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ENVIRONMENTSMODELING ADAPTIVE PEDAGOGICAL SYSTEMS IN DIGITAL
LEARNING ENVIRONMENTS

Purpose. The purpose of the study is to design an integrated simulation-based management model for
adaptive pedagogical systems that addresses the problems of uncertainty in digital learning systems and affect
the effectiveness of managerial decision-making. The research is focused on bridging that gap between the
pedagogical adaptivity and the strategic management of digital education systems.

Methods. The methodological approach is a combination of dynamic panel econometric model and
simulation-based analysis. The empirical framework includes pedagogical adaptivity, resource allocation,
strategic management quality and environmental uncertainty as important factors determining learning
effectiveness. The model is estimated using a System Generalized Method of Moments approach to deal with the
endogeneity and unobserved heterogeneity. A simulation component of stochastic modelling and Monte Carlo
methods is implemented to consider alternative scenarios to evaluate performance of the system under different
degrees of uncertainty. The analysis is done with the help of the panel data of four countries across the time
period of 2020-2025, which provides the cross-country comparability and time movement.

Results. The results show that pedagogical adaptivity and strategic management have major positive
implications on the effectiveness of learning in each of the cases studied. The interaction between the use of
adaptive technologies and the quality of management produces a strong positive effect, implying that integrated
approaches show superior outcomes. Environmental uncertainty has a negative effect on the system
performance, but the effect is vanished by effective allocation of resources and the strategic planning. Simulation
results show that adaptive optimization strategies improve learning effectiveness by about 20 - 25 percent
relative to baseline scenarios. The findings also show that systems with stronger managerial frameworks are
more resilient and better able to recover following external shocks, and that they recover more quickly.

Conclusions. The study validates the role of managerial logic in adaptive pedagogical systems, which
should be used to increase the level of their efficiency and resilience in digital spaces. The proposed model can
be used to offer a comprehensive analytical and predictive framework for optimizing educational decision-
making under uncertainty. The findings add to the development of digital pedagogy through the introduction of a
management-oriented perspective and have practical implications for policy makers and educational institutions.
Future research should focus on expanding the model by taking into account nonlinear dynamics and more
general datasets in order to enhance the generalizability of the model.

KEY WORDS: adaptive learning systems, simulation modeling, digital education management,
pedagogical effectiveness, uncertainty analysis, resource allocation.

© Koldovskyi A., Shafranova K., Artemenko A., Dyvynska Y., Cherneha K., 2026

m Creative Commons Attribution 4.0 International (CC BY 4.0)

~ 380 ~



https://doi.org/10.26565/2074-8922-2026-86-30
mailto:Akoldovskiy.pa@gmail.com
https://orcid.org/0009-0009-5827-4649
mailto:shafranova@uu.ua
https://orcid.org/0000-0002-9118-8795
mailto:artemenko_ab@uu.ua
https://orcid.org/0000-0002-9924-7411
mailto:dyvynska_ya@uu.ua
https://orcid.org/0000-0001-9193-6848
mailto:katerina7chernega@gmail.com
https://orcid.org/0009-0004-1177-1924
https://creativecommons.org/licenses/by/4.0/legalcode.uk

ISSN 2074-8922 IIpob6iemu imxeHepHo-nieaaroriydoi oceitu. 2026. Bumyck 86

In cites: Koldovskyi A., Shafranova K., Artemenko A., Dyvynska Y., Cherneha K. (2026).
Environmentsmodeling adaptive pedagogical systems in digital learning environments. Problems of
Engineering Pedagogic Education, (86), 380-392. https://doi.org/10.26565/2074-8922-2026-86-30 (in

Ukrainian)

Introduction

The rapid digitalization of education
systems has brought about profound changes
in pedagogical processes and means that new
ways of handling learning environments in
conditions of uncertainty and technological
complexity must be found. Despite a great deal
of progress in adaptive learning technologies,
existing technologies are frequently not
integrated with managerial decision-making
frameworks, limiting the effectiveness of the
technologies in dynamic educational settings.
This problem is especially applicable to
institutions in unstable environments where the
allocation of resources and strategic planning
are key factors in determining learning
outcomes. Recent works highlight the
importance of artificial intelligence and
personalization in education, but those mostly
focus on pedagogical efficiency rather than
management-driven optimization. At the same
time, the increased complexity of digital
ecosystems requires approaches based on
simulation, that is able to forecast the
consequences of other decisions.

Contemporary studies have focused on
the increased importance of adaptive digital
educational systems of data-driven decision
making and resilience of learning processes.
Bekesiene and Vasiliauskas wrote about data-
driven adaptive systems, pointing to its
significance in terms of resilience in digital
educational environments [1]. At the same
time, Dritsas and Trigka discussed
methodological and technological
advancements in e-learning, which contribute
to personalization but that focus on managerial
dimension to a large extent [2]. Statistical
evidence provided by Eurostat suggests uneven
digital transformation across countries, which
has an effect on effectiveness of implementing
adaptive systems [3]. Similar approaches of
modeling are used widely also in
manufacturing, where Grznar et al. discussed
the digital modeling ensuring the adaptability
and optimization of the manufacturing process

[4].

Research on multimodal analysis in
education illuminates the potential of
combining multiple sources of data to enhance

learning outcomes. Guerrero-Sosa et al.
addressed multimodal analysis, but did not
address strategic management aspects in
educational systems [5] enough. The extent of
development of digital infrastructure, which is
confirmed by wusing international indices,
determines the possibilities of implementing
innovative educational solutions, as
emphasized by the International
Telecommunication Union [6]. Simulation-
based learning has been known to be an
effective tool for the development of
competencies, especially social and emotional
skills among educators, [7], Kasperski, B. et al.
In STEM education, digital simulations have
shown good efficiency in improving
engagement and learning performance which is
confirmed by Kefalis et al. [8].
Transdisciplinary approaches to digital
education emphasize the need for the
integration of technological, pedagogical and
managerial elements into an integrated system.
Koldovskiy spoke about such integration as an
important condition for improving the quality
of  educational  processes in  digital
environments [9]. Studies on the role of
artificial  intelligence on  organizational
resilience confirm the importance of
management decisions in the performance in
complex systems, as highlighted by
Koldovskyi et al. [10]. Comparative analysis
indicates that current approaches are based
mainly on either pedagogical or technological
aspects, and managerial aspect is insufficiently
explored. Therefore, there is a strong need for
integrated models for adaptive learning and
resource management and simulation-based
forecasting under conditions of uncertainty.
The challenge covered in this study is
the lack of adequate integration of
management logic in the adaptive pedagogical
systems, leading to their limited ability to react
appropriately to uncertainty and external
shocks. The gap in research is further
strengthened by the absence of integrated
econometric and simulation models evaluating
pedagogical and managerial factors together.
In response, this study develops the following
hypotheses: adaptive learning systems would
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positively affect educational outcomes;
strategic management would lead to improved
systems effectiveness; and that adaptivity and
management interaction would improve
resilience under uncertainty. The goal of the
research is to create a simulation-based
management model that combines pedagogical
processes and strategic decision making in
digital learning environment. To achieve this
aim, the study has set several goals, i.e., the
construction of a dynamic econometric model,
the incorporation of the uncertainty by using
simulation techniques, and the evaluation of
cross-country  differences in the system
performance.

The scientific novelty of the study is the
combination of econometric modelling and

simulation-based analysis in order to capture
the interaction between pedagogical adaptivity
and managerial strategies. Unlike current
methods, the proposed framework explicitly
takes interaction effects and uncertainty factors
into account in a unified analytical structure.
The study adds to the development of digital
pedagogy through the introduction of an
approach to adaptive systems that is
management-oriented. Furthermore, it offers a
practical implementation that optimizes
educational  policies by  scenario-based
analysis. The findings are expected to help
decision-makers increase the efficiency,
resiliency, and sustainability of digital learning
environments.

Methods

The methodological framework is
intended to guarantee the integration in a
systematic manner of econometric modeling
with simulation-based analysis for assessing
adaptive pedagogical systems. The research
process is based on a structured sequence of
steps involving data collection, model

specification,  estimation and  scenario
simulation. This approach opens up the
possibility of capturing the causal relations as
well as the dynamic response under
uncertainty. The four-stage research design is
shown in Table 1.

Table 1.
Research design and methodological stages
Stage Description Methods applied Expected outcome
1 Data collection and Panel data compilation, index Structured dataset
variable construction construction (PCA) for analysis
2 Econometric model Dynamic panel modeling, Formalized
specification hypothesis formulation analytical model
3 Model estimation and System GMM, diagnostic tests Robust parameter
validation (AR(2), Hansen) estimates
4 Simulation and scenario Monte Carlo simulation, Forecasted
analysis optimization modeling outcomes under
uncertainty

Source: authors development.

The first stage guarantees the creation of
a consistent data-set by aggregating
educational and managerial indicators into
composite indices. The second stage, the
relationships between the wvariables are
formalized in a dynamic econometric
specification. The third stage is based on
obtaining unbiased and consistent estimates
while treating endogeneity problems. The
fourth stage goes further to use stochastic
simulations to test alternative scenarios. This is
a sequential design that ensures the research
outcomes are both analytical and relevant.

The sample consists of educational
institutions of Ukraine, Poland, the United
Kingdom and China for the period 2020-2025.
These countries were chosen to represent
various degrees of digitalization, institutional
capacity and exposure to environmental
uncertainty. Ukraine is a high level of
uncertainty in the context of structural
disturbances of educational systems. Poland is
a transitional economy of moderate digital
transformation  and  stable institutional
development. The United Kingdom is included
because it represents a benchmark for
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advanced forms of educational governance and
digital integration. China represents a very
centralized and technologically advanced
system with good implementation capacity.
The chosen time frame represents the
accelerated growth of digital learning,
including disruptions related to global and
regional crisis. This period also enables the
analysis of the effects of shock as well as
recovery dynamics in adaptive systems. The
panel structure guarantees that enough
variability and comparability is provided
across countries and time.

The methodological base of the research
is a dynamic panel econometric model coupled
with simulation techniques. The baseline
specification is expressed as follows:

Yit = a + 1A+ SoRit+ faSict+ falUrt
Bs(AitSi))+Ps(RitUr) + Y i +0Xit+ it

Where

- Yy - learning effectiveness index
reflecting academic performance, engagement,
completion, and retention;

- Ay - level of pedagogical adaptivity
and personalization in digital learning systems;

- Ry - resource allocation per student or
institution, including financial and
technological inputs;

- S - strategic management quality,
including planning, governance, and decision-
making effectiveness;

- U - environmental uncertainty
reflecting external shocks and system
volatility;

- Xi - vector of control variables
(student characteristics, institutional factors,
course complexity);

- Yi—; - lagged learning effectiveness
capturing dynamic persistence;

- AySiy - interaction term reflecting the
moderating effect of management on
adaptivity;

- RyU; - interaction term capturing the
role of resources under uncertainty;

- o -constant term;

- pi...fs - coefficients of explanatory
and interaction variables;

-y - coefficient of the lagged dependent
variable;

- 0 - coefficients of control variables;

- & - random error term capturing
unobserved influences.

In this model learning effectiveness is
modeled as a function of pedagogical
adaptivity, resource allocation, quality of
strategic management and environmental
uncertainty. The addition of interaction terms
makes it possible to capture moderating effects
between management and pedagogical
variables. The lagged dependent variable is the
temporal persistence and dynamic adjustment
processes. To deal with endogeneity and
unobserved heterogeneity, System GMM
estimator is used. This is a method using
internal instruments based upon lagged values
of explanatory variables. Model validity is
established by the standard diagnostic tests,
Arellano-Bond test for autocorrelation, and
Hansen test for instrument validity.

Expected empirical hypotheses:

Hi: B.>0 (Adaptive systems improve
learning outcomes);

H):  Bs>0  (Management  quality
significantly enhances system performance);

H3: B5>0 (Management amplifies the
effect of adaptive learning);

Hs: Be<O or mitigated (Good resource
allocation reduces negative impact of
uncertainty).

The econometric model is elaborated
and extended in a simulation-based framework
for uncertainty and scenario analysis.
Environmental uncertainty is defined as a
stochastic variable with given probability
distributions. Monte Carlo simulation is used
to create multiple paths of learning outcomes
in different conditions. The simulation makes
it possible to test the robustness of managerial
decisions and find optimal strategies. An
optimization aspect is added to maximize
expected learning effectiveness within budget.
This integrated approach increases the power
of prediction of the model and facilitates
decision-making in complex environments.

The analytical tools used in this study
include statistical software packages such as R
and Python to perform econometric estimation
and simulation modelling. The System GMM
estimation is implemented with special
libraries developed for the dynamic panel
analysis. Data processing and index
construction are done by the method of
principal component analysis in order to
reduce dimensions and enhance the accuracy
of measurement. Monte Carlo simulations are
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performed to determine the effects of
uncertainty on the performance of a system.
Visualization tools are used to interpret the
results of the simulations and compare the
dynamic cross country. These instruments are

chosen  because of their flexibility,
reproducibility and capacity to work with large
datasets in panels. The combination of these
tools makes methodological transparency and
robustness of the empirical results possible.

Results of Research

The empirical analysis is based on a
dynamic panel econometric specification
which is combined with a simulation-based
extension. The model takes into account the
interplay between pedagogical adaptivity,
managerial decision-making and
environmental uncertainty in digital learning
systems. Learning effectiveness is defined as
an aggregate index of academic achievement,
engagement and completion rates. The
inclusion of a lagged dependent variable
makes it possible to allow for the capturing of
persistence in educational outcomes over time.
The System GMM estimator is used to
overcome possible endogeneity and omitted
variables bias. Interaction terms are introduced
for the moderating role of management in
adaptive systems. The stochastic simulation
part is adding the model with uncertainty
shocks and scenarios-based projections. This
hybrid structure provides for both an
explanatory and predictive capacity of the

model. The approach allows consideration of
testing alternative management strategies
under a range of environmental conditions.
The empirical results of the 2020-2025
period show stable and statistically significant
relationships in all the countries. The lagged
learning  effectiveness variable has a
substantial amount of persistence with
coefficients ranging from 0.612 to 0.671. This
means that past performance plays an
important role in determining educational
outcomes in the present. Pedagogical
adaptivity is consistently positively related and
highly significantly related in all models. The
most powerful effect is in China, reflecting
greater level of technological integration.
Resource allocation also has a positive
contribution, though it is variable across
countries.  Strategic management quality
becomes an important factor in determining
system performance. Its coefficient is still
significant and pretty high on all estimations.

Table 2.

Econometric estimation results of adaptive pedagogical systems model (2020-2025)

Variable Ukraine Poland United Kingdom China
Lagged Learning 0.612*** 0.645*** 0.671*** 0.658***
Effectiveness (0.041) (0.038) (0.035) (0.036)

(Y1)
Pedagogical 0.284*** 0.312*** 0.338*** 0.365***
Adaptivity (A) (0.052) (0.049) (0.046) (0.044)
Resource 0.197** (0.081) 0.228*** 0.261*** 0.289***
Allocation (R) (0.073) (0.069) (0.065)
Strategic 0.241*** 0.269*** 0.301*** 0.327***
Management (0.067) (0.061) (0.058) (0.055)
Quality (S)
Environmental -0.356*** -0.214** (0.087) | -0.172** (0.082) -0.198**
Uncertainty (U) (0.094) (0.079)
Interaction: A X 0.163*** 0.181*** 0.205%** 0.224%***
S (0.039) (0.036) (0.034) (0.033)
Interaction: R x | -0.118* (0.062) | -0.091* (0.055) | -0.074 (0.051) | -0.083* (0.049)
U
Control Yes Yes Yes Yes
Variables (X)
Constant 0.524*** 0.487*** 0.462*** 0.438***
Observations 720 720 720 720
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Table continuation

Number of 120 120 120 120
Institutions
AR(2) p-value 0.287 0.301 0.318 0.294
Hansen Test (p- 0.412 0.436 0.459 0.441
value)

Notes: Standard errors in parentheses; *** p < 0.01, ** p < 0.05, * p < 0.1; Estimation

method: System GMM (two-step robust).

Sources: authors development using econometric model using data from [3, 6, 15-18, 23, 26-

28].

The results of 2020 show relatively
moderate learning effectiveness in all
countries. Ukraine has lower starting values,
which reflect a set of structural constraints and
external instability. Some more stable baseline
conditions are exhibited by Poland and the
United Kingdom. China has the highest level
of starting with the advanced digital
infrastructure. In 2021 improvements can be
seen in all countries, which are driven by
increasing the adoption of digital tools. The
effect of the pedagogical adaptivity is also
stronger in this period. Resource allocation
starts to play a greater role as investments are
adjusted by the institutions. Strategic
management mechanisms display gradual
improvement on systems.

In 2022 the model reflects a high degree
of increased environmental uncertainty. This
causes a significant decrease in the
effectiveness of learning, especially in the case
of Ukraine. The negative coefficient of

uncertainty confirms its disruptive effect on
educational systems. However, countries that
have better management structures show
higher resilience. The interaction term between
adaptivity and management is also found to be
positive and significant. This means that
management increases the effectiveness of
adaptive technologies under stress conditions.
Resource allocation to some extent helps
overcome negative shocks but less efficient.

2023 is indicative of the shift towards
adaptive optimizing strategies. Learning
effectiveness increases dramatically in all
countries. The synergy of the pedagogical
adaptivity and strategic management becomes
more apparent. Poland and the United
Kingdom make steady improvements because
of balanced implementation of policies. China
has the greatest gains, a result of the scalability
and centralized coordination. Ukraine shows
recovery albeit at a slower pace due to long-
lasting factors of uncertainty.

Table 3.

Simulation results: expected learning effectiveness index under alternative scenarios

Scenario Ukraine Poland United Kingdom China
Baseline (2020) 0.51 0.56 0.59 0.61
Adaptive 0.63 0.69 0.73 0.76
Optimization
(2023)
High 0.44 0.52 0.55 0.57
Uncertainty
Shock (2022)
Post-Adaptation 0.68 0.74 0.79 0.82
Recovery (2025)

Sources: authors development using econometric model using data from [3, 6, 15-18, 23, 26-

28].

By 2024 the positive curve is followed
by more stabilization learning systems. The
marginal effects of management decisions
increase. Strategic planning helps in efficient

utilization of resources. Adaptive systems
achieve greater degrees of maturity, which
increase system performance. The negative
impact of uncertainty goes down a little, so the
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system resilience is improved. Cross-country

differences start to reduce during this period.

Table 4.
Marginal effects of management decisions under uncertainty
Effect Ukraine | Poland United China
Kingdom
O0Y/0A (Adaptivity Effect) 0.28 0.31 0.34 0.37
0Y/0S (Management Quality Effect) 0.24 0.27 0.30 0.33
0Y/OR (Resource Effect) 0.20 0.23 0.26 0.29
0Y/0U (Uncertainty Effect) -0.36 -0.21 -0.17 -0.20
Combined Effect (AxS) 0.16 0.18 0.21 0.22

Sources: authors development using econometric model using data from [3, 6, 15-18, 23, 26-

28].

The model shows a powerful phase of
recovery and growth in all countries in 2025.
Learning effectiveness is at a maximum level
throughout the observed time period. The role
of management gets structurally embedded in
adaptive systems. The interaction effects
confirm the superiority of integrated
approaches. China and the United Kingdom
have top ranks in performance indicators. The
consistent increase in efficiency levels in
Poland is evident. Ukraine shows significant
improvement despite disruption earlier in the
year.

The high degree of cross-country
heterogeneity of model parameters and
outcomes is revealed by the comparative
analysis. China is by far the leader in terms of
adaptivity and management quality
coefficients. This is indicative of great
institutional ~ capacity and technological
infrastructure.  The  United Kingdom
demonstrates a balanced performance on all
the variables, indicating the existence of good

policy integration. Poland is a transitional
model with steady improvements and moderate
variations. Ukraine is more sensitive to
environmental uncertainty, but also has high
potential for recovery. The interaction effects
are strongest in systems where management
frameworks are coordinated.

Overall, the results support the
confirmation that adaptive pedagogical
systems achieve higher effectiveness if
combined with  strategic = management
mechanisms. The econometric evidence proves
that the quality of management enhances the
impact of digital learning technologies.
Simulation results further show that resilience
to uncertainty is dependent on the allocation of
resources as well as strategic flexibility. The
integrated model is an effective structure for
optimizing the educational policies in digital
environments. It also gives practical
implications for the decision-making process
under conditions of uncertainty.

Discussion

The obtained results are consistent with
previous studies that reveal the importance of
adaptive management in digital education
systems,  especially in  shaping the
competencies of learners and improving the
learning results. Kotelevets talked about the
role of adaptive management in the formation
of digital competencies, which helped to
justify the importance of management
variables revealed in this study [11]. At the
same time, Lampropoulos et al. discussed
gamification as a driver of engagement, which
is in line with the positive effect of
pedagogical adaptivity that was found in the
model [12]. Lopez-Goyez et al. about
intelligent tutoring systems based on adaptive

architectures, which confirm the importance of
the combination of advanced technologies and
management logic [13].

The role of uncertainty in the suggested
model is also supported by Mahjour et al. who
talked about adaptive machine learning
approaches for dealing with stochastic
environments, and this is consistent with the
aspect of the uncertainty of this study [14].
However, the current research goes further,
incorporating uncertainty into the econometric
and simulation models. Ozadowicz discussed
integration of simulation tools in education,
and supporting the relevance of the simulation-
based component of the proposed model [19].

The results also confirm the importance
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of algorithmic optimization approaches, as
Popescu et al. discussed adaptive systems
based on genetic algorithms which is in line
with the structured modeling approach used in
this research [20]. Prokopenko et al. discussed
the role of digital technologies in inclusive
education which is consistent with the positive
impact of digitalization identified in the results
[21]. Sengiil and Karabacak discussed adaptive
management in sustainable learning and re-
enforced the importance of management
quality in boosting the performance of the
systems [22].

Moreover, Terzieva et al. talked about
intelligent educational environments and their
dependence on integrated modeling and
analytics, which is directly related to the
comprehensive framework proposed in this
study [24]. Toxanov et al. discussed about
mathematical modeling of individual learning
trajectories that support the dynamic structure
of the dependent variable in the model [25].
Yan et al. discussed multimodal artificial
intelligence (Al) frameworks and ethical data
governance with an emphasis on integrated
adaptive systems having robust management
components [29].

Additionally, Yaseen et al. elaborated on
the effects of adaptive technologies and Al
tools on student engagement, which was
moderated by digital literacy, which
underscores the interaction effects found in
this study [30]. Overall, the results are in
accord with the existing literature while
extending it with econometric modelling and
combined with simulation-based analysis. The
study shows that management mechanisms
strongly increase the efficiency of adaptive
pedagogical systems in uncertainty.

The study is limited by limitations on
the availability of data, especially on reliable
cross-country indicators for pedagogical
adaptivity and quality of management in the
digital learning environment. The use of
composite indices may introduce measurement
bias, as it takes heterogeneous educational and

institutional variables and makes them into
uniform  indicators.  The  econometric
specification while robust, may not capture the
dynamics of nonlinearity and latent behavioral
factors affecting learning outcomes. The
simulation part depends on assumed
distributions of uncertainty, which might not
be the same as in real-world stochastic
processes of rapidly changing environments.
Additionally, institutional and cultural
differences between countries may constrain
the possibility of generalizing the findings to
other educational systems or countries.

It is recommended that there should be a
better integration of the adaptive learning
technologies with the strategic management
frameworks to facilitate the improved
effectiveness and responsiveness of the overall
system in the digital education environments.
Policymakers should focus on targeted
allocation mechanisms of resources that help
to develop the technological infrastructure as
well as managerial capacity within educational
institutions. Educational organizations are
encouraged to introduce data-driven decision-
making tools in order to persistently monitor
and maximize learning outcomes under
different conditions of uncertainty. Further
improvement of simulation-based platforms
will be recommended to be used for testing
alternative  pedagogical and managerial
scenarios before large-scale implementation.
Future research should try to expand the model
to include nonlinear dynamics, factors related
to behavioral factors, and wider international
datasets to make the model more robust and
generalizable.

Overall, the discussion attests to the fact
that the results are mostly consistent with the
existing literature, while providing a novel
contribution by integrating econometric
modelling and simulation-based analysis. The
work builds on previous work by showing that
management mechanisms not only help but
greatly strengthen the effectiveness of adaptive
pedagogical systems in uncertainty.

Conclusions

The study has successfully achieved its
objective of developing a management model
by simulation that integrates the pedagogical
adaptation with the strategic decision making
in the digital learning environments under
uncertainty. The built dynamic econometric
model proved the significant effect of adaptive

technologies, resource allocation and the
quality of management on the effectiveness of
learning in all observed countries. The
empirical results showed that there is a high
degree of persistence in educational outcomes,
the range of lagged effects was from 0.612 to
0.671, showing the structural continuity in the
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performance of the system. The positive
coefficients of pedagogical adaptivity, up to
0.365, demonstrated its important role in
improving learning outcomes in digital
platforms. Strategic management quality had
also a significant impact, with coefficients
higher than 0.300 in the advanced systems, in
order to optimize the educational processes.
The interaction effects helped to provide
important  information  about  causality,
showing that management mechanisms can
amplify the benefits of adaptive learning
technologies and increase system resilience to
uncertainty. The  adverse effect of
environmental uncertainty, especially for
Ukraine (at - 0.356), confirmed the
vulnerability of educational systems to external
shocks. However, simulation results showed
that the impact of a strategy of adaptive
optimization of learning can enhance learning
effectiveness by about 20-25 percent in various
national contexts. The recovery trajectories
observed by 2025 confirmed that systems with
integrated management frameworks do get
stabilized faster and are higher performing in

the long run. These results answer the problem
formulated in the introduction as they establish
the need to combine the pedagogical and
managerial approaches.

The research objectives  were
successfully achieved by the creation of a
hybrid  econometric-simulation  modelling
framework and the combination of uncertainty
modelling as well as the comparative analysis
of cross-country educational systems. The
study is a part of the theoretical development
of digital pedagogy in the form of the
management-oriented approach to adaptive
systems. It has also implications for policy
makers looking to increase efficiency and
resilience in digital education for policy
makers. Future research should target to extend
the model by adding the nonlinear dynamics,
behavioral behavior factors and micro-level
data in order to increase the precision of
analysis. Further exploration of long-term
policy impacts, and the ability to use
simulation-based methods in a variety of
institutional contexts, is also recommended.
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MOJEJIOBAHHA AJAIITUBHUX ITEJAT'OTTYHUX CUCTEM
B IUD®POBUX HABYAJIBHUX CEPEJOBHUIIAX

Meta. MeTor0 JOCITIDKEHHS € pPO3po0Ka iHTErPOBaHOT MOJIC/Ii YIIPABIIHHSI HA OCHOBI MOJICITIOBAHHS JIJIS
aJIalITUBHUX T€/IarOTiYHUX CHCTEM, sIKa BUpIIIy€e MPoOJieMHn HEBU3HAYEHOCTI B LHU(POBHUX CUCTEMaxX HaBUaHHS
Ta BIUTUBAE€ Ha €(DEKTHUBHICTh MPUUHATTA YNPABIIHCHKUX pillleHb. J[OCHIKEHHS 30CepePKeHO Ha IOJOJaHHI
PO3pHUBY MiXK MEIarOTiYHOI0 aIalITHBHICTIO Ta CTPATCTIYHUM YIIPABIIHHIM U(PPOBUMH CHCTEMAMH OCBITH.

Metoau. MeTo0OTIYHUH MiAXI € MO€IHAHHAM AMHAMIYHOI MaHENbHOI €KOHOMETPHYHOI MoJeni Ta
aHaJi3y Ha OCHOBI MOJeNMOBaHHS. EMITipHyHa OCHOBa BKJTIOYAE TIENATOTIYHY aJalTUBHICTD, PO3IOALT PECYPCIB,
AKICTh CTPATEriyHOTO YNPAaBIiHHSA Ta HEBU3HAYCHICTh CEPENOBHINA SIK BaXJHMBI (DAKTOPH, IO BH3HAYAIOTH
e(eKTHUBHICTh HaBYaHHSA. MOJENIb OI[IHFOETHCS 3a JOMOMOIOI0 MiJXOMy CHUCTEMHOIO y3arajJbHEHOTO0 METOIY
MOMEHTIB JUIsi BpaxyBaHHS EHJOTEHHOCTI Ta HECIOCTepe)KyBaHOI rereporeHHocTi. Jlns  posrisiay
IBTEPHATHBHUX CLEHAPIiB OI[IHKK MPOAYKTUBHOCTI CHCTEMH 3a PI3HHX CTYIEHIB HEBHU3HAUYEHOCTI peajli3oBaHO
KOMITOHEHT MOJICTIOBAHHSI CTOXaCTHYHOTO MOJIENOBaHHs Ta MeToniB Monrte-Kapno. AHanmi3z mpoBeneHo 3a
JIOTIOMOTOI0 MTAaHETBbHUX JaHUX YOTHUPHOX KpaiH 3a mepion 2020-2025 pokis, mo 3abe3nedye MOpiBHAHHICTh MiXK
KpaiHaM¥ Ta AWHAMIKy B Jaci.

PesyabTaTu. Pe3ynbpraTy 0Ka3yroTh, 1110 MEAaroridHa aJlalTUBHICTh Ta CTpATeriuyHe YIpaBIiHHSI MarOTh
3HAYHMH MMO3UTHBHUH BIUIMB Ha €(PCKTHBHICTH HABYaHHSI B KO)KHOMY 3 JOCIIDKEHUX BHITAAKIB. B3aemomis Mixk
BUKOPHCTAHHSIM aJaliTHBHUX TEXHOJIOTIH Ta SKICTIO YIPABIIHHS J1a€ CHIIBHUH NMO3UTUBHUH eeKT, 110 03HaJae,
10 IHTErpoBaHi MiAXOAW JEMOHCTPYIOTh Kpamli pe3ynbTraTd. HeBH3HaueHICTh HaBKOJIMIIHBOTO CEpelOoBHIIA
HETaTUBHO BIUIMBAE HA NPOAYKTHBHICTb CHCTEMH, aie el e(eKT 3HMKAE 3aBIIKH €()EeKTHBHOMY PO3MOALTY
pecypciB Ta cTpaTeriyHoOMYy IUIaHyBaHHIO. Pe3ynbraTn MOAeNIOBaHHS MOKa3yloTh, IO aJalTHBHI CTparerii
OTNTHUMI3allii MOKpamyoTh e(eKTUBHICTh HaBYaHHsS MpUOIU3HO Ha 20-25 BiACOTKIB MOPIBHSHO 3 0a30BUMH
CIeHapisiMH. Pe3ynbTaTH TakoX MOKa3yIOTh, IO CHCTEMHU 3 CHIIBHIIIMMH YIPaBIiHCBKUMH PaMKaMHU € OiUTbIIT
CTIMKMMM Ta Kpallle BiTHOBIIIOIOTHCS MiCTs 30BHIIIHIX MOTPSICiHb, @ TAKOXK IIBHIIE BiTHOBITIOIOTHCS.

BucHoBku. Jlocmi/pkeHHS MIATBEPIKYE PONb YHPABIIHCHKOI JOTIKM B AaNTUBHHUX IEarorigHUX
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cucTeMax, Ky ClliJi BAKOPUCTOBYBATHU JUIsl MiABUIIEHHS PiBHS IXHBbOT €()eKTUBHOCTI Ta CTIMKOCTI B IIM(POBOMY
npocTopi. 3amponoHOBaHa MOAENb MOXKE OyTH BHKOpPHCTaHA JUIS CTBOPEHHS KOMIUIEKCHOI aHAJITUYHOI Ta
MPOTHOCTUYHOI OCHOBH JISi ONTHMi3allii MPHIHATTS OCBITHIX pillleHh B YMOBaxX HEBH3Ha4deHOCTi. OTpuMaHi
Pe3yIbTAaTH CIPHSIOTH PO3BUTKY MU(POBOI MeJaroriky 3aBISKH BIPOBAHKEHHIO YIIPABIiHCHKOI MEPCICKTHBH Ta
MalOTh TIPAKTHYHI HACTHIAKH JUI1 TIONMITHKIB Ta OCBITHIX ycTaHOB. IllomanmbIm IOCTIiMIKEHHS IOBHHHI
30CepENTUCS HAa PO3MIMPEHHI MO MIITXOM BpaxyBaHHS HENiHIHHOI TUHAMIKH Ta OiNbII 3aralbHUX HaOOpPiB
JTAHWUX 3 METOIO IiABHUIICHHS y3aralbHIOBAHOCTI MOJIETI.

KJIIOYOBI CJIOBA: aoanmueni cucmemu HABYAHHA, imimayitine MOOeNO8AHHA, VINPAGTIHHA
Yudposor 0ceimoio, nedazo2iuHa eqpeKmusHiCmy, AHAII3 HEGUIHAYEHOCMEl, PO3NOOLI PeCypCIs.

Kongpnixm inmepecie

ABTOpH 3asBISIOTH, IO KOHQIIIKTY 1HTEpeCiB moa0 MyOikanii 1boro pykonucy Hemae. Kpim
TOTO, aBTOPH MOBHICTIO TOTPUMYBAIMCh ETHYHUX HOPM, BKIIIOYAIOUH IIIariaT, (anbcudikariiro qaHmx
Ta TMOJBIMHY myoOuikamiro. Lle MocHmipkeHHs HE OTPUMYBAJIO OJHOTO CIICIIABHOTO TPaHTY Bif
(iHAaHCOBHX YCTAHOB Yy AEP:KaBHOMY, KOMEPLUIHHOMY Y1 HEKOMEPLiHHOMY CEKTOpax.

Buecok aBTOpiB: aBTOpH MiATBEPMKYIOTH, IO BCI BHECKH B KOHIICTITyali3aIlifo, PO3POOKY
METOJIOJIOTI1, aHaJi3 JaHWX Ta IMiJTOTOBKY PYKOMUCY OyJH 3poOiieH] CHiIbHO, i BCI aBTOPU 3pOOMIH
piBHUI BHECOK Y 110 POOOTY.

B po6oTi He BUKOPUCTaHO pecypc MITYYHOTO 1HTEIEKTY.
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