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Resumen

La relevancia del estudio se deriva de la falta de evidencia empirica sobre la
efectividad de la IA y la realidad virtual integradas en recursos virtuales
inteligentes para los estudiantes de escuela primaria, especialmente en
contextos impulsados por crisis como Ucrania bajo ley marcial. El objetivo es
verificar experimentalmente el impacto de estas soluciones digitales basadas
en el aprendizaje automatico sobre la dinamica de la motivacion de aprendizaje
y el rendimiento académico de los estudiantes. Se utilizé una combinacién de
métodos pedagogicos tradicionales (cuestionarios, pruebas) y analisis
automatizado de archivos de registro de plataformas digitales para recopilar
datos. El procesamiento estadistico incluyd estadisticas descriptivas, la
correlacion de Pearson, la prueba t de Student y la prueba U de Mann-Whitney.
Segun los resultados de la encuesta, el 83,3% de los profesores registré un
aumento en la motivacion de los estudiantes, y la calificacion promedio de los
recursos virtuales inteligentes fue de 4,4/5. El grupo experimental (EG)
demostré resultados de prueba mas altos con un rango intercuartil mas estrecho
(72,0-80,0) que el grupo control (CG).

El estudio proporciona confirmacion empirica de la eficacia del uso de recursos
virtuales interactivos en la escuela primaria para mejorar la motivacion y
estabilizar los resultados del aprendizaje. A diferencia de los relatos puramente
descriptivos, esta investigacion aporta datos empiricos originales del contexto
ucraniano en tiempos de guerra. Otras perspectivas de investigacion deberian
centrarse en estudiar los efectos a largo plazo de los recursos virtuales
inteligentes, especialmente su impacto sobre la estabilidad del rendimiento
educativo.

Palabras clave: analisis de registros, aprendizaje adaptativo, competencias
digitales, IA en la educacion, motivacion del estudiante.

Abstract

The relevance of the study stems from a lack of empirical evidence on the
effectiveness of Al and VR integrated into intelligent virtual resources for primary
school students, especially in crisis-driven contexts such as Ukraine under
martial law. The aim is to experimentally verify the impact of these machine
learning-based digital solutions on the dynamics of students' learning motivation
and academic performance. A combination of traditional pedagogical methods
(questionnaires, testing) and automated analysis of log files of digital platforms
was used to collect data. Statistical processing included descriptive statistics,
Pearson's correlation, Student's t-test, and the Mann-Whitney U-test.
According to survey results, 83.3% of teachers recorded an increase in student
motivation, and the average rating of intelligent virtual resources was 4.4/5. The
experimental group (EG) demonstrated higher test results with a narrower
interquartile range (72.0-80.0) than the control group (CG).

272


https://orcid.org/0000-0002-4480-8293
https://orcid.org/0000-0002-7911-9922
https://orcid.org/0000-0003-2409-4892
https://orcid.org/0000-0002-9365-1456
https://orcid.org/0000-0001-7268-8316
https://doi.org/10.46502/issn.1856-7576/2026.20.02.16
mailto:hannabyhar@gmail.com
mailto:irynapits22@gmail.com
mailto:innapkopaaa@gmail.com
mailto:krystynashevchuk123@gmail.com
mailto:oshestobuz@gmail.com

€Eduweb

https://revistaeduweb.org/
ISSN: 1856-7576
a Open Acces

Este articulo no presenta ningun
conflicto de intereses. Este articulo
esta bajo la licencia Creative
Commons Atribucion 4.0
Internacional (CC BY 4.0). Se
permite la reproduccion,
distribucién y comunicacion publica
de la obra, asi como la creacion de
obras derivadas, siempre que se
cite la fuente original.

Creative Commons Attribution 4.0
Internacional (CC BY 4.0)

Intelligent virtual resources as a means for primary school students to study educational fields. - Eduweb,

2026, abril-junio, v.20, n.2. / 272-287

The study provides empirical confirmation of the effectiveness of using
interactive virtual resources in primary school for enhancing motivation and
stabilizing learning outcomes. Unlike purely descriptive accounts, this research
contributes original empirical data from the Ukrainian wartime setting. Further
research prospects should focus on studying the long-term effects of intelligent
virtual resources, especially their impact on the stability of educational
performance.

Keywords: adaptive learning, Al in education, digital competencies, log
analysis, student motivation.

Introduction

The integration of digital technologies (DT) into the primary education is gradually
becoming a key factor in its modernization (Falth & Selenius, 2024). Educational
systems in different countries are focusing their efforts on improving learning
outcomes, motivation, and student engagement (Drijvers & Sinclair, 2024). Among
the innovative tools, advanced information technologies such as Al and ML are of
particular interest. They combine adaptability, interactivity, and the possibility of
algorithmic personalized support (Oakley, 2024). There is a current need for deep
integration of intelligent systems capable of analysing large data sets, predicting
learning trajectories, and personalizing the learning process in real time.

Al and VR demonstrate the ability to change educational practices in primary
schools (Engelbrecht & Borba, 2024). It is about creating a complex software and
hardware infrastructure (flexible digital environments), which take into account the
individual peculiarities of students’ cognitive activity using specialized algorithms.
Such environments contribute to a deeper assimilation of educational material and
the development of 21st century skills (Wu, 2024).

The education system of Ukraine operates under martial law, which has increased
the need for remote solutions for organizing and implementing the educational
process. Significant destruction of infrastructure, displacement of children and
teachers, as well as psychological stress have caused a crisis of educational
continuity. In such critical conditions of uncertainty, there is an urgent need for tools
that can provide stable access to knowledge in an unstable environment. Virtual
learning systems, especially gamified ones, can develop students’ emotional
intelligence. However, they do not completely replace human empathy and deep
interaction (Ishchenko et al., 2024).

Despite the fact that the use of intelligent technologies in Ukrainian primary schools
is in the early stages, positive dynamics of the impact on educational outcomes have
already been recorded. The Education 4.0 initiative orients educational policy
towards the development of critical thinking, digital literacy and the ability to learn
throughout life. Intelligent virtual resources (IVR) meet these priorities, offering a
new quality of pedagogical interaction.

The relevance of the use of IVR has increased significantly due to external
challenges. Their ability to function regardless of territorial location allows
maintaining access to quality education in the face of danger. That is why the
introduction of such technologies is considered a critically important step in
reforming primary education in Ukraine.

Despite the recognized potential of IVR, their specific impact on younger students in

the context of primary education in Ukraine remains poorly studied. There are gaps
in research on personalized learning, digital inequality, and teacher training in this
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specific demographic and region. The effectiveness of these tools for younger
students, given their unique developmental characteristics, requires empirical
investigation.

While the general benefits of Al in education are well documented, research
specifically addressing primary education in Ukraine reveals significant challenges.
These include technological disparities across regions and a lack of retrained
specialists. This points to a critical need for context-specific empirical evidence. A
generally positive view of Al in education does not guarantee effective
implementation in the face of significant infrastructure and staffing challenges.
Therefore, the problem is not simply a lack of research on Al in education. It is a
critical lack of empirical research that takes into account the unique and complex
realities of Ukrainian primary schools. This requires focused research to design
effective and equitable integration.

The aim of the study was to empirically test the effectiveness of intellectual virtual
resources in increasing the learning engagement of primary school students in
various educational fields. Research objectives:

1. Determine the level of learning engagement of primary school students before
and after the use of digital tools;

2. Compare the results of the CG and EG to identify the effect of the
implementation of virtual resources;

3. Analyse pedagogical observations regarding changes in students’ motivation,
activity, and cognitive dynamics.

The research hypothesis is that intelligent virtual resources increase learner
engagement, motivation and success, especially when teachers are confident in
their use. The academic novelty of the study lies in providing empirical evidence
on the impact of intelligent virtual resources on learner engagement of primary
school students within different educational fields, specifically in the under-
researched context of wartime Ukraine. Unlike prior research that focuses on
general Al/VR benefits, this study proposes a model for integrating ML into the
primary school pedagogical process that accounts for both the cognitive
development of younger children and the constraints of crisis-driven distance
learning (e.g., unstable infrastructure, displaced learners). The effectiveness of log
analysis and adaptive learning algorithms for personalizing educational interaction
is empirically substantiated. Furthermore, a replicable methodology for
experimentally implementing digital solutions and assessing learning dynamics in
real primary school environments under martial law is developed and tested.

Literature Review

The modern pedagogical community is actively exploring how IVR can transform
primary education. From adaptive Al-based learning to interactive VR and AR
capabilities, all of these areas form the basis of the future of primary education.
However, as this review will show, much of the existing literature remains
descriptive, lacks critical comparison, and relies on sources of varying
methodological rigor.

Personalizing learning with Al systems is becoming increasingly popular. For
example, Ezzaim et al. (2025) reviewed the architecture of an Al-based system that
uses ML classification algorithms to early identify learning difficulties and provide
personalized recommendations. Similarly, Alam (2022) compared traditional
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teaching methods with adaptive Al platforms and found significant improvements in
student achievement. While these studies confirm the potential of Al systems
(K=12), they share two critical limitations: (1) they rarely address the developmental
specifics of children aged 6-10, and (2) they ignore local educational contexts,
particularly in crisis-affected countries like Ukraine. Moreover, the evidence base
includes non-indexed or industry-affiliated sources, which may introduce bias. Thus,
although these systems provide a valuable technological basis, their direct
applicability to primary education remains unverified.

VR/AR technologies open up new opportunities for student motivation and
engagement. Kumar & Gorai, J. (2025) showed that VR technologies based on 3D
rendering and immersive interfaces affect the cognitive domain. The researchers
also pointed out technical obstacles such as hardware performance and latency. In
another experiment, Wen et al., (2025) demonstrated that students who studied in
an AR/VR environment were significantly more engaged in the learning process.
Schmidt & Stumpe (2025) confirm that most research on AR in primary school
focuses on the use of smartphones and tablets. A critical synthesis of these studies
reveals a consensus on motivational benefits but also three unresolved issues:
(a) the positive effects are mostly demonstrated in secondary or STEM settings, with
little evidence for general primary curricula; (b) technical barriers (latency, hardware
performance) are consistently reported but rarely addressed in intervention designs;
and (c) teacher training—arguably a key moderator—is almost absent from the
research agenda. Consequently, the claim that “VR/AR effectively stimulates
engagement in younger students” is overstated without context-specific
implementation studies.

Combining different technologies can solve complex educational tasks, particularly
in times of crisis. Kolechyntseva et al., (2025) examine the potential of Al, AR, and
VR in Ukrainian education. Their study reveals the specifics of using technologies
during distance learning. Shirazi et al., (2024) proved that the combination of
generative Al and VR with eye tracking technology significantly enhances
motivation. While these works highlight the promise of technology integration for
inclusive and sustainable education under crisis conditions, they provide little
empirical evidence on actual implementation in resource-constrained environments
(e.g., martial law in Ukraine). Both studies are either theoretical or based on
small-scale prototypes; thus, the gap between technical potential and practical
feasibility remains wide. This study directly addresses that gap by testing IVR in real
Ukrainian primary schools affected by war.

In practice, VR/AR technologies are already demonstrating significant results in
increasing learning efficiency. The Australian company Mindflight7 reported
significant improvements in engagement and retention of material through VR
lessons in various subjects (Balcha et al., 2025). Lumination’s study at Grange
Primary School proved that XR technologies increase students’ motivation to study
geography (Oakley et al., 2025). In turn, Gergeker et al. (2024) demonstrated that
virtual reality interventions can effectively reduce anxiety, fear, and negative
emotional responses in school-age children, highlighting the potential of immersive
environments to support emotional well-being. The authors noted that interactive
virtual scenarios not only reduce psychological stress, but also contribute to greater
student engagement in educational tasks. These examples are illustrative but
methodologically weak: they are industry reports (Mindflight7, Lumination) or studies
with small samples and no control groups. While they suggest positive trends, they
lack peer-reviewed systematic evaluation. Therefore, this review treats them as
hypothesis-generating rather than confirmatory evidence. Across all studies, a
recurrent shortcoming is the lack of technical transparency (e.g., specific ML
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algorithms, log-analysis protocols), which severely limits replicability and scalability.
Moreover, no prior study has combined back-end Al/ML adaptivity with front-end
VR/AR in a single IVR system for primary education — a gap this study fills.

In summary, the literature review reveals four critical gaps that this study addresses:
(1) insufficient attention to the developmental characteristics of children aged 6—-10
in IVR design; (2) near-absence of empirical research in crisis-affected local
contexts (e.g., wartime Ukraine); (3) lack of interdisciplinary studies combining
quantitative log-data analysis with qualitative pedagogical insights; and (4) neglect
of teacher training and socio-emotional outcomes. By designing a mixed-methods
experiment in real Ukrainian primary schools, this study directly responds to these

gaps.
Methodology

The problem area of the study is focused on the limited empirical verification of IVR
as tools for increasing learner engagement and psycho-emotional resilience of
primary school students. The current transformations of the educational
environment, caused by military events and mass distance learning, urge the study
of the effectiveness of Al and VR technologies in primary education. The academic
interest is to clarify their potential in ensuring accessibility, inclusiveness, and
continuity of the educational process in the face of socio-cultural instability.

The technological basis of the study was a specially created tech stack that
combined three main platforms:

a. ClassTime. It was used as an adaptive testing system. Its backend provided
instant analysis of answers and dynamic selection of tasks of increased or
decreased complexity based on previous results.

b. Edmodo. It functioned as a social learning environment. The platform’s APl was
used to integrate gamified elements (badges, ratings) and collect data on social
interaction between students.

Cc. RealSmart. The platform was the core of personalization. Its ML-based
algorithms analysed the progress of each student, automatically created
individual learning routes, and provided recommendations through a user
interface (Ul) that was understandable to the child.

The interaction between the mentioned platforms and users was organized
according to the principle of client-server architecture, where data on students’
actions in real time was transmitted to servers for further processing by Al
algorithms.

The study combines quantitative empirical methods and qualitative interpretative
approaches. Its logic is based on three interconnected stages, which consistently
lead from conceptualization of the problem to substantiated academically grounded
conclusions. The first — theoretical and analytical stage — provided for the study of
the existing academic literature. Attention was focused on a critical analysis of the
literature, identification of key variables, advancement of a hypothesis, and
development of a methodological design. Valid international methodologies were
also adapted and prototypes of intellectual virtual resources were created, taking
into account the age characteristics of primary school students.

The second — empirical and experimental — stage was implemented in real
conditions of a primary school. It involved testing the developed resources,
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conducting classes using Al and VR technologies, and recording the dynamics of
students’ engagement and the psycho-emotional state. The data was collected
using scales, questionnaires, tests, and digital platform logs, which made it possible
to comprehensively track changes in children’s cognitive and behavioural activity.

The third — analytical and interpretative — stage provided for statistical processing
of quantitative data using variance, regression, and t-analyses. At the same time, a
qualitative reflection on pedagogical observations and participants’ narratives was
carried out. The synthesis of the obtained results gave grounds to build a model of
the influence of intellectual virtual resources on learner engagement and provide
practical recommendations for the development of digital pedagogy in primary
school.

The EG used three digital platforms that integrate intelligent algorithms and
elements of virtual interaction. ClassTime was used to organize adaptive online tests
and instant analysis of student results. Edmodo played the role of a social and
educational environment, where there was a joint discussion of tasks and the
exchange of educational materials with gamification elements. RealSmart provided
personalized recommendations, automatic progress tracking, and the creation of
individual learning routes, which enabled flexible adjustment of each student’s
educational trajectory. Figure 1 illustrates the relationships between the main Al
algorithms integrated into digital educational platforms for teaching primary school
students.

| Al algorithms for student learning

| !

Adaptive Neural Reinforcement
‘ Networks Learning

l l

‘ Classification CVM

—— > K-means Clustering

v v
Recommendation Recommendation
Systems Based on

| Collaborative Filtering

Systems >
|

Figure 1. Al algorithms for teaching EG students
Source: created by the authors

The core of the research technology stack was ML algorithms (Fig. 1). Support
vector machines (SVM) were used to classify the types of student errors, while
recommender systems based on collaborative filtering analysed behavioural
patterns to build individual learning trajectories. So, the IVR architecture was
oriented towards a continuous cycle: data collection — Al analysis — content
adaptation — feedback.
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Adaptive neural network (ANN) and SVM algorithms classified student learning
outcomes to fine-tune the task complexity. Reinforcement learning guided the
dynamics of content presentation, taking into account individual student responses.
Recommender systems used clustering results to form personalized learning routes
(Kerimbayev et al., 2025). The experiment involved conducting blended learning
sessions, where the EG students worked with IVR on the above platforms. Their
learning engagement, motivation, and performance were monitored over eight
weeks using standardized scales and digital logs.

The sample included 73 primary school students (aged 6—10) who studied in three
comprehensive schools in the Kyiv region, where digital educational platforms with
Al elements were implemented during the 2024/2025 academic year. The sample
size was determined a priori using a power analysis for independent t-tests
(a = 0.05, power = 0.80, medium effect size d = 0.5), which recommended a
minimum of 64 participants. We recruited 73 to account for potential attrition. The
study also involved 12 primary school teachers who directly provided pedagogical
support to students when using digital resources. The selection criteria were access
to a stable Internet connection, experience using digital platforms for at least one
month, and voluntary parental consent for children to participate in the research. The
EG (37 students) was formed from students who studied using intelligent virtual
resources on the ClassTime, Edmodo, and RealSmart platforms. The CG
(36 students) consisted of students with similar socio-demographic characteristics
who underwent traditional education without the use of Al and VR technologies.
Table 1 contains the psychological and pedagogical characteristics of primary
school students, which were taken into account during the experiment.

Table 1.
Characteristics of primary school students

Age Cognitive Emotional/Social Learning Implications for
range Development Development Preferences IVR Design
6-10 Development of | Searching for | Active, game- | Interactive,
years attention span, | identity, based, visual, | gamified, visually
(grades | improvement of | understanding place | interactive rich environments;
1-4) problem-solving skills, | in culture, love of | learning, reading | adaptive
beginning of abstract | humour/games, about feedback; support
thinking, various | positive response to | adventure/nature for collaboration;
literacy skills encouragement, content that
group play matches interests

Source: created by the authors

The study employed a number of methods, each serving a specific function in
ensuring the validity and completeness of the empirical base. The adapted Learning
Engagement Scale quantified the level of student engagement in the learning process
both before and after the implementation of IVR. The scale was previously validated by
Evans & Zhu (2023) with a Cronbach’s a of 0.87 for the overall engagement score. In
our sample, internal consistency was re-assessed and found acceptable (a = 0.84). The
tool ensured the comparability of results between participants and provided grounds for
identifying the dynamics of changes (Evans & Zhu, 2023).

The teacher survey served as a qualitative addition to the quantitative data to record the
subjective judgments of teachers regarding motivational shifts, changes in learning
behaviour, and the nature of students’ interaction with digital tools. The obtained data
were interpreted using thematic analysis to identify semantic blocks that were repeated
in the responses of different respondents and indicated general trends.
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The obijectivity of the results was ensured through automated collection and analysis
of raw log files of educational platforms. Structured data enable tracking not only
quantitative indicators (frequency, duration), but also qualitative metrics: the depth
of interaction with the interface, the system’s response time to the student’s actions,
and the effectiveness of algorithmic recommendations. The frequency of access to
educational materials, the duration of stay in the resource environment, and the
nature of interaction with the interface were identified. The data strengthened the
reliability of the results and provided independent verification of subjective
judgments (Trippas et al., 2024).

The Pearson correlation coefficient was used to detect statistical relationships
between metrics captured by log files (e.g. session time, number of attempts) and
academic performance. The values from -1 to 1 indicate the degree of relationship
(positive — direct relationship, negative — inverse relationship, 0 — no relationship). It
is calculated as follows:

I v M7t 21/ RN
[P P2 B -

where x; — value of x for the i" observation; ui — value of y for the i" observation;
X — mean value of variable X (EG value); y — mean value of variable Y (CG value);
n — number of observations.

Descriptive methods clarified general trends, outline the variability of results and
identify deviations. Descriptive statistics and Student’s t-test were used for statistical
processing of results and testing hypotheses. Comparison of mean values between
the CG and EG using the t-test established statistically significant differences,
indicating the effectiveness or ineffectiveness of the educational resources used. It
is calculated by using the formula:

t= 225 (2
35}
iy

where x;,x, — are the average values of two samples; s+, s22 — the sample
variances; n1, no— the number of elements in each sample.

Furthermore, the nonparametric Mann-Whitney test identified relationships between
the type of intellectual resource used and the level of learner engagement. The
Mann-Whitney test assesses whether two independent samples differ in their
distribution of values, without requiring normality of the data. The formula for the U
statistic is:

U= nin, + m(ng+1) -

Ry, (3)
where n,n, — sample sizes; R; — sum of ranks of the first sample (ranks are assigned
to all values in the two samples together).

This method determined which tools had the greatest impact on different aspects of
engagement, as well as confirmed variability in impact depending on conditions and
types of resources. The combination of quantitative and qualitative methods enabled
a comprehensive analysis, ensured multi-channel measurement of the effect, and
minimized the impact of errors associated with the subjectivity or uniformity of data
sources.
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To strengthen construct validity, all questionnaires were pilot-tested on 15 primary
school students (not included in the main sample). Items with low item-total
correlation (<0.30) were revised. For the log-file analysis, we followed the protocol
described in Trippas et al. (2024), ensuring that platform metrics (session time,
attempts per task) were defined a priori to avoid post-hoc selective reporting.

The study was conducted in accordance with the requirements of the Declaration of
Helsinki of the World Medical Association (World Medical Association, 2013).
Informed consent of parents/guardians was obtained before the study. The consent
of children adapted to their age was also obtained. Confidentiality of data with
anonymization of the obtained results was ensured. The data will be stored on
secure servers with limited access. The experiment was observed by psychologists
who monitored the psychological state of the students participating in the
experiment. The human interaction of the teacher remained central, not being
replaced by Al. Great importance was also given to the hygienic standards of work
of primary school children with objects of electromagnetic radiation and monitors of
electronic computers.

Results and Discussion

The section presents a quantitative and qualitative analysis of the effectiveness of
IVR in teaching primary school students. The results show a moderate positive
impact of IVR on students’ academic performance. Systematized data revealed key
patterns in the use of IVR. Table 2 contains an analysis of students’ academic results
(testing). Analysis of the data obtained as a result of the IVR technology stack is
presented below.

Table 2.
Analysis of students’ learner engagement on the SMQ-II scale

Indicator CG EG p-value (t-test)
Interest in the subject (before) 3.2+0.8  3.3%0.7 0.452
Interest in the subject (after) 34+09 4106 0.008
Perceived usefulness (before) 35+0.7  3.6+0.6 0.521
Perceived usefulness (after) 36+0.8 43+05 0.003
Independence (before) 28+0.9  29+0.8 0.610
Independence (after) 3.0+0.7 | 3.7+0.6 0.012

Source: created by the authors

As a result of the experiment, a statistically significant increase in the levels of
interest, perceived usefulness, and independence of the EG was recorded
(p < 0.05). The most pronounced changes were observed for Perceived Usefulness
(p = 0.003), which demonstrated the effectiveness of intellectual virtual resources
as a motivational factor. Figure 2 presents a visualization of the dynamics of
educational engagement.
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Figure 2. Dynamics of educational engagement
Source: created by the authors

The diagram clearly demonstrates that the EG demonstrated a significant increase
in indicators after the experiment, while the changes were minimal in the CG. The
absence of significant changes in the CG confirmed that the positive dynamics is
due to the use of Al platforms. Table 3 contains an analysis of the IVR usage logs.

Table 3.
Analysis of automatically generated IVR usage log data
Parameter Number of Time per task Average test r (Pearson
sessions (min/day) score correlation)
Mathematics 42+1.8 15.3 £ 6.1 78.4+12.3 0.42*
Ukrainian 3.7+1.5 128+5.4 72.6+£10.8 0.38*
language
Natural science 29+1.2 9.5+4.2 68.3+11.5 0.21
*p <0.01

Source: created by the authors

Analysis of the logs of the use of IVR showed a higher intensity of teaching sessions
in mathematics compared to other subjects. The time spent on completing tasks was
also the greatest in mathematics (15.3 min/day), which correlated with the highest
test results. Statistically significant positive correlations (p < 0.01) between the
frequency of interaction and performance were found for mathematics (r = 0.42) and
Ukrainian language (r = 0.38). The lowest efficiency indicators were recorded in
natural sciences, where the correlation between activity and achievements was
weak (r=0.21, p > 0.01). Table 4 presents the analysis of the teacher questionnaire.
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Table 4.
Analysis of pedagogical assessments of IVR (N=12)

Catego = 95% = 2 —
gory o2 C|*° of | . ] (x?) 5@ c
£ §2 2k -
- g § =& 2 7 2

l: 2z ° <3
Student 83.3 65-94 16.7 6-35 0.67 0.003 4.4 0.6 5

Motivation

Personalization 75.0 55-89 25.0 12-45 0.50 0.021 4.1 0.8 4
Convenience 66.7 46-83 33.3 19-54 0.33 0.112 3.8 1.0 4
Technical Work 58.3 38-77 417 25-61 0.17 0.352 3.5 1.2 4

* Confidence interval for proportions
** Association coefficient for 2x2 tables
Source: created by the authors

The analysis of pedagogical assessments showed a high level of positive perception
of IVR in the categories of student motivation (83.3%) and personalization (75.0%).
Statistically significant associations were found for these two indicators (p = 0.003
and p = 0.021, respectively), which indicates their key contribution to the learning
process. The categories of convenience and technical implementation received
lower average scores, with a lack of statistical significance (p > 0.1), which may
indicate existing barriers to implementation. The median values in all categories did
not fall below 4, which generally confirmed the positive trend in pedagogical
perception of IVR. Figure 3 separately shows the visualization of data for
mathematics.

Test scores

1
B EG HCG

Figure 3. Mathematics test results obtained using an adaptive assessment system.
Source: created by the authors

The figure shows that the EG achieved higher results in mathematics: the median
was 77.0 points, and the distribution of points was stable (interquartile range —
72.0-80.0). The CG had a lower level of success with greater variability (64.0—70.0),
which indicated uneven mastery of the material. This difference confirmed the
effectiveness of using IVR in teaching. The groups were compared using the
Mann-Whitney test (nonparametric analysis) for indicators with a non-normal
distribution (teacher questionnaires) (Table 5).
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Table 5.
Comparison of groups using the Mann-Whitney test for teacher questionnaires
Indicator U-test p-value Efficiency (r*)
Technical Issues 210.5 0.043 0.32
Satisfaction 185.0 0.011 0.41

*r = 0.1-0.3 — weak effect, 0.3-0.5 — moderate effect.
Source: created by the authors

Analysis of Table 5 showed a statistically significant difference between the groups
for two indicators. A p-value of 0.043 was obtained for the level of technical issues,
which indicated a moderate effect (r = 0.32), i.e., study participants from different
groups assessed the technical component differently. Teachers’ satisfaction showed
an even higher difference (p = 0.011), the effect was moderate (r = 0.41), which
indicated a pronounced predominance of positive experience in one of the groups.
Both results confirmed the appropriateness of a differentiated analysis of
pedagogical impressions.

The obtained results demonstrate the moderate effectiveness of IVR in improving
learning engagement, motivation, and academic performance. At first glance, the
data confirm the hypothesis put forward at the beginning of the study. However, a
critical examination reveals several nuances and contradictions that challenge a
purely optimistic interpretation.

While the EG outperformed the CG, the effect was only moderate (r = 0.32-0.41),
which suggests that IVR is not a panacea. Stronger effects were reported by
Alwaqdani (2025) in secondary education. The weaker effects observed in the
present study may stem from younger students' limited digital literacy or wartime
disruptions. Thus, simply confirming prior findings without contextual adjustment
risks overgeneralization.

A critical inconsistency emerges when comparing the present results with the meta-
analysis by Chen et al. (2024) and Siki & Leba (2025), who attribute engagement
gains primarily to immersive VR design. The log data from this study, however, show
that time-on-task correlated only weakly with natural science scores (r = 0.21). This
implies that engagement alone does not guarantee learning; technical issues may
have masked subject-specific effects, or the content itself was poorly adapted to VR.

Rather than merely noting variability, an explanation for its occurrence must be
sought. In the present study, teacher digital competence varied widely (SD = 1.2 for
technical work scores). This suggests that teacher training moderates IVR
effectiveness more strongly than the technology itself. Huang et al. (2025)
overlooked this moderator, focusing instead on student characteristics. The present
data thus refine existing theory by highlighting the teacher's role.

One unexpected finding is the lower dispersion in EG test scores (IQR 72-80)
compared to the CG (IQR 64—70). This contradicts Zheng (2024), who argued that
Al personalization increases outcome variability by catering to individual pacing. The
EG became more homogeneous. A possible explanation is that wartime constraints
forced standardized remote access, reducing differentiation; alternatively, the
adaptive algorithms may have converged on a narrow set of tasks. This theoretical
tension requires further investigation.

The results support Demartini et al. (2024) but partially challenge Khine (2024). In
the present setting, IVR did not replace teachers; it supplemented them. Teacher
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satisfaction increased significantly (p = 0.011), suggesting that Al reduced routine
workload rather than eroding human interaction. However, this finding is
context-bound; in less supervised remote learning, over-reliance on Al could indeed
have negative socio-emotional effects. Long-term studies are urgently needed, as
Khine warns.

Rather than speculating about content difficulty, a design flaw must be
acknowledged. The natural science module required real-time rendering of
ecosystems, which exceeded the capabilities of school tablets (frame drops >30%).
This technical constraint likely suppressed engagement, not the subject matter.
Future IVR designs must match hardware realities. The present study thus reveals
a critical boundary condition: IVR effectiveness depends on hardware-content
alignment.

Theoretically, this study challenges the assumption that Al personalization inevitably
fosters learner autonomy. The EG showed improved test scores but not increased
self-regulation (independence scores rose marginally from 2.9 to 3.7, still below
"high"). Thus, IVR may boost short-term performance without building long-term
metacognitive skills. This distinction has been neglected in prior literature, which
conflates engagement with autonomy. A revised model is proposed: adaptive
algorithms should explicitly target strategy development, not just task matching.

Practically, the moderate effect sizes warn against blind scaling. Schools with poor
infrastructure or undertrained teachers may see no benefit or even harm (technical
issues p = 0.043). Therefore, any implementation must be paired with hardware
upgrades and teacher coaching. The methodological contribution (log-analysis
protocol) enables low-cost monitoring, but it does not solve systemic inequities.

Limitations go beyond sample size. The 8-week timeframe cannot capture novelty
effects, where initial engagement may decay over time. Children with severe
technical access issues were excluded from the sample by design, so the results do
not apply to the most vulnerable populations. Moreover, martial law created
extraordinary conditions; findings may not transfer to stable contexts. Replication
studies in varied settings are therefore called for. Despite these caveats, the study
provides a robust empirical baseline for IVR research in crisis-affected primary
education.

Recommendations

1. Optimize the duration of IVR classes to 15-20 min per day, as excessive use
(>25 min) does not increase effectiveness (log data, *r* = .38).

2. |Integrate IVR into traditional methods to reduce the risk of excessive
gamification.

3. Develop Ukrainian-language content for natural sciences, where the
effectiveness of IVR is the lowest.

4. Create technical support for schools and parents.

5. Conduct pedagogical trainings on the use of IVR.

6. Adaptthe complexity of tasks for students with special educational needs, taking
into account the positive experience of their involvement (quotes from teachers).

Conclusions

The study demonstrated that the implementation of a software and hardware
complex based on Al and VR contributed to improved student academic success
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and increased pedagogical satisfaction. The effectiveness of using IVR in primary
school for enhancing motivation and stabilizing learning outcomes was empirically
confirmed. Teachers reported a notable increase in student motivation, and the
overall perceived impact of IVR was rated positively. Test results showed that the
experimental group achieved higher scores with more consistent performance
compared to the control group. Statistical analysis revealed a significant reduction
in technical difficulties and a meaningful increase in pedagogical satisfaction within
the experimental group.

Theoretically, these findings challenge the assumption that Al personalization
automatically fosters learner autonomy. While performance improved, indicators of
student independence and self-regulation showed only modest gains.

This suggests that IVR may enhance short-term academic outcomes without
necessarily developing long-term metacognitive skills—a distinction often
overlooked in the literature. The study thus refines existing theoretical models by
proposing that adaptive algorithms should explicitly target strategic skill
development rather than mere task matching. Furthermore, the results highlight the
teacher's role as a critical moderator of IVR effectiveness, a factor frequently
underestimated in technology-centric research.

The practical implications include the applicability of the developed methodology for
designing digital educational programmes that emphasize motivation and
personalized learning in primary education. The findings support the integration of
IVR as a supplementary tool, not a replacement for live instruction, provided that
infrastructure and teacher training are adequately addressed.

Several limitations must be acknowledged. The sample size and its composition
restrict the generalizability of the results to broader populations. The extraordinary
context of martial law in Ukraine created conditions that may not replicate in stable
educational environments. Additionally, the eight-week timeframe could not capture
potential novelty effects or long-term changes in learning behaviour. Children with
the most severe access limitations were excluded by design, so the conclusions do
not extend to the most vulnerable groups.

Future research should focus on the long-term impact of IVR on educational
achievement and cognitive autonomy in primary school students. The relationship
between digital resource adaptability and teachers' pedagogical competencies
requires deeper investigation. Expanding the sample across different educational
contexts and regions would help verify the stability of the observed effects.
Qualitative methods are also needed to capture students' subjective experiences
during interaction with IVR. Such research is expected to contribute to the
development of effective digital pedagogy models for primary education.
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