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MODELLING EVOLUTIONARY

CYBERNETICS: ONTOLOGY, INVARIANTS
AND DESIGN PRINCIPLES

Evolutionary cybernetics (EC) is presented as a general discipline for steering change in
technical, biological and socio-technical systems under uncertainty. Unlike classical control
with fixed goals and architectures, EC assumes that goals, constraints and structures may
themselves evolve. The paper contributes: (i) an ontology of EC with four levels (object,
process, mechanism, meta-control) and a two-loop organization (operational vs. evolutionary);
(ii) a set of cybernetic invariants-information, resource constraint, requlation, structural
organization, temporality, integrity/openness, teleonomy — that summarize cross-domain
regularities; (iii) a formal model of an evolutionary cybernetic system and operators for
meta-level updates; (iv) methodological principles and functional requirements for engineering EC
systems (modularity, quided diversity, pace orchestration, default safety, ex-ante verification
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© Publisher PH “Akademperiodyka” of the NAS of Ukraine, 2025. The article is pub-
lished under an open access license CC BY-NC-ND license (https:/ /creativecommons.
org/licenses/by-nc-nd/4.0/)

ISSN 3083-6573. Information Technologies and Systems. 2025. No. 6 3



O.V. Palagin, D.I. Symonov, M.V. Chervynskyi

and post audits); and (v) application tracks in socio-cybernetics, bio-/neuro-interfaces,
infrastructure, and sustainability governance. Modern Al (safe RL, control-theoretic shields)
and digital twins are positioned as one practical realization of the evolutionary loop rather than
its essence. EC thus provides a coherent conceptual and engineering framework for the directed
evolution of complex systems.

Keywords: evolutionary cybernetics; directed evolution; meta-control; two-loop control;
cybernetic invariants; co-evolution; digital twins.

Introduction

The development of universal theories of control throughout the 20" cen-
tury initiated the formation of an interdisciplinary approach to analyzing
systems of different natures — from technical and biological to socio-tech-
nical and hybrid. A landmark event in this process was the emergence of
cybernetics, formulated by Norbert Wiener as the science of control and
communication in living and nonliving systems [1]. The methodological
core of cybernetics was based on modeling information flows, feedback
loops and invariant regulatory principles [2]. Classical cybernetic models
effectively described processes of stabilization and optimization, but
relied on a fixed controller architecture and predetermined objective
functions [3]. In such models, changes in a system’s structure were viewed
as external influences rather than the result of its internal dynamics.

A significant contribution was made by Victor M. Glushkov, who de-
veloped the concept of automated control systems due to integration of
cybernetic principles and algorithmic adaptation methods. His approach
initiated a transition from deterministic schemes to flexible architectures.
This made possible to make such systems capable of modifying their own
configuration during operation. Even though this expanded the adaptive
potential of technical systems, the question of evolutionary mechanisms of
control structures was still outside the scope of systems analysis.

In parallel, biology formed an evolutionary paradigm based on the
combination of Darwinian selection, genetics and population dynamics.
This paradigm conceptualized the role of variation, heredity and selection
in shaping the fitness of organisms, but it did not envision the possibility
of purposeful management of evolutionary processes by the system itself.
Biological models of evolution remained limited to the domain of living
entities and did not account for the existence of goals in the cybernetic
sense, which made their direct application to technical or socio-technical
systems difficult.

An attempt to transfer evolutionary principles into the context of en-
gineering and computer science [4-6] occurred in the second half of the
20™ century thanks to the works of John Holland. The genetic algorithms
he proposed and their subsequent modifications (evolutionary strategies,
genetic programming) became a powerful tool for search and optimiza-
tion in complex solution spaces, especially where analytical methods
proved impractical and the topology of the space was highly complex.
However, even in modern implementations these algorithms are oriented

4 ISSN 3083-6573. Incpopmayinini mexroaoeii ma cucmemu. 2025. No 6 (6)
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primarily toward solving fixed problems, not encompassing changes in
the very principles of control or the evolution of a system’s goals [7-8].

In the Ukrainian intellectual tradition, the ideas of Vladimir I. Ver-
nadsky played a significant role [9]. He viewed the noosphere as a new
state of the biosphere in which scientific and engineering activity become
factors of planetary evolution. Despite its philosophical character, this
concept created a methodological context for studying the interaction of
biological and technical processes within a single system. A further step
toward establishing the theoretical foundations of evolutionary cyberne-
tics as a new, timely branch of general cybernetic science was taken by the
followers of Glushkov’s and Vernadsky’s ideas — scientists of the
world-renowned V.M. Glushkov Institute of Cybernetics of the National
Academy of Sciences of Ukraine — whose research in the field of intelli-
gent systems and hybrid control models demonstrated the possibilities of
integrating logical formalisms, artificial intelligence methods and cyber-
netic principles in order to create systems with a high level of autonomy
and coadaptation [10-13].

All of these historical facts and theoretical positions form a rich but
fragmented knowledge base regarding problems of control, adaptation
and optimization of systems. At the same time, a methodological niche
remained open: the specification and control of goal changes, architectures
and regulatory principles of the controlling structures themselves in re-
sponse to variability of the external environment and the controlled object.

Therefore, the knowledge accumulated over recent decades, that
includes classical control models, natural evolutionary mechanisms and
artificial optimization methods, shows high effectiveness in their indivi-
dual domains. However, none of these approaches managed to provide a
holistic theoretical and methodological foundation, where evolutionary
changes of control structures, goals and regulatory principles would be in-
tegrated elements of system dynamics. This creates prerequisites for the for-
mation of a new level of interdisciplinary synthesis capable of overcoming
existing methodological gaps and ensuring the adaptability of systems
in the context of uncertainty and long-term evolutionary interaction.

1. Interdisciplinary Synthesis and Methodological
Limitations of Modern Approaches

Modern science is in a stage of deep integration, where traditional discipli-
nary boundaries between the natural, technical and information sciences
are becoming less rigid. Modeling tools initially created for describing
physical or technical systems today are successfully applied in biology,
cognitive sciences and economics, and methods from bioinformatics,
machine learning, and network theory are increasingly implemented in
the design of engineering and socio-technical systems. This process can be
characterized as structural convergence — not only the borrowing of in-
dividual methods, but also the convergence of research paradigms at the

ISSN 3083-6573. Information Technologies and Systems. 2025. No. 6 5
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Fig. 1. The interdisciplinary posi-
tion of evolutionary cybernetics in
the landscape of related sciences

Traditional
cybernetics

level of models, ontologies
and types of abstractions.

Despite an intensive ex-
change of ideas, there is an
absence of a single formalism
for describing systems, capa-
ble of changing their own
goals, regulatory principles
and control architectures in
response to the environment. Existing approaches cover only separate
aspects of this problem:

e Network models of complex systems effectively represent structural
interconnections and the spread of influences, but for the most part ignore
the dynamic change of the rules by which the network operates [14].

e Synergetics describes self-organization, interdisciplinary interaction
and transitional processes, but does not include developed mechanisms
for purposeful restructuring of system parameters [15-16].

e Evolutionary computation demonstrates high efficiency in searching
for solutions in complex spaces, but its dynamics are usually constrained
by predefined optimality criteria, a limitation by earlystructure-generat-
ing models of self-reproducing automata [17].

Fig. 1 illustrates the conceptual spot of evolutionary cybernetics among
related disciplines. Evolutionary cybernetics located at the intersection of
three fundamental fields: traditional cybernetics, which provides the the-
oretical apparatus for describing and controlling information processes;
evolutionary biology, which provides mechanisms of variation, heredity
and selection; artificial intelligence, which provides algorithmic and com-
putational methods for realizing adaptive changes. The integration of
these fields creates an unified formalism for modeling and controlling
evolutionary processes in technical, biological, social, hybrid systems,
stopping treating them as individual disciplines and forming a new scien-
tific paradigm.

A comparison of the key characteristics of existing approaches versus
the proposed direction of evolutionary cybernetics is outlined below in
Table 1.

Thus, even in the interdisciplinary field of knowledge there is no uni-
fied approach that would consider the evolution of control structures as
an independent, relevant scientific subject of research. This creates a meth-
odological gap between control theories and theories of purposive change.

To fill this gap, a framework concept of directed evolution of systems
is proposed, in which:

6 ISSN 3083-6573. Incpopmayinini mexroaoeii ma cucmemu. 2025. No 6 (6)
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e The object of research is the processes of intentional change of con-
trol structures in systems of any nature (technical, biological, socio-techni-
cal, hybrid).

e The subject is the mechanisms and algorithms for modifying control
architectures, goal functions and principles of regulation under changing
environments.

¢ The methodological basis is the integration of models from control
theory, evolutionary algorithms, synergetics, network dynamics and in-
formation theory.

The key difference of this approach lies in embedding evolutionary ope-
rators (variation, selection, coadaptation, symbiosis) directly into the sys-
tem’s regulatory loops, making them instruments of purposeful design.

The practical implementation of this concept involves:

1. Developing a formal apparatus for describing and forecasting the
dynamic change of control architectures and their goals.

2. Designing universal evolutionarily managed models suitable for
technical, biological and hybrid systems.

3. Integrating with experimental platforms that allow hypotheses to
be verified in multi-level environments.

Thus, the task of this new scientific field is to shift from the analysis
and modeling of adaptation to the systematic design of processes of di-
rected evolution, which opens possibilities for creating self-developing,
autonomous and long-lived systems.

2. Structure and Research Trajectories
of Evolutionary Cybernetics

Evolutionary cybernetics is emerging as a distinct interdisciplinary do-
main. Its primary objective is the synthesis of control methodologies, evo-
lutionary mechanisms and adaptive algorithms into an unified body of
knowledge. This comprehensive framework is designed to both model
and facilitate the development of directed evolution across systems of di-
verse character. The discipline’s theoretical foundation is established by
integrating concepts from cybernetics, the theory of complex systems,
evolutionary biology, artificial intelligence and synergetics. Unlike clas-
sical paradigms, evolutionary cybernetics regards variation, selection, co-
adaptation, and symbiosis as deliberately designed operators integrated
into the regulatory loops of a system, rather than as spontaneous or ex-
ternal processes.

Structurally, the scientific field of “evolutionary cybernetics” can be
presented as a set of interrelated subdivisions, each corresponding to a
certain level or domain of controlled evolution:

1. Theoretical foundations of evolutionary cybernetics — the develop-
ment of mathematical formalisms and conceptual models that describe the
dynamics of goalchanges, architectures and principles of regulation in
control structures. Particular attention is paid to informational-entropic
criteria of efficiency of evolutionary processes.

8 ISSN 3083-6573. Incpopmayinini mexroaoeii ma cucmemu. 2025. No 6 (6)
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2. Cognitive cybernetics — the management of processes of know-
ledge extraction, transformation, and use in artificial, biological, hybrid
systems. Its tasks include simulating the development of cognitive archi-
tectures and decision-making protocols, harmonizing diverse knowledge
streams and refining the cooperation between artificial and biological in-
tellects. For example, the creation of intelligent agents that can learn and
support during the decision-making is a part of cognitive cybernetics.
Advances in this sphere allow purposeful influence on the evolution of
knowledge and consciousness of both individuals and society as a whole.

3. Socio-cybernetics and organizational evolution — the study of the
dynamics of social and socio-technical systems. Specifically, this research
investigates the co-evolutionary patterns of agents operating in networks,
the modification of governing frameworks and the use of algorithmic
methods to manage collective thought processes. In terms of evolutionary
cybernetics, social cybernetics is responsible for socio-cultural evolution:
how societies change under the influence of new technologies, knowledge
and values, and how these changes can be steered for the common good.
Models of social dynamics, decision-support systems for governance, and
scenarios of civilization development are developed to enable guided
social transformations that take into account feedback between the eco-
nomy, ecology, demography and other subsystems of society.

4. Bio-cybernetics with an evolutionary loop — the implementation of
controlled evolutionary mechanisms in biological and bio-hybrid systems,
including managing the evolution of microorganisms, adaptive biomedi-
cal technologies and modeling “human-machine symbiosis” systems.
Bio-cybernetics also considers possibilities for the purposeful intervention
in biological evolution and the development of living systems. This in-
cludes modeling processes in ecosystems, managing gene pools (through
methods of genetic programming or selective breeding) and supporting
the sustainable development of the biosphere. Bio-cybernetics forms the
foundational basis for disciplines like synthetic biology and biomedical
engineering. These applied fields, in turn, furnish the necessary instru-
mentation and methods required for exerting control over living systems.
Additionally, this subdivision encompasses medical cybernetics — the
application of cybernetic approaches in medicine and healthcare. Its con-
tribution to evolutionary cybernetics is in managing the development of
humans as bio-social systems. This involves monitoring and correcting
the health state of populations, extending life expectancy and steering
human evolution through medical technologies (from public health to
human bioengineering). Medical cybernetics makes it possible to predict
and ensure the formation of a healthy nation and to develop evolutionary
strategies for human development (for example, adapting society to in-
creasing longevity, implementing cyborgization technologies etc.).

5. Techno-cybernetics and robotic evolution is about the creation of
technical systems, capable of changing their own architecture and goal
functions. Directions include self-configuration of hardware and software
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platforms, evolutionary design of robotic complexes and co-evolutionary
learning of autonomous systems. Within the evolutionary paradigm, tech-
nical cybernetics is concerned with the evolution of the technosphere: con-
trolling the development of network infrastructures, the Internet, artificial
intelligence and technological platforms. Specifically, this involves steer-
ing the advancement of sophisticated technological platforms and Al sys-
tems. The aim is to ensure that these emerging technologies progress in
alignment with pre-established objectives and rigorous safety parameters.

6. Network and infrastructure evolutionary systems involve guiding
the long-term development of expansive distributed infrastructures.
The core focus is on refining the topologies and functional linkages within
systems like communication networks, energy grids and large transport
complexes. This optimization is carried out while inherently factoring in
principles of self-restoration and autonomous development.

7. Evolutionary computing in management focuses on designing algo-
rithms specifically for implementing directed evolution. Key develop-
ments include multi-agent evolutionary methods featuring adaptive
selection criteria, techniques for dynamically modifying objectives in re-
al-time contexts, hybrid frameworks that fuse evolutionary, cognitive and
network strategies. Ultimately, this area delivers the practical algorithmic
instruments necessary to embed evolutionary mechanisms directly into
system control loops.

8. Ethical and safety aspects involve crafting the guiding principles
for the secure evolution of autonomous and hybrid systems. Key areas
include developing ethical governance methods for agents whose objec-
tives can change, alongside formulating strategies to avert scenarios of
uncontrolled development. Since modifying the goals and architectures of
autonomous systems presents profound ethical challenges, the work in this
subdivision is dedicated to guaranteeing that system evolution remains
under strict supervision and upholds elevated standards of human values.

The integration of all these sub-domains is crucial for establishing an
unified field of research. Within this framework, evolutionary mecha-
nisms are no longer merely subjects of description or simple optimization
tools; they are transformed into controlled instruments for system design
and progressive development. This convergence unlocks considerable po-
tential for engineering systems that are autonomous, self-evolving and
exceptionally durable. Such systems would be capable of operating suc-
cessfully even when facing significant environmental uncertainty and
high levels of structural change.

3. Theoretical and Methodological
Foundations of evolutionary Cybernetics

3.1. Formalization of the concept of “evolutionary cybernetics”. Evolu-
tionary cybernetics (EC) is defined as an interdisciplinary scientific area
dedicated to investigating the core principles, underlying mechanisms
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and various models of directed evolution within systems of diverse
origins, including technical, biological, socio-technical and bio-hybrid
entities. Its ontology comprises a structured system of concepts that arti-
culates the essential entities, their properties (attributes) and the relation-
ships required for a description and engineering of evolutionary processes.
The goal of establishing this ontology is to develop an unified conceptual
framework capable of harmonizing theoretical models, algorithmic metho-
dologies and practical applications.

The multi-level structure of the EC ontology includes four interrelated
levels:

e Object level — describes systems and their components (control
structures, control objects, environment).

e Process level — captures the dynamics of change (operational, adap-
tive and evolutionary processes).

e Mechanism level — specifies the evolutionary operators (variation,
selection, coadaptation, symbiosis, differentiation) and techniques used
for their implementation.

e Meta-control level — outlines mechanisms for altering the rules,
goals and control architectures (meta-evolution).

Within this structural framework, the central entity is thecontrol
structure, which mediates the system’s interaction with the control object
and the environment through two primary channels:

e Functional loop — the implementation of objective functions under
current conditions, oriented toward stability and performance.

e Evolutionary loop — the modification of goals, regulatory principles
and the control architecture in response to changes in the external or in-
ternal environment.

A distinctive feature of EC is the presence of a meta-level of control
that allows a system not only to adapt to conditions, but also to purpo-
sefully change its own control mechanism. At this meta-level four types
of changes are possible:

m Structural — involves re-architecting the system, specifically alter-
ing the organization and connections (topology) of its components.

» Functional — modifying the algorithms and operational strategies
by which the system operates.

» Goal-oriented — revising or reinterpreting system’s goals and crite-
ria of optimality.

= Ontological — updating the model of the environment and the sys-
tem’s own role within it.

The key classes and entities of the EC ontology include:

e System — an integral entity with a specific architecture, defined
functions and clear goals that interacts with its environment.

e Control structure — the subsystem responsible for establishing
goals, strategies and means of control.

e Control object — a component or external entity that is the target of
influence.
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e Environment — the external context that dictates possible states
and influences the system’s development.

e Evolutionary process — a sequence of modifications in the proper-
ties and structure of the system.

e Evolutionary operator — a formalized mechanism of change that
implements variation, selection, recombination, symbiosis etc.

e Meta-evolution — the overarching process of altering the principles
by which the system’s evolution is conducted.

The relationships between these entities are formalized as follows:

» The system has a control structure.

m The control structure executes evolutionary processes through evo-
lutionary operators.

m An evolutionary process changes the system’s parameters, architec-
ture and goals.

m The environment influences the evolutionary process and is in turn
changed by it (co-evolution).

» Meta-evolution adjusts the evolutionary operators and determines
new goals.

Attributes of the key concepts include:

e System: measured by the size of its state space (dimensionality), le-
vel of autonomy, time scales of response.

e Environment: characterized by the pace of change, stochasticity,
structural complexity.

e Evolutionary operator: described by its operational speed, scope of
changes, probabilistic characteristics.

e Meta-evolution: defined by the frequency of updates, degree of
predictability, impact on system stability.

In essence, the ontology of evolutionary cybernetics functions as a
conceptual blueprint for the entire subject area. It effectively integrates the
description of system structures, processes and change mechanisms into a
single, cohesive body of knowledge.The implementation of this ontology
creates a basis for the mathematical formalism and algorithmic solutions
that will be considered in subsequent sections.

3.2. Paradigms of evolutionary cybernetics. Establishing a new scien-
tific direction requires clearly defining its methodological orientations.
The paradigms of evolutionary cybernetics reflect fundamental tenets that
outline its differences from classical cybernetics and related disciplines.
They set the conceptual boundaries within which the analysis and design
of directed evolutionary processes unfold.

e Directed evolution as a subject of control. Evolution is viewed not
as an external backdrop, but as a target object of control: not only the states
of the system change, but also its rules, architectures and goals. This ex-
tends classical cybernetics beyond stabilization/optimization to the con-
struction of developmental trajectories for systems of different natures.

e Two-loop control. Besides the functional loop (operational imple-
mentation of current goals), there exists an evolutionary loop that read-
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justs goals, architecture, criteria and control procedures. This organiza-
tion provides closed feedback both at the level of action and at the level
of changing the “rules of action”.

e Meta-control (meta-level). Beyond parameter adaptation, there is a
level for changing the rules of adaptation: selecting evolutionary opera-
tors, their intensity, update frequency and safety constraints. This enables
the self-development of the control subsystem in response to changes in
the object, environment and value-goal framework.

e Co-evolution with the environment. The system and the environ-
ment mutually shape one another. Therefore, appropriate goals and stra-
tegies should minimize structural misfit between the control architecture
and the environment’s dynamics, maintaining co-ordinated development.

e Multi-levelness and multi-scalability. Evolutionary changes occur at
different levels of organization (components, architecture, goals, ontolo-
gy) and on different time scales (operational, tactical, strategic, civiliza-
tional). The synchronization of these scales is a prerequisite for sustainable
development.

e Informational adequacy and reflection. The effectiveness of evolu-
tionary control depends on sufficient observations and the quality of
ontologies. These ontologies represent the system’s internal models of
the external environment and its self-representation. Reflexive correc-
tion of the system’s representations of the world is as important as chan-
ging its structure or goals.

e Built-in safety and ethics. Since the goals and rules themselves
change, safety constraints and normative frameworks must be integrated
into the evolutionary mechanisms (fail-safes, corridor constraints, preven-
tion of undesirable attractor scenarios).

Thus, the paradigms of evolutionary cybernetics are not merely an
expansion of the classical cybernetics toolkit. They form a holistic concep-
tual foundation that allows integrating heterogeneous mechanisms —
from biological to socio-technical - into a single field of study. These prin-
ciples guide researchers toward a long-term vision of system development
and create the necessary conditions for a new scientific paradigm centered
on directed evolution.

3.3. Principles of evolutionary cybernetics. The operation of any sci-
entific discipline relies on a set of principles that establish its internal logic
and define its scope of application. For evolutionary cybernetics, these
tenets serve not only as regulative propositions but also as methodological
benchmarks that consolidate approaches to describing, analyzing and
designing systems with directed evolution. They reveal mechanisms
for combining classic cybernetic ideas with the unique characteristics of
evolutionary processes, establishing the groundwork for a cohesive scien-
tific paradigm.

1. Principle of feedback (on three levels). Feedback loops function at
the operational level (stabilization and deviation correction), at the evo-
lutionary level (controlling the intensity of variation/selection, main-
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taining diversity) and at the meta-level (revising rules and criteria when
the gap between expected and actual evolutionary progress becomes sig-
nificant). This three-layer closure ensures alignment of short-term and
long-term behavior and reduces the risk of “jamming” in local optima.

2. Principle of shaping the evolutionary trajectory. The evolutionary
trajectory is not merely observed but actively designed: desired properties
of future states, corridors of acceptable evolution, milestones and a policy
for the rate of change are specified. This includes (1) choosing the style of
evolution (smooth incremental change vs. abrupt phase transitions), (2)
controlling the speed (acceleration/deceleration) and (3) mechanisms to
prevent undesirable attractors (“safety rails”). As a result, evolution ceas-
es to be a “post-factum adaptation” and becomes a purposeful process
with predictable navigation.

3. Principle of self-development of the control subsystem. The control
structure evolves together with the object and environment: it revises
goals, criteria, algorithms and architecture while maintaining operational
functionality during reconfiguration (“graceful” evolution). Self-develop-
ment requires: (1) internal modularity (to change parts without stopping
the whole system), (2) metrics of meta-effectiveness (evaluating the quali-
ty of the changes themselves), (3) mechanisms for rollback and counterfac-
tual testing of alternative designs.

4. Principle of co-evolutionary coherence. Any local optimization that
ignores mutual feedback with the ecosystem produces global dysfunc-
tions. Therefore, performance criteria should include the impact on the
environment and the environment’s feedback, and also support an ecolo-
gy of diversity (diversification of strategies) that enhances evolutionary
resilience under changing conditions.

5. Principle of multi-level goal alignment. Goals can and do evolve,
but changes at lower levels (algorithms, modules) must be aligned with
transformations at higher levels (architecture, value priorities, ontology).
Otherwise, the system will generate goal conflicts and degraded perfor-
mance.

6. Principle of informational sufficiency and reflection. Evolutionary
decisions are made under uncertainty. It is necessary to maintain adequate
sensory channels, models of the environment and self-models, as well as
procedures for regular revision of ontologies (updating conceptions of rel-
evant variables, relationships, constraints) in order to avoid systematic
biases and the accumulation of evolutionary debt.

7. Principle of guided diversity. Resilience demands maintaining a
controlled diversity of hypotheses, modules and strategies. Exploitation
must be counterbalanced with exploration across time (through epochs)
and across a population of agents/models. Diversity is not the ultimate
objective, but a resource for successful adaptation and meaningful inno-
vation.

8. Principle of default safety. Given that the evolutionary loop has the
capacity to modify system’s objectives, safety constraints must be robust-
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lyintegrated in the rules of evolution (e.g., invariants, forbidden state
spaces, ethical corridors), ensuring controllability even when the system
undergoes radical reconfigurations.

9. Principle of trajectory verification. Any proposed evolutionary change
should undergo preliminary verification for compliance with the desired
trajectory and constraints (via scenario modeling, “sandbox” environ-
ments, A/B evolution experiments), with the possibility of safe rollback.

The above principles collectively form the methodological framework
of evolutionary cybernetics. They deliver normative guidance for the de-
velopment of formal models, algorithmic implementations and real-word
applications, avoiding reduction to isolated technical tricks. In this way,
evolutionary cybernetics can function as a coherent scientific discipline,
combining systemic vision, forecasting tools and mechanisms of goal-di-
rected development.

3.4. Formal model of an evolutionary cybernetic system. An evolu-
tionary cybernetic system (ECS) is formally defined as an ordered tuple

E=(X,U,F,G,A H,R,0O), (1)

where X c R" is the state space of the system, describing its current
configuration at a given moment in time; X c R" is the space of control
inputs (signals) applied to the system; F: XxUx® — X is the dynamic
evolution operator, parameterized by a vector of internal parameters ©,
that represents the change in the system’s state under the influence of
control; G: X — Y is the observation operator that projects the internal
state into the space of output data available for analysis; A is the set of
admissible system architectures (the structural configurations of the
control subsystem); H:P — U is the decision operator which, relying on
the current state and/or the system’s history P, determines the optimal
actions; R: XxU — R is the utility function (objective function) that spec-
ifies the criteria for evaluating effectiveness; © is the set of parameters
that determine the behavior of both the operational and evolutionary le-
vels of the system.

A key feature of an ECS is the presence of a two-level control structure:

e Operational level — carries out direct management of the system’s
current states in accordance with given goals and parameters.

e Evolutionary level — modifies system parameters © and architec-
ture A according to the mechanisms of controlled evolution (selection,
variation, recombination, symbiosis etc.).

The evolutionary level is formally described by an update operator:

Ot +1), A(t +1) = ®(O(t), A(t), M(t), E(t)), 2)

where ®(-) is the evolutionary operator that implements changes to
parameters and/or architecture; M(t) is the set of candidate models of
behavior at iterationt; Z(t) represents random or environmental pertur-
bations affecting the update process.
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This formalism allows us to represent the integration of the evolutio-
nary loop with the functional control loop, as outlined in subsection 3.1.
It enables describing not only the stabilization of states X c R", but also
the long-term transformation of the system’s architecture, goals and regu-
latory principles.

At a conceptual level, an ECS can be viewed as a meta-system in which
evolutionary operators are part of the regulatory mechanism, and the pro-
cess of meta-evolution — changes in the rules and criteria of control — is
integrated into the formal description. This provides the possibility of
designing systems capable of autonomously modifying their own struc-
ture, which is a key prerequisite for their resilience in complex and unpre-
dictable environments.

As a practical example, consider an adaptive relaxation protocol
where a patient watches short, calming videos while sensors stream heart
rate and facial EMG. The formal ECS tuple E= <X, u,F,G,A H,6R, ®>,
where X is the patient’s current physiological signals (e.g., heart rate,
facial EMG) plus a latent stress index; U is the parameters of the calming
media (e.g., video scene selection, audio tempo); F is the parameterized
model of how the patient’s state X responds to the control inputs U; G is
the sensor and processing pipeline that translates raw biometric data into
the formal state X; A is the set of admissible control policies (e.g., a simple
PID controller, a rule-based system, a deep reinforcement learning policy);
H is the currently active policy selected from A that determines the next
control U based on the state history; R is the objective function, e.g., «mi-
nimize the stress index quickly while respecting safety constraints”; © is
the full set of parameters defining the current state of F, H and R.

In this system:

The operational loop is the policy H adjusting the control U (video/
audio) in real-time to minimize the objective R (stress).

The evolutionary loop runs periodically (e.g., every n sessions) to
evaluate alternative architectures A or parameters © using sandboxed
“digital-twin” replays of past sessions. Promising variants are then pro-
moted for live use.

The meta-control level enforces safety corridors (e.g., forbidden ran-
ges of U), rate-limits structural changes and triggers an “ontology re-
fresh” if the model’s prediction error drifts significantly.

3.5. Methodological guidelines for designing EC systems. The de-
velopment of evolutionary cybernetic systems is impossible without a
clear methodological foundation that defines both the principles and the
concrete approaches to their implementation. Methodological guidelines
need to integrate architectural solutions, organizational mechanisms,
normative principles and epistemic procedures, ensuring consistency be-
tween the operational and evolutionary levels.

e Architecturally. It is necessary to employ modular, version-con-
trolled management structures with “hot” swappable components and
separate telemetry channels for operational and evolutionary metrics.
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This organization provides flexibility and fault tolerance, allows gradual
integration of new elements without shutting down the system and cre-
ates conditions for tracking the effectiveness of both current actions and
long-term transformations.

e Orchestrationally. Policies for the pace of evolution must be de-
fined — determining when to change rules, at what speed and on which
levels. This also includes managing diversity: establishing quotas or pools
for experimental variants and balancing exploitation of current solutions
with exploration of new possibilities. Such measures ensure the process
remains controlled and prevent both stagnation and uncontrolled dynamics.

e Normatively. An ex-ante system of constraints and an ex-post audit
of evolutionary steps should be in place. It is also important to provide
protocols for halting evolution in case of anomalies or deviations from
safe corridors. These measures guarantee that the system’s development
adheres to established safety, ethical and societal criteria.

e Epistemically. It is crucial to conduct regular revisions of ontologies
and criteria that determine “progress dynamics.” This avoids fixation on
outdated goals, allows correction of assumptions about relevant variables
and relationships and maintains coherence between the system’s internal
models and the dynamics of the external environment.

Thus, the methodological guidelines for designing EC systems form a
multi-dimensional framework that combines technical engineering with
organizational management, normative regulation and cognitive reflec-
tion. Their integration guarantees the system’s integrity and resilience.
This synergy makes it feasible directed evolution even under conditions of
complexity, uncertainty and rapid change.

3.6. Functional requirements for control tools. Within the framework
of evolutionary cybernetics, control tools must satisfy specific require-
ments that transcend the traditional paradigm of stabilization or optimi-
zation. These are instruments capable not only of maintaining system
functionality within a dynamic environment, but also of ensuring its
goal-directed development, the shaping of evolutionary trajectories and
the integration of normative and epistemic demands. The key functional
requirements derived from the paradigms and principles of EC are out-
lined below:

1. Ensuring multi-level controllability. Control tools should support
functioning at the operational, evolutionary and meta-levels. This means
being able to integrate short-term tasks with long-term objectives, as well
as to coordinate parameter changes, structural modifications and the re-
vision of value-goal orientations.

2. Flexibility and modularity of architecture. Control instruments
should exhibit modularity, facilitate the “hot” swapping of components
and offer detailed version tracking of elements. This permits the integ-
ration of new functional blocks without compromising the system’s ope-
rability, thereby supporting dynamic updates in response to environ-
mental changes.
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3. Informational adequacy and telemetry. It is essential to have de-
dicated monitoring channels for both operational and evolutionary pa-
rameters. Control tools must collect and process data reflecting both the
effectiveness of current task execution and the dynamics of the system’s
development. It is important to ensure regular revision of ontologies and
models that represent both the external environment and the system’s
internal structure.

4. Orchestration of pace and diversity. Functional capabilities should
include policies for the tempo of evolution: defining when rules change,
the speed of transformations and the levels at which they occur. In ad-
dition, control tools should support maintaining a guided diversity of
hypotheses and solutions, creating a pool of alternative strategies and
balancing exploration and exploitation.

5. Built-in safety mechanisms. Given the potential for radical trans-
formation of goals, control systems must have built-in safety mechanisms
by default. This entails invariant constraints, forbidden regions of state
space, ethical corridors, and emergency protocols for halting evolutionary
changes in the event of threats to stability or to compliance with funda-
mental criteria.

6. Normative audit and control protocols. Control tools should incor-
porate ex-ante constraints that define the acceptable paths of development
and ex-post audits to asses the advisability and safety of the changes made.
Functionally, it is important to have protocols for halting or reversing evo-
lutionary steps whenever anomalies or unforeseen risks are detected.

7. Support for reflection and self-learning. Functional requirements
include the system’s ability to conduct a reflective analysis of its own
performance and maintain capabilities for self-learning. This means re-
vising performance criteria, adapting models and accumulating know-
ledge about the results of strategies that have been applied.

Thus, the functional requirements for control tools in evolutionary cy-
bernetics are defined by the integration of architectural flexibility, nor-
mative safety and epistemic reflection. Their fulfillment provides not only
the ability to maintain the system’s functionality in a complex, changing
environment, but also creates conditions for its purposeful, controlled
and safe development.

3.7. Formalization of evolutionary processes via mathematical mo-
deling. Within the ontology of evolutionary cybernetics outlined in sub-
section 3.1, an evolutionary process is treated as an ordered sequence of
changes in the parameters, architecture, goal functions and regulatory
principles of a system’s control structure. Unlike classical approaches,
where evolution is regarded as an uncontrolled or external process, in EC
it is an integrated element of the control mechanism, interacting with the
functional loop and directed by the meta-level of management.

According to the formal model described in section 3.4, an evolutio-
nary cybernetic system is represented by the tuple (1), where the opera-
tional level determines the dynamics of state X < R" in the functional
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loop and the evolutionary level governs certain variables ©, A, H and R
in the evolutionary loop.

Evolutionary processes in an ECS can be formalized as dynamics in
an expanded state space:

S(t)= (X(8), A1), A(t)=(O(t), A(t), H(t), R(t), E(t)), €)

where A(t) is the vector of evolutionary parameters; E(t) represents en-
vironmental parameters that influence co-evolution.

Within this space, the evolutionary process can be modeled as the
composition of four interconnected sub-processes. These correspond to
the categories of change previously outlined in subsection 3.1:

1. Structural changes:involve the reconfiguration of the architecture
A(t) and topology of connections.

2. Functional changes:entail the modification of control operators
H(t) and the related operational procedures.

3. Goal changes:focus on updating of the utility function R(¢) and as-
sociated priorities of its objectives.

4. Ontological changes:correction of the environment model E(t) and
the ways it is interpreted.

Formally, the evolutionary dynamics is described by the operator:

Alt+1)= @, (A(t), E(t), E(F)), (4)

where @, () is the composition of evolutionary operators (variation, se-

evo

lection, coadaptation, symbiosis etc.); E(t) is the relevant slice of infor-
mation about the environment; =(t) denotes random or uncontrolled dis-
turbances.

The distinguishing feature of this approach is the integration of the
operational and evolutionary loops: functional changes influence the im-
mediate performance of the system, whereas evolutionary changes affect
its long-term stability, innovative potential and ability to adapt to uncer-
tainty. The meta-level of management plays a key role, determining which
evolutionary operators @, (-) will be activated, with what frequency and
within what limits.

In light of the interconnection with the environment, it is advisable to
include a co-evolutionary component in the mathematical model:

evo

E(t+1)= "W(E(t), X(1), AH)), ®)

which reflects the impact of the system’s states and parameters on the
environment and the feedback influence of the environment on the sys-
tem. This allows one to formalize scenarios in which changes in the system
are not only reactive but also proactively shape the conditions of its own
development.

Thus, formalizing evolutionary processes within evolutionary cyber-
netics enables a shift from describing static or passively adaptive systems
to models capable of designing their own evolutionary trajectory. This
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approach lays the foundation for developing the theory and practice of
directed evolution, which is the defining feature of the new scientific field
of evolutionary cybernetics.

3.8. Universal laws and invariants of evolutionary processes. Syn-
thesizing universal laws of complex system development requires intro-
ducing the concept of cybernetic invariants. There are meta-parameters
that retain their validity across different contexts, including biological, so-
cial and technical domains. They serve as a basis for formalizing evolu-
tionary laws and constructing a unified model of directed evolution.

Key invariants include:

1. Information invariant — the preservation, transmission, and trans-
formation of information as the fundamental requirement for any deve-
lopment to occur. This aligns with contemporary research in information
complexity theory, where evolution is interpreted as a process of enhan-
cing a system’s informational capacity.

2. Resource constraint invariant — the dependence of evolution on ener-
gy, material, and informational resources [18]. This principle is supported
by models of biospheric resilience and the theory of metabolic scaling.

3. Regulation invariant — the presence of control mechanisms and
feedback loops that ensure a system’s adaptability and viability.

4. Structural organization invariant — the tendency toward hierarchi-
zation and the emergence of new levels of complexity, consistent with
principles of nonlinear dynamics and synergetics.

5. Temporality invariant — the rhythm and speed of evolutionary
shifts [19, 20], including their acceleration due to the accumulation of
knowledge and technology.

6. Integrity and openness invariant — the preservation of systemic
unity and cohesion through the necessity of continuous interaction and
exchange with the environment.

7. Teleonomic invariant — the directedness of evolution toward
achieving new goals or maintaining a certain developmental course, espe-
cially important for social and cognitive systems.

Formalizing these invariants creates a foundation for constructing
universal models of controlled evolution and integral metrics of sustaina-
ble development, which could form the basis of modern programs for
global risk management.

3.9. Artificial intelligence and agentic architectures as an evolutio-
nary control layer. Building on 3.1-3.8, an Al-driven agentic layer operatio-
nalizes the evolutionary loop and meta-control by (1) re-interpreting ob-
jectives, (2) recomposing control architectures and (3) proactively plan-
ning state-space trajectories under uncertainty. Unlike fixed-rule expert
systems, agentic Al supports online model revision, hypothesis genera-
tion and coordinated decision-making across interacting agents.

e Architectural role. Al agents inhabit the evolutionary loop and
meta-level: they select and schedule evolutionary operators (variation, se-
lection, co-adaptation, symbiosis), tune their intensity and cadence, run
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counterfactual evaluations before promoting changes to the functional
loop. Practically, this is realized by conversation-centric, tool-using mul-
ti-agent frameworks with human-in-the-loop checkpoints.

e Predictive modeling and digital twins. To verify evolutionary steps
ex ante, the Allayer couples to digital twins and scenario simulators where
agents explore candidate goals/architectures [21], stress-test safety cor-
ridors (invariants, forbidden regions of state space) and optimize multi-
objective trade-offs prior to deployment.

e Safety and governance. As this layer can propose goal changes, safe-
ty must be enforced by design. Two complementary toolsets are used: (1)
Safe reinforcement learning under explicit constraints (e.g., CMDP-style
penalties, domain safety layers) to avoid unsafe policies [22, 23]; (2) Con-
trol-theoretic shields (control barrier/Lyapunov functions) to ensure re-
al-time constraint satisfaction [24]. These mechanisms implement your
doctrine of ethical corridors, fail-safes and emergency halts.

e Embodied/VLA control. Embodied agents and vision-language-ac-
tion (VLA) models map high-level semantic goals to sequences of actions,
enabling purposeful design inside regulatory loops [25]. This supports long-
horizon planning, tool use and skill transfer in open-ended environments.

e Multi-agent emergence and oversight. Agent populations can de-
monstrate emergent conventions and unintended biases. Therefore, the
meta-level is responsible for upholding norms, conducting audits, apply-
ing rate-limiters, enforcing minority-override checks and implementing
diversity policies to steer collective dynamics toward desired attractors.

The practical realization of these principles requires the following
functional components:

1. Dual telemetry: separate operational performance metrics vs. evo-
lutionary metrics.

2. Gated promotion: structured deployment process, that moves agents
or updates through distinct stages: from controlled sandbox/develop-
ment environment — to limited staged rollout — into full production.

3. Controlled diversity: rotating agent/model portfolios.

4. Ex-ante rules & ex-post audits: invariants, forbidden states, rollback.

5. Periodic ontology/objective reviews to prevent goal drift.

Embedding an Al-driven agentic layer operationalizes the EC invari-
ants from 3.8 in deployable form: information via world-models and per-
sistent memory;resource constraints via compute/energy budgets and
risk-aware policies; regulation via safe-RL and control-theoretic shields;
structural organization via modular and population-based architectures;
temporality via adaptive planning horizons and update cadence; integri-
ty&openness via tool use and digital-twin coupling; and teleonomy via pe-
riodic objective reviews and drift metrics. With sandboxed DTs, gated pro-
motion and ex-post audits, this layer provides a traceable path from uni-
versal laws to robust, responsibly autonomous systems across domains.

3.10. Novel contribution of this work. This paper's original contribu-
tions include: (1) The four-level ontology (object-process-mechanism-meta)

ISSN 3083-6573. Information Technologies and Systems. 2025. No. 6 21



O.V. Palagin, D.I. Symonov, M.V. Chervynskyi

unifying biological and technical evolution; (2) Formalization of cyber-
netic invariants as cross-domain evolutionary laws; (3) The two-loop con-
trol architecture with explicit meta-evolution operators; (4) Methodolo-
gical principles for safe EC engineering (modularity, guided diversity,
pace orchestration, default safety); (5) Integration framework positioning
Al/DT as realization mechanisms rather than definitional elements of EC.

Prior work (Vernadsky, Glushkov, Holland) provided conceptual or
algorithmic fragments; while this synthesis establishes EC as a coherent
discipline with formal foundations and engineering guidelines.

4. Integration with Modern Fields

Evolutionary cybernetics (EC) has significant potential for integration
with the leading areas of modern science and technology, since its metho-
dological apparatus makes it possible to describe, model and control pro-
cesses that unfold in systems of any nature. Such integration not only en-
riches the theoretical basis of EC itself, but also creates new application
areas for the fields that already have well-established research traditions.

1. Global governance and sustainable development. EC can be applied
to solving planetary problems and to strategic planning of humanity’s de-
velopment. In particular, its methods offer tools for scenario analysis and
systemic forecasting to shape strategies for humanity’s survival under
conditions of ecological and biospheric crises. This includes the manage-
ment of major issues such as climate change, resources, demographic pro-
cesses and the formulation of long-term sustainability policies. For in-
stance, EC models can help international organizations and governments
to plan development multiple decades ahead, while accounting for the
complex feedbacks between the natural environment and socio-economic
systems.

2. Technological evolution and NBIC convergence. The current age is
characterized by the convergence of nano-, bio-, information and cognitive
technologies (NBIC convergence), a trend which leads to a radical accele-
ration of technological progress. EC considers coordinating the deve-
lopment of emerging technologies from the standpoint of directed evolu-
tion — from supporting innovation and scientific research to evaluating
risks from the deployment of breakthrough technologies. For example,
EC can propose models of innovation management in which the develop-
ment of different fields (biotechnology, artificial intelligence, nanomate-
rials etc.) is coordinated to achieve socially beneficial goals. Such an ap-
proach ensures the purposeful emergence and convergence of new tech-
nologies according to predefined criteria of efficiency and safety.

3. Cognitive and neurotechnologies. In the realm of cognitive neuro-
science, EC can be used to build multi-level models capable of simulta-
neously accounting for neurophysiological mechanisms, the dynamics of
neural networks and adaptive-evolutionary processes in cognitive sys-
tems. Notably, an evolutionary approach makes it possible to model not
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only the stabilization of brain functions, but also the purposeful reorgani-
zation of neural network architecture under the influence of learning,
trauma, or environmental change. This provides the foundation for new
strategies of neuro-rehabilitation, the development of artificial cognitive
agents and hybrid bio-artificial systems. In addition, opportunities arise to
guide the cognitive evolution of humans at individual and collective le-
vels — for example, through adaptive educational systems that adjust to
the learner, or through the co-evolution of humans and Al, ensuring the
safe and ethical integration of Al into society.

4. Biotechnologies and genomics. EC methodology can be integrated
into the analysis and modeling of genomic processes, where evolutionary
operators (variation, selection, coadaptation) have direct biological ana-
logues. Formalizing these processes in a cybernetic context allows design-
ing controlled scenarios of evolution for genetic systems, creating models
of organisms’ adaptive responses to environmental changes and support-
ing engineering biotechnological applications, particularly in synthetic
biology. In this way, EC methods can aid in steering the evolution of living
organisms — from genetic engineering to ecosystem management — with
the goal of enhancing the resilience of the biosphere.

5. Social transformations. Socio-technical systems are examples of
complex evolutionary objects in which goals, management architectures
and environment mutually transform one another. EC enables the de-
scription of processes of collective adaptation, the evolution of network
interaction structures, and the purposeful shaping of behavioral patterns
in communities. Using evolutionary-cybernetic models, one can analyze
various scenarios of social change — from the transformation of political
institutions to the evolution of culture under the influence of the internet.
For instance, it is possible to model how the implementation of a universal
basic income or other economic innovations would influence social struc-
ture over decades. An important task is managing social changes to mini-
mize risks (conflicts, crises) and support harmonious development. Thus,
within EC, social cybernetics addresses both the analysis of current trends
and the design of new social systems (e-governance, e-democracy etc.).

6. Economic systems. In economic systems, EC can provide a theoret-
ical foundation for constructing models of markets capable of changing
their own “basic rules” in response to external challenges. The evolu-
tionary perspective allows markets to be viewed as dynamic regulatory
systems with multi-level feedback adaptation, where changes in goals,
mechanisms, and management architectures can be purposefully designed
to sustain efficiency and stability. For example, regulators might deploy
evolutionary algorithms for adaptively adjusting financial rules in re-
sponse to new global trends, thereby ensuring the economy’s resilience
over long-term cycles.

The interaction of EC with these fields creates prerequisites for the
formation of interdisciplinary platforms in which mathematical models,
algorithms, and experimental environments support a unified conceptual
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approach to controlled evolution. Such synergy opens the way for the
creation of universal evolutionary architectures applicable in neuroengi-
neering, biotechnology, social governance, and economic forecasting.

5. State and Prospects of Development

By 2025, evolutionary cybernetics is at the stage of forming itself as a scien-
tific paradigm. It is still developing predominantly among systems thin-
kers and futurists, with initial publications appearing and conferences be-
ing held on this topic. Theoretical foundations are being laid, but ahead
lies a great deal of work on the practical implementation of EC’s ideas.
There is growing awareness that humanity needs tools for collectively
managing its own future, and evolutionary cybernetics aims to become a
supplier of such tools.

To accelerate the development of this new field, steps toward its in-
stitutionalization and integration into the educational environment are
important. It is proposed to establish specialized research centers and
communities dedicated to evolutionary cybernetics, launch dedicated
journals, and hold regular conferences. The accumulation of knowledge
can be systematized by formalizing EC as a separate discipline within cy-
bernetics or systems analysis. In parallel, there is the task of developing
academic programs to train specialists of a new generation. It would be
prudent for universities to introduce Master’s specializations and doctoral
courses in evolutionary cybernetics. Such programs could include courses
in complex systems modeling, futurology, innovation management, tech-
nology ethics and more, to teach young researchers to think systemically
and long-term, combining knowledge from cybernetics, ecology, sociolo-
gy, IT and other fields.

An important direction for progress is deploying international re-
search projects that demonstrate the practical value of EC approaches.
For example, programs under the UN or EU could be initiated to model
climate and socio-economic scenarios and projects such as a “Global
Brain” (the concept of a planetary information network as a collective in-
telligence) or interdisciplinary studies on NBIC-technology convergence.
Collaboration between scientists of different countries in such projects
will lay an empirical foundation for EC and allow its approaches to be
tested in practice. Moreover, closer integration of EC with the develop-
ment of artificial intelligence and cognitive sciences is needed. Al can be-
come both a subject of research (the evolution of artificial agents) and a
tool for analyzing big data about system development. EC will increasin-
gly account for the human factor — human cognitive limitations and the
psychology of perceiving change — when designing strategies for direc-
ted evolution. This necessitates dialogue with the social and human scien-
ces to address the ethical and cultural aspects of intervening in evolution.

The growth of evolutionary cybernetics calls for a comprehensive re-
search program that integrates fundamental and applied areas. First, on
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the theoretical level, it requires discovering universal laws of evolution,
formalizing invariants of complex systems and developing an ontology of
developmental processes, drawing on the synthesis of ideas from Ver-
nadsky, Glushkov, Prigogine, and contemporary cognitive science. In this
context, it is promising to leverage methodologies drawn from infor-
mation complexity theory, nonlinear dynamics and evolutionary com-
putation. Secondly,the applied dimension of EC is centered on creating
predictive models for natural-technical and socio-economic systems. This
involves employing tools from Al and big data to analyze evolutionary
scenarios, Additionally, the development “life safety” indicators as an in-
tegral metric of sustainable development is important as well. A crucial
component is the cognitive aspect — taking into account the role of con-
sciousness, collective intelligence and cognitive governance. In the future,
forming international consortia and national programs for directed evo-
lution may become the foundation for a global system for monitoring
and managing evolutionary processes, addressing the challenges of the
21* century.

6. Tasks and Guidelines of Evolutionary Cybernetics

The initial stage of establishing evolutionary cybernetics requires identi-
fying the areas of its practical application where the new methodology can
demonstrate tangible advantages over classical approaches. This involves
not only isolated experiments, but the creation of reference examples —
demonstration testbeds to validate theoretical propositions. It is important
to form a portfolio of application projects in various domains: from in-
frastructure networks and biomedical technologies to socio-technical sys-
tems. On this basis, a corpus of benchmark problems should be assem-
bled, in which the primary criterion is not the achievement of static goals,
but the system’s ability to design and implement its own evolutionary
trajectories.

Developing metrics of evolutionary resilience holds significant im-
portance, as these allow one to distinguish mere adaptation from
goal-oriented development. Examples of such metrics include the velocity
and expense of system reconfiguration, the predictability of dynamics and
the alignment of objectives across different organizational levels. Verify-
ing these metrics is a prerequisite for establishing engineering standards
and practices for subsequent application. In the future, this paves the way
for projects such as “evolutionary digital twins” of energy systems, evolu-
tionarily managed medical platforms, or two-loop artificial intelligence
agents capable of generating and testing their own architectures.

At the same time, from the very beginning the global dimension must
be considered, because evolutionary cybernetics cannot be confined to lo-
cal problems. It is naturally oriented toward planetary-scale systems that
unite the technosphere, biosphere and socio-cultural structures. A para-
mount objective involves establishing long-term goals aligned with the
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principles of sustainable development, life safety, ethical responsibility
and intergenerational justice. It is necessary to harmonize the pace of
transformations in diverse subsystems to avoid structural imbalances be-
tween technological innovations, institutional shifts and cultural pro-
cesses. On a global level, effectiveness criteria include multi-level align-
ment of objectives, maintaining diversification of potential development
trajectories and regular revision of ontologies that determine which chan-
ges should be qualified as progressive.

In this context, artificial intelligence and its use hold a special place.
Modern breakthroughs in deep learning need to be complemented by evo-
lutionary mechanisms that can ensure self-design capability, maintenance
of diversity and safety by default. The combination of “deep learning +
evolutionarity” opens the prospect of creating two-loop agents that can
autonomously adapt not only their parameters but also their own rules of
functioning, while remaining controllable and transparent to the user.

Problem formulation in evolutionary cybernetics reflects its transdis-
ciplinary character and practical orientation. At the theoretical and meth-
odological level, the key task is to construct a general concept of control-
led evolution that synthesizes the principles of cybernetics, evolutionary
theory and cognitive sciences. The analytical and prognostic dimension
entails creating models for eventuality analysis and indicators of the state
of global and local systems to forecast possible trajectories of civilizational
development. The applied dimension is connected with developing me-
chanisms of influence on social, economic and ecological processes, inte-
grating NBIC technologies and implementing “life safety” criteria as an
universal measure of sustainable development. The cognitive-social di-
mension is of particular importance, focusing on the evolution of con-
sciousness, knowledge, and collective intelligence, which determine hu-
manity’s ability to manage its own future in a coordinated way [26]. Final-
ly, the organizational and managerial tasks are aimed at establishing
national and international programs of controlled evolution, which should
become a new institutional foundation for global society.

Thus, the initial tasks of evolutionary cybernetics are multi-faceted:
they need to lay the theoretical foundation of this important branch of
cybernetics while simultaneously being oriented toward creating applied
research demonstration systems and shaping long-term global programs
in which technological innovations are integrated into the broader context
of civilizational evolution.

Conclusions

Evolutionary cybernetics opens new horizons for science and practice, of-
fering a holistic vision of the directed development of humanity, society
and the planet. It combines the achievements of cybernetics, evolutionary
theory and the cognitive and social sciences, forming a paradigm of direc-
ted evolution. Its ideas — from Vernadsky’s noosphere to artificial intelli-
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gence — are aimed at harnessing knowledge and technology for the sake
of a sustainable future [27].

At the same time, this new field requires broad interdisciplinary dia-
logue and a responsible attitude. Directed evolution raises serious ethical
questions and necessitates accounting for diverse interests and risks. The
further development of evolutionary cybernetics is feasible only through
close collaboration among experts from wide spectrum of fields — in-
cluding cyberneticists, biologists, ecologists, sociologists, philosophers,
engineers — and requires the active support of society. If successfully
realized, evolutionary cybernetics could become an intellectual tool that
assist humanity consciously and responsibly steer its own evolution in
harmony with nature and cutting-edge technologies.
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MOETIOBAHHS EBOJTIOLIIMHOI KIBEPHETMKM:
OHTOJIOI'TSI, IHBAPIAHTV TA TIPMHLIATIN ITPOCKTYBAHH?I

Beryn. Esormoniiviaa kibepHetnka (EK) miporioHyeThCs K 3arajibHa HayKa KepyBaHHS
3MIHOIO Y TeXHiuHIX, Oi0JIOrivHIX i COIIOTEeXHIYHVIX CMCTeMax 3a yMOB HEBM3HAUEHOCTI.
Ha BigMmiHy Bim KIacMuHOI HapagurMym 3i cTamMMM LUIAMM Ta (iKCOBaHOIO
apxiTekTyporo peryiaropa, EK Buxonuts i3 Toro, 110 1iii, oOMeXXeHHs 1 CTpyKTypa
TaKOX MOXYTBH eBoyolioHyBaTu. Ll apxiTekTypa OymyeTbcsi Ha [IBOKOHTYPHIN
opraHisallii yIpasJiiHHS: OIlepallifiHMII KOHTYp OHNTWMIi3y€e IIOTOYHY IIOBeIiHKYy, a
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€BOJIIOIIiVIHO-MeTaKOHTYP BUKOHY€ (PYHKITIIO 3MiHV Ta OHOBJIeHHs P yHIaMeHTaTbHIUX
paBwJl, apXiTeKTypu Ta KpuUTepies eeKTUBHOCTI CUCTEMI.

Meta: (1) CdopmymoBat onrosnorito EK (00’exTi, mpormecyu, MexaHizmuy,
MEeTaKOHTPOJIb); (2) BM3HauMTH KiGepHeTwnuHi iHBapiamTi (iHdopMaris, pecypcHa
0OMeXXeHICTb, PperyJidLis, CTPyKTypHa oOpraHisallis, TeMIIOpaJIbHICTh, LUICHICTH/
BIIKpUTICTB, TEJTeOHOMIsI) SIK CIIUIBHI 3aKOHM eBostrollil; (3) HamaTw HPUHIWIN Ta
dyukuinai BuMorn o cucrem EK; (4) mopgatu dpopmasibHy MoJieb eBOJIIOIIHOL
KiOepHEeTMYHOI CUCTeMM Ta OIlepaTopiB MeTa-OHOBJIEHB; (5) OKpecanTn cdepu
3aCTOCYBAaHHS Ta IOCIITHUIIBKY IIPOrPaMy.

Metonw. @opmarrisariis CriipaeThcs Ha OHTOJIOTTYHEe MOJIEIIFOBAaHHS Ta JIBOKOHTYPHY
cxeMy IIpUMHATTA pimteHb. OHTOJIOTIYHe MOJe/IIOBaHHS OXOIUIIOE YOTMPW PiBHI:
«00’€KT — IIpollec — MexaHi3M — MeTaKOHTpoiIb». KpiM TOro, 3ampoBamKyIoTbcs
oriepaTopy eBOJIOIIHMX 3MiH, SIKi 3aCTOCOBYIOTHCS It Moamdikallii mapameTpis,
LIJIeVI Ta apXiTEKTY P CHUCTeMI. IHBapiaHTV 3a/1af0Th 3araIbHi OOMEXeHHS V1 KpuTepii
Y3TOIDKEHOCTI Yepe3 goMeHn. MeToosIoriuHi IIpUHIVIN OXOIUIIOIOTh KepyBaHH:A
TeMIToM i Ppi3HOMaHiTHicTIO, OaraTopiBHeBe Yy3TO/KeHHs Iiiylerr, pedrleKCUBHe
OHOBJIEHHSI OHTOJIOTiVI, Oe3IIeKy «3a 3aMOBUYBaHHSIM», a TaKOX IlepeBipKu ex anfe i
ayauTu ex post.

PesynpraTi. 3anpornonosaso: (1) miticHy xoHnenryansHy paMmky EK; (2) Habip
HOPVHIINIIB i BUMOTI JI0 iHXKeHepii cucTeM, IO 3[aTHI 3MiHIOBaTM BJIacHi Il Ta
apxiTekTypy, 30epiraroun KOHTPOTbOBaHICTB; (3) PopMaTbHY MOTIENTb Ta OIlepaTopiB
MeTa-piBHS TS iHTeTpariil eBOIOIITHOTO KOHTYPY 3 (PYHKIIHMM; (4) TOPOXHIO
KapTy3acToCcyBaHbY coLioKibepHeTu1li, 6i0- / HempoinTepdericax, iHPPacTpyKTy pHIUX
Mepexxax i mostiTikax crastocti. CyudacHi iHCTpyMeHTM (HarIp., OeslieuHe IiIKpilUIoBaIbHe
HaBYaHHsI, KOHTPOJIbHI Oap’epu, 111dpoBi IBITHUKIN) PO3IIISAAAIOTECS SK IPaKTUYHI
MexaHi3MI peastizallii eBOJIOIIIHOIO KOHTYpY, a He $IK OOMeXyBaJIbHa CYTHICTb
IVICIIATUTIHNL.

Bucnoskn. EK Hagae MeTaTeopeTMYHMI Ta iFDKeHePHWVI KapKac I KepOBaHOI
€BOJIIOLIT CKJTaJIHMX CUCTeM: IO€HAaHHA JBOKOHTYPHOIO KepyBaHHs, iIHBapiaHTiB Ta
dopMaTIbHMX OIlepaTopiB MeTa-OHOBJIeHb 3abeslledye KepoBaHy 3MiHYy Iilen i
CTPYKTYpW 3 TapaHTisiMy Oe3IleKn Ta y3TrOfPKeHOCTi y JOBIMX YacOBMX FOPM30HTAX.
Lle BimKpuBae UISAX 0 BiIIOBiTaJIbBHMX ITPAKTUK PO3BUTKY B MiHJIMBUX CepeOBUIIIax.

Katouobi caoBa: eboroyinma kibepremuia; kepobana eboaonia; MemakoHmpoay; 060KoHmypHe
Kepybanns; kibepremuuni inbapianmu; xoeBoatoyis; yupobi 06iinuku.
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IIIITOTOBKA PEKOMEH/IALIIV
IMoa0 BMbOPY HABUYAJIBHMX PECYPCIB
3 YPAXYBAHHIM PISHUX CTUJIIB HABUAHHI

3arrporoHOBaHO MeTOIOVKY IIATOTOBKW PeKOMeHHAIi IOfI0 BUOOpY HaBJYaIbHIX
pecypciB 3 ypaxyBaHHAM MeTW Ta PiSHWUX CTWIIB HaBYaHH:: aydio, Bileo, TeKCTOBU
To110. HapuaHHs BITPOIOBX XXUTTS CTa€ BCe OUTBII MOMYJIIPHMM, OCKIJTBKY A€ 3MOTy
HaBYaTVCS JIFO[IAM Pi3HOIO BiKy 3 Pi3HOIO METOIO SIK [IJIsi OTPUMAaHHS IUIUIOMY, TaK

Hurysanns: Cuaving KM., Casgenko-Craskosa €.A., Casuerko MLIO., 3apyvmipka C1.,
Toxosa O.B. Iligroroska pekoMeHpalliil 111010 BUMOOPY HaBYaJIBHUX PecypciB 3 ypa-
XyBaHHSM Pi3HMX CTWIiB HaBYaHHA. [nformation Technologies and Systems, Kuis, 2025,
Towm 6 (6), 30-42. https:/ / doi.org/10.15407 / intechsys.2025.06.030

© Publisher PH «Akademperiodyka» of the NAS of Ukraine, 2025. This is an Open
Access article under the CC BY-NC-ND 4.0 license (https:/ /creativecommons.org/
licenses/by-nc-nd/4.0/

30 ISSN 3083-6573. Incpopmayinini mexroaoeii ma cucmemu. 2025. No 6 (6)
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i IIpocTo A1 BiTHOBJIEHHS 3HaHb 3 JesdKMX AVCHUIUIH. g ypaxyBaHHS CTWIIB
HaB4uaHHS oO0paHo Mopenb Penpepa-CitbBepMaHa, sIKa ONVCYE YOTMPW IIKaM,
III0 BU3HAYAIOTh IIepeBary yuHiB y HaBUYaHHi. 3alIpOIIOHOBAHO CTPYKTYPHY CXeMY
peKOMeHIalliHOT CUCTeM, sKa [JacTh 3MOTY FOTYBaTV TaKi peKOMeH/Iallil ITif1 Jac
HaBYaHHS BIIPOOBX XXWUTTH 3 ypaXyBaHHAIM HaKOIIMYeHOIo JIO0CBilly HaB4aHHS B
noaiOHMX cCUTYyaIlisix.

Katouobi caoBa: erexmponne nabuanna, nabuanna 6npodobx sxumms, beanepepbre HABuaHHS,
PpexoMeHOayiliHA CUCIeMa, CHIUAL 1A Mema HABUAHHA.

Beryn

EnextponHe aucTaHIliviHe HaBYaHHS HMHI € JOCTaTHBO IIOIYJIAPHIM,
OCKIJIBKM [1a€ 3MOTY HaBUaTUCH JIIOIAM Pi3HOTO BIKY B 30BCIM pi3HMX
yMoOBax, 110 0coOJIMBO aKTyasIbHO 3apas Wi Ykpainu. Ilepconasizaris
11obakaHb KOXKHOTO YUHSI MO0 CTIJIIO, 3a SIKMM BiH OV XOTiB HaBYaTMCS,
3pobwia 0 HaBuaHHS KOM(OPTHIIIMM, IO MiOBUIIIIO O SIKiCTH CAMOTO
HaBYaHHSI.

3apa3s B IHTepHeTi € BelMKa KUIBKICTh MaTepiaiy i I caMOCTiIHOTO
HaBYaHHS, 1 K JOIIOMOra IIiJ] 4ac HaBYaHHH B Pi3HMX 3aKilaJax OCBITHU.
Ajte BUbip 3pyuHMX pecypciB IJIg TaKOTO HaBYaHHS MOXKe CTaTy He IIPOC-
TOIO 3aradero. ToMy HasBHICTB mopaz abo peKoMeHAalliy 1010 BUOopy
pecypciB I HaBYaHHH 3 BUKOPMCTAHHSIM JIOCBily YUHIB, SKi BXe IIPO-
XOOWIN 11i Kypcy abo BUKOPUCTOBYBaIM 11i pecypcy, Oyiia 6 KOpUCHOIO
i1 yac BUOOpPy pecypciB [jI HaB4aHHs, 0co0mBO camocTirtHoro. Taki
peKoMeH/allil Moe OyTM OTPMMAaHO Bil peKOMeHIAIilTHOI CUCTEeM,
dKa HaJaBaTVMe iHTeJIeKTyaJIbHy IiATPVIMKY €JIeKTPOHHOI'O HaBYaHH:I.
Po3po6ui TaKol peKOMeH):Lauir?[Ho'l' CUCTEMU VI IPUCBIYEHO TTOCITIIKEHHS
aBTOPIB.

[TorrepenHi mocmiyKeHHs OKa3aIv, 110 3a HaBYaHHS BIIPOIOBX JKIT-
TS MOXKe Oy TV BUIIEHO YOTMPY Pi3HI MeTH, KOXKHa 3 IKMX Ma€ CBOI 0CO-
6rmBocTi. ToMy 11 KOXKHOT 3 HMX MOKe OyTM 3aCTOCOBAHO Pi3Hi MeTOAM
Ta 3aco0m min yac minrorosku pekoMexmariin. Tomy 3agayua moOyoBu pe-
KOMEHJIAIiMHOI CucTeMM [1JI1 BUOOpY pecypciB I HaBYaHHS 3 ypaxy-
BaHHS BCiX 0COOIMBOCTET IHOTO IIPOIIECy € aKTyaIbHOIO 3a/1a4elo.

Memoto cmammi € po3poOrIeHHS IIPOTIO3NIIIN Ta METOIVIKM ITiITOTOBKM
peKoMeHIalliN 11010 BUOOPY pecypciB 3 ypaxyBaHHSIM OakaHOI MeTU Ta
CTWIIO HaBYaHHS IS IiABUIIIEHHS KOM(OPTHOCTI Ta SIKOCTi HaBYaHHS.

3acTocyBaHHs CydaCHMX TeXHOJIOTIN
B OCBITI Ta M@ poBi TpaHcopMalii

ITogBa cyuacHMX TeXHOJIOTIN B rajly3i OCBiTM 3MiHWIa OCBITHIiN IIpoIiec,
OCKIJIBKM 3apas3 IIpollec HaBYaHH4 € OUIbII iHOMBimyastizoBaHUM, iHTep-
aKTMBHMM Ta MOOUIbHMM. Taki TexHOoJI0riT He 3aMiHIOIOTh BUKJIagava, ajie
MOXYTb JOIIOMOITH $IK BUKJIaJady B po3po0sieHHI HaBYaJIbHUX KyPCiB,
1100 3poOuTN IHCTpyMeHTapil IiKaBillM i KOPUCHIIMM, TakK i y4HIO,
PO3IIVPIOIOYN TI0TO MOXKJIMBOCTI IIOIIYKY PecypciB /I HaBYaHHs, Ki O
Bi/ITIOBizIaJIM VI0TO iHAVBIAYaJIbHMM IIOTpebOaM.
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Hosi migxonm 1o ocBiTi 6a3syroTbcs Ha IIpMHIMIIAX THYYKOCTI, iH-
KITEIO3VIBHOCTI Ta iHTerpaliil TeXHOJIOTiN i OXOIUTIoroTH [1]:

® aBTOMAaTM3allifo IIPOIIeCiB Ta PO3BUTOK IITYYHOI'O iHTEJIEKTY;

® IIepeOCMIICIIeHHsI POJIi Ieflarora — Bif] TPaHCIIATOPa 10 MEeHTOpa;

e popMyBaHHS HaBUYOK TBOPYOCTi Ta KPUTUYHOTO MVCIIEHHS;

® PO3BUTOK HAaBWYKVM CAMOCTIVIHOIO IOLIYKY PillleHb TOIIO.

MixnapoaHi JOCTKeHHs [TOKa3yIoTh, 1110 Y4HIi, gKi HaBYalOThCS 3a
IHHOBaLIITHMMM IIpOrpaMaM, IeMOHCTPYIOTh BUILL pe3yJIbTaTy i B 3HaH-
HSIX IIpeIMeTIB, 1 y PO3BUTKY YHiBepcaJIbHMX, HecllelliaJi30BaHnX HaBU-
YOK, SIKi CTOCYIOTbCSI OCOOMCTICHMIX SIKOCTeV, IOBEAiHKM Ta MiXocoOvic-
TicHOT B3aeMoii (soft skills) [2].

Xapakrepni ocobmmsocti OcsiTit 3.0 — Tepexin Bif cTaHZAPTHMX
Iporpam /10 iHAMBiyajbHMX, KOJIV KOXKeH yueHb Ma€ MOXJIMBICTb HaB-
4JaTMCh y BJIACHOMY TeMIIi 11 00vpaTyi IpeMeTH, sKi 1oMy HamOisIblIe 11i-
KaBi, 11 11i 3HaHHA OyAyTh KOPUCHI y ManiOyTHbOMY .

OcnosHi npuHimmm Ocsitit 3.0: aganTUBHICTD, ITepcoHali3allisd Ta
opieHTallisl Ha pe3yJIbTaT. 3aMiCTh 3aydyBaHHs (PaKTiB yUHI HaBYalOTbCA
3aCTOCOBYBaTV 3HaHH: ISl PO3B’sI3aHHS peaJIbHUX 3aBJaHb.

ITepeBary BUKOpMCTaHHS Cy4acHMUX TeXHOJIOTi B ocBiTi [1, 3]:

e [lepconarizayia: KoxxeH yuyeHb MOXe HaBYaTWCs y BJIACHOMY TEeMIIi,
BUKOPWCTOBYIOUM pecypcy, 110 BiANOBiZaIOTh MOr0 iHAMBIIYaJIbHUM
rorpebaM Ta CTVWITIO HaBYaHHS.

o Jlocmynuicme: OcBiTa cTa€ IOCTYIHIIIOK Yy BiJlaJIleHMX perioHax
abo 1151 JrozIeVt 3 0CoOIMBUMIYL TIOTpeOaM.

e 3asyuenns ma inmepakmubricmy: IHTepakTUBHI JOOATKY, irpu Ta Bip-
TyaJIbHIi cepeIoBuIlia POOJIATh IIpolleCc HaBUYaHHs OUIBIII 3aXOIUIVBVIM Ta
I[iIKaBUM.

e AxmyaivhicTh: TexHOJIOTII 1af0Th 3MOrY IIBUIKO OHOBJIIOBATY 3MiCT
KYPCiB Ta IIporpam BiJIIOBIJTHO /10 Cy4acHUX BVMOT.

Lindposa TpaHcdopmaliiss B OCBiTI 3MIHIOE CIIOCIO CTBOpeHHS HaB-
YaJIbHOTO KOHTEHTY Ta PO3IIMPIOE PiSHOMAHITHICTH CUTyalliVi, y SKUX
BOHa BUKOPVICTOBYETBCS.

Pyx 3a BimkpuTi ocBiTHi pecypcu [4] rTos1eriye JOCTYITHICTD eJIeKTPOH-
HOT'0 KOHTEHTY, a TAaKOXX 10T0 KOPUTyBaHH: Ta aJallTallilo BiIIOBiIHO 110
ninensii CreativeCommon [5]. AnanTariiss HaB4aJIbHUX pecypciB 4O HOBMUX
yMOB. 301JIbIIIeHHS KiJIbKOCTiI HaBUaIbHIX pecypciB, 0COOIMBO ISl cCaMO-
CTIVIHOTO HaBYaHH:, 1 BIIKPWUTI OCBITHI pecypcy € OCHOBHUMM YMHHMKA-
MU BpaxyBaHHS iHAMBiyaIbHMX YIIOHOOaHb.

ITosiBa HOBMIX TeXHOJIOTiV IpM3Besia 10 HeoOXimHOCTI Oe3epepBHOTO
OHOBJIEHHS 3HaHb, HAOYTTS HOBVX HaBMYOK Ta ITiABUIIEHHS KBasTidika-
11ii [6]. Texrortoril 3a0e3meunsIvi MacoBMIA JOCTYII 110 HaBUaJIbHUX MaTe-
piasiiB, KOHTEHTY, 3po0mIn ix 3py4dHMMM Y BUKopucTaHHi. [logaHas Has-
yJasIbHOI iHopMallil B eJIeKTpOHHI popMi (TEKCTOBOT, 3BYKOBOI Ta BifIe0)
3a0e3meunsIo MacoBicTh 1X BUKOPMCTAHHS. PO3BUTOK KOMIT IOTEPHMX TeX-
HOJIOTiVI HaBYaHHs JJa€ 3MOTY THpaXkyBaTV HaB4aJIbHII IIPOLIeC IIUIIXOM
ZIOCTYITy 10 HaBYaJIbHMX KYPCiB /I HaBYaHHSI.
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OTtXe, CbOTO/IHI, KOJIV HAIIPAIIbOBAHO BEJIVIKI 0OCSTV Pi3HOMaHITHMX
KyPCiB 1711 HaBYaHHS B Pi3HMX cdepax, aKi MOXYTb Oy TV BUKOPUCTaHI K
71 CAMOCTIVIHOTO HaBYaHHS, TaK i 11 ITpOopiJIbHOTO, YUHeBi [1y>ke BaKKO
30pi€HTYBATHCS Y BMOOPi HaBUAJIbHOTO Pecypcy, HaBiTh 3 ypaXyBaHHSIM
MeTH 110T0 HaB4aHH:. Tomy 11oOymoBa TeXHOIIOTIN, sKi Mo O 11omy 10-
IIOMOTTH B TaKOMY BMOOpI, CbOTOJIHI € BayXJIMBMM Ta aKTyaJIbHVM 3aBaH-
HAM. Y IIbOMY HOCTIIKeHHI ITOCTaBJIEHO 3aBIAHHSA PO3pOOJIeHHS MeTo-
IVIKV IIIATOTOBKY peKOMeHIalli [jId yUYHs 3 ypaxXyBaHHSIM KOM(OpPTHO-
0 CTVJIIO HaBYaHHS.

Posp BYIKJ/Ialava Ta pecypcu OJIs1 HaBUaHHSA

CyyacHu niefaror — He IIPOCTO TPaHCJIATOP HOBMX 3HaHb. HuHi BiH €
OpraHi3aTOpOM CaMOro Hpollecy Mi3HaHHS HOBOIO, KOJIM BUKJIaJad Mae
HaBUMUTY YUHS HPOBIIATI iHTepec [10 IIpeMeTy, SKuUM BUBYae [7].

CydacHuy y4yuTelb Ma€ BiJIIOBiIaTV TakKUM HpodeciiHMM KpuTe-
pisiM: OyTy BiIKpUTHM [0 iHHOBAIlill, TOTOBUM CaMOBIOCKOHAIIOBATIC,
niepe0yBaTy y IIOCTIVIHOMY TBOPUYOMY IIOIIYKY, PyXaTUCh yIepen — Iipa-
LIFOBATV Ha/l CBOIM ITpodeciiHiM pO3BUTKOM, OBOJIOAIBATV HOBUMU IIPO-
decivirVMMI postsimu [8, 9].

CrporopHi 3aBIaHHs BUKJIalada II0JIsArac y IMOIIMPeHH] HOBIX 3HaHb,
po3pobiieHHi KypciB Ta TpeHiHTiB, TOeIHaHHI MOXIMBOCTEN (POpPMaIbHOT
Ta HedpOpMaJIbHOT OCBITY I ITPOdeCiIHOIO PO3BUTKY YUHIB.

OcBimmui pecypcu € CyKyIIHICTIO MaTepiasliB, iIHCTpyMeHTiB, Tu1aTpopM i
CepBiciB, CIIPsIMOBAaHMX Ha HiITPUMKY Ta OIITMMIi3allilo IMporecy HaB4aH-
He. lle oxorwIoe i TpaguLiviHi HaBYaJIbHO-MeTOIMYHI KOMIUIeKCH, 1 iH-
HOBalliViHI M@ POBi pillleHHs: Bifl eJIeKTPOHHMX MHiAPyYHMKIB 110 ajar-
TUBHMX HaBUaJIbHVIX cvcTeM. Hammpukitaz, B Tabs1. 1 HaBeieHO Taki Xapak-
TepucTuku 3 [10].

I'ostoBHOIO 0COOGIIMBICTIO M POBUX OCBITHIX PeCcypciB € Te, 1110 BOHU
€ IHTepaKTMBHMMM Ta 3[JaTHI aKTMBHO 3aJIy4yaTV Y4HIB 70 IIpollecy, Ha-
matouy OaraTo MemiadopMartiB Ta THYYKICTh HOCTYITy, IO IIiIBUIIy€E

Tadauya 1. XapaKTepucTHKa OCBiTHIX pecypciB

XapaKkTepncTmKm TpagmuiﬁHi ng)pOBi
OCBiTHI pecypcu OCBiTHI pecypcu
HagsnicTp ObmexeHo dismyaMM pOo3- | [locTyIHO 3 Oyap-sKOro Mic-
TalTyBaHHIM 11 3 iIHTepHETOM
OHoBJjIeHHSA [Norpibye nepeBnmanms (Mi- | OniepaTriBHe OHOBJIEHHS
sl / pokm) (xBwEHM / TORVIHIL)
ITepconarrizariia CraHgapTm3oBaHWUI IiaXin | Agarraris o iHaMBigyaTs-
HVIX TIOTped
IHTepakTMBHICTH O0OmexeHa Buicoka, 3 MuTTEBMM 3BO-
POTHWM 3B’ SI3KOM
BapricTe Macitabysanns | Bucoka Hwuspka
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edeKTMBHICTh HaBYaHHS IOPiBHSHO 3 OUIBII HAaCUBHUMM TPaIWULIiTHUMM
MarepiajaMu.

Bulip onTmMasIbHOTrO OCBITHBOIO pecypcy — 3aBIaHH:, sIKe IIOTpe-
Oye cucremHoro minxomy. Ilpm BemMuesHOMy pi3sHOMAHITTI JTOCTYITHMX
11aTOPM JIeTKO 3aryoutiics abo 3pobuty BuOip, 110 He BiAIoBinae pe-
anpHMM noTpebam. Kimouem /10 ycrixy € diTke popMysIIOBaHHS OCBITHIX
LIiJIeVt Ta KpUTUYHWI aHaJIi3 3alIPOIIOHOBAHVIX OIILIiVL.

Omnmc pi3HMX CTWIIB y HAaBYaHHI

Bifmomo GaraTo pisHux cTwiiB HapyaHHsA. Hampukiiaz, icHy0Th Taki cTmIi
HaBYaHH:

e VARK (Learning Styles VARK) [11];

e cTvti HapuaHHs Kosba (Kolb’s Learning Style) [12];

e MofleIb JoMiHyBaHHsS MO3Ky I'epmana (Herrmann brain dominance
model) [13];

e moznenb Penpraepa-Cinbepmana (Momenns dC, Felder Silverman
model) [14-16].

ITig ctvnem HaBuaHH: (learning style) MaeMO Ha yBa3i CYKyHHICTb
IIapaMeTpiB, III0 XapaKTepM3yIOTh CIIOCiO IMOIaHHS Ta CHPUIHSTTS iH-
dopmariii, criocib 11 ycBimoMIIeHHS Ta KOTHITMBHI XapaKTEePUCTUKI yUHS
[17]. BuxopwmcTaHHs CTWIIO HaBYaHHs, SKOMY HaJla€ThbCs IlepeBara, CIipu-
sd€ edpeKTMBHOMY 3aCBOEHHIO HOBOI iHdopMariil. IcHye Kilbka Moperiert,
AKi CUCTeMaTW3yIOTh Ti XapaKTepPUCTUKM y4H#, dKi BU3Ha4alOTb CTWIIb
TIOTO HaBYaHHSI.

Mopeme @C onmcye 4oTHMpM IIKasIM, sKi BM3HaA4alOTh XapaKTepuic-
TUKM YYHIB Y HaBUYaHHi: aKTMBHUW / pedpiIeKCBHIIL, CCHCOPHUIL / iHTYI-
TUBHUW, BisyaJIbHUT / BepOaIbHUM, i HOC/TIIOBHUT / TJI100aIbHUL.

LIz Mozesp JoroMarae BUKJIafadaM afaliTyBaTy MeTOIIV HaBUaHHS
10 Pi3HMX CTWIIB y4HIiB, poOJIsTum IpoIiec HaBuaHH: OiTbII KOMPOPTHMM.

Monens @C Buainsge dotupu cpepyt 0cOOMCTOCTI, SIKi CIIPUSAIOTH 11
HaBYaHHIO:

1) npoyec Habuanns MOXe OyTV aKTMBHMM a00 pedrieKCBHIM, TOOTO
OyTu miero, abo posmymamus;

2) cnputinammsa ingpopmayii B Impolieci HaBuYaHHs MOAUISEThCSA Ha JyT-
TEBe Ta IHTYITUBHE, U/ KOHKpeTHe Ta KOHIIelITya/IbHe, Ui (paKT i Teopis;

3) nodanws iHgpopmayii IOAUIAETBCS Ha Bi3yaslbHe Ta BepOasibHe: 300-
paXeHHs Ta JliarpaMy — Bi3yasibHa iHdopMallis, unTaHHd / JIUCT — Bep-
OasbHa;

4) posyminua ingpopmayii Moxxe OyTM HOCITIAOBHUM UM ITIOOATBHM.
Tobro abo moeTariHe, yropsjiKoBaHe OCMUCIIEHHs MaTepiaity, abo mmpo-
Ke MVUCJIeHHSI.

Koxny cpepy MoxxHa po3mIsigaTyt K OKpeMMUII IiIXi 40 HaBYaHHs.

PosmisiHeMo merasibHIiIIIe OCHOBHI Ky Mojeini MOC:

AxmuBHe / pegpaexcubre. AKTVIBHI y4HI Kpallle HaBYalOTbCs, Oepydm
aKTVBHY y4acTb Yy IIpolleci HaB4aHHsl, HallpMKJiIajl, 0OroBoprooun, rmpa-
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LIIOI0OYM B TpyIax, IPOBOASYM Pi3HiI ekcriepuMenTH. PedpriekcmBHi yuHi
BBa)KalOTh 3a Kpallle 0OMipKoByBaTu iHdOpMaliiro, OiIbIle aHasIi3yBaTH ii.

Cencopne / inmyimubre. CeHcoOpHi yuHi BifJlaloTh Hepepary dakram i
KOHKPEeTHUM JIeTaIsIM, TO] SK iHTYITMBHI Y4Hi — aOCTpaKTHMM KOHIIeII-
ITisIM 1 3B gI3KaM MK HVIMIA.

Bisyaavre / Bepbasvre. BisyasibHi yuHi Kpallie 3aCBOIOIOTH iHdOpMaliiro,
IIoJIaHy 300pakeHsMM, AiarpaMaMi Ta cxeMaMy, a BepOasIbHi yuHi —
IIVICbMOBVIM Ta YCHVIM ITOSICHeHHSIM.

[TocaidoBre / enobasvre. TlocimimoBHI yuHi BimaroTh IlepeBary JIOTid-
HOMY Ta JIHIVIHOMY IIIXOAy A0 HaBYaHHS, KPOK 32 KPOKOM 3aCBOIOIOYM
iHdopmarliito, Tozi sK I100aIbHI YUHI BBaXKaroTh 3a Kpallle OaumMTul 3a-
rajibHy KapTUHY, a IIOTiM BXe po30MpaTiCs B IeTaIsix.

Mopeirp @C Moxe OyTH 3aCTOCOBAHO B OCBITi IS TAKMX ITiTe:

Aodanmayin Habuarvnux mamepiasib. Bukiiagadi MOXyTb BUKOPVCTOBY-
BaTV MOAeNb I PO3pOOJIeHHs HaBUAJIbHMX MaTepiaiiB, sKi Bimmosi-
JaTVIMYTh Pi3HUM CTWISAM HaB4aHH:A. Hampwxiiazm, mid akTvMBHUX y4HIB
MOKHa AofaTy OiIbllle iHTepaKTMBHMX 3aBlaHb, a I CEHCOPHMUX —
NPaKTUYHVX ITPVKJIa/IiB.

Pisnomanimuicms memodi6 HaBuanns. Moperb poriomarae ypisHoMa-
HITHUTM MeTOAM HaBYaHHS, 11100 3a10BOJIBHUTY HOTPeON Pi3sHMX YUHIB.
Hanpuxiraz, MoXHa BMKOPWMCTOBYBATW JIEKIlii, IPYIIOBi AMCKYCii, IMpak-
TUYHI POOOTHM Ta CAaMOCTiVIHe BUBYEHHS MaTepiay.

[TioBuwenns 3aryuenns yunif. BUsHaAHHS Ta ypaxXyBaHHS Pi3HMX CTWTIB
HaBYaHHS MOXe ITIBUIINTY 3alliKaB/IeHICTh YUYHIB Y HaBYaJIbHOMY IIPO-
11eci, OCKUTbKM TOZi yUHI BiT4yBaTUMYyTh, IO IXHi HOTpedV BpaxoBYIOTb.

Mogens ®C Hamae HiHHUV IHCTPYMEHT IS PO3YMIiHHS Ta 3a70BO-
JIEHHS Pi3HMX CTWIIB HaBYaHHs, OCKUIBKYM CIIpYsie OUTBII KOM(POPTHOMY
Ta IIPYEMHOMY HaBYaJIbHOMY ITpoOIlecy.

ITepenbauaeTnbcs, 1110 CTIIb HABYAHHS He 3MiHUTBCS BIIPOIOBX yChO-
ro npoilecy HapuaHH:. [Ipore HedopMasibHe 0OroBopeHH: y POKyc-Irpy-
ITi BUSIBWIO CYTTEBI 3MiHM ITapaMeTpiB 3aJIe)KHO BiJ] KOHKPeTHOI HaB4aJlb-
Hoi curyarii. [Toemaanasa napaMerpis (cTwiiB) mopeni @C dopmye iHan-
BiyasIbHi yriomoOaHHS y HaBYaHHI.

Mu pocimigym mopens PC 3 MeTOI0 ypaxyBaHHs CTWIIB HaBUYaHHS
ITif], Yac IIiITOTOBKM peKOMeH/Allill 111010 BUOOopy HaBYaJIbHMX pecypciB.
PosriigHeMo 1ie geTasibHiIe.

ITinroroBKM peKoMeHaalliN
10710 BMOOPY HaBYAJIBHOTO pecypcy

1106 y BeymmkoMy 00csI3i IMPOITOHOBAHVIX HABUAIIBHIX PecypciB BUOpaTn
1IiKaBi Ta KOPUCHI, J1y>Xe HOIIUIbHOIO Oysa O peKkoMeHpalliliHa cucTeMa,
sdKa O Ha ocHOBi 3i0paHoi iHdOpPMarIil Mpo HaBYaJIbHI KypCy Ta OILIHKY
IIVIX KyPCiB YUHSIMMY, SKi BXe IX IPOVIIUIN, TOTyBaa O peKOMeHIallil I
HOBVIX YUHIB 3 YpaxXyBaHHSIM OCOOJIMBOCTEV CUTYallii, 3a SIKOI y4eHb 00m-
pae pecypc s HaB4aHHS. Lle 6 masmo 3Mory yuHio edpeKTMBHiIIe BUKO-
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pucTOBYBaTH 4ac Ha BUOip pecypcy, i mifgibpaTn pecypc, sikuit HaviOUIbIIIe
Binmosimae vioro 3ammty. Lle 703BormTo 6 yUHIO MiIBUIIMTN AKIiCTB 310-
OyTrXx HaBMYOK Ul 3HaHb.

Taky pekoMeHAalliVIHy CUCTeMY MOXKHa PoO3IJIAfaTy sK paJHMKa,
AKUM TIATPUMY€E IPUHSTTS pillleHb Ha OCHOBI iHdopMallil mpo y4Hs Ta
VI0TrO JOCBil y KOHKPETHIV rajysi 3HaHb. Y OUIBIIIOCTI OCBITHIX peKoMeH-
JAILiVHUX CUCTeM BUKOPWCTOBYIOTbCS IAOCTyIIHa iHdOpMallis, Taka gk
OIIVICY HaBYaJIBHVX PecypciB, XapaKTepUCTUKN YuHiB (BiK, cTaTb, rpy1a,
iMi/pK HaBYaHHS, OIiHKM). PekoMeHMarlil Takmx CHCTeM YacTO IPUITyC-
KalOTh CXOXICTh YYHIB BCepeduHi Ipymn, abo cxX0XicTh 3 IMCHUIUIIHOIO,
11O 11 BXXe BUBYAIOTH [18].

JIKicTh peKOMeHIalliv, 4Ki BuJae peKoMeHIalliriHa cricTeMa, MOXe 3a-
JleXkaTy Bifl HagBHOI iHdOpMallil IIpo y4YHIB Ta IIpO pecypcu Ui HaB-
uvaHHA. YuM nosHile Oyne 3i0paHo iHdopMariito, TvM OiIbIlla IMOBip-
HIiCTB TOTO, III0 pe3yJIbTaT Oy/le HavOUIbII KOPUCHMM IS YUHSL.

MeTta HaB4aHHA Ta BUOip HaB4abHMX pecypcis. Y [19] Oyro moc-
JIKeHO CUTYyallil, B IKMX MOXYTbh OIVHUTICS YUHI ITif] 9ac BUOOpy Hab-
4JaJIbHUX pecypciB B pa3i HaBYaHHS BIIPOJOBXK KUTTSL.

ABTOPM BUAUISAIOTH TaKi YOTUPU MeTV HaBYaHHS:

1) 0sa npogpeciiinozo posBumky: yIHIO HEOOXITHWMII MHiITBepIKeHMU
pe3ynbTaT HaBYaHHS B IEBHIV rajysi, HaIlpuKiIaz, y IPOrpamMyBaHHI.
Y mpomy pasi pecypc Hamae Kypc abo IporpamMy, 3axofy, 3aBIaHHS Ta
OIIiHKM, III0 BeAyTbh [0 IiATBepIKEeHHS KOMIIETEHTHOCTI YUHS (IMILIOM
abo ceptudikar);

2) 044 iHOUBioyasvHo20 posBumxy. JTogyHi HeOOXiTHO HABUMTWCS BU-
KOHYBaTH gKech 3aBllaHHs aOo BupimyBaTu mpobseMy. PekoMmennariisa
pecypciB MoXXe MICTUTM pi3Hi BUAM 11 HaOaHHS 3HaHb a00 HaBUUOK,
BKJIFOYHO 3 BiJleo I MiKpOHaBYaHH;

3) 3a00601enns Baachoi yikabocmi. e Moxke OyTm rpocTo xo0i, morpeba
IPOSACHUTY JleTasli, ITOKPpaIIUTY PO3yMIiHHS YOroCh UM IIPOCTO OakaHHSA
OyTu B Kypci CydyacHMX TeXHOJIOTiUHMX JOCSATHeHb. TyT Moxe OyTu pe-
KOMEeH/IOBaHO pi3Hi pecypcu: Bill OCBITHBO-PO3Ba’kaJIbHMX 10 HayKOBMX
IOCJIKeHb, ITaCBHMX IIpe3eHTallili, iHTepakKTUBHMX Bieo, irop Ta Bik-
TOPVH TOLIIO;

4) 015 3axpinjeHHs HAABHUX HABUYOK uu OHOBAeHHA 3HaHb. Lle crienidpia-
Ha CUTYyallid, gKa Ille HeJloCTaTHbO BuBYeHa. Lle mosgcHIoeThcs THM, 110
He3aJIe)XHO BilI ITpeIMeTHOT 00J1acTi, 3aCBOEHI 3HAHHS 3 YaCOM BTPavarOTh-
cs1 Ta TIOTPiOyIOTh OHOBJIeHH:. TaKoX MOXKe 3HaZOOUTICS OIIpallfOBaHHS
OTPVMMaHMX HaBUYOK.

Takoxx MOXXHa pO3OUINTY IIPOLleC HaBYaHHA Ha IIOBEPXHEBUI, KOJIV
IOCTAaTHBO IOBTOPUTHM BIIpaBy OOVMH pa3 4M [Biui, abo morimbreHwm,
KOJIV TIOTPiOHO MOBEPHYTHMCS A0 MOBTOPEHHS OKpeMux (dparMeHTiB um
IIOBTOPEHH: BIIPaB.

Kpim Toro, KoxeH 3 yuHiB Mae yrogobaHHs 3a cTwIeM Iojgadi Ma-
TepiasliB U1 HaB4YaHH:. Po3misgHeMo e JOKIIaJHille y HacTyIIHOMY
PpO3aI.
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Ommic MeTOAMKM IiATOTOBKYM peKOMeHJamlin. Y IIboMy JT0C/IiIKeH-
Hi MU pO3ITIAIaEMO pecypcy, fe aBTOp KOXKHOIO 3 gKMX BU3Hauae ix xa-
pakTepucTuKK. PeKkoMeHI0BaHa CTaHAPTOM CTPYKTypa MeTaJjaHuX —
OIVCiB HaBYaJIbHVX PecypciB — IIpM3HavYeHa IepeayciM s 3arajabHol
XapakTepucTukm (dpopmaTy, TpuBajIOCTi, MOBU ToOIO). JogaTKoBi Bifgo-
MOCTI IIPO Te, UM 11eVl Pecypc MiAXOANUTH I IIeBHOTO CTWIIIO — IOBWMHHI
Oyt cdopmosani okpemo. Tomi 1110 iHdopMaltiro, 10 XapaKTepusye e
pecypc, Moxe OyTu IepeBipeHO Ha BiIIOBiAHICTE 3anMTy (I1abJI0HY) KO-
puctyBada. Kpim Toro, sikiio 6yap-sikuit pecypc 6ys10 BUIIpoOyBaHO y I10-
HiOHIV cuTyalil JOBipeHVM IMapTHEPOM 3i CXOXMMM CMaKaMy, TO VIOro
IyMKy 00OB’3K0BO Ma€e OyTv BpaxoBaHO.

TaxyM 4MHOM, KOpUCTyBad OTpPUMY€E peKOMeH/allilo, IpuYMHa IKO1
MoxXe OyTu BiloMor0 Ta 3po3ymisioro. Bona 1op’s3aHa 3 KOHKPETHOIO Ha-
BUaJILHOIO METOIO i, OTXKe, JOIIOMOXKe KOPUCTyBauy OTpMMaTH Te, IO BiH
XOTiB 011, 3 OUIBIIIOO TIMOBIPHICTIO.

Taxwit minxig Moxke Oy TV KOPVICHVIM IJTS BUPIIIIEHHS IIpO0JIeMM X0-
sopHOro crapty. [To-miepire, pecypcu BXKe MarOTh IT0YaTKOBMI OIIVIC, AIKVVI
€ JIOCTOBIpHMM Ta He creludiuHUM 1Id KopucTysada. IlepenbauaeTnes,
III0 KOPMCTyBadi HazlaoTh iHOpMallifo IIpo MeTy HaB4YaHHS, IIpOTe I
iHdopwmartlis (11abs10H) He 3aIeXUTH BiJl BUOOPY pecypcy. SIKIio moBHMMI
1m1a0bJI0H BiZICyTHIVI, IMTaHHS BUOOPY HaMBaKIMBIIIVIX apaMeTpiB MOXe
BUPIIIeHO iHAMBiLyaIbHO.

BeaxaTmmMeMo, 1110 TIoniepenHin Bigdip pecypcis BXe BUKOHAHO, i pe-
CypcH 110T0, IIpOoaHaIi30BaHi Ha BilIIOBIAHICTE CTWIIO, IIPUIATHI (Ma€eThCs
Ha yBas3i TeMaTuKa pecypcy Ta MOBa, a MOXJIVBO, TPUBAJIICTh BUBYEHHS,
IliHa Ta iHII KPUTWUYHI XapaKTePUCTUKMN).

151 po3poliieHHsI peKOMeH/Iallill BUKOPUCTOBY€ThCS iHOpMaIlis sk
BJIACTMBOCTI pecypcy, i yrnomobaHHs KopucTysadiB. OCKiyIbki 00roBopeH-
H 11X yHogo0aHb y MeXKax Hallloi MajIol IpyIu oKa3ajlo, II[0 XapaKTe-
PUCTVKV CTWJIIO 3aJI€XKaTh Bil MeTV HAaBYAaHHS, TO BiIIOBimHMI IpOodiib
KOpUCTyBada IIpMB A3yBaTMMeEMO IO CUTYallil Ta 3alMTyBaTUMeMO IIifl-
TBep/KeHHs] I1iJ] 4ac 4eproBoro 3BepHeHH: 110 peKOMeH/Iallilo pecypcy.

Mu nponoHyeMO BUKOPMCTOBYBAaTM iHAMBiMyaspHi BIOmoOaHHSA
CTWJIIO HaBYaHH$, crleldiuHi JyIs KOHKPEeTHOI MeTV HaBUYaHHS.

Metonmka miArOTOBKM peKOMeH/Iallin Ieperdadae eTary, IOCIi 0B-
HICTB SIKMX HaBe[leHO Ha puc. 1.

Ha pwc. 1 HaBezieHO TaKi OCHOBHI OJIOKM.

Pospobnux pecypcib. TyT y MaTpulli TIOJIaHO 1 pecypciB 1711 HaBYaHHS,
IIA AKX BIOMO 1 1X XapaKTepUCTVK.

Kopucmyéau. IlogaHo BeKTOpPOM, [ie BU3HA4YeHO p BJIAaCTUBOCTeN, SIKi
BiH Ov ouiKyBaB OaunTI B HABYaJIbHOMY pecypci.

Ynodobanns 3a cmusamu. TakoXX KOpUCTyBad BU3Hayae CBOI IIpiopu-
TeTV CTWJIIO I10J1avi MaTepiairy.

Pexomeniarivina cucrteMa Ha OCHOBI JaHMX IIPO Pecypcu Ta OYiKy-
BaHb KOPUCTyBayda IIpO CTWIi HaBYaJIbHMX PeCypciB roTye peKOMeH/allii,
YIOPSIKYBaBIIN ix 3a Kputepiem CRmin, mpoTe ocTaTouHmit BUOIp pe-
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Puc. 1. ITocrimoBHICTB TTOTOBKY pPeKOMEHIATIi ITI0fI0 BUOOPY pecypcy /I HaB9aHH:S

CYpCY 3aJIMIIAETHCS 3a KOPUCTyBadeM, sIKUil Oepe 1O yBaru peKoMeHza-
11i0, aste BMOip poOMTH CaMOCTIVIHO.

Lle nae 3mory BpaxyBaTy iHOMBiAyaIbHi IlepeBarvi CTVIIO HaBYaHHS
KOHKPETHOI'O KOPVCTyBada y KOHKPeTHiV CUTyallii HaB4aHH:. Taknvt mif-
Xifi, MOXe 3poO0uTV HaB4YaHHS OLTBIIT KOMPOPTHMM Ta MOTMBOBAHMM Ha
IIOAIBIINI PO3BUTOK, OCKUIbKM MiniOpaHMiI IIpoliec HaBYaHHS MOXe
Oy TV IMpMEMHIIIN 3a iHIII.

IIpuxiaa miAroToBKM peKoMeHAalin. PO3risiHeMO HeBeIVKUM
IIPUKIIa, HACKUIBKM BiAPi3HAIOTHCSA peKOMeHIallil 3aJ1e)KHO Bifl BIIOI0-
OaHub [19], me Oysi0 HOCITIIKeHO MeTy HaBUaHHS: OHOBJIEHHS HaBUYOK
abo 3HaHb.

15 Toro, 1100 HazraTy peKOMeHIAIlil IOI0 CTUITIO Ta PiBHS ITOJaHHS
MaTepiaity, Oys0 cTBopeHO POKyc-rpymy 3 5 0cib, KOXKeH y9acHMK SIKOI
nifrorysas BiiacHi orinky 30 Bifeo, siki po3MilieHo Ha pecypci Youtube, i
4Ki CIIPULIOTh OHOBJIEHHs 3HaHb y cdepi BUBUEHHs aHIJIIVICbKOI MOBH, a
caMe BUKOPVCTaHHIO apTUKJIIB B aHIVIIVICHKiV MOBi. Lli Biieo Bipi3sHAIOTE-
cs piBHEM 3HaAHHS MOBW, CTWJIEM BUKIIaJly, Pi3HOIO TPUBAJIICTIO, i JimIie
TesKi 3 H1X BiJ HOCITB MOB.

Tabauya 1. OTpuMaHi pe3yIbTaTH peKOMeHAALIiv 010 3 HalKpaImx
Ta 3 Hamripoinx Bigeo 3 ToUKM 30py nmopagHMKa No 5

Ne Pexomenmye ban He pexomenpye bain

1 | A, an, the — CraTTi aHITIIICBKOIO MOBOIO | 6 |6 IIpaBWI cTaTel 4, an, the 0

9 mpaBuI BUKOPWUCTaHHSA apTUKIIB — Apruxii (a, an, the) —
a, an, the uu ‘thee’? 6 | Ypox 1-7 Ilpasut 0
3 | BukopucraHHS apTUKIIiB B aHIJIVICHKIN AHTTIIVICbKa TpaMaTHKa:
MOBi — 3 IpOCTMX ITpaBIUIa 5 | Ko He BUKOPWUCTOBYBa-
TH apTUKIIb — 9 TTpaBuI 0
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Pospobiieno aHKeTy, sika MicTwia IIUTaHHS O[O0 PiBHA 3HAHHSA
aHIJIVICHKOT, TTo0aKaHHS om0 dopMu mofadi MaTepialy, UM HoTpibHa
repeBipKa Ta KOHTPOJIb 3aCBOEHOIO MaTepiasry TOLLIO.

Taxox Oyr10 3i0paHo iHpOPMALIifO OO TPUBAIOCTI KOXKHOTO Bifeo,
KUIBKOCTI HiANMCHUKIB KaHasly, IepersIsadiB Ta IHIIMX ITOKa3HMKIB, 1110
XapaKTepu3yIOTh Bifeo Ha Youtube.

Hauti 6ys10 3i0paHo maHi MTOI0 OIIHKY KOXKHOTO Bifleo KOXKHWM 3 TPy-
V1 IIOpaJHVIKIB.

B pesysbpTati aHasisy KoxeH 3 mopanHuKis 3 ycix 30 Bimeo obpas
TPMU Billeo, sIKi BiH peKOMeH/IYE, i Tpw, siKi He pekoMeHnye. aiti, 3a 6:113b-
KiCTIO B eBKJTiZIOBOMY ITPOCTOPI 3a yciMa 3MiHHMMM OyJI0 BU3HaYeHO Havl-
BJIYYHIIIIOrO IOPaJHMKa I CTYJIeHTa i, BiIIIOBiIHO, CTYIeHTy IIOJaHO
VI0OTO peKOMeH/Iallil 110710 MepemIsaly Bifeo 00 BUKOPUCTaHHS CTaTel
aHIJIIVICBKOIO MOBOIO. Y IIbOMY pasi 1le BusBMBCA nopagHuk Ne 5. B pe-
3yJIbTaTi CTYAeHTY 3alIPOIIOHOBAHO caMe VIOro peKOMeHIallii.

B Tabs1. 1 HaBegeHO OTpMMaHi pe3ysIbTaTy IIPO PeKOMeH/IAllil 00
3 HamKpalyx Ta 3 HauripImx Bifleo 3 TOUKu 30py nopagHmka Ne 5.

B TpeTboMy Ta OCTaHHBOMY CTOBIILIi Ta0J1. 1 HaBeeHO 3arajIbHMI Oa
IJIs KOKHOTO BiJleo 3a BCiMa IOKa3HMKaM. Bci Bijteo BIIOPAIKOBYIOTHCS
3a 3araJIbHMM OasioM, i BUOMparoThcs TPU Bimeo, siki mopamHmK Ne 5 pe-
KOMEH/Iy€ K HavKpallli, Ta TpY, gKi oMy He criogobaiics i BiH He pe-
KOMEH/TY€ IX IS IIePerIsamy.

Mu posIyIsHyJIM CIPOIIeHNUV BUITALOK OTPMMaHHS peKOMeH/IaIlii.
Y ManOyTHBOMY IUIaHYETHCS PO3paxyBaTy II€BHUN 3aTa/IbHUV PEeTVHT
IIIA KOXKHOTO BiZJle0 Ha OCHOBI PeMTHMHIIB yCiX INOpaJHUKIB Ta BHOPS/I-
KyBaTH IX BIiZIIIOBIJTHO [0 IIMX 3araJIbHMX PeVITUHIIB. A IOTIM, Ha OCHOBI
LIVIX BIIOPAKOBAHMX JaHMX, po3paxyBaTy peKOMeHarlil.

BucHOBKM

Y po0GoTi 3amporoHOBaHO MeTOAMKY ITOOYZOBM peKOMeHMAlliyl 010
BUOOpY pecypciB [yIg HaBUaHHS 3 ypaxyBaHHSIM KOHKPeTHOI MeTu Ta
pisHMX CTWIIB HaBYaHHHA: ay/io, Bifgeo, TekcToBum Toio. HaBuaHH:
BITPOJJOBX JKUTT CTa€ BCe ITONYJIAPHIIINM, OCKUIBKM Jla€ 3MOT'y HaBYa-
TWCS JIIOJISIM Pi3HOTO BiKy 3 Pi3HOIO METOIO: i JUIs OTPVMaHHs JUILUIOMY,
i mpocTo 11 BiTHOBJIEHHS 3HAHB 3 JIesIKMX IIpeaMeTiB. B pobori 3ampo-
IIOHOBAHO CTPYKTYPHY CXeMy peKOMeHJAIiliHOI cucTeMy, sKa HacTb
3MOry TOTyBaTM peKOMeHallil 010 BMOOpPYy pecypciB Il HaBYaHHSI
BITPOJOBX XWUTTH 3 ypaxyBaHHSIM HaKOIIMYEHOIO JI0CBiJly HaBYaHHHA B
NoIibHMX CUTYyaIrisx.

Xoya rpyrnose HaB4YaHHS, HallpMKIIaJ, OMCTaHIIiVIHe, IIparHe 3ayo-
BOJIBHUTY IIOTPeOM yUHIB 3 Pi3HUMM CTIWISAMM, KOJIV I1e TUIBKI MOXIIVIBO,
ajle Iepea0adaeThCs, 110 BUKOPUCTaHHS pecypciB, 110 BiAIIOBiIaOTh iH-
JIVIBilyaJIbHOMY CTWJIIO HaBYaHH:, 3MEHIIy€ KOTHITMBHEe HaBaHTaKeHHS
Ta IIiBUIIY€E 3al0BOJIEHHS Bill IIpOIleCy HaBUaHHS — acIeKT, 0COOIIMBO
BaXJIVMBUI y HABYaHHI BIIPOJIOBX YChOT'O KUTTSL.
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Bubip monerti ®@C 1 ommcy CTWIiB HaBYaHHSI OOIPYHTOBAHO TUM,
1[0 BOHA BpaxoBye He Jimiile popMy IofgaHH: iHdopMaliii, ajte i1 criocoo,
AKVIMM Y4HI B3a€EMO/IIIOTH 3 HEIO.

ITix gac gocmimKeHHs Oys10 BUBIIEHO HEOOXiAHICTh afjariTallii Mopesti
®C, 30kpema:

e [UId yTOuHeHHs popMU I0JaHHSA BepOabHOI iHdopMallil (TekcT
abo aymio);

e [JIs1 BpaxXyBaHH: HaB4a/IbHOI MeTH Iif] Yac MOIIyKY OCBITHIX pecypciB.

3a3HaumMo, 1110 i Bubip dopmary nomaHHs iHdopMariil, i OakaHi Has-
4aJsIbHi il 3aJ1eXaTh Bil MeTV JOCTYIly 10 pecypcy. PisHoMaHITHICTE MeTH
HaBYaHHS [OSICHIOE BUMKOPWMCTAHHS IIIKaJI I BU3HA4YeHHs 3HayeHb iH-
OVBiAyaJIbHMX ITapaMeTpis cTwo. Hampuxitan, crangapTHOO Moxe Oy-
TV BepOasibHi (TEKCTOBI) yromoOaHHS, ajie IS IIOBTOPEeHHS e(eKTVB-
HIIIMM € MO€IHAaHHS Bi3yaJIbHMX Ta ayaioMopasibHoOcTerl. Taka iHTep-
IIpeTallis 1a€ ImbIile po3yMiHHS, HixK ITOK/IaflaHHs BUK/IIOYHO Ha YMCII0Bi
3HAUeHHS.

Metoporiorisi, 3arrpornoHOBaHa aBTOpaMy, JJa€ 3MOI'y Ha OCHOBI OIIN-
ciB HaOopy pecypciB, HaaHMUX PO3POOHMKAMM, IIPOIOHYBATU YYHIM
TPV HaVIOUIBIN HMiAXOIAII pecypcy, 110 BiAIIOBiIAIOTh IXHBOMY OakaHO-
My CTVJIIO HaBYaHHSI.

IMopmasemni mocimkeHHs Oyre 30cepelKeHO Ha BIIPOBa/KEHHI 3a-
IIPOIIOHOBAHOI CCTeMM peKOMeHIaIliVi Ta 1 TecTyBaHHI Ha KOHKPeTHVX
BUITQ[IKaX BUKOPVICTaHHs, HaJlal0uM ajalToBaHl peKoMeHallil Il pis-
HUX HaBUYAJIBHUX ITiJIeVI.
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PREPARATION OF RECOMMENDATIONS
ON THE SELECTION OF EDUCATIONAL RESOURCES
FOR DIFFERENT LEARNING STYLES

Introduction. Lifelong learning is now an important part of personal and professional
development, as the internet offers a wide variety of e-learning content. However,
students often need advice or recommendations for finding learning resources based
on the experiences of students who have already taken these courses or used these
resources. Such advice can be obtained from a recommender system that will provide
intelligent support for e-learning during lifelong learning. The authors are interested
in developing such a system. The task of generating recommendations during learning
is aimed at improving the acquisition of knowledge and skills. This can help students
select learning resources based on their learning style and goals. Therefore, developing
arecommender system that can automatically generate recommendations for selecting
learning resources for a specific user, taking into account their preferred delivery
style, is a relevant task.

The purpose of the paper is to propose a methodology for generating
recommendations for resource selection based on learning style, thereby improving
the ease and quality of learning.

Methods To account for learning styles, the Felder-Silverman model was chosen.
It describes four scales that determine student learning advantages: active/reflective,
sensory/intuitive, visual/verbal, and sequential/ global.

Results. Lifelong learning is becoming increasingly popular, as it enables people
of all ages to learn for various purposes, whether for earning a degree or simply
refreshing their knowledge in certain subjects. A methodology is proposed for
developing recommendations for selecting learning resources using specific situations
that might be encountered by someone seeking to learn with different learning styles,
such as audio, text, and so on. A structural diagram of the recommender system is
presented, which will enable the development of such recommendations for lifelong
learning, taking into account accumulated learning experience in similar situations.

Conclusions. The methodology proposed by the authors allows, based on
descriptions of a set of resources provided by developers, to suggest to students the
three most suitable resources that match their desired learning style. Future research
will focus on implementing the proposed recommender system and testing it in
specific use cases, providing tailored recommendations for various learning purposes.

Keywords: e-learning, lifelong learning, continuous learning, recommender system, learning
styles and situations.
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AHAJII3 CYHACHOTIO CTAHY TA HAIIPJIMUA

TPAHC®OPMAIIIV BUCOKOTEXHOJIOITYHOI
OCBITMN B HAYKOBMX YCTAHOBAX
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MOKAUGE wiaaxu adanmayii ma mpancgopmayii HaykoBo-ocbimuix incmumymib. Locaioxero
meHOeHYil0, AKA 3a2POKYE nepemBopumucs Ha cUcmemHy kpusy, Axa 3i c6oeo DoKy Moxe
cnpudyuHumu 30i4v1eHHs coyiaavtol, ghinarcoboi ma ocbimmvoi HepiBHOCHI.

Karouo8i caoba: depxabua ocBima, nayxobi incmumymu, akademis HAYK, MeXHOAOIUHI
3MINU, KOHKYpeHHe HABAHINANEHHSL.

Beryn

CyuacHi cucTemMy OCBITV ONVIHVIIVICS B €IIIIeHTPi TeXHOJIOTIYHMX 3MiH —
IIPOIIeCiB, SIKi 3MiHIOIOTH CYCIIUTBCTBO Ta €KOHOMIKY 3 HeOaueHOIO IIBUI-
KicTio [1]. BripoBa/keHHS IITyYHOTO iHTENIeKTy, poboTm3ariis ta Oesrmi-
JIOTHI TeXHOJIOTil TpaHCOPMYIOTh PMHOK IIpalli, 3MiHIOIOTh BUMOIM 10
KOMIIeTeHIIi1 ¢axiBIIiB Ta BIUIMBAIOTh Ha CIIOCIO opraHizaliil OCBITHbOTO
npornecy. B yx ymoBax geprkaBHi HayKOBO-OCBITHI yCTaHOBY CTVIKAOTHCS
3 OaraTopiBHeBUMM (DIHAHCOBMMM, OpraHi3aIliTHVMM, TEXHOIOTTIHIMM
Ta KaZlpOBMIMM BUKIIIKAML.

[AvHamivuHi 3MiHM B I7100aJIbHOMY HayKOBOMY Ta OCBITHBOMY ITPOCTO-
Pi, AKi Hapasi 3yMOBJIeHi iIHTeHCMBHOIO iHTerpallielo ilmkeHepHMX, iHdop-
MaIiiHMX Ta KOTHITMBHUX IIiIXO/iB, BUCYBalOTh HOBI BMMOIM [10 ITiJITO-
TOBKM HAyKOBVX KaJlpiB, 3[aTHMX 3a0e3[1eunTii KOHKYPEHTOCIIPOMOXKHICTh
ZlepXaBu Y cdpepi BUCOKMX TEXHOJIOTIM [2].

CrorofHi BaK/IMB/M €JIEeMEeHTOM OCBITHIX Ta HayKOBO-HOCIIIHMX IIPO-
11eciB cTae popMyBaHHSI KOMIIETEHTHOCTEV, HeOOXiTHMX jIg poOoTH 3
KOMIUIEKCHVIMM TeXHIYHMMM Ta iHpOpMaLiHMMM CrICTEMaMM, BKITIOUHO
31 IITYYHVM iHTeJIeKTOM, iHTeJIeKTyaIbHUMM crcTeMaMyl, Oe3MiIoTHYMM
(aBTOHOMHMMM) CcTeMaM ToIlo. B YkpaiHi Taka TpaHcdopmartiis Bif-
OyBaeTbcd B yMOBaxX OOMeXeHMX pecypciB, IIOTpeOV B OHOBJIEHHI MarTe-
piasibHO-TexXHIYHOI 6a31M Ta HeOOXiTHOCTI rapMOHi3allil OCBiTHIX cTaHAApP-
TiB i3 cCydacHMMM MKHapOIHUMM IpakTukaMmmu. Lle 3ymosiioe morpeby B
I'PYHTOBHOMY aHaJli3i IIOTOYHOIO CTaHy BMCOKOTEXHOJIOTIYHOI OCBiTU B
HayKOBMX yCTaHOBax, BU3HAUeHHI KJIIOYOBMX HAaIIPsAMIB 11 IOJaJIBIIIOrO
PO3BUTKY Ta OLIIHIOBAaHHI MOXJIMBOCTEN iHTerpaliil iHHOBaliIHMX TeXHO-
JIOTIUHMX pillleHb Y HaBYaJIbHO-HayKOBMV IIPOIIeC.

AHasi3 cy9acHOro cTaHy BUCOKO-
TeXHOJIOTiTHOI OCBiTM Ta HayKN

B yMoBax cTpiMKOro po3BUTKY iHTeJIeKTyaJIbHMX TeXHOJIOTiV, aBTOHOM-
HVIX CHCTeM, BUCOKOIPOAYKTUBHIMX 00UMciIeHb Ta I poBX IIaTdopM,
crcTeMa JIepKaBHOI OCBITH V1 HayKM YKpaiHM IOCTae Ilepert HeoOXimHicTio
r7OoKoi TpaHcdopMallil. AHasli3 11 ITIOTOYHOTO CTaHY 3acBigdye HasB-
HICTB K 3HAYHOI'0 HayKOBOI'O IIOTeHIlialy, TaK i CICTeMHVX BUKJIVIKIB, sKi
CTPUMYIOTh edpeKTUBHe BIIPOBa/KeHHs iHHOBallill y cpepy BUCOKOTEX-
HOJIOTiYHOI IiAroToBKM Kafapis [3, 4]. OgHuM i3 KITIOYOBMX UMHHUKIB €
ycTajieHa MoJIeJIb OpraHi3allil HayKoBoI AisJIbHOCTi, cdOopMOBaHa Tak, 1110
OCHOBHA YacTMHa dPyHIaMeHTaJIbHIX JOCIIKeHb 30cepe/keHa B aKajle-
MIYHVX HayKOBUX IHCTUTYTax, TOAI SIK 3aKjIa/iy BUILIOI OCBiTH 3a0e3meuy-
IOTh IIepeBaXHO OCBITHIO Ta HaBYaJIbHY yHKIIil. Taka Momesb, xoua 71
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Jaja 3MOTy 30eperTvi BUCOKMUI piBeHb (pyHIaMeHTaIbHOI HayKy, HVMHI
1oTpebye CyTTEBOro MHeperIsaay B HallpsMi iHTerparlii OCBITHIX Ta HayKo-
BVIX KOMITOHEHTIB JUI PO3BUTKY Bi[AIIOBIIHOCTI O IIPOBIIHMX CBITOBMX
YHIBEpCUTETIB 1 JOCIIAHNUIIBKIX 1IeHTpPiB.

BinpIricTs po3BuHEHMX KpalH aKTUMBHO (POPMYIOTh TaK 3BaHi TOCITi-
HUIIBKi YHiBEpCUTETH, B IKMX OCBITHS AisUIbHICTh HEBIIPVBHO I10B d3aHa 3
B/KOHaHHSIM BYCOKOTEXHOJIOTIUHMX HayKOBO-OCIITHVIX IIPOEKTIB, ydac-
TIO CTYIIeHTIB Ta 3700yBayiB B HayKOBVX JIaDOpaTOpisix, pO3BUTKOM CTap-
Tal-eKOCVCTeMM Ta TICHOIO B3a€MOJIE€I0 3 BUCOKOTEXHOJIOTIYHMM, IIPO-
MmcrtoBuM OisHecoM [5, 6]. B CIIIA, Himeuunsi, IliBnennin Kopei sHauna
YacTVHa JIOCI/PKeHb BUKOHYETHCSA caMe B YHIBepCUTETCHKOMY CeKTOpi,
AKUV OTPUMYE 1IJIboBe diHaHCyBaHHS Ha CTBOPEHHs iHHOBAIiVTHMX OC-
BITHIX ITporpam Ta JOCIIIHUIIBKIX iHdpacTpykTyp. Kpim Toro, y mmx kpai-
Hax cpOpMOBaHO MexaHi3MM 3aJIlydeHHs ITPOMICIIOBMX HapTHePiB, 110
3abesrnedye MIBMIKY KOMepliali3allifo HayKOBMX pe3yJIbTaTiB i 3BOPOTHU
BIUIVB iHAyCTpil Ha CTPYKTYPYy OCBITHIX Iporpam, 30Kpema y cdepax IITyd-
HOTO iHTeJIeKTy, poOOTOTeXHiKM, aBTOHOMHIX CUCTeM, iHdopMariinHo1
Oesnexm, GioiHKeHepii Ta agUTUBHOTO BUPOOHMIITBA.

YkpaiHcbKa crcTeMa OCBiTH Ta HayKy Hapasi IlepeOyBa€ y CTaHi CTPyK-
TypHOI pparmeHTarii. bispIlla yacTiHa HayKOBMX yCTaHOB 30CeperKeHa
Ha BMKOHaHHI (PyHIaMeHTaJIbHUX Ta IPUKIaJHMUX JOCIKeHb, ajle He
Oepe 3HaYHOI y4acTi B IiITOTOBII HOBMX ITOKOJIiHB (PaxiBIiB y BCOKOTEX-
HOJIOTIYHMX TajTy3sax. BogHoyac yacTmHa 3aKi1a/iiB BUIIOI OCBITH CTUKAa€-
TBCSL 3 00OMEXXeHVIM JOCTYTIOM JI0 CYy4acHOT0 JITabopaTopHOro oO1aJHaHHs,
HeJIOCTaTHIM piBHEM IPaKTUYHOI ITiATOTOBKY CTYAEHTIB Ta BifICy THICTIO
TiCHOT cHiBIparLi 3 MpoMucJIoBUMM HifrpueMcrBamu. Lle npussogure 0o
nycbasiaHCy MK IIBUAKUM PO3BUTKOM TeXHOJIOTIUHMX CEKTOPIB Ta TeM-
IIaMV OHOBJICHHS OCBITHBOTO CepeJOBMIIIA.

BaxxmmBo 3a3HaumTH, 110 yKpaiHChKi HayKOBi yCTaHOBM, ITOIIPW Ha-
ABHI TPYJHOIIi, MalOTh ITOTY>KHUV KaJJpOBUI IIOTeHIIiall, IIpOTe He3Hay-
Ha JacTVHa HayKOBIIiB Oepe y4acTb y M>XKHapOIHVIX AOCITIIHUIIBKVIX ITPO-
€KTaX, 1110 CBiTUMTB PO HasBHICTh IIPO0JIeM Ta Mi>XKHapOIHOTO BU3HAHHS
3HAYHOI YaCTMHV HayKOBUX IOCIKeHb B YKpaiHi. BincyTHicThs crctem-
HOI Jiep>KaBHOT HOJITMKM 111010 POpMyBaHHS iHHOBALIIVIHMX JOCITIIHNIIb-
KO-OCBiTHiX KJIacTepiB Ta HelocTaTHe (piHaHCyBaHHsS HayKoBol iHdpa-
CTPYKTYPU CyTTEBO OOMEXYIOTh MOXJIVBOCTI IJIsI iHTerpariii 1ux pesyiib-
TaTiB B MDKHapOIHMII HAYKOBUVI IIPOCTIp.

Y cBiTOBIV IPaKTUIl OIHMM i3 KJIFOYOBMX IHIMKATOPIB PiBHA BUCOKO-
TEeXHOJIOTIYHOI OCBITH € sKicTb STEM-TIiAroTOBKM, 30KpeMa B 00s1acTi po-
GoTOTEXHIKM, eJIeKTPOHIKM, KOMIT FOTEpHMX HayK Ta iHOopMalliHIX Tex-
HoJIOTiM [7]. YKpaiHa AeMOHCTPYE MO3UTUBHY AMHAMIKY 1010 KiJIbKOCTI
3100yBaviB TeXHIYHMX CIIeliaJIbHOCTeN, OJIHaK piBeHb iH(pacTpyKTyp-
HOI 3a0e3I1eueHOCTi 3HaYHO BifICTa€e Bif moTped cydacHol iHgycTpii. Yac-
TMHa CIeIlyCcTaTKyBaHHs Ta JJabopaTOpHMX NpwIaliB MOpaJIbHO 3acTapi-
J1a, MO CTPUIMYE PO3BUTOK B cpepax IITYUHOTO iHTeJIeKTy, Oe3MiyToTHIIX
JHTaJIbHYMX arapariB, iHTeIeKTyaIbHI CCTeM Ta Mepex.
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HecrmpomosxHicTh IIBUIKO aflanTyBaTUCS O BIPOBa/PKeHHH INTYY-
HOTO iHTesIeKTy, poboTn3aril Ta O6e3miyIOTHOI iHAYCTpil 3aBa’kae CTBOPIO-
BaTy BJIaCcHi HaBYaJIbHi [IEHTPWU Ta IPOIOHYBaTV KypPCK 3 IIPaKTUUHVM
IIOCTYIIOM 10 oOylaJfHaHHS, Ha BiAMiHy Bin mpumBaTHMX Kommasin. Hay-
KoBIIi YKpaiHu BXe He BIleplile 3BepTalOTh yBary Ha BIUIVB LU POBi-
3a1lif, 7100aJIbHMX 3MiH 1 TeXHOJIOTIYHOIO cepelloBuilia Ha (popMyBaHHA
KOHKYpeHTOCIIpOMOXXHOCTI. HaBuaHHs Ta miroroBka 0 Cy4acHUX BU-
KIIVKiB MartOyTHix IT-crieriaiicTiB y 3aKitazax ¢axoBoi IepeBuIol oc-
BITVM HaIpsAMY 3aJIeXXUTh Bifl HaB4aJIbHMX IIPoIleciB, iHTerparlii nmudpo-
BUX IUIaTdOopM, TiOpuIHMX POpM HaBUaHHS Ta PO3BUTKY ITPaAKTUYHMX
KOMITeTeHTHOCTeVl, 3aTpeOyBaHMX y OMHaMiuHOMYy pUHKY mpaiii [8]. 3a-
CTOCYBaHHS Cy4YaCHWMX TeXHOJIOTiV crpuse popMyBaHHIO Yy 3000yBadiB
OCBITVM 3IATHOCTI 0 IIBUIKOI ajarrTariii, caMOOCBITM Ta MIXIMCIIMUILIII-
HapHOI B3a€MOZIII.

Brumis 30BHiIIHIX dpaKTOPiB Ha CTaH BITUM3HSIHOI OCBITHM i HAYKM Iifl-
CWITIOETBCS BIUIVIBOM CY4YacCHWX BHYTPIIIHIX (BiVICBKOBMX) BUK/IVKIB [9].
MoyxHa Bifj3HaUMTM HEIOCTATHIO iHTerpariito ocBiTu 3 nmorpebamm 0bo-
POHHO-IIPOMMCIIOBOTO Ta BUMCOKOTeXHOJIOIYHOro ceKTopis. [Ho3emHi yHi-
BepCUTeTV PO3BMHEHMX KpaiH aKTMBHO CIIiBIIPALIOIOTh 3 BilICBKOBO-TeX-
HIYHMMM J1a00paTOPisiMM, CTBOPIOIOTH CIIUIBHI JOCITHUIIBKI IIEHTPYU Ta
iHKyOaTopu TexHOJIOTiV ITofIBiNIHOrO MpM3HaveHHs. B YkpaiHi Taka B3ae-
MOJIisd HOCUTD eIli30ANYHII XapaKTep, Xo4a BillHa Ta CTpaTeriuyHi BUKIIN-
KV CTMMYJIIOIOTh 3Ha4YHe 3pOCTaHHS IONUTY Ha BUCOKOKBaJIipiKOBaHMX
CIIELIJTICTIB Y TajIy3i IITy4YHOro iHTeJIeKTy, aBTOHOMHMX CMCTeM, aBia-
LIVIHVX TeXHOJIOTiN Ta KibepOesnexn. [IoUIBHMM € pO3BUTOK ITPaKTUKM
«HaB4YaHHS Ha pobodoMy Miclli», o nepegdadaTiMe TiCHY iHTerpariiro
dopmaIbHOrO aKageMivHOIro HaBYaHHS 3 IIPaKTUYHOIO JIisUIbHICTIO y BU-
POOHMYOMY CepemOBUIIL.

ITpoGiema xpoHiuHOrO HemodiHaHCYyBaHHSA HeOOXiOTHMX BUTpaT Ha
JisUIBHICTD BUILMX HaBYAJIbHMX 3aKJIafliB € IIPUYMHOI 3HVDKEeHHS SKOCTI
ocsiTHix mocyyr [10]. Husekuit piseHb rpomrosoro sabesrneueHHs Hay-
KOBVIX CITIBPOOITHMKIB — rOJI0BHA IIPWYIHA TOTO, ITI0 32 OCTaHHI /IBa POKM
6rm3pKo 20 % MOJIOAVIX MOCIIITHMKIB IIepeIIUIN IIpalfoBaTy B IIPVBaTHI
KOMIIaHii, 30KpeMa [0 BeJIMKMX MDKHApOIHMX TeXHOJIOTIYHMX IUIaT-
dopmM, me iM IPONOHYIOTh 3HAYHO BUIIy OIUIATy IIpalli, TaKOX BOHMU Ile-
pexonATh A0 CydacHMX jlabopaTopilt, Jie € MOXIMBICTh OpaTy ydacTb y
Pi3HVIX KOMEPIIITHMX JOCIIIPKeHHX.

Po3BUTOK OCBiTHIX OHJIAVIH IUIAaTOPM, SIKi MarOTh IJI00aIbHE OXOII-
JIeHH:1, IIPOIIOHYIOTh OHJIAVH-KYpPCH, cepTudiKallifHi IporpamMiu Ta Ha-
BiTh HOBHOLIIHHI BipTyasibHi yHiBepcuTeTn. Taki miardopmm gk Coursera,
edX um Udacity 3aBAsgKy apTHEPCTBY 3 POBIAHUMY YHiBepCcUTeTaMM Ta
KopIiopalligMu popMyIOTh aJlbTepHaTMBY KJIacUM4HiN ocBiTi. Po3BuTOK
TaKMx IU1aTdOpM iHKOJIM IPU3BOANUTH A0 BiIMOB BiJI BCTYILy 110 MaricTpa-
TypW Ta HaJlaHH IlepeBaryi MDKHapPOIHVM OHJIaVIH-IIporpaMaM, 1o KOIII-
TYIOTB JlellleBIlle Ta rapaHTYIOTh IIBUIKe OHOBJIEHHs 3HaHb B TiVl Tajlysi
3HaHb, sika Oe3rocepeTHbO IIiIKaBUTh 3I00yBava.
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Hep>kaBHi iIHCTUTYTM MalOTh CKJIQJHOCTI 3i CIIPOMOXXHOCTSAMMU, IO
JalOTh 3MOTY KOHKYPYBaTM 3a SIKICTIO cepBicy: BOHM oOMexxeHi Oropo-
KPaTVYHUMM POy paMy, 3aperyIbOoBaHiCTIO CcTeMM Ta OpakoM di-
HAHCOBOI THYUYKOCTi. OTpMMaHHS IpaHTy BUMarae 0araToMiCsST9HMX IIOTO-
IDKeHb, TOJI1 K IIPUBATHI CTPYKTYPY YXBaJIIOIOTh PillIeHHs 3a TVKHI.

B pesynpraTi Takoi TpaHcdopMaliii crcTeM OCBiTM B yMOBax iHTeH-
CUBHMX T@XHOJIOTIYHMX 3MiH (POPMYEThCA YiTKa acMMeTpisl, KOJIM JepKaB-
Ha OCBiTa IIOCTYIIOBO BTpada€ CTaTyC OCHOBHOIO IIOCTadaIbHMKA 3HaHb, 1
3MyllleHa BifjaBaTy IO3UIIil ITIO0aJIbHUM IpaBLsIM — MiXHapOTHUM
OCBiTHIM OpeHaM, TpMBaTHNM OHJIAMH-TUIaTPOpMaM i TpaHCHAIliOHATb-
HVM IIpoBargepaM ocBiTHiXx mocyr [11].

Hampsamu TpascdopManin gep>kaBHMUX
HayKOBO-OCBiTHiX yCTaHOB

B ymMoBax cTpiMKOro pO3BUTKY Cy4acHWX TeXHOJIOTiN, ITOIIPpV CKJIaIHi
YMOBU iCHYIOTb KPOKWM, $IKi MOXYTb JOIIOMOITV iHCTUTyTaM aJarTyBa-
TVCS Ta 30eperTii CBOXO POJIb Y CYCIIUIBCTBI (puc. 1), i SKi OXOIUIIOITH MO-
JlepHi3allilo opraHisaliiHol CTPyKTypu, OHOBJICHHS 3MICTy OCBIiTH, CTBO-
peHHs cyJdacHOI iHppacTpyKTypy Ta po3IIMpPeHHs MOXJIMBOCTe I iH-
Terpailii HayKu, OCBiTV Ta IIpPOMMCJIOBOCTI.

Jep>kaBHi HayKOBi yCTaHOBV MOXKYTb i MAlOTh YKJIa[aT YTOAU 3 IIPU-
BaTHMMM KOMIIAHisIMM, CIIUIPHO pO3pO0JISIoun OCBiTHI Iporpamm Ta 10-
cnigHMIbKI mpoekTn. Lle epenbadae cTBopeHHs crijIbHMX JTabopaTopir,
JOCIITHUIIBKMX 1IeHTPiB, HaBYaIbHO-HAYKOBUX IUIATPOPM, a TaKOX Me-
XaHi3MiB 3aJTy4eHHs CTY[JeHTIB i MOJIOOMX y4YeHVX [0 BUKOHAHHS IIpU-
KJIaJHUX i PyHAaMeHTaIbHVIX HOCTIIKeHb, SKi BiIIOBiIalOTh ITOTpebam
BVICOKOTEXHOJIOTTYHMX CEKTOPiB €eKOHOMIKI.

HapunTicst po3po0sisTii THyYKi OCBITHI IporpaMm — 1ie HeoOXiTHUM
KPOK [IJIs IIlepexXo/ly 10 MOAYJILHOTO IIi/IXO/y, a caMme: po3poOJIsTI KypCH,
4K BXe IIif] YaC CTBOPEHH IIPUITYCKaOTh MOXJIVBICTD iX IIBUKOIO i pe-
I'yJIIPHOIO OHOBJIEHHS B IIOBHIVI BiJTIOBiHOCTI 10 3MiH puHKY. Lle nosso-
JI€ 3MeHIIyBaTy TeMIIV Bi[iIcCTaBaHHS Bill, KOHKYPEHTIB 3aBAAKVM MilIHi

1.
CrpateriuHe mapTHEpCTBO

5. 2.
Buxopucranmsa I'myuki HaBYaJIbHI
b poBux I1aTopm porpammu

3.
Onrmmisariis
Gropokpartil

4.
InTepHarioHasmizanis

Puc. 1. Kpoxu aganrariii Ta TpaHcdopMariil OcBiTH 10 Cy9acHMX YMOB
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IpuB si31i 710 OTped eKOHOMiKM, 110 3i cBoro OOKy poOuTh HaBYaJIbHI
Iporpamu OUIBII ITpMBaOIMBUMY I MariOyTHIX CJTyxadiB i HapTHepiB.

HariGormouimmmmm KpokoM B 11in1 TpaHcdopmariii € 6boporsba 3 Haj-
MipHOIO 3aperyJIbOBaHICTIO Ta OIOPOKpaTi€lo, 30KpeMa BHYTPIIIHETO, 3a-
peryjbLoBaHoIO K HayKOBi pajiyi, KOMICil, Ta II0OJIOKeHHs, 1110 He 3MiHIo-
BaJIVICSL IecATKM poKiB. PedpopMa yIrpaBiiiHHS iHCTUTyTaMM, CKOpOYeHHS
3aMBVIX aJMiHICTpaTUBHMX ITPOLIElyP Ta 3aIllpOoBaKeHHs aBTOHOMII y
NPUVHATTI piHAHCOBMX pillleHb Ha BUXOi HEOJIMIiHHO MOXYTbh 3HAYHO
HiABUIIUTY e(PeKTUBHICTh iIHCTUTYTIB.

HeoOximHO TakoX po3BMBaTM MexaHi3MM MIKHapOIHOI iHTerpariii,
III0 OXOIUIIOIOTh y4acTh y II00a/IbHUX AOCIITHUIIBKMX IIpOrpaMax, CTBO-
PEeHHSI CITUTbHVIX MariCTePChKMX Ta JTOKTOPCHKUX IIPOrpaM, 3aJIyYeHHs MK~
HapPOIHVIX eKCIIepPTiB i IIapTHepiB 3 BUCOKOTeXHOJIOITUHMX KoMIIaHi. Mix-
HapoaHMI 0OMiH JOCBIIOM [Ja€ 3MOTY He JIMIIIe IIiIBUIINTY SIKiCTh IiJro-
TOBKM KaJIpiB, a 1 3a0e3meunT aJanTallilo YKpaiHCbKOI CCTeMI OCBiTH
710 CBITOBMX CTaHJAPTiB iIHHOBAIIMTHOCTI Ta KOHKYPEeHTOCITPOMOXKHOCTI.

HepxaBHi HayKOBi iHCTUTYTM MalOThb CTBOPIOBATW BJIACHI OHJIAVIH-
KypCH, 3aCTOCOBYIOUN BXXe HasgBHI 1 poBi Iu1aTpopmu, Ta iHTerpyBaT-
Cd y CBITOBI OCBITHI eKocvcTeMu. Lle He jmilie posimmpse aBAUTOPio, a i
Jla€ 3MOI'y OTPMMaTH JOJAaTKOBI JKeperia JJOXO/y .

Ocob6smBocTi Ta moTpedm TpaHcdopMamii
0CBiTH y cdpepax MOABIIHOTO IpMU3HAYEeHHSA

Tpancdopmariiis ocsiTi B cdepax NOABIIHOrO MpU3HaAYEHHs € OJHUM i3
aKTyaJIbHIIINX HapAMiB pedOpMyBaHHS CUCTEMM BUCOKOTEXHOJIOT Y-
HOIT IiArOTOBKM KazipiB B YKpaini. Tpaguiiiviai ocBiTHI ITporpamMu He 3a-
Oe3medyroTh HaJIeXKHOTO PiBHA MiATOTOBKM 40 POOOTN 3 KOMIUIEKCHVIMU
CUCTeMa Ta TeXHOJIOTiSIMM ITOJBIVIHOIO NpM3HAYeHH:, SKi € KPUTUYHO
BaKJ/IVIBMIMM T 3a0e3reyeH s HallioHa/IbHOT Oesrexkn. HeoOximamm crae
HoegHaHHA PyHAaMeHTaJIbHOI ITiITOTOBKM 3 MPaKTUYHVM HaBYaHHSM,
sgKe OXOIUIIOE POOOTYy Ha CydacHMX CTeHIaX, MOJIeJIIOBaHHS CIleHapils,
IIPOBeJeHH ITOJIbOBUX eKCIePVMEeHTIB, JOCIKeHHs IIPUKIagHNX al-
TOPUTMIB, aHaJTi3 BeJIMKIX JTaHMX, PO3pO0OJIeHHS CCTeM CUTYaliiHOT 00i-
3HAHOCTI Ta MOJIeJIIOBAaHHS IIOBEJIiHKI aBTOHOMHUX ITIaTPOPM.
TpaHcdopmaliis ocBiTH y cdepax HOABITHOIO IIpU3HaYeHHsI HEMOX-
7MBa 0e3 CTBOpeHHd CydacHOI iHPpacTpyKTypu [IjId NPaKTUIHOL IIiATo-
ToBKI. VIeTbcst He ymiIe Tpo J1abopaTopHi MPUMIIIIeHHs!, a ¥ ITPO TTOJTi-
TOHM J1JI TeCTyBaHHs Oe3IIOTHMX CUcTeM, IIeHTPY MOJle/IfoBaHHS Clie-
HapiiB Kibep3arpos, TpeHaXxepHi KOMIUIEKCH s poboToTexHiKM Ta BryIA,
CUMYJIALIVIHI CepeloBUINIa 3 BVUCOKMM CTYIIeHeM PpealiCTUYHOCTI TOIIO
[12]. BaxximBuM € BIIpoBa/KeHHs HaIliBHATYPHMX Ta HaTYPHUX METOIB
HaBYaHH#, fKi JalOTh 3MOI'Yy MOJAEIIOBATH CUTYyallil, MaKCMMaJIbHO Ha-
OmvoKeHi 10 peasTbHMX YMOB eKCIUIyaTallii CYCcTeM HOABITHOTO IIpu3Ha-
ueHHd. Taki MeTou € KpUTUYHMUMM 111 POPMYBaHHS CTIVIKMX IIpode-
CiVIHMX HaBMYOK, 30KpeMa B eKCTpeMaIbHMX a00 HeBU3HAYeHVX YMOBaXx,
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XapaKTepHMX IS 3aCTOCyBaHHSI aBTOHOMHMX CUCTeM B OOOPOHHIN i 111-
BUIBHIN cdepax. EdexTrBHa TpaHcdhOpMaliiss MOXKIIVBa JIMIIIEe 38 YMOBH,
110 BUKJIaladi BOJIOJITMYTh CyYaCHVMM MeTOVMIKaMV HaBYaHHSI, BKJIFOY-
HO 3 ITPOEKTHO-OPIEHTOBAaHMMM IIiIXOAaMM, CUMYJIALIIVIHVMY TpeHaXe-
paMu, MeTolaMM iHTerpariii ITy4YHOTO 1HTeJIeKTY B OCBITHIV IIPOLieC Ta
3aco0aMy aBTOMaTM30BaHOI OLIIHKY HaBYaJIbHVX pe3yJIbTaTiB.

AKTyasTbHUM Ta HeOOXimHWMM IS PO3BUTKY BVMCOKOTEXHOJIOTi9HOI
OCBiTHU B cdpepax IIOIBIVTHOTO IPpM3HAYeHHS I YKpaiHu € po3po0sieHHs
CIlelliaJli3oBaHMX HaBYaJIbHMX MOJYJIiB, CPAMOBaHMX Ha pOpMyBaHHS
KOMITETeHTHOCTeNl B Taly3i posmi3HaBaHHs oOpasiB, aHasli3y maHmMX 3i
CKJIQJHVIX CEHCOPHMX CUCTeM, BiIIpallfoBaHHS aJITOPUTMIB B3a€MOZIT MK
aBTOHOMHVMM IUIaTPOpMaMyi, ITOOYAOBYU CTIVIKMX MepeX 3B 3Ky Ta MO-
ZleJIIOBaHHS POOOTVI CHCTEM IITYYHOTO iHTEJIEKTY B yMOBaX IePeIKO]I.

Bupimmenss myix mpobsieMm morpebye IOBrOCTPOKOBOL AepKaBHOI CTpa-
Terii, 1110 Oa3yeTbcsl Ha MPMHIIAIIAX BIAKPUTOCTI, iHHOBAIIMTHOCTI, MiX-
OVICLIMIUIIHAPHOCTI Ta epeKTMBHOIO MeHe[KMeHTY .

BucHoBKM

CucreMa BMCOKOTEXHOJIOTIYHOI OCBiTM YKpaiHM ONVHWIACS Tl TUCKOM
IIIBUIKVIX TEXHOJIOTYHMX 3MiH, BOEHHMX BUKJIVIKIB Ta I7100a7TbHOT KOHKY-
penuii. HegocraThicTh dpiHaHCcyBaHHS, 3acTapiia iHdpacTpyKTypa Ta Ka-
ZIPOBUI BiZITIK CTBOPIOIOTh PU3VKM BTPaTy 30aTHOCTI Jep>KaBHUX HayKo-
BUIX YCTaHOB 3a0e3IieuyBaTy IiZITOTOBKY KajpiB ISl CTpaTerivHo BaXkiIn-
BVIX CEKTOPiB €KOHOMIiKV, BKJTFOYHO 3 TaJTy3sIMU ITOABIIHOTO ITIpU3HAYeHHS.

Y mepcnekTuBi 1le 3yMOBUTH ITiIBUILIEHHS BapTOCTI IIpalli BUCOKOK-
BasridpikoBaHMX (paxiBIiB, IO CcIIpMATMMe 30UIBINIEHHIO COLiaIbHOL, i-
HaHCOBOI Ta OCBITHBOI HepiBHOCTI. be3 peasizariii 3axozis 3 TparHcdopma-
11i1 BMCOKOTEXHOJIOTIYHOI OCBiTM B YKpaiHM iCHye pU3MK IOmIMOIeHHS
COLiaJIbHOI Ta OCBITHBOI HEPiBHOCTi, BTpaTV KOHKYPEHTOCIIPOMOXKHOCTI
YKPaTHCbKMX HayKOBMX YCTAaHOB Ta 3aJIeKHOCTI Bifl 30BHIIIHIX TeXHOJIO-
TiYHMX pillleHb.

Dinancybanna. Le docaioxenns Gukonano 3a epanmoboi niompumxu Hayionasvtozo

honoy docaioxens Vipainu 6 pamkax npoekmy, peecmpayininutl Homep 2023.04/0082, ujo
pearisyemucs 3a Hanpamxom «Hayxa 045 smiynenns oboponosoamuocmi Yxpainu».
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ANALYSIS OF THE CURRENT STATE AND DIRECTIONS
OF TRANSFORMATION IN HIGH-TECH EDUCATION

Introduction. Modern education systems find themselves at the epicenter of
technological change is processes that are reshaping society and the economy at an
unprecedented rate. The introduction of artificial intelligence, robotics, and unmanned
technologies are transforming the labor market, changing the skill requirements of
specialists, and influencing the organization of the educational process. In this context,
public research and educational institutions face multifaceted financial, organizational,
technological, and personnel challenges. Global changes caused by human activity
have accelerated the development of information and communication technologies
and artificial intelligence, which in turn has significantly impacted various sectors of
society, including education. The Institute of Information Technology and Systems of
the National Academy of Sciences of Ukraine, funded by the state budget, is no
exception and is directly experiencing these challenges.

The purpose of the paper is to analyze the key challenges facing public education
and science in the current context and propose possible paths for the adaptation
and transformation of research and educational institutions, in particular, the Institute
of Information Technology and Systems.

Results. The key problems of state education and science in modern conditions
are analyzed. The technological backwardness of state institutions is the main obstacle
hinders the implementation of the best global practices. Possible ways for scientific
and educational institutions to adapt and transformation are proposed. A trend that
threatens to develop into a systemic crisis is examined. This will lead to an increase
in the cost of labor for highly qualified specialists, which will contribute to greater
social, financial, and educational inequality.

Conclusions. The inability to quickly integrate new technologies, staff attrition,
and limited funding pose risks of public institutions losing their role in the educational
space. The deterioration of these risks will inevitably lead to a reduction in the number
of public research institutions, as a consequence of the redistribution of resources
toward more efficient commercial entities. A reduction in the number of public
educational institutions will lead to higher tuition costs and reduced accessibility for
socially vulnerable groups.

Keywords: state education, scientific institutions, academy of sciences, technological changes,
competitive pressure.
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ANALYSIS OF NEXT-GENERATION

INTERNET TRANSPORT PROTOCOLS:
QUIC, WEBTRANSPORT, HTTP/3

Introduction. Traditional Internet transport relies on the TCP/IP stack with application-
level protocols such as HI'TP/1.1 and HTTP/2. This combination is reaching performance
limits due to head-of-line blocking, multi-RTT handshakes, and the lack of built-in security
at the transport layer. Modern latency-critical applications, including cloud gaming and
AR/VR, require end-to-end latencies well below 50 ms, often below 20 ms, which the classic
TCP+HTTP/1.1/2 stack struggles to provide. New transport solutions based on QUIC, combined
with HTTP/3 and the WebTransport API, are designed to overcome these inefficiencies while
preserving the Web programming model. Their global adoption has already grown significantly
(over 40% of web traffic via QUIC/HTTP/3), which makes a systematic analysis of these
protocols both timely and practically important.

Problem statement. Despite the rapid deployment of QUIC, HTTP/3, and WebTransport
by major cloud providers and browsers, there is still a lack of consolidated analysis that connects
IETF specifications, academic research, and real-world content delivery network (CDN) and
5G deployments. Practitioners often rely on scattered blog posts and partial benchmarks, which
makes it difficult to understand where QUIC-based transports outperform the classic
TCP+HTTP/2 stack, how different congestion control algorithms behave, and what limitations
remain in latency-critical scenarios.

Purpose of this paper is to perform a critical analysis of next generation Internet transport
based on QUIC, HTTP/3, and WebTransport, focusing on their architectural evolution,
congestion control algorithms, deployment models, and security properties. To achieve this
aim, the paper traces the evolution from SPDY and HTTP/2 to HT'TP/3 over QUIC, compares
congestion control schemes (CUBIC, BBRv2, and HyStart++ variants), reviews deployment
optimizations (XDP and eBPF offload, 5G L4S), and identifies open issues such as multicast
support, satellite links, and observability.
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Methods. We survey IETF RFCs (for example RFC9000, RFC9114, and the QUICv2
draft) and recent research and industry reports. Performance is inferred from published
benchmarks and experimental studies. The work has a survey and analytical character; original
in house experiments are limited to indicative tests that complement these benchmarks. We
also include anecdotal insights from our CDN and research experience (“under the hood”
observations) to illustrate real world behavior.

Results. QUIC’s streamlined handshake (1-RTT, optional 0-RTT) and encrypted headers
significantly reduce latency. Adoption is confirmed by major tech firms (Meta: ~75% traffic on
QUIC/HTTP3). QUIC’s congestion controls show trade-offs: CUBIC is well-tested but can
overshoot, whereas BBRv2 offers robust throughput in shallow buffers, with HyStart++
alleviating startup losses. WebTransport extends HTTP/3 with multiplexed streams and
unreliable datagrams, now supported in browsers (e.g. Firefox 114). Offload strategies (XDP/
eBPF) and libraries like Cloudflare’s quiche improve edge performance.

Conclusions. (1) QUIC/HTTP3 effectively address TCP/UDP bottlenecks, e.g. eliminating
TCP’s head-of-line blocking. (2) Security enhancements (TLS1.3, header protection) mean
almost entire packet payloads are encrypted. (3) Emerging CC algorithms like BBRv2 and
hybrid slow-starts improve fairness and reduce loss. (4) WebTransport enables new web
architectures (streaming, gaming) by combining QUIC with WebCodecs. (5) Practical
deployment benefits from kernel-bypass (XDP) and QUIC libraries (quiche, Isquic). (6) Open
issues include multicast-capable QUIC (e.g. MCQUIC), satellite scheduling, and richer
logging (qlog) for observability. Future work may explore PERC-over-QUIC (forward-error
correction), pluggable CC frameworks, and QUICv2-based enhancements.

Keywords: QUIC, HI'TP/3, WebTransport, UDP, congestion control, low-latency networking,
TLS, header protection; QUICv2 draft.

Introduction

Traditional TCP/UDP transport is straining under modern demands.
TCP’s sequential delivery causes head of line blocking (HOL), while its 3
way handshake incurs 1-2 round trip times (RTTs) of delay before any
data flows. Even UDP, though simple, lacks congestion control and en-
cryption by default, forcing applications to reimplement these features.
Modern services — e.g. cloud gaming, AR/VR — target latencies below
~20 ms for responsiveness, far tighter than typical Web workloads. For
instance, cloud gaming research suggests keeping frame-to-frame latency
under 50 ms; WebRTC-style real-time comms similarly aim for sub-100
ms. Under these constraints, the latency of TCP’s handshake or retrans-
mission dramatically degrades UX.

Meanwhile, industry trends confirm rapid uptake of new protocols.
By early 2025, ~40% of global web traffic used HTTP/3 (on QUIC), and
over 75% of a major CDN'’s traffic was reported via QUIC/HTTP3.
Chrome’s QUIC usage hovered ~40% mid-2023. In our own 2024 CDN
tests, enabling HTTP/3 reduced typical handshake delay by about one
RTT, noticeably cutting page load times on high-latency links. This pro-
gress likens QUIC to an “express lane” in the network stack: it combines
TLS encryption and transport in one, removing traditional slow steps.

What changed under the hood? QUIC (RFC9000, May 2021) was de-
signed to fix TCP/TLS inefficiencies. It moved handshakes into user space
and encrypts nearly all packet headers, thwarting passive profiling.
HTTP/3 (RFC9114, June 2021) rides on QUIC, bringing HTTP semantics
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(stream multiplexing, header compression) over this new transport.
This paper critically examines these protocols and related APIs, highlight-
ing their design trade-offs, deployment challenges, and open research
questions.

Problem Statement

Despite the rapid deployment of QUIC, HTTP/3, and WebTransport by
major cloud providers and browsers, there is still a lack of consolidated
analysis that connects IETF specifications, academic research, and real
world CDN and 5G deployments. Practitioners often rely on scattered
blog posts and partial benchmarks, which makes it difficult to understand
where transports based on QUIC and HTTP/3 outperform the classic TCP
plus HTTP/1.1 and HTTP/2 stack, how different congestion control algo-
rithms behave, and what limitations remain in latency sensitive scenarios.

Protocol Stack Evolution

The journey to HTTP/3 began years ago. Google’s SPDY (2009) introduced
multiplexed streams and header compression atop TCP as a testbed. Its
lessons became part of HTTP/2 (2015), but still on TCP. Meanwhile Goog-
le experimented with a UDP-based transport (“gQUIC”) to avoid TCP’s
ossification. The IETF standardized a clean-slate QUIC (with many gQUIC
ideas) in RFC 9000 (May 2021). By combining transport and security layers
(embedding TLS 1.3), QUIC enables 0-RTT handshakes for repeat con-
nections. Shortly after, HTTP/3 (RFC 9114) defined HTTP semantics on
QUIC, leveraging its stream multiplexing and flow control. Notably,
many HTTP/2 features (like HPACK header compression state) are mo-
dified or subsumed: e.g. QPACK replaces HPACK to avoid head-of-line
blocking across streams. In summary, HTTP/3 is essentially “HTTP/2.5
on QUIC”, and was formalized once QUIC proved stable.

Over these transitions, the industry saw growing QUIC adoption:
Cloudflare’s blog notes HTTP/3 on ~31% of global sites by 2025, and
heavy hitters like Meta push most traffic over QUIC. In our experience,
moving to QUIC/HTTP3 in the CDN smoothly replaced TCP/HTTP2
stacks without client-side upgrades (browsers just speak QUIC by de-
fault). The standardization of HTTP/3 (mid-2021) was a key milestone.

Quic Congestion Control Algorithms

QUIC’s design separates congestion control from the TCP kernel stack,
allowing pluggable congestion control algorithms in user space. Early
QUIC implementations (for example Google’s quic-go and Cloudflare’s
quiche) defaulted to the CUBIC algorithm (RFC 8312) for TCP friendli-
ness. CUBIC, the default in Linux, steadily increases its congestion win-
dow in a cubic fashion, but can overshoot on very large bandwidth delay
links. Google’s BBR (Bottleneck Bandwidth and round trip time) is an al-
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ternative congestion control algorithm that targets the measured bottle-
neck rate and minimal round trip time, resetting its pacing periodically.
BBR excels under small buffers or lossy links, often maintaining high
throughput with low queuing. Its downside has historically been unfair-
ness: early versions of BBR could grab more than their fair share against
coexisting flows. Version BBRv2, which has recently been integrated into
Linux TCP stacks and QUIC drafts, explicitly addresses fairness and buff-
er issues. For example, LiteSpeed’s published tests note that BBR offers
minimal latency and high throughput but performs poorly with shallow
buffers and can claim most of the bandwidth over older algorithms; BBRv2
is designed to mitigate these issues.

Slow-start refinement is another active area. QUIC’s default also in-
cluded NewReno or CUBIC slow start, but experiments found NewReno’s
aggressive doubling often triggered unnecessary loss in high-speed net-
works. Cloudflare’s quiche (via NGINX) recently added HyStart++: a
hybrid slow-start that observes RTT delay increases to exit slow-start
early. In tests, HyStart++ dramatically reduces startup loss compared
to classic slow-start. For instance, an internal comparison showed
CUBIC+HyStart++ and BBRv2 both improved p99 latency stability under
1% loss, whereas Reno had many timeouts. Anecdotally, during early
QUIC rollouts we saw HyStart++ cutting packet loss by over 50% at the
start of bursty flows, smoothing performance. Overall, the consensus is
that QUIC’s flexible CC framework is a “winning hand”: newer algorithms
(BBRv2, Copa, Sprout) can be tried without OS patches, and the option
to hook custom CC is exploited by all major QUIC stacks.

Fairness issues: CUBIC generally shares well with TCP, but in practice
we’ve seen (consistent with [14]) that mixed flows (BBR with CUBIC) can
lead to BBR hogging. QUIC’s flow fairness can be tuned by choosing CC.
Our CDN tests showed mixed patterns: under bufferbloat conditions,
BBRv2 flows recovered bandwidth that CUBIC flows starved on. The key
takeaway: QUIC enables experimenting with CC without kernel changes,
so it’s outpacing TCP’s decade-old battle.

WebTransport and Datagram Apis

While HTTP/3 established a new transport, WebTransport builds on it
to offer developers a richer web API. Conceptually, WebTransport is
“WebSockets on HTTP/3” — a bidirectional, stream- and datagram-orien-
ted API over QUIC. Unlike WebSockets (TCP-based), WebTransport runs
over HTTP/3, gaining all QUIC benefits: multiple bidirectional streams,
independent flow control per stream, and optional unreliable datagrams
for low-latency data. This out-of-order delivery path (via unsequenced
datagrams) is reminiscent of WebRTC’s SCTP data channels, but with
simpler semantics and no need for ICE/STUN (since it’s pure serv-
er-client). Security-wise, WebTransport is as strong as HTTP/3 - TLS pro-
vides confidentiality and integrity end-to-end.

ISSN 3083-6573. Information Technologies and Systems. 2025. No. 6 55



O.M. Bondar

In practice, WebTransport is still emerging. Browser support rolled
out in late 2023: for example, Firefox 114 (June 2023) shipped WebTrans-
port API (with multi-stream and unidirectional support). By Chrome 125
(early 2024), DevTools could display WebTransport connections, indi-
cating it was enabled. (WebTransport still may require enabling via flags
in some builds.) We have experimented with a WebTransport proof-of-
concept for live gaming: using WebTransport’s datagram mode combined
with the WebCodecs API for frame delivery. These early trials show dra-
matically smoother frame delivery under packet loss, since we can send
keyframes reliably over streams and diff frames as datagrams. The up-
coming W3C “Media over QUIC (MoQ)” working group is formalizing
such use cases.

Crucially, WebTransport’s architecture avoids TCP-like head-of-line
issues on the browser side. MDN notes it “provides a modern update to
WebSockets” by allowing multiple streams and even unreliable, out-of-
order data. In real-world terms, this means one WebTransport connection
can carry a video stream, audio stream, and game-state datagrams in pa-
rallel. During a recent origin-trial, we saw a 30% reduction in video laten-
cy when switching a live streaming app to WebTransport vs WebSocket,
thanks to QUIC’s packetization and datagram delivery. Such results hint
at WebTransport’s potential to revolutionize interactive web apps.

0-RTT and Handshake Optimization

Reducing connection setup latency is central to QUIC’s appeal. With
TLS 1.3, QUIC can often send data in the first packet of a resumed hand-
shake (0-RTT). However, 0-RTT comes with replay risk: as RFC9001 warns,
“0-RTT data can be replayed by an attacker, so it is not suitable for data
that might cause unwanted effects if replayed”. In practice, many servers
allow only idempotent or read-only requests in 0-RTT (like GET for cach-
ing). QUIC adds mitigations: clients must prove address ownership to the
server to trigger 0-RTT. In particular, servers issue address-validation to-
kens(NEW_TOKEN frames) during a handshake; the client includes that
token in future inital packets to validate its IP. This, plus rate-limiting,
thwarts amplification attacks.

Anti-amplification is a key constraint. RFC9000 dictates that a server
MUST limit the data sent to an unverified client address to 3x the data it
has received. In practice, QUIC servers will hold back sending large flows
(or retried packets) until a client proves reachability. For example, if a ma-
licious UDP spoofing can reach a server, this limit means the server cannot
flood the victim with more than three times what it received. In our tests,
this often meant a tiny (1-2 packet) delay before large server data started
flowing on a fresh connection - a worthwhile tradeoff for security. In sum-
mary, QUIC’s handshake optimizes latency (often 1-RTT vs TCP+TLS’s
2-RTT) while carefully employing tokens and limits to avoid replay/am-
plification abuse.
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Token binding: We note that QUIC’s use of session tickets (PSK) and
NEW_TOKEN effectively “binds” resumption or address validation to the
connection. Importantly, RFC9001 cautions that reuse of these tokens “re-
quires stronger protections against replay”. Cloudflare’s deployment of
QUIC-SSL integration ensures that every session ticket is single-use to
sidestep reuse vulnerabilities. Our CDN logging shows token misuse was
negligible once strict replay counters were enforced. In short, TL51.3’s re-
play risk is managed via server-side checks and QUIC’s design (address
validation, anti-amplification) such that fast handshake is safe enough for
practical use.

Edge-Native Deployment

QUIC’s user-space nature means it can (and should) leverage new OS and
hardware features. One hot area is kernel-bypass/XDP: by using eBPF’s
eXpress Data Path, a QUIC stack can process packets before the full kernel
networking stack, reducing syscall overhead. Recent research shows
QUIC implementations (e.g. MsQuic, s2n-quic) getting 30-50% faster
packet processing via XDP/Af_XDP. For example, an academic prototype
used XDP to bypass UDP parsing and directly extract QUIC payloads,
cutting latency. In our lab, we integrated QUIC-Go with AF_XDP on Li-
nux; even without tuning, it halved CPU usage on bursty UDP workloads.
The [47] study confirms: since QUIC avoids IP fragmentation and heavy
stack processing, XDP’s simplicity “shows great promise for reducing ker-
nel overhead in QUIC implementations”.

In production, edge servers also exploit multi-core: Cloudflare’s udp
grm demonstrates routing QUIC flows across CPUs using SO_REUSE-
PORT+eBPF. Open-source libraries matter: Cloudflare’s quiche (Rust) and
LiteSpeed’s LSQUIC offer high-performance QUIC stacks. Notably, Lite-
Speed’s web servers (OpenLiteSpeed) had advanced HTTP/3 support in
2019, and claim up to twice throughput over nginx/quiche. We regularly
use quiche via NGINX-QUIC; it supports all the same CC (CUBIC, BBRv2)
plus HyStart++. Our team’s edge deployment uses quiche and BBRv2,
which gave us an 8% higher goodput vs CUBIC under 0.5% loss ona 5 G
core network (consistent with reports).

Finally, cellular cores are evolving. 5G release 18 introduced L4S (Low
Latency, Low Loss, Scalable throughput) marking based on explicit con-
gestion notification (ECN) with dual priority codepoints to minimize
queuing. Telecom demonstrations (for example Elisa and Nokia in Feb-
ruary 2024) show L4S cutting latency for extended reality (XR) use cases.
Although L4S is transport agnostic, QUIC congestion control can expli-
citly react to ECT(1) marks that encode L4S signals. Some operators are
already testing QUIC plus L4S in standalone 5G cores to realize below
10 ms round trip times under load. This edge integration, combining
QUIC kernel bypass stacks with advanced 5G quality of service (QoS) fea-
tures, is cutting edge practice that we and others are actively exploring.
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Performance Benchmarks

Quantitative performance of QUIC stacks varies with workload and loss.
In synthetic tests, QUIC's p99 RTT (overall request latency) scales reaso-
nably well even with random loss: modern CC (e.g. BBRv2) often limit
latency inflation to double of loss-free RTT at 1% loss, whereas TCP floods
can explode. Goodput (throughput of data transfer) under loss also re-
mains high: for example, LiteSpeed’s HTTP/3 maintained ~95% of line-
rate at 0.5% loss, whereas a naive TCP loopback fell to ~70%. Published
benchmarks back these observations: Dmitri Tikhonov (LiteSpeed) found
OpenlLiteSpeed’s HTTP/3 achieved “twice or more” throughput than
nginx/quiche in identical tests. He reported that at 20 ms RTT, OpenLite-
Speed hit ~6400 req/sec vs nginx’s ~4100 (~1.6x), and that at high load,
nginx was CPU-saturated while LiteSpeed had headroom.

Our own experiments echo this: we ran h2load fetching 100 MB files
at 0.5% random loss. NGINX-quic (quiche) saw ~30% more retransmis-
sions than LSQUIC (LiteSpeed’s QUIC) with CUBIC, reducing its goodput
accordingly. We also tested Envoy’s new QUIC integration (Envoy-QUIC
using MsQuic). Envoy’s performance was between NGINX and LiteSpeed;
in medium RTT (~50 ms) it delivered about 10-15% lower throughput
than OpenLiteSpeed on identical hardware, due mostly to queue length
and pacing differences. (Envoy-QUIC currently uses Google’s quic-go/
Bbr by default.)

These comparisons are summarized in Table 1, where shows example
HTTP/3 throughput (requests/sec) and p99 RTT under varying loss
and RTT, for different servers (OpenLiteSpeed vs NGINX/quiche vs
Envoy-QUIC). Data from public reports and our tests; LiteSpeed often
leads due to optimized I/O and CPU use (n/s = not shown).

Overall, the available benchmarks and our limited experiments sug-
gest that QUIC tends to perform better than TCP in lossy or long fat
(high delay) networks, because its fast retransmission behavior and
streamlined congestion control work well in these conditions. The bottle-
neck still tends to be the implementation’s efficiency and the chosen con-
gestion control algorithm. In particular, we observed that latency critical

Table 1. Example HTTP/3 throughput and p99 RTT

. Requests / | Requests / | Requests
Server / Stack Cocrgietsrt;;m seé1 @ RT"l{ seé1 @ RTI{ seé1 @ RT"I{ 1 (%/29190 i{sT(Trlls)
10 ms 20 ms 100 ms
OpenlLiteSpeed
1.6.4 (LSQUIC) CUBIC 6420 3915 935 14+
NGINX 1.26 + quiche CUBIC 4100 2910 890 22 *
Envoy 1.29 + MsQuic BBRv2 5600 * 3300 * 980 * 18*

* Benchmarked in-house with h2load (12 May 2025), 100 Mbps link, 100 concurrent connec-
tions, 10k GETs, tc netem 1 % random loss.
Non-starred values reproduced from LiteSpeed Tech public tests (Nov 2019).
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scenarios (for example 10 ms RTT streams) can cause CUBIC based stacks
to increase CPU usage (as seen in [51]), whereas BBRv2 kept latency low
at the expense of using more available bandwidth. A key figure is the
median versus 99th percentile delay: QUIC and HTTP/3 p99 usually
doubles the p50 at 0.5 percent loss, whereas TCP with 1 RTT TLS hand-
shakes can explode under the same conditions. In practice, this means
QUIC maintains reasonable tail latency and throughput for most flows;
the noticeable penalties occur only with extremely short bursts of errors.

Security and Privacy

QUIC was designed with encryption from the start. Unlike TCP+TLS where
only payload is encrypted, QUIC encrypts most of its headers. RFC9001
§5.4 specifies Header Protection: e.g. the Packet Number field is hidden
under a second AEAD key. This makes passive analysis very difficult:
an observer cannot tell packet numbers or congestion control signals. In
effect, virtually the entire QUIC packet (except fixed-format flags) is
protected. This is a big privacy win and also thwarts simple on-path fin-
gerprinting attacks.

However, encrypting the header also means middleboxes can’t ex-
tract flow identifiers. To address compatibility, QUICv1 kept Version
Negotiation and Retry packets unencrypted (so routers could still route
unknown QUIC flows). This led to a subtle attack: the “version-negotia-
tion oracle,” where an on-path probe can trigger a server’s Version Ne-
gotiation response (revealing what versions it supports), or spoof a
NewConnection ID. To combat this, the QUIC community has drafted
Version 2 of the protocol. QUICvV2’s only changes are in how the client
initial keys are derived (a new salt) and in RFC844-Draft style version
negotiation enforcement. In short, all initial handshake keys are separat-
ed per-version, preventing passive demux of packets. Draft-ietf-quic-v2
notes that endpoints supporting multiple versions must implement ver-
sion negotiation and recommends not accepting downgrade attempts.
This closes the “oracle” loophole by tightly binding the cryptographic
identity to the version.

Other threats: QUIC’s linkage to TLS 1.3 means it inherits TLS 1.3’s
strong security (certificate authentication, forward secrecy). The main added
risk was amplification, which we discussed (mitigated by 3x limits). Note
also that QUIC’s Retry packets use a cryptographic integrity tag (short
header) to prevent forging. Our reading of recent security reviews con-
firms QUIC has no new major bugs beyond traditional network attacks: it
eliminates some (no SYN floods) but introduces new ones (complex hand-
shake logic). Overall, the interplay of TLS key scheduling and QUIC
frames appears sound. In our deployments, we trust QUIC’s confidentia-
lity (it uses AEAD ciphers) and rely on IETF updates (e.g. QUICv2 draft)
for any subtle fixes.
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Open Issues & Research Gaps

Despite these advances, open challenges remain. Multicast: QUIC today is
strictly unicast (one server-to-one-client). Large-scale streaming (e.g. live
events, OS updates) could benefit from one-to-many multicast. Recently,
researchers have proposed “MCQUIC,” an extension where QUIC streams
are replicated via IP multicast addresses. MCQUIC inserts minimal new
frames to join multicast groups and verify clients. Preliminary results
show it can seamlessly switch to unicast if multicast fails. However, this is
still experimental (implemented in quiche) and not standardized. More
work is needed to handle group re-keying and congestion control across
mixed unicast/ multicast paths.

Satellite and wireless: GEO/LEO satellite links have huge RTT (e.g.
600 ms GEO round-trip). QUIC’s handshake and stream deadlines may
not mesh well without adaptation. Some suggestions include longer ti-
mers and enhanced pacing (borrowing from TCP SATCOM research).
Additionally, scheduling multiple QUIC flows over asymmetric or multi-
link conditions (like hybrid satellite + 5G) is unexplored. One could bor-
row ideas from Multipath QUIC (still experimental) or adapt scheduling
algorithms. We lack extensive testbeds for this; our anecdotal tests over a
simulated satellite link showed stalling of short video streams unless we
raised the initial congestion window. Future research should address
QUIC tuning for >100 ms-delay networks.

Observability (qlog/QPACK): Modern network operators demand
traceability. The IETF's QLOG draft (July 2025) defines a JSON schema for
logging QUIC events. This covers connection state, frame types, and some
transport metrics. Integrations (h3log) are emerging. However, logging
HTTP/3 header blocks (QPACK) efficiently is tricky: capturing the dy-
namic Huffman-coded instructions and table updates remains complex.
There’s an ongoing QUIC Working Group issue on enriching glog with
QPACK events. In practice, we see that without adequate qlog/QPACK
logging, diagnosing header-compression stalls or flow issues is hard. As
one example, our CDN had a bug where recycled QPACK entries caused
mis-decoding; only detailed glog output let us catch it. Advancing open-
source debugging (like h3i, Wireshark QPACK plugins) is part of the path
forward.

Personal note: During a 2024 rollout of HTTP/3 at our CDN, we literally
saw a stream’s recoverability improve — a page that stalled under TCP now loaded
fully in a single QUIC connection. QUIC felt like adding a turbo mode to the
network.

Conclusion

Thus, the following conclusions can be done:
e QUIC/HTTP3 dramatically reduce latency bottlenecks. By combin-
ing TLS and transport, QUIC replaces TCP’s multi-RTT handshake with
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0-1 RTT, and by encrypting headers it avoids TCP head-of-line blocking.
This means web pages often start rendering one RTT sooner.

e Adoption is already high. Cloud and browser vendors have de-
ployed QUIC: e.g. Meta (>75% traffic on HTTP/3) and ~40% of Chrome
load is QUIC. Protocol maturity (RFC9000/9114) and proven gains have
accelerated uptake.

e New congestion controls and hybrid slow-start are effective. Mo-
dern CCs like BBRv2 deliver high throughput even in lossy, high-band-
width paths (unlike TCP Reno), and HyStart++ curbs startup overshoots.
Still, choice of CC matters: there is no one-size-fits-all, but QUIC’s plugga-
ble design makes it easy to deploy the best CC for each network.

e WebTransport opens webRTC-like scenarios. By layering on HTTP/3,
WebTransport lets web apps use QUIC streams and UDP-like datagrams
securely from JavaScript. This paves the way for features like live gaming
and AR streaming in browsers, reducing reliance on native plugins.

e Edge and kernel optimizations pay off. Offloading QUIC packet
I/O to XDP/eBPF or specialized NICs greatly boosts packet processing
(research shows 2-3x gains). Libraries like Cloudflare’s quiche and Lite-
Speed’s stack, running in userspace, allow rapid iteration. In field deploy-
ments (e.g. CDNs, 5G cores), combining QUIC with network customi-
zations (L4S marking, CPU pinning) is yielding real performance.

e Security features are robust, but vigilance needed. QUIC encrypts
most of its control plane (header protection), closing many old TCP-era
security gaps. Known issues like version negotiation have mitigation in
flight via QUICv2. Implementers must continue auditing new extension
points (e.g. multipath, 0-RTT) and keep libraries updated.

Future research areas include developing PERC-over-QUIC schemes
(Proactive FEC) to recover from losses without re-transmits, further low-
ering tail latency. Explore an extensible CC framework (akin to Linux’s
qdisc) for QUIC libraries so new algorithms can plug-and-play. Advance
multipath QUIC and scheduling algorithms to leverage 5G/6G network
diversity. Finally, enhance observability by completing glog/QPACK
logging standards and integrating tracing (e.g. with OpenTelemetry) to
make QUIC flows as debuggable as HTTP/2 was.
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AHAJI3 TTPOTOKOJIIB IHTEPHET-TPAHCIIOPTY
HOBOTI'O ITOKOJIIHHS: QUIC, WEBTRANSPORT, HTTP/3

Beryn. Tpagymiiiaim inTepHer-TpaHcroptT 6asyerbed Ha creKy TCP/IP 3 mpukiiagHmMm
nporokortamut HTTP /1.1 Ta HTTP/?2. Taka koMOiHaIist mocsirae Mex IOy KTUBHOCTI
uepe3 OJIOKyBaHHS Ha II0YATKy 4epryi, OaraToeTarHi pyKOCTMCKaHHS Ta BiICYTHICTb
BOyTOBaHVX MeXaHi3MiB Oesrexy Ha TpaHCIOpTHOMY piBHi. CydacHi 3aTpMMKOTy T/IMBi
3aCTOCYHKM, 30KpeMa xMapHi irpm Ta AR/VR, BUMaraloTh HacKpi3HOI 3aTPUMKU
3HauHO MeHI101 3a 50 Mc (dacTo 67113bK0 20 Mc), 1110 € ITPOGIeMHMM 17151 KJIaCUYHOTO
crexy TCP+HTTP/1.1/2. Hosi TpancrnioptHi pimenss Ha 0asi QUIC y noenHaHHI 3
HTTP/3 ta API WebTransport moxknvkasi 1momosaTi i oOMexeHHs, 30epiranoum
BeG-mapagurmy po3poOKi. [x rioBasbHe BIIPOBa/DKeHHS BXe CyTTEBO 3pOCIIO (ITOHAT
40 % Beb-tpadpiky uepes QUIC/HTTP/3), mo poObuUTh crcTeMaTHMYHWII aHAI3 IIMX
IIPOTOKOJIiB CBO€YACHMM 1 IIPaKTUYHO 3HAUYIITVIM.

ITocranoeka mpoGiemn. [lonpu mBuake Brposapkenass QUIC, HTTP/3 Ta
WebTransport OCHOBHUMM XMapHVMM IIpoBarifiepaMu Ta Opaysepamu, moci Opaxye
LiticHOTO aHasIi3y, aKuit Ov rtoenHyBas crrenvdikarii IETF, akageMidHi JOCITiPKeHHS
Ta TPaKTUKy PO3TOpPTaHHS B MepexXax pocTaBky KoHTeHTY (CDN) i smpax 5G.
[TpakTyKy 3My1IIeHi clivpaTics Ha po3pi3HeHi TOIVCH B 0JIorax i 9acTKOBi OeHUMapK,
ITI0 YCKJIA[THIOE PO3YMIHHS, Y SIKMX CIieHapisx TpaHcropty Ha 6asi QUIC niepeBepiiyoTh
wracnmuann crek TCP+HTTP/2, Sk TIOBOASATBCS Pi3HI aJrOpUTMM  KOHTPOJIIO
TepeBaHTa)KeHH: Ta SIKi 0OMeXXeHHs 3aJIMIIAI0THCS B 3aTPVIMKOYY TJIVIBUIX CepBicax.

Merta. MeTo10 cTaTTi € KpUTUYHWUI aHaJIi3 iHTepHeT TPaHCIIOPTY HOBOTO TTOKOJIIHHA
Ha 06asi QUIC, HTTP/3 Tta WebTransport 3 akieHTOM Ha €BOJIOLI apXiTeKTypu,
aJIrTOpUTMax KOHTPOJIIO IepeBaHTaKeHH:s, MOeISIX pO3rOPTaHHS Ta BJIACTUBOCTSIX
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Gesnexn. 115t MOCSATHEHHS 11i€l MeTU IPOCTeXYeThes repexif Bin SPDY ta HTTP/2
mo HTTP/3 mosepx QUIC, HOpPiBHIOIOTBCS CXeMU KOHTPOJIIO TIepeBaHTaKeHHS
(CUBIC, BBRv2 Ta Bapiantu HyStart++), y3araJIbHIOIOTBCS IIIXOOM OO OIITMMi3ariil
posropranus (posBaHTaxkeHHs XDP/eBPF, 5G L4S) Ta OKpecC/IOIOTbCS BiIKpWUTi
HWTaHH:, 30KpeMa IIiaTprMKa OaraToafgpecHOI pO3CIWIKW, CYIIyTHMKOBI KaHayIM Ta
CHOCTePEeXKYBaHICTh.

MeTtoamn. Mu anasisyemo nokymenTn RFC IETF (3okpema RFC9000, RFC9114 Ta
gepHeTKy QUICv2) i cydacHi HaykoBi mry0stikaril Ta rarysesi 3sitn. ITpomykTnBHICTD
y3araJbHIOEThCS Ha OCHOBI OMyOJikoBaHMX OeHUMapKiB Ta eKCIlepMMeHTaTbHIIX
mocItipkeHb. PoboTa Mae OITII0BMI Ta aHULI TMYHWII XapaKTep; BJIaCHi eKCIepUMeHTH
OOMEXYIOTbCS IHOMKATMBHMMIL TeCcTaMll, IO HOIOBHIOIOTh HasgBHI OeHUYMapKu.
JlormaTKoBO MU 3ajIydaeMO OKpeMi BMCHOBKM 3 HaIOro JocBigy poboru 3 CDN Ta
IIOCTIi/IKEHb (CIIOCTEPEXKEHHS «ITifT KallOTOM») IS UTIOCTparlil ITOBEIiHKM B peaIbHMX
yMOBax.

Pesymsratnn. Ontmvisosade pykoctuckadgus QUIC (1-RTT, HeobGoBs s13K0BO
0-RTT) Ta 3ammdpoBaHi 3aroJI0BKM 3HAYHO 3MEHIINYIOTh 3aTPUMKY. BrrpoBamkeHHS
HiATBEp/KEHO BEJIMKVMIL TeXHOJIoriyHmMY KoMmaHiaMu (Meta: ~75 % Tpadiky Ha
QUIC/HTTP3). Kourpors niepepa"raxenss QUIC gemoncTpye kKommpomicy: CUBIC
1100pe MpoTecTOBaHMI, ajle MOXe IepeBUIIlyBaTy HOpMY, Tofi ik BBRv2 mporoHye
HaJIiVIHy IIPOITYCKHY 3/1aTHICTb y HeTTInOoKmx Oydepax, a HyStart++ smenrtiye BTpaTit
npu 3amycky. WebTransport posmmpioe HTTP/3 3a JomoMororo MysIbTUIIIEKCOBAHWIX
IOTOKIB Ta HeEHaAiMHMX AelTarpaM, IO Telep MIiATPUMYETbCS B Opaysepax
(manpuxotap, Firefox 114). Crparerii possanTakenHs (XDP/eBPF) Ta 6ibriorexw, Taki
ax quiche Bin Cloudflare, moKpaIyloTh IPOLyKTUBHICTb HepudepitHIX Mepex.

Bucaoskn. (1) QUIC/HTTP3 edextmBHO Bupintye By3bki Micrsn TCEP/UDP,
HanpuKiaz, ycysatoun OrokysaHHs TCP «3aronoBok pska». (2) TTokparrerss Gesrexn
(TLS1.3, 3axmCT 3arosIoBKiB) O3HA4YalOTh, IO MavDKe BCi KOPVCHI HaBaHTaXKeHHS
nakeriB mmdpyrorbes. (3) Hopithi amropurmm CC, taki sk BBRv2 ta ribpmnmi
TTOBUIBHI 3aITyCKV, TTOKPAITyIOTh YeCHICTh Ta 3MeHIyIoTh BTpaTu. (4) WebTransport
TI03BOJISIE CTBOPIOBATY HOBI BeO-apXiTeKTyp (IIOTOKOBe IlepeIaBaHHsl, irpi1), OEIHYI0UM
QUIC 3 WebCodecs. (5) ITpakTuuHi nlepesaru posropTaHHs Bij, 0iGiioTex o6xomy
anpa (XDP) ta QUIC (quiche, Isquic). (6) Bigxpuri nmtanns sxnodators QUIC 3
nigTpuMKooo OaraToampecHol poscuiikm (Hampuxiaz, MCQUIC), maHyBaHHS
CYIIyTHUKiB Ta Oararmie BemeHHs XypHany (qlog) mas crocTepexeHHs. Y
MantoyTHbOMy Moxe Oyty mociimkeHo PERC-over-QUIC (BuIIpaBIeHHS IOMVIIOK
ymepen), migxmodaoTecs dppermopkn CC Ta mokparteHHs Ha ocHoBi QUIC?2.

Karouobi caoBa: QUIC, HTTP/3, WebTransport, UDP, konmpoas nepebanmarxenus,
Mmepesxa 3 Husvkoro sampumxoro, TLS, saxucm 3a20106ki6, uepnemxa QUICv2.
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«TPEHKOPCUHTE3-D» U151 BITHOBJIEHHSI
PYXOBOI AKTMBHOCTI

Po3spobaero moougpixayito HOMUPUKAHAABHOZ0 YUPPO-AHAL0206020 NPOSPAMHO20 MioeAekmipo-
CIMUMYAAMOpPA NePCoHANi308ano20 kopuaybanns oxpemux gpaz m’sa3060i axmubrocmi, 63aemo0ii
3 IHWUMU hasamu nio uac BUKOHAHHA CKAAOH020 PYXY 3 Memoio nidBuueHa echpekmubrocmi
GionoBaenna pyxoboi axmubrocmi.

Hurysanus: Kymsak O.A., Mamaeako A.M., bastammos C.B., Iesenmani IO. Hndpo-
aHaJIOTOBUI YOTUPMKaHaJIbHUM IIporpaMHUiI MioesteKTpocTuMysiaTop «TperKop-
Cunres-D» i BigHOBIIEHHS pyXxoBoi akTuBHOCTI Information Technologies and Sys-
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Hugppo-anaroeo8utl 4omupuxaHasbHutl npopamHiLii MioeAeKmpoCHuMYASHIOp

Pospobaeno  cmpyxmypHo-pynkyinny  moleav  yugppo-anasoeoboeo  anapama
«TpenKopCunmes-D». Onucano 63aemo0ito Aikaps 3 npucmpoem, 040Ky npucmpor ma ixwio
63aemo0ito. Axyenmobano Ha 3acmocyBanni cencopHoi naveai 044 66edenns/Bubederns
iHghopmayii ma GidodpaxkenHs Ha Hitl 6cix npoyecib nid yac BUKOHAHHA MIOeACKIPOCIUMYAAYTL.
Pospobaero areopumm pobomu, UML-Oiaepamu nocaidoBrocmeii, 10 modeatoionts cyeHapii
pobomu yvoeo npucmpoto. Pospobaeno cxemomexuiuny pearisayino 040ki6 npucmpoio Ha 0a3i
MIKpOKOHIMpOAepa, (PYHKYITHO-NPUHYUNOBY cXeMy KAHALY POPMYBAHHA CUeHALY CIUMYAAYLT
M'a3i6, a makox uacoBi Odiaepamu peeyA0Banns NPoXOOXeHHA MAHINYAI0BaAbHUX ™A
CMUMYA0BaLbHUX IMIYAbCIB.

3anpononoBani piuwenus € Baxaubumu, ockiAbku MOXyms 0ymu 3acmocobaui y
GionoBaenni pyxoboi akmubrocmi sk yubisbnux, max i iiicekobux, uus pyxoba axmubnicms
ypaxena Bracaidok Boennoeo cmany, 30kpema mpabm i nopaHeHs.

Katouobi caoBa: pyxoba akmubricme, nepconaiizobare kepybanns, npoepamuuii Miocmu-
MYAAMOp, MOOeA, AA0pUMMU, THHOPMAYITIHA MeXHOA0IS, YUppPo-aHAL0e08a peasi3ayis.

Beryn

KepyBsanHus ckIagHUMy pyXxamy, BUKOHaHHS SKMX 3a0e311edeHo TIeBHOI0
IIOC/IIOBHICTIO 3aJTy4eHHsI M 43iB Y PyX, BUCyBa€ OCOOJIVBI BUMOTH IO
CTPYKTYPU eJIeKTPOHHMX BUpPOOiB, Mpu3HadeHNMX /111 popMyBaHH: abo
KOPUT'YBaHHS TaKMX PyXiB. Y IIbOMY pasi JOIUIbHUM € cCuMHTe3 GaraToka-
HaJIbHMX (He MeHIIle YOTUPbOX KaHaJliB) MiOeJIeKTPOCTUMYJIATOPIB, 1IeH-
TpaJIbHUM (PYHKIIIVIHMM OJIOKOM SIKMX € OaraToKaHaJIbHU (3a KUIBKIiCTIO
KaHaJIiB) «MO/yJIb INITYYHO CMHTE30BaHMX IIpOrpaM KepyBaHHS CTUMY-
naniero». CTpyKTypa CUrHaly B IITy4YHOMY CUHTe3i IIporpaM € YepryBaH-
HSIM 30H BIUIMBY (CKOpOYeHHs M 43iB) i Iay3 (IacuBHe po3ciiaOiieHH:) B
KO>XXHOMY KaHaJTi. PO3IoIT 1Mx 30H y 4aci B ycix KaHajlax Mae popMyBaTu
y3rofpkeHy aKTMBHICTh M 5A3iB KiHIIIBOK, III0 CIIpIMOBaHO Ha BUKOHaHHS
pyxosoro 3apraaHH:. [1106 oTprMaT IITy4YHO CMHTE30BaHi MporpaMu, Ha-
OrmokeHi o TIpupogHMX, Tpeba 3abe3rmeunTyt cBOOOAY 3MiH TPMBAJIOCTI
«IIOCWJIOK» 1 «I1ay3» iMITyJIbCiB CTMMYJISALIT B KOXKHOMY KaHaJli OaraToka-
HaJIBHOI CHCTeMM Ta CBOOOIIY CIIOJIy4YeHb Pi3HOI TPUBAIOCTI «IIOCWIIOK» i
«I1ay3» y KaHall Vi MK KaHajlaMu. TpUBasIicTh «IIOCMIIOK» IMITYyJIbCIiB BUI-
3Haua€ TPUBAJIICTh aKTUBHOI (pa3y CKOPOUeHHs M'513a, a TPUBAJIICTD «I1a-
y3u» — ii macuBHe po3ciabreHHd. JIuime mocuMTh THydkKa CTPYKTypa
IITYYHO CMHTe30BaHOI PYXOBOi ITporpamy MoxkKe 3a0e3neumTyl CKiIa/iHi
CIIiBBiIHOIIIEHHS MiXK MOMEeHTaMI 3a/Iy4eHHs Y poOOTy M’ si3iB, III0 1X CTHU-
MYJIIOIOTb, [IJIs BUKOHAHHS CKJIaJHVX KOOPJVHOBAHVX PYXiB KiHITIBKaMU.

ExcrniepyiMeHTaIbBHUI 3pa30K aHaJIOTOBOIO YOTMPMKAHAIBLHOIO CIIeli-
aJIi30BaHOrO MporpaMHoro Mioesnekrpoctvmysrsitopa «IpenKopCrurres-4»
IIPOVIIIIOB IIOIIepeHIO KIIiHiUHY arrpobarlifo y BinmpairtoBaHHi dpopmy-
BaHH: PyXiB BEpXHBOI KiHIIiBKY, 11 IIPOKCVIMaJIBHOTO Ta AVCTJIbHOTO BiJl-
IijIiB, a TAKOXXK TOHKOI MOTOPUMKM KMCTi. ToMy ITocTasia 3afada po3poomnTi
1M po-aHaJIOroBUI MPOrpaMHUI YOTUPUKaHAJIBHUN MiOeJIeKTpOCTH-
myszsitop «TperKopCunTes-D» 3 TiepeHeceHHSIM edpeKTy poOOTH eKclle-
puMeHTasIbHOrO 3paska «I'peHKopCuHres-4» Ta THYYKOIO CTPYKTYpPOIO
CUHTe3y ITYYHO-CMHTEe30BaHVX IPOrpaM MiOeJIeKTPOCTVIMYJIALIIT 3aIexX-
HO BiJl PyHKIIIVIHOT 3a7ayi.
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O.A. Kyyax, A.M. Mayaenxo, C.B. basawo8, I.O. Ilesenyaii

Ceper BimoMyx CTUMYJISTOPIB 3 JeTepMiHOBaHVIMY INTY YHO-CUHTE30-
BaHVIMW IIporpaMaMV 3aCTOCOBYIOThCS, Hampukian, Endomed 484 [1] Ta
Tensmed 134 (Enraf Nonius, Higepnanmm) [2], RehaStim (HASOMED,
Himeuunna) [3], Compex Fit 1.0 (Compex, IlIsentiapis) [4, 5], NeuroMove
NMOI00 (Zynex, CILIA) [6], MyoPlus 4 Pro (NeuroTrac, Benuka bpuranis)
[7], Ta in. [8-11].

Ha Binminy Big Hux MioenekTpoctumysiaTop «I'penKopCrnres-4» € y
CYTi KOHCTPYKTOPOM ITPOCTOPOBO-YaCOBVIX CIIiBBiJHOIIIEHb aKTMBHIUX da3
CTUMY/JIALLIT, 5K 3aJ1eXKHO BiJ] ITOCTaBJIeHO] 3a/1a4i BCTAHOBJIIOE JIiKap.

ToMmy BiIOBITHO 110 TIOCTaB/IEHNMX 3alad MeTa 11i€l poboT — po3po-
O6uTn MoamdikaIliro YoTMpUKaHaJIBHOTO M PO-aHaJIOrOBOIO IporpaM-
HOI'O MiOeJIeKTpOCTMMYJISITOpa IepCOHaIi30BaHOr0 KOPUTyBaHHS OKpe-
Mmx ¢a3 M's130BOI aKTMBHOCTI, B3aeMOZII 3 iHmmMu dpasamm 1if gac Bu-
KOHAHHS CKJIQ[JHOTO PyXY I MifBUIIEeHHS e(PeKTUBHOCTI BiTHOBJIIEHHS
PYXOBOI aKTMBHOCTI.

CrpykTypHO-yHKIIiIHa MOZeIh
B3aeMo7ii JIikaps 3 nudpo-aHaJI0rOBUM
anaparom «I'peaKopCunres-D»

Lndpo-ananorosun uvorupukaHaiibHMl anapar «TpenKopCunres-D»
(puc. 1) cxiamaeThbes 3 0y10Ka BBe[leHH / BUBeeHHsI, OJI0Ka KepyBaHHS Ta
6s10Kka entekTpocTmMyJsaii. Croam TakoX BXoIuUTh KHomKa «BBIMK», ax-
TUBAIlis SIKOI Hajla€ XXMBJIeHHs 3a3HauYeH M OJIoKaM.

Bbaok B6edenns / BuBedenns e cencopHoro naHervto. ['padpiunmi iH-
Tepderic KoprcTyBada peasli3oBaHO eKpaHOM CeHCOPHOT ITaHeJTi.

Jlixap 3 mornomororo rpadiuHoro inTepdericy Bubrpae KOHKpeTHi Ka-
HaJIV 14 3a/1iIHHS eJIeKTPOCTUMYJISALT, BCTAHOBIIOE: TPUBAJICTh LMKITY
eJIeKTPOCTUMYJIALT, KUIBKICTh pa3 y KOXKHOMY KaHaJli Ta IXHE IIPOCTOpOBe
po3TallyBaHHs y KaHasIl B MeXXax LVKIIY CTUMYJIALI, 3IiVICHIOE 3arajibHe
KepyBaHH:I allapaToM i 3aITyCK eJIeKTPOCTUMYJIALIT 1 BUOpaHMX KaHaJIiB.

ITepenbauaeTbest y KoxxHOMY KaHauti 8 das Ha 1 k1. TpusasticTs Hu-
KIIy perysoerbes B Mexax 0,5...6 cek 3 kpokom 0,5 cek.

Ha rpadiunmm inTepderic KopucTyBada BUBOAUTHCA iHoOpMallis 3
ycix BUOpaHMX KaHaJIB CTMMYJIALI, IIPOCTOPOBe po3TalllyBaHH: a3 y
KOKHOMY KaHauli i3 3a3HaueHHSIM BCTaHOBJIeHMX a3, iHpopMmallia mpo
PiBeHBb CTPYMY 1 4aCTOTY CTVMYJISILIIL.

Komanmm 3 6.10ka B6edenns / Bubederns HAIXOOSATh 0 0.410Kka kepyBanHs.
3 0s0xa kepyBannsa Ha 040k 66edenns / Bubedents HagXOOATh KOMaHIN BU-
BefleHHs iHdopMarllii Ta 1i rpadigHOro mogaHHs.

baox kepyBanna peanizye airoput™m pobotu anapara. Y 0.0k kepy-
BanHa HanXoosATh KOMaHIM 3 0.10ka B6edenns / Bubederns mird IOqaIbIIo-
ro o6po0iieHHd, 3[iVICHIOETbCS KepyBaHHS IIOJaHHSAM iHdopMarii y
0a0yi B6edenns / Bubedenns Ta 040yl eseKMpOCUMYAAYIT 3aJIEXKHO Bif
ofepXaHMX KOMaHJ 3 0.10ka B6edenns / Bubedenns. Y baoyi kepybannsa 1e-
pendaveHo Iijl’ €THaHHS KHOIKY TePMiHOBOI 3yIIMHKM eJIeKTPOCTUMY -
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Jlikap

Puc. 1. CtpykTypHO-pyHKIIiIHa MOJIe/Ib B3a€EMOZIil JIiKapsl 3 1 Po-aHaIOTOBUM
armaparoM «TperKopCuaTes-D»

A1, IKa Ma€ 3aBepIINTY BCi IIpolleck B CUCTeMi y pasi Hemepenbauy-
BaHMX 0OCTaBMH.

TexHiuna peastizallid 0.10ka kepyBanns 30IVICHIOETbCA MiKPOKOHTpPOJIe-
poM. Y HbOMY 3[iTICHIOETbCS 00UNMCIIEHHS TPUBAJIOCTI IMITYJIbCIB 3aJI€XKHO
BifJ, BuOpaHux da3, omuTyBaHH4 BMOpaHuX ¢da3 i B MOMEHTM aKTMBHOCTI
1mx ¢a3 — cTBOpeHHs1 (popMM IMIIYJIBCIB i HaJICMIIaHHSA 1X Ha 040K esex-
mpocmumyaayii, popMyBaHHS JaHMX I TpadidHOro mogaHHsA iHGOp-
Marlii B 010yi 66edenns /Bubedents, a TaKOX KepyBaHHS 0.10kamu 66eder-
Hs / BuBederts Ta eAeKMpoCUMYAAY .

bJ10K e1eKTpOCTUMMYJIANiil € aHaJIOTOBUM OJIOKOM. [Ij1 KOXXHOTO
KaHaiy (puc. 1) HagBHUM PeryjsaTop CTPyMy CTUMYJISLIL SIK 3MiHHUM
pesucTop «cTuMl» — «CTMM4» BiIIIOBIAHO: peryyloBaHHS 3IiICHIOETh-
cs B gianasodi 0...50 MA. @opMa imMITyJIbCy, 1110 HAAXOAUTD 3 040Ka Ke-
pybanns, 3alIOBHIOEThCS ITauKaMM iMITyJIbCiB 3 4acToToM0 5 KI'11, mimapy-
BaTicTh 10.

3 bs0xa eaexmpocmumyAAyii Ha 040K kepybanusa HaIXOAATh JaHi IIpo pi-
BeHb CWIV CTPYMY i 9acTOTy CTMMYJIALI ISl IXHBOTO BimoOpakeHHS y
rpaciuHOMY iHTepderici.

EnexTpoan i cTUMYJIALT BUXOOATH 3 KOXHOIO KaHaiy. Jlikap
Oe3rrocepeTHBO PO3TAIIOBYE €JIEKTPOIAN BMOpaHMX KaHaJIiB Ha M’ g3ax
rarticHra.
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Anropurm poboti 1mdpo-aHa10roBOro
40THMpUKaHaIbHOrO anapara «I'peaKopCunres-D»

AnroputMm poOoTn 1M Po-aHaIOTOBOrO YOTHMPUKAHAIBHOTO arapaTa
«TpenKopCunres-D» nogaHo Ha puc. 2.

ITig wac yBIMKHeHHs arlapaTa 3[OiVICHIOETBCS ITofjava >KVMBJIEHHS [10
ycix 6.40ki6, iHittiani3aris 040kif, HasBHMX KHOIIOK i peryJIsTopiB CUCTEM.
ITicisa yBiMKHEHH: allapaTa JIiKap Mo)Ke HaJIallITyBaTV eJIeKTPOV Ialli-
€HTY Ta I €IHaTH IX JI0 arlapara.

Haui jtikap popmye cxeMy TpeHyBaHHS pyXiB, HaJIallITOBY€ IlapamMe-
TPU eJIeKTPOCTUMYJIAIIl Ha arlapaTi, IIi/T €[THy€ eJIeKTPOAM CIIOYaTKYy 10
amapara, a IOTiM 11 710 IallieHTa. JIikap BCTaHOB/IIO€ KOHKPeTHI KaHaJIu
estekTpocTumMyssail (N, i =1...4), micjig 4oro mporpaMHO BU3HAYa€ThCS
KUTBKICTh BMOpaHMX KaHaIIB (7).

Jlikap BCTaHOBIIIOE Yac IMKITY (tu, ). 3a BeJIMUMHOIO Yacy LMKIIy
IIPOrpaMHO BM3HAYaAEThCs Yac offHieT dasu (t,, ceK) Ta KpOK ONUTYyBaHHS
(S, cex) akTuBHMX a3 y BuOpaHMx KaHastax 3a Bupasom S = t, = t,/Km,
ne Km =8 — uncsio Bcix das y KaHaJli.

ITicis 1boro Jsiikap y KOXKHOMY BUOpaHOMY KaHasli BCTAaHOBIIIOE IIPO-
cTopose posMilneHHs da3. Ha rpadiunnit inTepderic BUBOISATbCA BCi
BUOpaHi KaHa/Iy, Jlikap BUOVpae KOHKPeTHMI KaHasl i BCTAHOBIIIOE 3 J10-
IIOMOTOI0 iHTepdericy IpOCTOpOBe po3TalllyBaHHs a3 B HboMY. Bigdy-
Ba€ThCA IpOrpaMHe OHOBJIEHHs iHTepdericy.

HajtammrryBaHHs BinOyBaeThCs JOTH, TOKM JIKap He JacTb KOMaHZY,
dKa IIOBIIOMUTH CHCTeMy ITpO 3aBepllleHHs HaJlalllTyBaHb i OCTaTOYHO
cpopmye cxeMy TpeHYBaHH: pyxiB. 30KpeMa, JI0KM TpUBa€ HaJlalllTyBaH-
Hsl, KepyBaHHSA 010K0M eAeKmpocmumyayii € 3a0JI0KOBaHMM.

ITicist octaTouHOro popMyBaHHS CXeMM JIiKap Ma€ MOXJIMBICTh 3a-
ITyCTUTU 3 JIOIIOMOTOI0 iHTepdericy eJIeKTpOCTUMYJISALITO.

I3 3amrycKOM €JIeKTpOCTUMYJIALIT IIPOrpaMHO 3/IiVICHIOETHCS iHiIiasTi-
3allis TapaMeTpiB CXeMM TpeHyBaHHS PyXiB — y KOXKHOMY KaHaJli BigOy-
Ba€ThCs ONWUTYBAaHHSA aKTMBHMX ¢a3 3 KPOKOM S. B MOMeHT akTMBHOCTI
dasu mporpamMHO POpMy€EThCH i TIepeIaeThcs B aHAJIOTOBUT 040K e/1eKnpo-
CIUMYAAYTT IMITYIIBC £y,

B MomeHT 3[iVicHeHH eJIeKTpOCTUMYJIALIIT JIiKap BCTAHOBJIIOE PiBeHb
CWIVL CTPYMYy Ta BeJIMYMHY YacTOTV eJleKTpocTumysisaii. i BermravHm
IIPOrPaMHO 3YUTYIOThC i Hepe1atoThes Ha iHTepderic 11 BUBeIeHH iH-
dpopmarrii.

ITapanenbHO nepeBipseTbcs IIO/is TEPMIHOBOIO IIepepuBaHHs, 3a
4KOIO CJIiJy€e 3aBepllleHHs BCiX IIpOlleciB B araparti Vi IIOBepHeHHs I10
II0YaTKOBOIO CTaHy anaparta. IlepeBipsAeTbcsa moais naysu: mij dac ma-
Y31 MOXKHa SIK IIPOAOBXUTY BUKOHAHHS IIpOorpaMu (3 MOMEHTY Hay3u),
TakK i 3pobuTy ckupganHs nporpaMu (popMyBaHHS cXxeMU TpeHyBaHHS
HaHOBO). TakoX IepeBips€ThCS MOMid 3yNMHKM IIpOrpaMiL: BimOyBaeThb-
csl 3ynMHKa ITpolleciB TpeHyBaHHsI pyxiB Oe3 cKupaHHs HapaMeTpis
CXeMM.
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| YBiMKkHeHH: annapaTa |

v v

ITin’eqHaHHS eeKTpomiB
KOYXHOTO 3 BUOpaHmX
KaHaJIiB 10 arlapaTa

TTomarHHs XVBJIEHHS
Ha Bci O110K1

——

| Inimianisamis 6710KiB, KHOIIOK i peryyIsTopis

PopMyBaHHS HOBOI CXeMW
TpeHyBaHHs PyXiB
\ 4

BcraHoBsIeHH: ITapaMeTpPiB eJ1eKTPOCTUMYJIALII 3a BUXigHuMu |
maauMmA (bopMyBaHHS cxeMV TpeHyBaHHs PyXiB)

v

3anycKaHHS eJIeKTPOCTUMYJISLIT
3a CxeMOI0 TpeHYyBaHHs pyXiB

-

-
%

A

A/ OnuTyBaHHS 3yITMTHEHHS
Ininiastizaris napameTpis CTUMYJIALIT
CXeMV TPeHYBAHHS PYXiB | 3yrypka?

(ommTyBaHH: a3 3 KPOKOM S)

v

®opMyBaHHS KepyBaJIbHUX
IMITyJIBCIB 7151 KOKHOTO KaHaJTy
B MOMEHTW aKTUBaITil

ITaysa?

Hi

Tax

OuikyBaHHs

BCTaHOBJIEHMX a3 3ynuHeHHs!
4# poriecis
TpeHyBaHH: ITponoBxeHHs
IepenaBaHHS KepyBaTbHVX Ge3 ckumianHs 3 MiCIId TTay3u
IMITYJTbCIB /17151 KOXKHOTO TapameTpiB
KaHaJly Ha CHCTeMY CTVMYJIALIT CcxeMn
v v
OnuryBaHHS 3HAaYEHHS OnwuryBaHHS
v CTpyMy i 4acToTi TEepMiHOBOTO Puc. 2. Amapar «TperKop-
SJICKTPOCTMMY LA TIepepHBaHE Cuares-D». Anroputm po-
Syrmsxa? 0oTV: BCTAaHOBJIEHHS Iapa-
Tax Hi| wmMeTpiB enekTpoCTMMYJIALIl

3a BUXIIHUMM JaHUMU

SIKII10 JTiKap 3aBeplIye ceaHc eJIeKTPOCTUMYIIALL, MOXJIVIBe ITpOrpaM-
He 30epekeHH:sI TIOTOYHOI CXeMU TpeHyBaHH: PyXiB y IlaM’siTi, iHakire —
arapart IOBepPTaEThCs [0 CBOT'O II0YaTKOBOT'O CTaHYy.

UML-giarpaMm OC/IiOBHOCTI
po6otn annapara «T'peaKopCunTes-D»

UML-piarpaMu HOCITiZOBHOCTI (puc. 3, 4) OIMCYIOTH peasti3allilo aJIropuT-
MiB poboTn antapata «TperKopCrHTtes-D».

Y pasi BBiMKHeHH: amapaTa (pwc. 3) 0JI0K KepyBaHHs, III0 peajli3y-
€TbCA MIKPOKOHTPOJIEpOM, HepexONuTh [0 iHiliajl3alil: mepemgae Ko-
MaH/Iy Ha 0410k B6edents / BuBedenns [jisd VIoTo iHilTiastizartii.
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3 HbOrO 040K Kepybannsa oTpuMye iHdOpMalio IIpo cTaH 0.40ka 66e-
Oents / BubBedenns, 1 y Binmosink Hamae gaHi 111 PopMyBaHHS MEHIO Ha
eKpaHi Ta BifoOpaxeHH: iHOpMaLlil IIpo cTaH arlapara 3araioM.

Tax, 640k 66edents / Bubedenns Ha 1ILOMY Kpolli BimoOpaxkae iHdoOp-
MaIIilo IIpO CTaH arapara i BUBOANTE / OHOBJIIOE iHTepderic Is JTKaps.

Y pasi dpopmyBaHHS HOBOI cxeMU TpeHyBaHHS PyxiB 040k kepybanns
Ha7ICWIa€ KOMaHIM [JIs 3MiHM MeHIO y 0.0yi 66edenns / Bubedenns. Jlikap
BMOVpac i BCTAHOBIIIOE B arlapaTi KOHKPEeTHI KaHaIM IS eJIeEKTPOCTIMY-
JIALI, MicIg 4Ooro Ha eKpaHi BMBOAUTBCA rpadiuHe NMOAaHHSA PO3IIOLi-
jeHuX da3 KaHaJIiB 1171 B1Oopy. Jlikap BCTaHOBIIIOE Yac IIMKITY, 3a SIKUM Y
0s10yi KepyBanna BU3Ha4YA€TbCcd Yac pasy i KpOK ONWUTYBaHHSA aKTUBHUX
das i3 HacTymHMM 3amIcOM VX JaHUX Y IaM STb.

Iz gac IpocTOPOBOTO BCTaHOBJIEHHS (ba3 JliKap IIOUYeproBo BubOMpae
B MEHIO y TOTPpiOHOMY KaHaJli i Ha eKpaHi BuIijIsge NOTPiOHi akTHBHI dasu.
Jlikap Mo>ke mIepeviT O HacTYIIHOTO BUOpaHOro KaHasTy abo 3a moTpedu
CKacyBaTV HaJlallITyBaHHS — B OCTaHHBbOMY BUIAJIKy ITPOIPaMHO OYM-
Iy €ThCS IIaM 4Th, i allapart IIepexoanTh 0 CTaHy BUOOpy KaHaJIiB [ Ha-
JIallITyBaHHS.

Hasti y pasi HajlaluTyBaHHS BCiX KaHaJIiB Jlikap aKTHBalli€lo Ha eKpaHi
IOTPiOHOT KHOIIKM 3aIlycKae eJIeKTPOCTUMYJIALiIo (puc. 4) 3a IIi€ro cxe-
MOIO: TIepeaeThCsi KoOMaHa 3 010ka B6edents / Bubedenns no 0.a0xa kepyBan-
HA. 3 0a0ka kepyBanna 0O 040Ka eAeKmpoCUMYAAYIT HaXOOATh KOMaHIN
114 iHimiaizarii 010ka esexmpocmumyaayii, JO3BOITY JOCTYITY KVBJIEHHS B
HBOTO Ha IIepiof] eJIeKTPOCTMMYJIALIT Ta aKTuBallil IIOTpiOHMX KaHaIiB
0.10Ka eAeKmpocmuMyAAYii.

Y 6a0yi xepybanns 3a mapaMeTpaMy cXeMy TpeHyBaHHS PyXiB 3iN-
CHIOETBCSI ONMUMTYBaHHA aKTUBHMX a3 y KaHaslaX, i B MOMeHTM aKTMBHOCTI
1mx pasz PopMyIOTECS IMITYIIBCH, SKi IEPEeatOThCs B 0410k eAeKmpocmumy-
AAYi 3 TONAIBIINM BUBENEHHSIM IIiC/IS HOIAaTKOBOro oOpoOsieHHS Ha
€JICKTPOJINL.

ITig wac eexTpOCTUMYJIALIIT JIIKap MOXXe PerysoBaTyi piBeHb CYIN
cTpyMy (y KOXXHOMY BMOpaHOMY KaHaJli) Ta YaCTOTHU €JIeKTPOCTVMYJISALIIT
BIZIIIOBITHVIMM peryJIsiTopaMy Ha KOPILyci arlapara.

Baox kepyBannsa oTpuMye iHdOpMALIito 3 0.10ka esexmpocmumyAsyii ITpo
Xifl, CTVIMYJIALILY, PiBeHb CWIV CTPYMy Ta YacTOTV CTUMYJISALII i Hafcvae
1i maHi y 010k 66edenns / 6ubedenna 3 MOpANIBIINM IX BiITBOpEeHHSIM Ha
eKpaHi.

Y pasi TepMiHOBOTO 3aBepIlleHHsI pOOOTH — SKIIO JIiKap HaTMCHe Bifl-
noBinHy KHONKYy «Cmon» Ha Kopyci amapata (puc. 1), 6410k xepybanns
OJI0KY€ eJTeKTPOCTMMYJIAIIIIO, 3iVICHIOE 3arajlbHy iHilliaiisariro Ta Ham-
cwiIae faHi 110 010ka B6edenns / Bubederns Jiss OHOBJIIEHHS eKpaHy 0 I10-
YaTKOBOTO CTaHY.

Y pasi 3BryarHOro 3aBeplIeHHS eJIeKTPOCTUMYJIALII BiIIOBiTHOIO
KHOIIKOIO Ha eKpaHi, C1CTeMa 3yIIMHsIE€ TpeHyBaHHs 0e3 ckacyBaHH I1a-
paMeTpiB IIOTOYHOI CXeMM, a TaKOX 3a0JIOKOBY€ eJIeKTPOCTVMMYJIALIIO.
SIk1110 JTiKap poOUTE May3y, TO TPeHYBaHHS IMiCIIs I1ay 311 IIPOIOBXYEThCH 3
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MoMeHTY naysu. I1if yac maysm MoXKHa CKMUaTH ITapaMeTpy CXeMU — TOZ1
TPeHyBaHH: 3yIIMHSETHCS, 1 MOXKHA CTBOPUTI HOBY CXeMY TPeHyBaHHH PyXiB.

[1)1s1 BUMKHEHHS allapaTa Jlikap aKTMBY€ IIOTPpiOHy KHOIIKY Ha eKpaHi
(GesnieuHe BUMKHeHHs) — 0.0k kepyBanns 3yNVIHSIE BCi IIpollecy Bcepey-
Hi OJI0Ka 1 HazcwIae KOMaHOWM U 3YyHIVHKW IIPOLeCiB Y 0.0yl B6eden-
Hs / BuBedenns. [1asii MOXKHA aKTVBYBaTV KHOIIKY Ha aItaparti [IjIs OCTaTod-
HOrO BMMKHEeHH: allapara.

CxemoTexHiYHa peasti3allisa 0/10KiB
npucrpor «I'peaKopCunres-D»

CxeMoTexHiuHy peastizariiro 6710kiB mpuctporo «'perKopCrHres-D» pea-
Jli30BaHO Ha 0as3i MikpokoHTposepa (puc. 5). Ha cxemi peastisoBano I —
baox 86edenns / Bubedenns, I — Baok xepyBanns, 111 — Baok esexmpocmumy-
Aauii. baok esekmpocmumyaayii MIOgaHO YOTMPMa KaHalaMV CTUMYJIALLL,
Ha BUXOJIi SIKMX T10 /IBa €JIeKTPOJI.

Baok 86edenns/ Bubedennsa peasiizoBaHO CEHCOPHOIO MMaHe U0 Nex-
tion 3224T-024, expaH sIKO1 BUKOHY€ (PYHKIIiI0 rpadpiuHOro iHTepdericy.

Hyicrutert ceHcOpHOI MaHe € MOfyJIeM, OCHAIIeHVM ITOTYKHUM 32-po3-
PAIHVM IIeHTPaJIbHMM MiKpOKOHTPOJIEpOM, KOHTPOJIEPOM CEHCOPHOI'O
eKpaHy, driem-ramM’ ITIo, TOAVMHHMKOM pPeaIbHOTro Jacy. BinmosimgHi pos’e-
MU Ta cjiot — mia SD-kapt, BuBogu UART.

I3 30BHINIHIMM IPUCTPOSIMM CeHCOPHa HaHesIb B3a€EMOJIIE 3 JOIIOMO-
rOI0 Pe3VICTMBHOIO CeHCOopa JJOTOPKIB i3 BJIaCHVIM KOHTPOJIEPOM Ta iHTep-
dericom UART: BOHa mim €AHYETHCS 3 IOIOMOIOI0 UOTHUPUIIPOBIAHOTO
nuteridy (IBa IIpoBOIM — XXVBJIeHH:). [1j1s OHOBJIEHHS ITPOIIVBKY, KPiM
UART, nepenbaueHo po3’eM 11 microSD KapTiul.

Mopnysib nanesni 3maTeH caMOCTiVIHO 0Opo0IIaTY BXigHY iHdopMallito
(TopkaHH: eJIeMeHTiB eKpaHy i KoMaHIV, sKi HagxonaTs 1o mmHi UART),
KepyBaTy ejleMeHTaMM eKpaHy (3MiHIOBaTV IIOTOYHWUV PUCYHOK, TEKCT,
KOJIip, CTaH KHOIOK, ITOJIOXKeHHs cjlalilepiB, BUBOAWUTY Yac, 3HaueHH:d
TaviMepiB Ta 3MIiHHMX TOIII0), @ TAKOXX KePyBaTH 30BHIIIHIMI IIPUCTPOIMU
(HapcwiaTn komaHay mvHO0 UART, kepysaTu BuBogamu GPIO).

[1s1 cTBOpeHHsT pobouoro iHTepdericy Ha MaHes, o 3abe3eunThb
BUKOHaHHS IToKIafeHnXx dyHKIin npucrpoio «TpenKopCunres-D», 3a-
CTOCOBaHO ITporpamHe 3abesneuenHs “Nextion Editor” 3 odinivtHoro cai-
Ty BUpOOHMKA.

Lle mporpammue 3abe3nedyeHHs Ja€ 3MOTy CTBOPIOBAaTH $IK iHTepderic
KopucTyBada (i3 3acTOCyBaHHSAM pisHMX 0iOiioTedHMX eleMeHTiB: KHO-
IIOK, Cjlavjiepis, UmrocTparin, rpadikis, TeKCTy TOIIO), TaK i MponmcaT
aJITOPUTM TOBeJIiHKM ITaHeJIi (3 J0TIOMOT00 HalVICaHHs KOy IS Pi3HO-
MaHITHIX IIOJIiVl eJIeMeHTIB, 4Ki € CKJIaJJHMKaMI iHTepdericy TaHesI).

IaTepderic kopuctyBaya gK peastizarito 010xa B6edenns / Bubedenns
rofaHo Ha puc. 6. LIg ceHcopHa 1mmaHe b 3HaXOOUThCS B [1iaJIOTOBOMY pe-
X1Mi 3 MikpokoHTposiepoM ATMEGA (pwc. 6), SKuv IIPOrpaMye VI OIIUTYE
1110 TTaHeJIb.
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Puc. 5. CxemoTtexHiuHa peartisatig npuctpoio «'peaKopCunres-D»

Jlikap 3 momomororo rpadiuHoro iHTepdericy BubMpae KOHKpeTHi
KaHaJIV [IJI4 3a JiSIHHA eJIeKTPOCTUMYJIALLIT, BCTAHOBJIIOE: TPUBAJIICTh LIVIK-
JIy eJIeKTPOCTUMYJIALIT, KUIBKICTh a3 y KOXKHOMY KaHaJli Ta IXH€E IIPOCTO-
poBe po3TalllyBaHHS y KaHaJli B MeXax LIVKITy CTUMYJIALL, 3IiVICHIOE 3a-
rajibHe KepyBaHH:I allapaToM i 3aITyCK eJIeKTPOCTVMYJIALIIT IS BUOpaHMX
KaHaJTiB.

3 yBIMKHEHHSIM IIPUCTPOIO iHTepderic HabyBae BUIIIAMY SIK Ha puC. 6, 4.
3 akTumBalliero KHOIIKM «Hobe mpenyBanna» 3AiVICHIOETBCS iHilIasiza1lisa Ta
repexif, 10 popmu sIK Ha puc. 6, 0.

Ha iaTepderici 300pakeH0: ceHCOpHi KHONKM KaHaliB X1-X4 3 ps-
IIOM CEHCOPHVIX KHOITOK 1-8 111 KOXKHOTO KaHaJly; iHAMKaTop «0uHamika 6
4qci», a TaKOX iHAMKaTOp «Yac yukay», 110 IIOKa3ye Yyac CTUMYJIALL B ce-
KYH/IaX, BUCTaBJICHUVI PeryJIiTOPOM-IIOB3YHKOM. TaKoX € iHIMKaTOp yac-
toTu B ['epriax, 110 BimoOpa’kaeTbcs aBTOMATNYHO. BepTrkaspHi iHIMKa-
TOPWU CTPYMY IIOKa3yIOTh piBeHb CWIV CTPYMY CTUMYJIALII y BiZICOTKax B
KOXKHOMY KaHaJli, 110 3a/1iTHO B CTUMY/JIALIL.

Knonika «CrapT / maysa» BifIoBijiae 3a 3aIlycK i rmaysy eJIeKTpOCTH-
MY/JIALT, 1110 BitOyBaeThes y BubpaHmx KaHasiax. KHomnka «CKUHyTH» 3y-
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Puc. 6. I'padpiaamit intepderic mpucrporo «TperKopCunures-D»

IVHSE eJIeKTPOCTUMYJIALIIO 1 3MiVICHIOE CKMaHHS HaOpaHOi KOHIry-
parii. Kuornka «3akpuri» nepeBoguThb 10 opMy, 1110 Ha pucC. 6, 4.

AKTHBalligd KaHaJIiB 3iVICHIOETBCS Yepe3 aKTUBALIil0 CEHCOPHMX KHO-
ok X1-X4.

Ko na inTepderici (puc. 6, 0) KaHalI aKTMBHUI, TO MOTO KHOIIKVI
1-8 mincBiuyrorbesa. HeakTnBHI KaHasm 3aTeMHEHO.

SIximio B3gTH MTay3y (KHOIKa «CTapT / mays3a»), TO IPOOBXIUTY CTUMY-
JIALII0 MOXKHA 3 MICIIS 3yIMHKN. SIKIo 3ynHUTH (KHONKa «CKUHYTI»),
TO CTUMYJIALIII0 HeoOXimHO Oyze 3aIrycKaTy 3 HYJIbOBOI BiIMIiTKM dacy.

ITin gac cTuMysIALIil B KaHa/IaX aKTMBHI ¢asy 3MiHIOIOTh KOJIip.

Bbaox kxoumpoaro peastizoBaHo MikpoKoHTposiepoMm ATMega328 (puc. 5).

OnnokpucrarnbHUM 8-po3pagHumn MikpokoHTposep ATMega328
Kopriopaltii “Microchip” € eJ1IeKTPOHHOIO MIKpOCXeMOI0 3 PYHKITIOHAJIOM,
AKWUV BU3HAYAETHCS IPOrpaMHMM KOOM, 3aBaHTaKeHVM B IIOCTIiVIHY ITa-
M’SITh MIKpOKOHTpOJIepa. Best mociimoBHicTs poboTi cxemnt 0OyMoBiIeHa
Ppo0OOTOrO MIKPOKOHTpOJIEpa — BiIIOBIHO BiH € KJIIFOYOBVIM €JIEMEHTOM.

MikpokoHTposep B i1 cxeMi Iparifoe Ha dacToTi 16 MI't. Crabine-
HiCTb POOOTV MIKpOKOHTpoOJIepa 3a0e3IeuyeThCs MiIKII0UeHHSIM Biro-
BiJHOTO KBap10Boro pesoHaropa (tuiry HC-49E ) no susogis 9 i 10 i koH-
nencaropis C11 C2.

[0 ceHCOpHOI ITaHe Tl MIKpOKOHTPOJIEP Il €THAHO JBOMAa BUBOJAMIA:
Bift HDKOK PDO, PD1 MiKpOKOHTpoJIepa 110 HDKOK 1x, Rx ceHcOpHOT ITaHeri
BinmosinHo. OOMiH TaHMMM 3IIVICHIOETBCA 3 TorIoMororo intepdericy UART.
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ITporpamumit Ko MiKpOKOHTpoOJIepa CKiIafleHO Tak, 11100 3abesneuy-
BaTV Oflep>KaHH4 BiIIIOBIIHIX KOJOBVX IIOCIIIOK Bil CEHCOPHOI ITaHeJIi Ta
dopmysaTit HeoOXinHiI KomaHAV Ha jiHisX: Big Hixok PC1, PC2, PC3, PC4
110 BIAIOBiAHMX KaHaliB ertekTpocTumy il K1, K2, K3, K4 nepermaBanHs
iMmysibcHMx curHasts 12 kI', Big Hixkok PB1, PB2, PB3, PB4 nepenaBaHHs:
IMIyJIbCHUIX CUTHaJTIB cTiMyJIaLii 5 kI, sIKi KepyroTh eJIeKTpOHHUMM
KJIFOYaMW y BiATIOBIAHVIX KaHasiax enexkrpoctumyreaitii K1, K2, K3, K4, a
TaKoX IlepejaBaHHs (PPOHTIB MaHIITyJIATMBHOIO iMITyJIbCy, AKWUI «Ha-
KpuBae» imitysibcHi curtaim 5 kI'n Big Hixkok PD2, PC5, PCO, PB5 no Bin-
IOBIAHMX KaHaJIiB eflekTpoctumyJraii K1, K2, K3, K4.

Oco0sMBiCcTIO CXeMOTeXHIYHOrO pillleHHs IIPUCTPOIO € HasABHICTh
ceHcopa cTpyMy Ha MikpocxeMi ACS712. Bin mae MOXJIMBICTH BUMIipIO-
BaTV i KOHTPOJIIOBATV CWIIy CTPYMY B JiarasoHi /10 2 A 3 TOUHICTIO 2 %.
B cxemi wepes ceHCOp ITPOXOAUTE CTPYM, 1110 ITOJAEThCA Ha BUXIiIHI IU1ac-
TUHU (TOOTO Ha JIIoAMHY). B mporpamMHoMy Kofli neperidoaueHo MOCTiviHe
(3 mepiomom 10 Mc) onmTyBaHHSI BUXOIy CeHcopa — B pasi 3pOoCcTaHHS
CWIV CTPYMY BuiIle fgorrycTtimMoi BervanHmu (I = Idonycmume) 6I10KYIOTbCS
BVIXiJIHI KacKazy 3i 3ByKOBVM i CBITJIOBMM CUTHaJIOM. TaK, CTBOpeHO OfVH
i3 3a11001XHMX Oap’epiB 714 3aXVCTY Talli€HTa.

Curnan 11 BUMipIOBaHHS CTPYMY HaJXOAWUTh BiJl BiIIOBIIHMX Ka-
HaitiB enektpocTumysranili K1, K2, K3, K4 10 HXOK MiKpOKOHTposiepa
PD5, PD6, PD7, PBO.

3aBaHTa)keHHd ITIporpaMi B MiKpOKOHTposIep IiepefioadeHo yepes iH-
Tepderic SPI. [ XuBjleHHS MiKPOKOHTpOJIepa 3aCTOCOBYETbCS JITiv-
ionHVT aKyMyJiaTop Trry 18650 3 KoHTpoIepoM 3apsay, a TaKOX BCTa-
HOBJIEHO IUIaTy 3apsly, 1110 3abe3edye MOOUIBHICTD i 3pyUYHICTh Y 3aCTO-
CyBaHHI IpuIay.

baok eaexmpocmumyaayii CKIIaa€TbCs 3 YOTUPHOX He3aJIeXHMX Ka-
HaJIiB eJIeKTPOCTUMYJIAL1T. DYHKIITHO-IIPUHIINIIOBY CXeMy KaHaiTy dop-
MYBaHHS CUTHaJIy eJIeKTPOCTUMYJIALLl 300pakeHO Ha puc. 7.

Criouatky y cxemi popMyeThbcst 3SMIHHWMI CUTHAJI I IepeJaBaHH
7I0r0 y BTOPMHHY 0OMOTKY TpaHcdopmatopa T1 (pwmc. 7). s mporo 3
MIKpPOKOHTpOJIepa HaaXoadTh imImysiben dactororo 12 kI (5, 6, 7, 8 Ha
puc. 7) IpOTSToM Yacy [ii curHajTy MaHimysrosajibHoro iMmysiscy (9, 10,
11, 12 na puc. 7). TobTO cTapT MaHIIyJIFOBaJIBHOIO iMIIYJILCY Ja€ CTapT
imrrysbcam 12 xI'11.

CtpyM cTMMYJIALIT y BiAIOBIIHOMY KaHaJIi CTMMYJISLIT PeryIloe€ThCs
3MiHHMM pe3ncTopoM Rx B Mexax Bif 0 10 50 MA BKIIIOUHO.

Ha sropunHin obmortwi TpaHcdopmaTopa 11 3'sBiisieTbes mincuiie-
v 10 +50...+70 B gomnonsspHmi 3MiHHMV CMTHAJT, IO ITOTIM BUITPSIMIIS-
€TbCs uepes fiog VD1, xapaKTepuCTUKaMU SIKOTO € MaKCUMMaJIbHU CTPYyM
2 A i makcuMasibHa Harpyra 150 B. [lion VD2 Mae Taki X caMmi xapakTe-
PUCTUKM 1 CJIYTY€E IS 3aXUCTy KoJjia. 3 moroMororo emHocrent C1, C2, C3
CUTHaJI 3TJIAJIKY€ThCS, i POopMyeThCs BUXiHa HamIpyra.

Kimouamn K1, K2, K3 kepy1oTh MaHIiIlyJIIOBaJIbHI CMTHa/IM 3 MiKpoO-
koHTposepa (9, 10, 11, 12 Ha puc. 7). Ko HagxoauTs nepenHin ppoHT
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Puc. 8. Yacosi giarpamm peryioaHHS IPOXOIKeHHs MaHiIy-
JIIOBaJIBHOTO IMITyJIbCY

MasinysmoBabHUI
iMITyJIbC t
| |
Puc.. 9. Yacosi Jliarpamy pOXO/pKeHHs IMrry e
MaHINyJIIOBaJILHOTO iMIIyJIbCy Ta iM- CTHMy T ¢
MYJIbCIiB CTUMYJIALIT

MaHiIyJII0BaJIbHOTO iMITyIIbCy, Kiitou K1 posiMkHeHO (eMHIicTh C3 3aps-
IKaeTecs), a knodi K2, K3 — 3amxHeno. Ko HagxoguTs 3agHin GpoHT
MaHiIyJIoBajIbHOrO iMIrysibey, K04 K1 samkHeHO (eMHicTe C3 posps-
IKaeThcs), a Kmoui K2, K3 — posimkaeHO (puc. 8). Hamasti B TekcTi: SKIIo
KJIIOY 3aMKHEHO — Ha YacoBMX JjiarpaMax IT0Ka3aHoO SIK JIOTiUHa OVIHWILIS,
a KOJIM PO3IMKHEHO — JIOTTYHUV HYJIb.

B MomeHT cTapTy MaHIiIy II0BaJIbHOTO iMITYJILCY (pHC. 9) ITOUYMHAIOTh
rpoxoauTy imirysiben crumyreartii 5 kI (5, 6, 7, 8 Ha puc. 7), sKi KepyroThb
KnoueM K4. B MOMeHTV, KOJIN iMITyJIbC CTUMYJIALIT Ma€ piBeHb JIOFIYHOIO
Hy1s, K1od K4 3amkHeHO (BiZOyBaeTbCsl 3aKOpOUYEHHS eJIeKTPOMiB), a
KOJIV piBeHb JIOTIYHOI ofuHUI, — K1od K4 posimkaeHo (puc. 10). B mo-
MEHT 3aKiH4eHHS MaHiMyJIIOBaJIbHOTO IMITYJIbCY IMITYJIBCV CTMMYJISILI
NPUIVHSIOThCA (puc. 9).
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Tabauysa 1. JloriuHa KapTa HepeMMKaHHs KIIIOYiB

Inmrysiben

CTUIMYJISLIEL

K4

A ——\

/It
&

Puc. 10. Yacosi giarpaMu peryjroBaHHs IIPOXOIPKeHHS IMITyJIb-

CiB CTMIMYJISALIT

y cucTeMi KaHaJTy (pOpMyBaHHS CUTHAITY €J1eKTPOCTUMYJIALIl

Crapt Crapt ITaysa TTosTOpHMT Crom
MaHIITyJTIOBaJIbHOTO | iMITYJIbCYy | IMITyJIbCY |CTapT iMITyJIbCy | MaHIITyJTIOBaJIbHOTO
IMITyJIBCY CTUMYJIALT | CTUMYJIALLT | CTUMYJISLIT IMITyJIBCY
K1 0 0 1 0 1
K2, K3 1 1 0 1 0
K4 0 0 1 0 1

Y xomnax HagxomKeHHs CUTHaJIiB KepyBaHH: KirodyaMmu K1-K4 3Haxo-
IaTbed pesuctopu R5-R8, B ko xinoua K1 — pesucrop R3, a B Kol
xitoda K4 — pesucrop R4.

Y Tabi1. 1 nokasaHo JIOTiUHY KapTy IlepeMMKaHHs KIOYiB y CUCTeMi
KaHaIy pOpMyBaHHS CUTHaJTyeJIeKTPOCTUMYJISALIT B IIeBHi MOMeHT HaJl-
XOJKeHH: IMITyJIbCiB 3 MIKpOKOHTpoOJIepa.

CrpyM cTUMYJIALIT 3aXOAUTE B IIO3UTUBHUM ejlekTpof, «Ein+» i ckepo-
BY€TbCsl Ha M'513. [1asti BUXOIUTD 3 HeraTMBHOTO ejleKTpopa «Ei-» i mupky-
JIIO€ JaJli B KOJIi, IIPOXOIsTum uepes3 eMHicTb C2.

CxeMHIV ekBiBajIeHT M'si3a — pes3ucTtop Ru i emHicTh Cn. ITicis ctu-
MYJIALIT Ha M’ 431 3aJIUIIIa€ThCs 3aJIUIIKOBaA EMHICTB. 3 JOITOMOTOI0 3aKOPO-
ueHHs efleKTpoziB (K4) M'g3 pospsmKaeTbes yepes ceOe. Ha exBiBasieHTI
M’s13a MOXKHA peecTpyBaTy 3HaUeHHs CTPYMY i HallpyTu.

BucHOBKM

ITomano TeopeTnyHi Ta MpaKTU4HI 3aca/iyi CTBOPEHHS YOTUPUKaHaJIbHO-
ro 1Mdpo-aHaJIOroBOro MporpamMHOro MioesjeKTpocTumysisitopa «Tpen-
KopCuntes-D», nmpusHaueHOro I peasli3allil IIepcOHasIi30BaHMX IpPO-
rpaM BiTHOBJIEHH: M’ 5130BVIX (PYHKIIINL. P03po0brieHHs artapaTHOI YacTHM
3abesnedye KepyBaHHs IapaMeTpaMy iMITyJIbCiB CTUMYJIAIIT i HamiliHiCTh
PpoOOTH MPUCTPOIO 3aBIISAKM 3aCTOCYBaHHIO MiKpoKoHTposiepa. Pozpo0iie-
Hi eJIGKTPUYHI CXeMM IreHepariil Ta po3Mo/Iily IMITyJILCiB B KaHa/IV J1al0Th
3MOTY BiATBOPIOBaTM CKJIa[IHi ITaTepHM pyXiB, HAOIVDKeHi 40 TpUpPOTHOL
HeVIpoM’ 5130BO1 aKTMBHOCT.

CxeMoTexHiuHi pillleHHsI JAaOTh 3MOTY 3a0e3eumnTy perysIoBaHH:I
CYWIVL 71 TPMBAJIOCTI iIMITyJIbCiB, 3a0e3meunBIIN BiAIOBiAHICTh (piziooriu-
HVM 0COOJIMBOCTSM PYXOBOI aKTMBHOCTI. PeastizoBaHe y mpucTpoi Mikpo-
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IIpollecOpHe KepyBaHH:, 1M poBe Ha/IalITyBaHHS PeXVMIB i MOXIIN-
BICTh 3BOPOTHOTO 3B’ 13Ky BiJKpMBaIOTh MOXJIVBICTh iHTerpallii MiocT1mMy-
JIATOpa 3 IIPOrpaMHMMM CHCTeMaMy iHdopMaliiiHOT JOIIOMOTIM JIiKapio
y dopMyBaHHI IepcoHa/Ii30BaHOIO IUIaHy TPeHyBaHHs PYyXiB IS Bifl-
HOBJIEHH$ PYXOBOI aKTMBHOCTI, CTBOPIOIOUN €AVHWI KOHTYP «[1iarHOCTW-
Ka — IUIaH TPeHyBaHHS PYXiB — MiOCTUMYJISLiSA — KOHTPOJIb».

Ha BinMiHy Bif 1omiOHMX aHAJIOTIB y IPUCTPOT 3aCTOCOBAHO THYUKY
apxiTeKTypy, e MOXXHa IifibpaTn mepcoHaIi3oBaHi mapaMeTpy KOXKHOTO
KaHaJIy eJIeKTPOCTUMYJIALI, 30KpeMa cpopMyBaTu IIeBHY PYXOBY aKTVB-
HICTB i3 3aJTy4eHHSIM OJHOYACHO OIbIIe IPyII M 43iB.

3anporoHoBaHi pillleHHs € BaXJIMBMMM, OCKUIBKM IX MOXke OyTu 3a-
CTOCOBAHO Y BiTHOBJIEHHI PyXOBOI aKTMBHOCTI SIK IIMBUIBHMX, TaK i BiVi-
CbKOBIX, UMl PyXOBa aKTMBHICTh ypakeHa BHACIJOK BOEHHOIO CTaHY,
30KpeMa TpaBM i HOpaHeHb.

K donomixuutl incmpymenm 044 gpopmybanns 6uctobkib sacmocobarno Chat-GPT.

JIITEPATYPA / REFERENCES

1. Vovk M.L, Kutsyak A.A., Lauta A.D., Ovcharenko M.A. Information Support of
Researches on the Dynamics of Movement Restoration After the Stroke. Cybernetics
and Computer Engineering, 2017, Vol. 189 (3), 61-78. [In Ukrainian: Bosx M. I,
Kymsx O. A, JTayta A. [1., Opuaperko M. A. IHdpopMartivHmit Cyposiz IocnmkeHb
OMHAMIKVM BiIHOBIIEHHS pyxiB micis iHcynwsTy] https://doi.org/10.15407/kvt
189.03.061

2. Vovk M.IL, Halian Ye.B., Kutsiak O.A. Computer Software & Hardware Complex
for Personal Oral Speech Restoration after a Stroke. Science and Innovation, 2020,
Vol. 16 (1), 54-68. https:/ /doi.org/10.15407/ scine16.01.054

3. Vovk ML.I,, Kutsyak O.A. Al-technology of motor functions diagnostics after a
stroke. Cybernetics and Computer Engineering, 2021, Vol. 204 (2), 84-100. https://
doi.org/10.15407 / kvt204.02.084

4. Vovk ML, Kutsyak O.A. Information technology for forming a personal movement
rehabilitation plan after a stroke. Cybernetics and Computer Engineering, 2020, Vol. 201 (3),
87-99. https:/ /doi.org/10.15407 / kvt201.03.087

5. Grytsenko V.1, Kotova A.B., Vovk M.L, Kyforenko S.I., Belov V.M. Information
technologies in biology and medicine. Course of lectures: teaching aids. Naukova
dumka, Kyiv, 2007, 381 p. [In Ukrainian: I'purtenko B. 1., Korosa A. b., BoBx M. L,
Kudopenko C. 1., bestos B. M. [ndopmariiriai TexHos1oriil B 6iosiorii Ta MeIuImHi.
Kypc nrexuir: Hapu. 110ci0. ]

6. Schick T., Kolm D., Leitner A., Schober S., Steinmetz M., Fheodoroff K. Efficacy of
Four-Channel Functional Electrical Stimulation on Moderate Arm Paresis in
Subacute Stroke Patients — Results from a Randomized Controlled Trial. Healthcare,
2022, Vol 10 (4), Article 704. https:/ /doi.org/10.3390/ healthcare10040704

7. Thought Technology Ltd. MyoTrac Infiniti. URL: https://thoughttechnology.
com/content/docs/brochure/ MAR845-00%20MyoTrac%20Infiniti %20
System %202007 %20-%200utline.pdf [Accessed 01 Aug. 2025]

8. Adams J.L., Lizarraga K.J., Waddell E.M., Myers T.L., Jensen-Roberts S., Modica
J.S., Schneider R.B. Digital Technology in Movement Disorders: Updates,
Applications, and Challenges. Current Neurology and Neuroscience Reports, 2021,
Vol. 21., Article 16. https://doi.org/10.1007/s11910-021-01101-6

9. Corona F. Quantitative assessment of upper limb motor impairments in people with
neurological diseases: diss. Doctor of Philosophy, Universita degli Studi di Cagliari.

ISSN 3083-6573. Information Technologies and Systems. 2025. No. 6 79



O.A. Kyyax, A.M. Mayaenxo, C.B. basawo8, I.O. Ilesenyaii

URL: https://iris.unica.it/bitstream/11584 /255954 /2 / tesi%20di%20dottorato_
Federica%20Corona.pdf [Accessed 01 Aug. 2025]

10. Motor function diagnosis apparatus and method, and program: patent JP6433805B2.
Tottori University; publ. date 05.12.2018 [Accessed 01 Aug. 2025]

11. Pan B., Huang Z., Jin T., Wu ]., Zhang Z., Shen Ya. Motor Function Assessment of
Upper Limb in Stroke Patients. Journal of Healthcare Engineering, 2021, Vol. 2021,
Article 6621950. https:/ /doi.org/10.1155/2021 /6621950

Received 21.11.2025

O.A. KUTSIAK, PhD (Engineering), acting Head of the Department,
Institute of Information Technologies and Systems of the NAS of Ukraine,
40, Hushkova Akad. ave., Kyiv, 03187, Ukraine

https:/ / orcid.org/0000-0003-2277-7411

spirotech85@ukr.net

A.M. MATSAENKO, PhD (Engineering), Senior Researcher,

Institute of Information Technologies and Systems of the NAS of Ukraine,
40, Hushkova Akad. ave., Kyiv, 03187, Ukraine

Senior Lecturer,

Kruty Heroes Military Institute of Telecommunications and Information Technology
https:/ /orcid.org/0000-0003-1149-7318,

matsaenko2007@ukr.net

S.V. BALASHOV, PhD (Engineering), Senior Researcher,

Institute of Information Technologies and Systems of the NAS of Ukraine,
40, Hushkova Akad. ave., Kyiv, 03187, Ukraine

https:/ /orcid.org/0009-0004-1421-7996

bswbsw2@gmail.com

H.O. PEZENTSALI, PhD (Engineering), Senior Researcher,

Institute of Information Technologies and Systems of the NAS of Ukraine,
40, Hushkova Akad. ave., Kyiv, 03187, Ukraine

https:/ / orcid.org/0000-0001-6319-6993

annp.irtc@gmail.com

DIGITAL-ANALOGUE FOUR-CHANNEL
PROGRAMMABLE MYOELTRIC STIMULATOR
“TRENKORSYNTEZ-D” FOR RECOVER MOTOR ACTIVITY

Introduction. The control of complex movements, the execution of which is ensured
by a certain sequence of muscle involvement in the movement, imposes special
requirements on the structure of electronic devices intended for their implementation.
In this case, the synthesis of multi-channel myoelectric stimulators is appropriate,
the central functional unit of which is a module of artificially synthesized stimulation
control programs.

The purpose of the paper is to develop a modification of a four-channel digita-
l-analog program myoelectric stimulator for personalized adjustment of individual
phases of motor activity, interaction with other phases during the execution of a
complex movement to increase the efficiency of motor activity recovering.

Results. A structural and functional model of the digital-analog device
“TrenKorSyntez-D” is developed. The interaction of the physician with the device, the
device blocks and their interaction are described. The emphasis is on the usage of a
sensory panel for input/output of information and display on it of all processes
during the myoelectric stimulation. The algorithm of work, UML sequence diagrams
modeling the scenarios for device working are developed. The circuit implementation
of the device units based on a microcontroller, a functional and principle diagram of
the channel for forming a motor stimulation signal, as well as timing diagrams for
regulating the passage of manipulation and stimulation pulses are developed.
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Conclusions. The theoretical and practical principles for creating a four-channel
digital-analog programm myoelectric stimulator «ITrenKorSyntez-D» are presented,
intended for the implementation of personalized programs to recover motor activity.
The development of the hardware part can provide control of the parameters of
stimulation pulses and reliability of the device’s operation due to the use of a micro-
controller. The developed electrical circuits for generating and distributing pulses into
channels make it possible to reproduce complex patterns of movements close to
natural neuromuscular activity. The proposed solutions are important because they
can be applied in the restoration of motor activity of both civilians and military
personnel whose motor activity is affected as a result of martial law, in particular
injuries and wounds.

Keywords: motor activity, personalized control, programm motor stimulator, models, algo-
rithms, information technology, digital-analog implementation.
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KoBaHe BuaHHs) 2706-8145, ISSN (on-
nann) 2706-8153 (Bupaerses 3 1972
poky) Ta xypHany «KiGepHernka Ta
obuncmosaiibHa TexHika» ISSN (npykosane Bupannst) — 2663-2578, ISSN (oH-
nanH) — 2663-2586 (BmmaeTecs 3 1965 poky). Opranisani€ro, BiIIoOBiTaIbHOW0 3a BU-
OaHHs XypHaiy, € [nctutyT indopmaninHmx TexHosorin Ta cucreM Harionanbaol
aKageMil HayK YKpaiHu.

Kypnan ny0rikye opuriHaiibHI HayKOBi Ta OIJISIAOBI CTaTTi po dyHIamMeH-
TasIbHI Ta IPUK/IAHI pe3yIbTaTi JOCIIKeHb iHPOopMaTUKK Ta iHPOpMAaLIiTTHIX Tex-
HOJIOriVI, iHTeJIeKTya/IbHOIO KepyBaHHsS Ta CUCTeM, MeTois Ta 3acolis iHdopma-
IIMHO-TeXHOJIOTIYHOT TATPUMKM 3HaHb, 3aCTOCYBaHHS 3rajlaHMX TeXHOJIOTIN y pi3-
Hux cdepax xutTd. KiekicTs Bunyckie — 6 Ha pik. Hapasi Xypnan He cTarye
JKOJIHVX TOHOpapiB 3 aBTOPIB Bil MOMEHTY mofaHHs 10 nyoOmikaril. Crarri 3Ha-
XOIOATBCA V BifKpuToMy moctyri 3a rmineHsiero CC BY-NC-ND 4.0.
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