tasks
» Industry partnerships that provide real-world exposure and work-based learning opportunities
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+ Focus on employability and career readiness, including soft skills development
« Alignment of curriculum with industry standards and emerging technologies

» Emphasis on problem-solving and critical thinking in job-relevant contexts

« Integration of theory and practice through applied learning approaches

Traditional methods of vocational training often involve a combination of classroom instruction,
laboratory work, workshops, and internships. While these approaches have proven effective, they
can be limited by factors such as equipment costs, safety concerns, and the ability to replicate diverse
workplace scenarios [11].

VR offers promising applications in vocational training by allowing for realistic simulations of
workplace scenarios and equipment that may be difficult, dangerous, or expensive to access in physical
settings [12, 13]. For example:

+ In healthcare education, VR can simulate complex medical procedures without risk to patients
« In engineering, VR can allow students to interact with virtual prototypes and test designs

+ In hospitality training, VR can recreate diverse customer service scenarios

+ In construction education, VR can provide safe exposure to hazardous work environments

However, it is crucial to recognize that VR should complement rather than replace traditional hands-
on learning. The tactile experience of working with real tools and materials remains an essential
component of vocational training. Therefore, the integration of VR must be done thoughtfully, as part
of a blended learning approach that combines the best of both virtual and physical training methods.

3. Model for VR integration

Based on a comprehensive analysis of pedagogical literature and current best practices, we propose a
detailed model for integrating VR into professional training programs in vocational higher education
(figure 1). This model consists of five interconnected components, each playing a crucial role in ensuring
effective and purposeful use of VR technology.

3.1. Goal block

The foundation of effective VR integration lies in clear, well-defined learning objectives that align VR
activities with overall curriculum goals and industry skill requirements. This component involves:

« Conducting a thorough needs analysis to identify areas where VR can add significant value

« Collaborating with industry partners to ensure relevance to current workplace demands

« Defining specific, measurable, achievable, relevant, and time-bound (SMART) objectives for
VR-enhanced learning

« Identifying the particular skills or competencies that VR is best suited to develop

« Considering both technical skills and soft skills (e.g., communication, problem-solving) in objective
setting

Examples of well-defined goals might include:

 Developing proficiency in operating specific machinery or equipment
« Improving decision-making skills in high-pressure scenarios
« Enhancing spatial awareness and design capabilities

« Increasing confidence in performing complex procedures
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Goal block
Research objective: justification and development of a method-
ology for using virtual reality in the professional train-
ing process of pre-tertiary vocational education students.

Theoretical-methodological block

Methodological approaches Teaching principles

Content block
Recommendations for teachers on the effective use
of virtual reality in the professional training pro-
cess of pre-tertiary vocational education students.

Organizational-methodological block

Teachers Students

Pedagogical conditions for using virtual reality in profes-
sional training of students in pre-tertiary vocational education

7NN

Diagnostic-resultant block
Criteria, indicators, and levels
Result: achieving the research objective

Figure 1: Comprehensive model for integrating VR in vocational higher education.

3.2. Theoretical-methodological block

The pedagogical framework should draw on established learning theories while using the unique
affordances of VR. Key principles and strategies include:

« Experiential learning, incorporating Kolb’s experiential learning cycle in VR simulations, where
students engage in experiencing, reflecting, conceptualizing, and actively experimenting

« Situated learning by designing authentic contexts that mirror real-world applications of knowledge

« Scaffolded skill development through a sequence of VR activities that become progressively more
complex and challenging

« Collaborative learning, offering opportunities for peer interaction and teamwork in virtual envi-
ronments

« Constructivist approaches that prompt students to actively build knowledge through exploration
and problem-solving

« Multimodal learning, using VR’s visual, auditory, and kinesthetic features to address various
learning styles

« Adaptive learning, employing data analytics from VR systems to customize learning experiences
based on individual student performance [14]

3.3. Content block

VR learning content and activities should be carefully designed to achieve defined learning objectives
while taking full advantage of the technology’s capabilities:
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* Realistic modeling, creating high-fidelity representations of workplace environments, equipment,
and processes

« Interactive elements, designing intuitive interactions that allow for active learning and experimen-
tation

+ Scenario-based learning, developing a range of scenarios that reflect real-world challenges and
decision points

« Gamification, incorporating game-like elements such as points, levels, and challenges to increase
engagement

« Feedback mechanisms, implementing immediate, constructive feedback to guide student learning

« Difficulty scaling, creating content with adjustable levels of complexity to accommodate different
skill levels

o Cultural sensitivity, ensuring content is inclusive and respectful of diverse backgrounds

o Accessibility features, incorporating options to accommodate students with different abilities

3.4. Organizational-methodological block

Effective implementation of VR in the curriculum requires careful planning and execution:

« Technology infrastructure, ensuring adequate hardware, software, and network capabilities to
support VR systems

o Instructor training, providing comprehensive professional development for faculty on both tech-
nical and pedagogical aspects of VR

« Student orientation, developing structured introduction sessions to familiarize students with VR
technology and safety protocols

« Integration with curriculum, seamlessly incorporating VR activities into existing course structures
and learning pathways

« Support systems, establishing technical support mechanisms for troubleshooting and maintenance

o Scheduling and access, creating efficient systems for student access to VR resources, especially if
equipment is limited

« Health and safety, implementing guidelines to ensure safe and comfortable use of VR equipment

o Ethical considerations, addressing privacy concerns and data management in VR learning environ-
ments

3.5. Diagnostic-resultant block

Ongoing assessment and evaluation are crucial to refine and improve VR implementation:

+ Learning outcomes, measuring achievement of defined learning objectives through appropriate
assessment methods

« User experience, gathering detailed student and instructor feedback on the usability and effective-
ness of VR activities

« Engagement metrics, analyzing data on student participation, time spent, and progress in VR
environments

« Comparative analysis, conducting studies to compare outcomes between VR-enhanced and tradi-
tional learning approaches

« Skill transfer, assessing the degree to which skills learned in VR translate to real-world performance

« Cost-benefit analysis, evaluating the return on investment in terms of educational outcomes and
resource utilization

« Longitudinal studies, tracking long-term impacts on student career readiness and professional
success

« Continuous improvement, using evaluation data to iteratively refine VR content, implementation
strategies, and pedagogical approaches
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4. Pedagogical conditions for effective VR use

Our analysis identified two key pedagogical conditions that should be established for effective use of
VR in professional training. These conditions are crucial for creating an environment where VR can
truly enhance the learning experience and contribute to the development of professional competencies.

4.1. Motivation for professional activities

Enhancing student motivation for their chosen profession is a critical factor in the success of vocational
education. VR activities should be carefully designed to increase this motivation by:

« Providing realistic previews of workplace environments, offering immersive experiences that give
students a tangible sense of their future work settings, helping to solidify their career choices
and increase commitment to their studies

« Allowing experimentation with job tasks in low-stakes settings, enabling students to try out
various professional tasks without real-world consequences, building confidence and reducing
anxiety about future job performance

« Demonstrating relevance of theoretical concepts to practice, bridging the gap between abstract
concepts and practical application, helping students understand the importance of their theoretical
studies

+ Gamifying skill development, incorporating game-like elements such as challenges, rewards, and
progress tracking to make skill acquisition more engaging and enjoyable

« Facilitating goal-setting and progress monitoring, helping students set personal learning goals
and track their progress, fostering a sense of achievement and growth

« Enabling exploration of career paths, allowing students to experience different specializations
within their field, aiding them in making informed decisions about their career trajectories

« Fostering a sense of professional identity, using immersive experiences in professional settings
to help students begin to see themselves as members of their chosen profession, increasing
motivation to excel

4.2. Integration of VR methodology

To ensure that VR is not just a novelty but an integral and effective part of the learning process, a clear
methodology for VR integration should be developed and implemented:

« Aligning VR activities with curriculum learning objectives, ensuring each VR experience has a
clear purpose and is directly linked to specific learning outcomes defined in the curriculum

« Providing adequate technical and pedagogical support for instructors, offering comprehensive
training and ongoing support to help educators effectively incorporate VR into their teaching
practices

+ Ensuring accessibility and ease-of-use for all students, designing VR systems with inclusivity in
mind to accommodate different learning styles and physical abilities

« Combining VR with other teaching methods in a blended approach, using VR to complement, not
replace, other effective teaching methods, creating a balanced and diverse learning experience

 Developing assessment strategies for VR-based learning, creating new methods of evaluation to
accurately assess skills and knowledge gained through VR experiences

+ Creating a feedback loop for continuous improvement, regularly collecting and analyzing data
from VR sessions to inform ongoing refinement of the technology and its implementation

« Integrating VR across the curriculum, weaving VR throughout the educational program where
appropriate, rather than treating it as an isolated tool

« Fostering a culture of innovation and technological literacy, encouraging both students and
faculty to embrace new technologies and continuously explore their potential in education
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+ Developing guidelines for appropriate use, establishing clear protocols for when and how VR is
used, ensuring it is employed where it adds the most value to the learning experience

+ Collaborating with industry partners, engaging with employers to ensure VR simulations reflect
current industry practices and technologies

5. Virtual workshops and laboratories

A particularly promising application of VR in vocational training is the creation of virtual workshops and
laboratories [15, 16]. These immersive environments offer unique opportunities for skill development
and experiential learning [17, 18]. In virtual workshops and labs, students can:

« Practice using specialized equipment and tools, gaining familiarity with a wide range of industry-
specific tools and machinery, including those that might be too expensive or dangerous for
frequent hands-on use

« Conduct experiments and simulations, exploring complex scientific processes or engineering
principles in detail, with the ability to manipulate variables and observe outcomes in real-time

« Troubleshoot realistic workplace scenarios, encountering and solving common (and uncommon)
problems they might face in their future careers, developing critical thinking and problem-solving

skills
+ Collaborate on team projects, using virtual environments to facilitate group work and allowing
students to collaborate on complex tasks regardless of physical location

« Explore dangerous or hard-to-access environments, simulating hazardous conditions or remote
locations to gain valuable experience without risk

« Visualize abstract concepts, rendering complex theories or microscopic processes in 3D to make
them easier to understand and remember

Key features of effective virtual workshops include:

+ High-fidelity 3D modeling of real-world environments, ensuring the virtual environment is
realistic and transferable to real-world skills

« Physics-based interactions with objects and machinery, accurately simulating how objects behave
and interact to enhance the learning experience

 Customizable scenarios of varying complexity, providing the ability to adjust difficulty levels for
scaffolded learning experiences

« Data collection and analysis tools, allowing students to track their performance and learn from
their actions

« Instructor monitoring and intervention capabilities, enabling teachers to observe student activities
and provide guidance as needed

« Multi-user functionality, facilitating collaborative learning and team projects by allowing multiple
users in the same virtual space

« Integration with learning management systems, seamlessly tracking student progress and assess-
ments

« Haptic feedback, enhancing the realism of the experience by incorporating tactile sensations
where possible

Virtual workshops can be particularly valuable in the following contexts:

« High-risk or high-cost training scenarios, such as in fields like aviation, nuclear energy, or
advanced manufacturing

+ Replicating rare or dangerous situations, such as emergency response training or handling
hazardous materials
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« Allowing repeated practice to build muscle memory, which is particularly useful for developing
procedural skills or refining techniques

« Simulating equipment not physically available, exposing students to a wider range of tools and
technologies than a physical workshop could provide

« Scale and perspective shifting, enabling students to explore environments at different scales, from
the microscopic to the architectural

« Rapid prototyping and design iteration, speeding up the prototyping process in fields like engi-
neering or product design

It is crucial to emphasize that virtual workshops should complement rather than replace hands-on
training with real equipment. A blended approach that combines VR and physical practice is likely to
be the most effective for skill development, allowing students to benefit from the advantages of both
virtual and real-world learning environments.

6. Implementation recommendations

Based on our analysis and the experiences of early adopters, we offer the following detailed recom-
mendations for institutions looking to implement VR in vocational training programs. We strongly
advocate beginning with small-scale pilot projects, which allow institutions to test effectiveness and
gather feedback in a single course or module before attempting wider implementation. This approach
enables refinement of methodologies and systems before full-scale deployment.

Critical to success is the provision of comprehensive training for instructors, encompassing both tech-
nical training on VR systems and pedagogical guidance for effective integration into teaching practices.
The establishment of a community of practice can provide valuable ongoing peer support. Additionally,
careful alignment with existing curriculum is essential, with VR activities being precisely mapped to
established learning objectives and competency frameworks. It is crucial to avoid implementing VR
solely for its novelty; each application should serve a clear pedagogical purpose.

Institutions should develop clear guidelines for VR use, establishing specific protocols that delineate
when VR is more appropriate than traditional methods. These protocols should take into account various
factors including learning objectives, student readiness, and resource availability. The development of
industry partnerships is also vital, enabling collaboration with employers to ensure VR simulations
accurately reflect current workplace practices and technologies, while potentially offering opportunities
for co-development of VR content.

Continuous evaluation and refinement should be fundamental to the implementation process. This
requires the establishment of robust assessment mechanisms to measure VR’s impact on learning
outcomes, with the resulting data being used to iteratively improve integration. Accessibility must be
carefully considered, ensuring VR systems are usable by students with different physical abilities and
providing alternatives for students who cannot use VR due to health concerns such as motion sickness.

Health and safety considerations should be formalized through specific guidelines covering time
limits, ergonomic setup, and hygiene practices for shared equipment. While off-the-shelf VR applications
can be valuable, institutions should consider investing in quality content development, potentially
creating custom content tailored to specific curriculum needs. Technology lifecycle planning is essential,
requiring budgeting for regular updates and replacements of VR hardware and software, given the rapid
evolution of technology in this field.

Adequate technical support is crucial, necessitating IT staff trained in VR system troubleshooting
and readily available during class times. Integration with other educational technologies should be
considered, examining how VR can complement existing tools such as learning management systems,
digital textbooks, and online collaboration platforms. Institutions should foster a culture of innovation,
encouraging faculty and students to experiment with VR and share experiences, potentially through
showcases or competitions for VR projects.

Institutional change preparation is necessary, as VR integration may require adjustments to teaching
spaces, schedules, and assessment methods. These changes should be planned proactively. Ethical
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considerations must be addressed through policies covering data privacy, content appropriateness, and
potential psychological impacts of immersive experiences. Finally, scalability should be considered
as institutions move beyond pilot projects, examining how VR can be implemented across multiple
courses or programs in a cost-effective manner.

7. Challenges and considerations

While VR offers significant potential benefits for vocational training, several challenges and considera-
tions must be carefully evaluated for successful implementation. The high initial costs of VR hardware
and software represent a significant barrier, requiring institutions to carefully consider return on invest-
ment and explore various funding options. This financial consideration is compounded by the need for
ongoing technical support, as VR systems require regular maintenance, updates, and troubleshooting,
necessitating dedicated technical staff with specialized knowledge.

Student comfort and wellbeing present another crucial consideration, as some users may experience
motion sickness or eye strain with prolonged VR use. Institutions must establish clear protocols to
address these issues. Additionally, cognitive overload can occur if VR environments are too complex or
poorly designed, potentially overwhelming students rather than enhancing learning. This underscores
the importance of careful instructional design in VR implementation.

The assessment of skills transfer poses a significant challenge, as it can be difficult to accurately
measure how well skills learned in VR translate to real-world settings. This necessitates the development
of robust assessment methods. Furthermore, institutions must strike a careful balance between virtual
and hands-on practice, as there is a risk of overreliance on VR at the expense of crucial hands-on
experience with real equipment.

The rapid pace of technological change in VR development means systems may become outdated
quickly, requiring regular upgrades. This technical challenge is often accompanied by human factors,
as some faculty may be resistant to incorporating VR into their teaching, highlighting the importance
of change management and professional development programs.

Equity and access present ongoing challenges, as institutions must ensure all students have equal
access to VR technology, both in and out of the classroom. Content development represents another sig-
nificant hurdle, as creating high-quality, educationally effective VR content can be both time-consuming
and expensive. Integration challenges also exist, as VR systems need to work seamlessly with other
educational technologies and processes already in place.

Ethical considerations require careful attention, particularly regarding data privacy, content appropri-
ateness, and psychological impact. Additionally, regulatory compliance must be addressed, as training
methods in some fields need to meet specific regulatory requirements, which VR systems must satisfy.

These challenges and considerations should be carefully weighed against potential benefits when
considering VR implementation. A thorough needs assessment and strategic planning process can help
institutions effectively navigate these challenges while maximizing the educational potential of VR
technology.

8. Conclusion

This paper has presented comprehensive methodical foundations for integrating virtual reality into
professional training programs in vocational higher education. The proposed model and pedagog-
ical conditions provide a structured framework for systematic VR implementation that aligns with
curriculum goals and pedagogical best practices.

Virtual workshops and laboratories offer particularly promising applications for enhancing practical
skills development in vocational education. By providing safe, repeatable, and customizable learning
experiences, VR can significantly enhance the depth and breadth of training provided to students.

However, it is crucial to emphasize that VR should be viewed as a complement to, rather than
replacement for, traditional hands-on training methods. A blended approach that combines the strengths
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of both virtual and physical learning environments is likely to yield the best results in terms of skill
development and knowledge retention.
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