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ABSTRACT

The article addresses the problem of automated and intelligent microclimate control in industrial premises, where
the stability of the temperature and humidity regime directly affects the efficiency of technological processes, energy
efficiency, and equipment reliability. It is shown that traditional control systems based on simplified linear models do
not provide the required accuracy under conditions of multifactor disturbances and dynamic changes in environmental
parameters. The purpose of the study is to develop a hardware—software module capable of providing adaptive, stable,
and energy-efficient control of microclimate parameters based on the coordinated operation of sensor, computational,
and executive subsystems.

The research methodology involves the development of a structural architecture of the hardware—software
module, integration of a sensor system, a controller with embedded HMI, and executive mechanisms, as well
as the formation of algorithmic logic for regulating temperature, humidity, air exchange, and internal pressure.
The study applies methods of analysis and synthesis, mathematical modeling, and experimental testing under
real industrial conditions. The module operation was verified through continuous data acquisition, real-time
parameter logging, and evaluation of the response of executive mechanisms to changes in external and internal
factors.

The test results confirmed the modules ability to maintain stable microclimate parameters within specified
setpoints, ensuring smooth switching between heating, cooling, and ventilation modes. The recorded temperature
dynamics demonstrate the absence of sharp fluctuations, effective operation of hysteresis mechanisms, and rapid
system response to load changes. The practical applicability of the module is confirmed by its stable operation under
daily variations in outdoor temperature, the presence of thermal disturbances, and variations in air exchange. The
selected combination of equipment (KSP-08.L controller, data acquisition modules, and sensor devices) provided the
required performance, accuracy, and flexibility.

Prospects for further research include expanding the functionality of the hardware—software module through the
integration of predictive models, in particular neural network structures of the NNARX type, which will increase
the accuracy of microclimate dynamics assessment and optimize control logic in complex industrial scenarios. The
obtained results form a basis for improving intelligent control systems in industrial cyber-physical complexes and for
their implementation in various industrial sectors.

Keywords: intelligent control; microclimate; hardware-software module; cyber-physical systems; sensor
subsystem; actuators, control algorithms; parameter forecasting.

lifetime. Real-world operation is associated with
nonlinear heat and moisture exchange processes,

Task statement
Maintaining a stable microclimate in industrial

premises determines the reliability of technologi-
cal processes and the level of energy consumption;
therefore, the accuracy of the control system oper-
ation directly affects product quality and equipment

the presence of unpredictable disturbances, and
changes in internal conditions, which complicate
the performance of traditional controllers. Their
response is delayed, and environmental parameters
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change inertially, causing deviations from technolog-
ically permissible values.

The industrial environment requires a solution capa-
ble of continuously registering parameters, correctly
interpreting changes in thermal load, and coordinating
the operation of executive mechanisms under condi-
tions of incomplete information and disturbances. The
system must ensure the generation of control actions
in real time and remain robust to noise and time delays
that affect control accuracy.

Against this background, there is a need to develop
a hardware—software module that integrates a sensor
subsystem, data acquisition tools, a computational plat-
form, and executive mechanisms into a unified control
loop. Such a solution should demonstrate microclimate
stabilization under real industrial disturbances and form
a basis for further system development through the
implementation of predictive models capable of increas-
ing control accuracy and adaptability to changing tech-
nological scenarios.

Analysis of recent research and publications

In study [1], modern approaches to the use of artifi-
cial intelligence in climate research and energy systems
are summarized, highlighting the growing role of intelli-
gent methods in modeling and optimizing microclimate
processes. Study [2] demonstrates the significance of
digital twins and smart manufacturing in the context of
sustainable development, emphasizing the close inte-
gration of sensor systems, communication tools, and
real-time analytics. Paper [3] presents a comprehensive
vision of the architecture and practices of cyber-phys-
ical systems for Industry 4.0, where computational
resources, communications, and physical processes
are integrated. Study [4] complements this approach
by focusing on cybersecurity and resilience aspects of
cyber-physical systems, which are crucial for the imple-
mentation of intelligent control modules in industrial
environments.

The methodological foundations for the construction
and formal description of cyber-physical production sys-
tems are considered in studies [5-7]. In [5], a method for
synthesizing CPS operation algorithms oriented toward
subsystem coordination and ensuring consistency of
their operation is proposed, which is important for
building an integrated microclimate control loop. In [6],
a declarative modeling language for CPS is developed,
enabling the formalization of the structure and behav-
ior of production systems, which directly correlates with
the tasks of designing hardware—software modules.
Study [7] is devoted to the organization of secure access
to HMI/SCADA systems over unsecured networks and
emphasizes the importance of reliable user authentica-
tion in the context of distributed cyber-physical systems.
Review [8] systematizes possible applications of edge

computing in industry, demonstrating the feasibility of
transferring part of data processing to the local device
level, which corresponds to the concept of a hardware—
software module with embedded intelligent functions.

Aseparate group of studies focuses on sensor systems
and hardware. In [9], a sensor-based navigation system
for a mobile robot using ultrasonic sensors is developed,
highlighting the role of multichannel real-time data
acquisition and its relevance for building a microclimate
sensor subsystem. Report [10] analyzes modern sensors
and control systems for commercial buildings, outlining
barriers and drivers for the implementation of intelligent
sensors and controllers in HVAC practice. Review [11]
summarizes data-driven approaches to fault diagnosis in
HVAC systems, indicating the importance of high-quality
data acquisition and processing to ensure the reliability
of microclimate control systems.

Considerable attention in contemporary research
is given to control algorithms that use neural network
and fuzzy approaches. In [12], the application of a non-
linear autoregressive NARX model for temperature pre-
diction in a solar adsorption cooling system is demon-
strated, confirming the effectiveness of autoregressive
neural network structures for thermodynamic modeling
tasks. Paper [13] examines guaranteed control in inter-
val type-2 fuzzy systems, emphasizing operation under
uncertainty, which is relevant for industrial facilities with
variable environmental parameters. In [14], context-de-
pendent HVAC control based on fuzzy logic is proposed,
oriented toward adaptive mode changes depending
on building state and external conditions. Study [15]
demonstrates the capabilities of artificial neural net-
works for short-term indoor temperature forecasting,
which directly relates to predictive microclimate control
tasks. Review [16] systematizes neuro-fuzzy architec-
tures in the context of interpretable Al, highlighting their
potential for building transparent and adaptive control
systems.

Issues of energy efficiency and comparison of clas-
sical and intelligent control methods are considered in
studies [17-20]. In [17], a comparative modeling of HVAC
control systems based on PID controllers and reinforce-
ment learning methods is performed, demonstrating the
advantages of intelligent approaches in tasks of simulta-
neous optimization of comfort and energy consumption.
Paper [18] describes the integration of machine learn-
ing with model predictive control to improve the energy
efficiency of HVAC systems, confirming the feasibility of
combining predictive models with flexible control logic.
Study [19] analyzes the potential of Al-oriented smart
energy grids for reducing the carbon footprint, align-
ing with trends toward decarbonization of industrial
processes. Review [20] systematizes the application of
artificial intelligence to improve energy efficiency and
indoor environmental quality in buildings, confirming
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the general trend of transitioning from traditional con-
trollers to hybrid, data-driven control systems.

In summary, the analyzed studies demonstrate the
intensive development of cyber-physical systems, intel-
ligent sensor and computational platforms, as well as
hybrid control algorithms based on artificial neural net-
works and fuzzy logic. At the same time, existing works
mainly address either general CPS concepts and ener-
gy-efficient control or individual aspects of software
and algorithmic solutions for HVAC systems. The issue
of creating an integrated hardware—software module for
intelligent microclimate control in industrial premises—
combining hardware platform selection, sensor infra-
structure, executive mechanisms, and control logic, and
validated through full-scale testing under real operating
conditions—remains insufficiently explored, which deter-
mines the relevance of this study.

Separation of previously unresolved parts of the
overall problem

Despite the active development of automated
microclimate control systems, most existing solutions
focus on partial aspects of their operation and do
not provide full integration of hardware and software
components into a unified industrial platform. Current
studies present isolated descriptions of sensor devices,
principles of executive mechanism operation, or con-
trol algorithms; however, a holistic architectural vision
in which all these subsystems operate in a coordinated
manner is lacking.

Issues related to the development of a modular com-
putational structure capable of operating in an open
software environment while simultaneously ensuring
industrial reliability, resistance to external influences,
and compliance with real-time requirements remain
insufficiently explored. The literature lacks descriptions
of solutions capable of maintaining parameter stability
under variable industrial conditions, where the system
must respond to dynamic thermal loads, spatial hetero-
geneity of the environment, and significant fluctuations
in airflow.

Another unresolved problem is the lack of practical
studies in which the hardware platform is combined
with the possibility of further implementation of pre-
dictive data analysis methods. Scientific works predom-
inantly address simulation-based or laboratory models,
whereas real industrial scenarios are scarcely described.
This complicates the assessment of how theoretically
proposed approaches can operate in the complex envi-
ronment of industrial premises.

Thus, the problem of creating an integrated hard-
ware—software module that unifies sensor infrastruc-
ture, data acquisition tools, a computational platform,
and an executive subsystem into a single solution—val-
idated under real operating conditions and prepared

for expansion through intelligent and predictive algo-
rithms—remains unresolved. This gap defines both the
direction and the necessity of the present study.

Purpose of the study

The purpose of the study is to improve the efficiency
of microclimate control and the stability of technologi-
cal processes in industrial premises by developing and
experimentally validating a hardware—software module
for intelligent control that ensures coordinated interac-
tion of sensor, computational, and executive subsystems
within a unified cyber-physical loop. The implementa-
tion of the module is aimed at minimizing the impact
of industrial disturbances, reducing the system response
time to parameter deviations, and creating a basis for
the integration of predictive neural network models.

Methods, object, subject and methods of research

Methods. Observation, analysis and synthesis, math-
ematical modeling, artificial neural network and fuzzy
logic methods, and experimental modeling in the Python
environment using the Keras library.

Object of the study. Microclimate control processes
in industrial premises under conditions of variable exter-
nal and internal factors.

Subject of the study. The structure, principles of
design, and operation of a hardware—software module
for intelligent microclimate control in industrial prem-
ises, which ensures coordinated operation of sensor,
computational, and executive subsystems.

The main material

The stability of the microclimate in industrial prem-
ises is a key condition for the efficiency of technologi-
cal processes, energy efficiency, and reliable equipment
operation, since the temperature and humidity regime
directly affects product quality and equipment dura-
bility. Traditional threshold-based control systems that
use a limited set of sensors do not provide the required
accuracy or timely response to changes in external con-
ditions, which leads to fluctuations in environmental
parameters and increased energy consumption.

The development of modern automation systems
creates opportunities for more accurate and adaptive
operation through coordinated interaction of sensor
devices, executive mechanisms, and controllers capa-
ble of processing data in real time. In this context, the
development of a hardware—software module that pro-
vides integrated microclimate control with scalability
and potential for further development is particularly
relevant.

This study presents a hardware—software module for
intelligent microclimate control, the operability of which
has been confirmed through full-scale testing under real
industrial conditions, making it possible to ensure stable
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environmental parameters and improve the efficiency of
technological processes.

Structure of the hardware-software module. The
architecture of the hardware—software module forms an
integrated system for collecting, processing, and utilizing
technological information to stabilize the microclimate
in industrial premises. The module integrates a sensor
subsystem, primary data processing tools, a controller
with embedded HMI, and a set of executive mechanisms
that provide regulation of temperature, humidity, air
exchange, and pressure. All components operate in real
time, enabling prompt response to external and internal
disturbances.

The structural diagram (Fig. 1) illustrates the inter-
action between sensor channels, the data acquisition
module, the central controller, communication inter-
faces, and executive mechanisms. The sensor subsystem
provides measurements of temperature, humidity, air
gas composition, and internal pressure, with the possi-
bility of adapting sensor types to the requirements of

Sensors

Temperature
Humidity
Gas concentration
Pressure
Solar radiation

Y

a specific facility. Primary data undergo filtering, line-
arization, and normalization within the data acquisition
module.

Communication interfaces, including RS-485 and
Ethernet, enable data exchange between subsystems,
ensuring module scalability and resistance to electro-
magnetic interference, which is critical for industrial
environments. The controller with embedded HMI per-
forms microclimate parameter analysis and generates
control actions, supporting coordinated operation of
heaters, fans, and valves. The operator is able to monitor
the system status and adjust settings in real time.

Actuators implement physical effects on the envi-
ronment through smooth or discrete regulation of
heating and ventilation. The coordination of their oper-
ation is based on feedback principles, which ensures
microclimate stabilization under dynamic external
factors. Measurement and control signal flows form a
closed loop that determines control accuracy and sys-
tem reliability.

Data acquisition
module

Controller + HMI

ADC and RS485
interfaces
Primary signal
processing
Data transmission to
the controller

>

Linux + Python
(NNARX)
Control algorithms

L

Actuators

User interface

Fans
Heaters
Valves

Humidifiers

HMI panel
SCADA/MES

Fig. 1. Structural diagram of the hardware—software module

Copyright © 2026, OTA.



ObuncnioBasibHa TEXHIKA Ta aBToMaTU3aL,inA

T4. No6(38)'2026

Selection of hardware components

The development of a hardware—software module
for intelligent microclimate control requires the selec-
tion of a computational platform that provides suffi-
cient performance, support for modern algorithms, and
a user-friendly operator interface. In this context, a key
component is a controller with an embedded HMI that
combines data acquisition, control logic, and local visu-
alization functions.

The presented comparison covers the key param-
eters that determine the suitability of controllers for
operation in intelligent microclimate control systems.
Closed platforms with fixed functionality limit flexibility
and complicate the integration of modern data process-
ing methods, whereas open systems based on Linux cre-
ate conditions for scalability, network interaction, and
the implementation of complex algorithms.

In this context, the KSP-08.L controlleris distinguished
by its open architecture, Python support, and the ability
to implement web-oriented and SCADA solutions with-
out additional hardware modules. The availability of Eth-
ernet and RS-485 interfaces simplifies integration into
industrial infrastructure and ensures interaction with
data acquisition modules, sensors, and executive mech-
anisms. The embedded HMI enables local monitoring,
parameter configuration, and real-time observation of
system response.

Considering the combination of functionality, open-
ness of the software platform, and cost, the KSP-08.L is
an optimal basis for implementing a hardware—software
module for intelligent microclimate control under indus-
trial conditions.

Data acquisition tools are a key element of the hard-
ware—software module, as they determine measure-
ment accuracy, system response speed, and data quality

for control algorithms. For comparison, several typical
data acquisition modules from different manufacturers
were selected.

The comparison shows that commercial modules
are often characterized either by excessive orientation
toward discrete channels with limited analog capabili-
ties or, conversely, by support for several analog inputs
with a lack of discrete signals. This complicates the con-
nection of temperature, humidity, pressure, and gas
composition sensors, which require the simultaneous
operation of different types of channels. In addition,
many modules provide only basic filtering functions,
which creates an additional load on the controller and
affects system performance.

The MP100-24.02.2 module is distinguished by a
balanced configuration that includes integrated discrete
and analog inputs and outputs with support for stand-
ard signal ranges. The presence of built-in digital filtering
mechanisms ensures measurement stability under elec-
tromagnetic interference conditions. Support for indus-
trial interfaces enables synchronized data exchange with
the controller and minimizes information transmission
delays, which is critical for real-time systems.

Due to the combination of functionality, perfor-
mance, and the possibility of direct integration with sen-
sor and executive devices, the MP100-24.02.2 module is
an effective solution for intelligent microclimate control
systems in industrial environments.

The sensor subsystem provides measurement of the
main microclimate parameters and forms streams of pri-
mary data for further processing. Its quality determines
the system’s ability to respond promptly to disturbances,
maintain a stable operating mode, and ensure correct
operation of control algorithms. The subsystem is based
on sensors of temperature, humidity, gas composition,

Table 1. Comparison of technical characteristics of controllers with HMI

Characteristics AKYTEC KSP-08.L Siemens KP700 Comfort Schneider HMIGTO4310
Display 8",1024x768 7", 800x480 7.5", 640x480
Processor up to 1.8 GHz 500 MHz 333 MHz
Memory 2-4GB RAM, 64GB SSD 12 MB, SD card 96MB Flash, SD 4GB
0S / Software Linux (Python, SCADA) WinCC Vijeo Designer
Interfaces Ethernet, RS-485, USB PROFINET, Ethernet Ethernet, Modbus
Price (UAH) 28 300 48 900 49 749
Table 2. Comparison of data acquisition modules from different manufacturers

Signal type / Modules AKYTEC MP100-24.02.2 Siemens SM modules Schneider TM3
Discrete inputs built-in SM1223 (8DI+8DO) TM3DI
Discrete outputs built-in - TM3DQ
Analog inputs built-in SM1231 TM3AI
Analog outputs built-in SM1234 TM3AQ

Rated price 12 960 UAH high range medium range
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and pressure, which must provide high accuracy, fast
response, and resistance to industrial conditions, includ-
ing vibration, dust, and humidity fluctuations.

Temperature sensors must ensure a linear charac-
teristic and stability over a wide operating range, while
combined temperature and humidity sensors should
have minimal response time and protection against con-
tamination. Gas composition sensors impose increased
requirements on calibration stability and resistance to
electromagnetic interference, which is critical for sys-
tems in which air exchange is regulated according to
air quality characteristics. Pressure sensors provide dif-
ferential pressure control and enable stabilization of
airflow.

For compatibility with the data acquisition mod-
ule, sensors must operate within standardized ranges
of 4-20 mA or 0-10 V, and their design must meet IP
protection requirements. In the case of digital sensors,
response speed and compliance with data exchange
protocols are important. The combination of these char-
acteristics defines the requirements for the sensor sub-
system, which must ensure accurate and reliable meas-
urements under dynamic industrial conditions.

The executive subsystem forms the physical level
of influence on environmental parameters and ensures
the implementation of control actions generated by the
controller. It includes fans, air damper actuators, and
heating elements, each of which has its own dynamic
characteristics and requirements for control algorithms.

Supply air dampers are equipped with servo actua-
tors that provide precise damper positioning and stable
air exchange. They can operate in discrete or continuous
modes, allowing adaptation to rapidly changing condi-
tions. Ventilation equipment is represented by fans with
discrete switching and units with smooth speed control
driven by variable frequency drives. Smooth regula-
tion of fan performance ensures stable airflow, reduces
microclimate parameter fluctuations, and improves
energy efficiency.

Heating elements ensure temperature maintenance
under heat loss conditions or seasonal variations of the
external environment. They can operate in discrete or
proportional modes, which helps prevent overheating
and reduces energy consumption.

Coordinated interaction of all executive mechanisms,
supported by feedback, forms a closed control loop that
ensures microclimate stability and creates a foundation
for further implementation of intelligent algorithms.

Algorithmic logic of module operation. The algorith-
mic part of the hardware—software module ensures the
generation of control actions in accordance with the cur-
rent microclimate parameters and specified technologi-
cal requirements. The system is based on feedback prin-
ciples, through which the controller evaluates deviations
of parameters from setpoints and initiates appropriate

actions of the executive mechanisms. The control logic
is aimed at smooth regulation, avoidance of excessive
cycling, and reduction of energy consumption while
maintaining stable conditions in the industrial premises.

The central element of the system is the temperature
control loop. Heating control is performed based on the
temperature error: when the temperature falls below the
allowable range, heating elements are activated to provide
agradualincrease in temperature. A hysteresis mechanism
defines the range between heater switching on and off
points, preventing frequent switching and reducing equip-
ment wear. After reaching the upper setpoint limit, the
system switches off heating and enters a standby mode,
minimizing intervention under stable conditions.

The cooling logic is based on a comprehensive
assessment of temperature, humidity, and the influence
of the external environment. When the temperature
exceeds the set threshold, the system activates venti-
lation or other cooling mechanisms, gradually reducing
the temperature to the operating range. Consideration
of humidity helps avoid undesirable fluctuations of this
parameter, while responsiveness to outdoor temper-
ature ensures adaptation to changing environmental
conditions. In cases of simultaneous increases in tem-
perature and humidity, the system transitions to a more
intensive air exchange mode.

The operation of the ventilation subsystem is based
on a combination of temperature, humidity, and pres-
sure criteria. The system can employ both discrete fan
on/off control and smooth speed regulation using vari-
able frequency drives. Smooth regulation enables more
precise adaptation of air exchange intensity to changing
conditions, reduces microclimate parameter fluctua-
tions, and improves energy efficiency.

The control logic for supply air dampers is based
on evaluating the pressure difference between the
indoor and outdoor environments. When internal pres-
sure increases, the dampers open to provide air inflow,
whereas when it decreases, they partially close. Control
can be implemented in either discrete or continuous
modes, allowing precise dosing of the supply air volume
and maintaining coordinated operation with the ventila-
tion equipment.

The system includes emergency state control mech-
anisms that ensure timely detection of critical devi-
ations and faults. In the event of a sharp temperature
rise, pressure drop, loss of sensor signals, or failure of
executive mechanisms, the system transitions to a safe
operating mode, generates an alarm signal, and limits
the action of regulating elements. This prevents equip-
ment overload, overheating, and undesirable pressure
differentials, thereby ensuring the stability of the tech-
nological process.

The coordinated interaction of all control loops —
heating, cooling, ventilation, and pressure control-forms
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a closed regulation cycle that ensures microclimate sta-
bility and creates prerequisites for the further imple-
mentation of intelligent control algorithms.

FULL-SCALE TESTING OF THE HARDWARE-SOFT-
WARE MODULE. Full-scale testing was conducted to
evaluate the practical effectiveness of the hardware—
software module and to determine its ability to main-
tain stable microclimate parameters under real indus-
trial operating conditions. The tests were carried out
at an operating facility with a large internal volume and
significant thermal and airflow loads, which ensured
representative operating conditions. The premises were
equipped with fans, supply air ducts with servo actua-
tors, and electric heaters, while their structural features
imposed increased requirements on the control system
due to potential heat losses and variable technological
influences.

During the tests, the module operated in a fully
automatic mode, analyzing signals from temperature,
humidity, pressure, and gas sensors and generating con-
trol actions in accordance with the implemented logic.
The operation included both periods of steady-state
conditions and abrupt changes in external factors, such
as fluctuations in outdoor air temperature, variations in
air exchange, and changes in thermal load. This made it
possible to evaluate the accuracy, response speed, and
adaptability of the system under conditions close to real
operating scenarios.

To analyze the module operation, continuous real-
time data acquisition was organized. The controller gen-
erated time series of measurements with a predefined
sampling rate and synchronized them with the states
of the executive mechanisms. Temperature, humidity,

internal pressure, air gas composition, as well as control
commands for heaters, fans, and servo actuators were
recorded. This approach provided a comprehensive view
of the interaction between subsystems and enabled
assessment of time delays between parameter changes
and equipment response.

The sampling period was selected to ensure suffi-
cient temporal resolution of measurements without
overloading computational resources. The recording
interval was several seconds, which allowed capturing
both gradual microclimate changes and rapid tran-
sient processes associated with changes in the oper-
ating modes of executive mechanisms. The collected
data formed the basis for further analysis of system
stability, accuracy, and reliability under industrial
conditions.

Structured real-time logging of parameters enabled
the construction of graphical dependencies reflecting
system behavior during operation. Figure 2 presents a
key fragment of temperature dynamics obtained over a
daily period in the autumn season, when external condi-
tions are characterized by moderate fluctuations.

The graph demonstrates a typical daily tempera-
ture variation: during daytime, a natural increase is
observed due to solar heat gains, which causes a partial
exceedance of the upper hysteresis limit and activation
of the cooling subsystem. The temperature decrease
occurs smoothly, without abrupt changes, indicating
stable regulation. In the evening and at night, the out-
door air temperature decreases, leading to cooling of
the indoor environment and activation of the heating
mode after crossing the lower hysteresis threshold.
Heating is performed uniformly, without inertial spikes,
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Fig. 2. Temperature dynamics in the industrial premises during full-scale testing
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which confirms the correct operation of the tempera-
ture control loop.

The observed behavior corresponds to the algorith-
mic logic implemented in the system: cooling is activated
only when the temperature actually exceeds the setpoint
range, while heating is activated when it drops below
the lower threshold. The absence of sharp peaks or dips
in the graph indicates accurate interaction between the
sensor and executive subsystems and an appropriate
selection of hysteresis width. Analysis of the system
response during periods of rapid changes in thermal load
shows that the module promptly compensates for devia-
tions, returning the temperature to the operating range
without overshoot or excessive equipment activity.

The obtained results confirm the system’s ability to
maintain stable microclimate parameters and adapt to
dynamic technological conditions. The smooth opera-
tion of the heaters and the reduced number of switch-
ing events indicate the potential energy efficiency of the
solution and reduced load on executive devices. This
demonstrates the practical applicability of the module
and its compliance with the requirements of industrial
applications with variable thermal and airflow loads.

In the future, it is planned to expand the functional-
ity of the hardware—software module by integrating pre-
dictive models, in particular neural network structures
of the NNARX type, which will increase the accuracy of
microclimate dynamics assessment and optimize control
algorithms.

Discussion of the results obtained

The conducted full-scale tests showed that the hard-
ware—software module provides stable temperature
maintenance within the specified setpoint under real
industrial disturbances, demonstrating coordinated
operation of the sensor subsystem, executive mech-
anisms, and algorithmic control logic. The obtained
parameter dynamics confirm the absence of abrupt
fluctuations, the correct system response to changes
in external conditions, and sufficient control accuracy
for the use of the module in an industrial environment,
which indicates the practical effectiveness of the pro-
posed solution.

Conclusions

The conducted study confirmed the operability and
effectiveness of the hardware—software module for
intelligent microclimate control in industrial premises,
which ensures temperature stability and coordinated
operation of the sensor, computational, and execu-
tive subsystems under real operating conditions. The
obtained results demonstrate the reliability of the pro-
posed solution and create a foundation for further sys-
tem improvement through the expansion of functional
capabilities and enhancement of control accuracy.
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ANAPATHO-NPOrPAMHUIA MOAY/b
IHTE/IEKTYA/IbHOTO KEPYBAHHA MIKPOK/IIMATOM
Y BUPOBHUYNX MPUMILLEHHAX

Bnapucnas €scees, Irop lonogp,

\% cmammi DO3CTSIHY MO npooremy
asmomMamu308aHo020 U [HMeLeKmyaibHo20 Kepy8aHHs
MIKDOKAIMAMOM Yy GUPOOHUYUX — NPUMIUJCHHSIX,
de cmabinvHicme memnepamypHo-60102iCHO20
pedcumy 6e3nocepednbo GNIUBAE HA ePHeKmusHicmb
MEeXHONOCIYHUX ~ Npoyecis,  eHepeoowaoHicms — ma
Haoiunicmv obraonanns. Busnaveno, wo mpaouyitini
cucmemu pezynioganns, ki 6a3yiomevcs Ha CNpOUeHUx
JIHIUHUX ~ MoOenax, He 3abe3neuyiomsv HeoOXiOHOI
mouHocmi 6 ymosax 6azamogakmopHux 30ypeHs

i OuumamiyHOi 3MIHU  napamempis  cepedosulyd.
Memoto  docrnidocennss €  po3podka  anapamuo-
npocpamnoco  MoOyisa,  30amHo20  3abe3nedysamu

aoanmueHe, cmilike il eHepeoepexmusHe Kepye8aHHs
napamempamy MIKpOKIIMAMY HA OCHOBL Y32004CeHOl
pobomu CeHCOPHUX, OOYUCTIOBANLHUX MA BUKOHABYUUX
niocucmenm.

Memoouka Oocnidocenus nepedbauae nodyoosy
CMPYKMYPHOI  apXimekmypu anapamto-npocpamioz2o
MOOYIS, iHme2payilo ceHCOPHOI cucmemu, KOHMponepa
360y008anum HMIma 8uKoHasuux Mexanizmis, a maxoic
Gopmysannss  ancopummiunoi  102iKU  pecynro8anHs.
memnepamypu, — 801020Cmi,  NOGIMPOOOMIHY — ma
8HYMPIiHb020 MUCKY. ¥ pobomi 3acmocoeano memoou
amanizy ma cuwmesy, mamemamuine MOOEN0BAHHS,
a  maxoxc — eKcnepuMeHmanvHi  BUNPOOYEAHH
Y DpearbHux eupodonuuux ymosax. @DYHKYionyeanHs
MOOYNA  nepegipeno 3a60sKU Oe3nepepsHomy 300py
Oanux, J102YBAHHIO NAPAMEMPI8 y pearbHOMy 4daci
1l OYIHIOBAHHIO PeaKyii BUKOHAGUUX MEXAHIZMIB HA 3MIHY
308HIWHIX | BHYMPIWHIX axmopis.

Pesynomamu 8UNPo6YBaHbL niomseepounu
30amuicms ~ MOOYA — niOmpumyeamu  cmaobiibHi
napamempu MiKpoKIimMamy 8 Meicax 3a0anux yCmaegox,
3abe3neyyroyu nideHe NePemMuKAHHs MINC PerCUMamu
Haepisy, oxono0xcenns ma eenmuaayii. 3apeecmposana
OuHamika memnepamypu OeMOoHCMpPYe BIOCYMHICMb
DI3KUX KONUBAHb, epekmusHy podoomy 2icmepe3ucHux
MeXauizmie ma weuoKy peakyilo CUCmeMu Hd 3MIHU
Hasanmaoicenns. Ilpakmuuna npuoamuicms MO0y
niomeepodcena 1020  cmabiibHOIO  pobOMoI0 34
YMO08 00008UX KOMUBAHb 306HIWHbLOI MmMemMnepamypu,
HASABHOCMI MENI08UX 30ypendb i 8apiayi nOGIMmpoooOMiny.
Bubpana  xombinayis  obnraowamns — (KOHmMponep
KCII-08.L, mooyni 300py Oanux ma ceHCOpHi npucmpoi)
3abe3neyuna HeoOXiOHY NPOOYKMUGHICMb, MOYHICb
ma cHY4Kicmb.

Ilepcnexmusu nodanbuiux 00CAiOHCEHb NOAACATOMb
Y poswupenni  (QyHKyionasbHocmi  anapamuo-
NPOSPAMHO20 MOOYIA WAAXOM THmMe2payii NPoSHO3HUX
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Mooenell, 30Kpema HetpoMepencesux CmpyKmyp muny
NNARX, w0 0acmv MOACIUBICINb NIOGUUUMU MOYHICITb
OYIHIOBAHHA OUHAMIKU MIKDOKIIMAMY U ONMUMI3Y8amu
JIOCIKY KepYBAHHs Y CKIAAOHUX SUPOOHUYUX CYECHADIAX.
Ompumani  pesyromamu  CmMeoprO0OMb 0CHO8Y 0JA
B00CKOHANEHHS CUCIEM THMENEKMYANIbHO20 KePyBaHHS.
8 NPOMUCIOBUX Kibepi3uuHux Komniekcax mda ix
YNPOBAONHCEHHA ) PIZHUX 2ATY3AX BUPOOHUYMEA.

Knrwouoei cnosa: inmenekmyanvne Kepysawms,
MIKpOKIIMam, anapamuo-npocpamMHuil. - Mooy,
Kibepgizuuni  cucmemu,  ceHcopHa — niocucmemd,

6UKOHABYI MEXAHIZMU, aN2OPpUMMIUHe pe2yNi08aHHs,
NpO2HO3YE6AHHS NAPAMEMPIS.
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AHOTAUIA

Y pobomi Odocniosceno modciueocmi 3acmocysants Memooy aHalizy CUHYISAPHO20 Chekmpa Oisi 06podKu
Il aHaniszy 4yacosux psaoie sumpamu 600U OUY3IHOL YCMAHOBKU 8 MEXHOLOSIUHOMY Npoyeci UpOOHUYMEBA UYKDY.
CmabineHicmes eumpamu 600U € BANCIUSUM PAKMOPOM epeKmusHocmi OuQy3iino2o npoyecy, OCKiIbKU 60HA
BNAUBAE HA 2IOPOOUHAMIYHI YMOBU eKCMPAKyii caxaposu, eHepeemuyHi eumMpamu ma 3a2anbhy egexmueHicmo
pobomu obnaonanHa. Y peanvHux 6UpOOHUUUX YMOBAX CUSHANU MEXHONO2IYHUX NapaMempié MiCmamb 3HAUHY
KinbKicmo wymie, 6unaokosux 30ypens i KOpoOmKOUACHUX aHOMANil, Wo YCKIAOHIOE IX 8UKOPUCTNANHA 6 CUCTeMaX
ABMOMAMUYHO20 KePYBAHHS.

I1i0 uac Oocnioxcenus BUKOPUCTNANO MEMOO aHani3y CUHSYIAPHO20 CHEKMpY, AKUUl HANeXCumsv 00 KIACy
HenapamempuyHux mMemooie aHAali3y Ydcosux psoig I 0a€ MONCIUBICIb GUOLIAMU MPEHOO8I, CE30HHI Md ULYMOSI
CK1a008i cuenany be3neobXionocminonepeoHb020 NPUNYULeHHA U000 MAMeMamuyHoiMooeni npoyecy. 3anponoHo8aHo
NOCIIO08HICTNG NPAKMUYHO20 3ACMOCY8ANHA MEMO0y, WO MICIUumy emanu Qopmysanus mMpackmoproi mampuyi,
BUKOHAMHS CUHRYTIAPHO2O PO3KAADY, SPYNYEAHHA KOMNOHEHM | PEKOHCMPYKYIL CUSHATY 30 00NOMO2010 0iA20HANbHO20
YCepeOHeHH L.

Ilpogederno ananiz uacosux psoie gumpamu 600U 3 BUKOPUCHIAHHAM 8IKHA BKIAOEHHS, WO 8i0N08I0AE XapaKmepHitl
nepioouunocmi npoyecy. Ha ocnosi cunzynapnozo cnekmpa 6U3HA4eHO OCHOGHI KOMROHeHmu, sAKi (opmyrome
cmpykmypy cuenany. Ilokazano, wo nepui KOMRNOHEHMU ONUCYIONMb MPEHO Md CE30HHI KOTUBAHHS MEXHONO2IYHO20
npoyecy, mooi AK iHuli KOMNOHEHMU XaPAKMepu3yoms 6UNAOKO8i WyMO8i 30ypeHHA.

Pesynomamu 0ocniodxcents 0eMoHCMpPYIOmb, WO PEKOHCMPYKYIA CUSHATY HA OCHOSI Nepuiux KOMNOHeHm 0d€
3moey eghekmusHo Qinbmpysamu uiym, 30epiearouy OCHOBHI 3aKOHOMIpHOCMI 3miHU umpamu 800u. OYiHI08aHHs
AKOCMI  PEKOHCMPYKYIi 8UKOHAHO 3A OONOMO2010 CMAMUCIUYHUX NOKAZHUKIE MOYHOCMI, 30KpeMd CepeoHboi
abcontomuoi noxubKu, cepednbokeadpamudHoi NoXubKu ma cepeonvoi 6ionocnoi noxubku. Ompumani pesyromamu
niOMEepOACYIOMb  MOJICIUGICINb  UKOPUCIAHHA MEmOoOy aHANi3y CUHSYIAPHO20 CReKmpa Oasl  NiOSULeHH S
00CMOGIPHOCI BUMIPIOBANLHUX CUSHATIE MA IX NOOATBUO20 BUKOPUCIIANHS 8 CUCTEMAX ABMOMAMUYHO20 KEPYBAHHSL,
0Ia2HOCMUKU MEXHON02i4H020 00NAOHAHHS MA NPOSHO3YBAHHS PEXCUMIE poOOmMU OuUQy3iliHOT YCMAHOBKU.

Ipaxmuuna yinnicmo pobomu nojusieae y MONCIUGOCMI iHmezpayii 3anponoHO8aAH020 NiOX00Y 6 NPOSPAMHO-
MEeXHIYHI KOMNJLeKCU asmomMamuzayii yyKkpoeozo eupoOHuymea O0.s NiO8UULeHHA CMAOiIbHOCMI MeXHON02IYHUX
pedicuMie ma eghexmusHOCi BUKOPUCMAHHSL PeCypCI8.

Knrouosi cnoea: ananis cuneyiapnoeo cnekmpa, memoo 2ycenuyi, 4acosi paou, ougysitina ycmanosKa, eumpama
800U, asmomMamu3ayis YyKpogo2o sUupobHUYmMea, obpoodKa cUeHAaNie, NPOMUCTIO8A ABMOMATU3AYIs, CHAMUCTUYHULL
aHaniz 0anux, Qinempayis cusHalie, PeKOHCMPYKYIA 4acosux paois.

Bctyn

LlykpoBe BMPOOBHWLTBO HaNeXUTb A0 eHepro- Ta
pecypcoemMHMX ranysein xap4yosoi npomucnosocTi. Cta-
6iNIbHICTb TEXHONOTIYHUX PEXUMIB Ha ANDY3iMHIN Ainb-
HWUUi CYTTEBO BM/IMBAE Ha BMXig, Caxapo3n Ta BUTPaATH
napu, Boau i enektTpoeHeprii. BuTpaTa Bogu Ha anody-
3il0 € OOQHMM i3 K/IOYOBMX MapamMeTpiB, WO BU3HAYAE

riapoAvHamiuYHi YyMOBM, iHTEHCUBHICTb MAcoobMmiHy Ta
AKICTb ANdY3iltHOro coky. A aBTOMaTU30BaHUX CUCTEM
KepPYBaHHA BaX/IMBO MaTW CUTHAN BUTPATU BOAM 3 MiHi-
Ma/sIbHUM BMJIMBOM BMNAAKOBUX 36ypeHb, AaTYNMKOBOFO
LIYMY T KOPOTKOYACHUX aHOMAIM.

TunoBi NPOMMCNOBI AaHi MaloTb CKNAAHY CTPYKTYPY,
LLLO NOEAHYE TPEHAO0BI KOMMOHEHTU, CE30HHI KOJIMBAHHA
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Ta BMNAAKOBi 30ypeHHs. [na MOAeNtoBaHHA 1 aHanisy
TAKUX CUTHANIB LUMPOKO BMKOPMUCTOBYHOTbCA METOAM
aHani3y YacoBMX PAAIB, CTAaTUCTUYHI NiAXOAM Ta METoAM
ro/IOBHUX KOMMNOHEHT [5], [6]. BOHM NoeaHyOTb NOBiNb-
HUI TPeHA, A060BI KONMBAHHSA, BNJIMB PEXKMMIB MYCKY Ta
3YMWHKK, @ TAKOXK HEPEerynsapHi BiAXMAEHHA, 3yMOBAEHI
3MiHOIO CMPOBUHM Ta AiAMM NepcoHany. Yepes Le BUKO-
PUCTaHHA MNPOCTUX NiHIMHMX inbTpiB abo KnacuMuHMX
aBTOPErpeciiHMX MoAenelt He 3aBXAW AAE HaAiNHWUM
pesynbtart. [lepcnekTMBHMM NiAX0LOM 40 aHaNi3y CKNag-
HUX YaCoBMX PAAIB € aHaANi3 CUMHIYNAPHOrO CMEKTPa,
AKUIA Yy NPUKNAAHIN NiTepaTypi 4acTo HAa3MBalOTb METO-
OOM ryceHuui. Lleit meTon noeaHye inei cnektpanbHOro
aHani3y Ta CTaTUCTUYHOrO PO3KAaAY CUTHANIB i LWUMPOKO
BMKOPUCTOBYETbCA AR BUAINEHHA TPeHAiB, nepioguy-
HUX CKNAZ0BUX Ta WYyMY Y YacoBux pagax [1], [2].

AHani3 ocTaHHiX gocnigKeHb i NOCTaHOBKA 3ajaui

MeTtoan obpobKM cUrHaniB y cuctemax aBTOMaTu-
3auii TpaguuiiHo nepeabavatoTb 3r1afrKyBaHHA, CreK-
TpanbHUI aHani3, dinbTpauito KanmaHa n igeHTUdiKa-
Lito mogenen y npoctopi cTaHie. 1A npoueciB xap4yoBoi
NPOMMC/IOBOCTI XapaKTepHi HesniHiMHOoCTI, 3miHa napa-
MeTpPiB Yy Yaci Ta nepioanYHi BMNAMBM, WO YCKNALHIOE
nobynosy eAnHOT Moaeni. AHani3 CUHIYNAPHOrO CnekTpa
PO3rNAAAETLCA AK IHCTPYMEHT, AKMIA NOEAHYE Nepesaru
CTaTUCTUYHOTO MiAXo4y Ta CMNEKTPa/bHOrO PO3KA3ALY,
3abe3nevytoum aganTUBHE BUAINEHHA KOMMOHEHT cur-
Hany 6e3 monepegHbOro MPUNYLLEHHA WOAO MoAeni
npouecy [1], [3], [4].

Meta po6oTu nonsarae y po3pobneHHi Ta AemMoH-
CTpaLii iHXeHepHOi MeTOAMKM 3aCTOCYBaHHA MeToay
aQHani3y CUHIYNApPHOro CreKTpa ANA 4Y4acoBUX pPALiB
BUTPATW BOAM Ha AMbY3iliHY YCTAHOBKY 3 OTPMMaHHAM
YMCNOBMX MOKA3HMKIB AKOCTI PEKOHCTPYKUii Ta peKo-
MeHAALIM ANA NoAANbLIOro BUKOPUCTAHHA pe3y/bTaTiB
Yy 3aa4yax aBTOMATMYHOTrO KepyBaHHA Ta AiarHOCTUKM,
6a3yeTbCcA Ha MepeTBOPEHHI OAHOBUMIPHOrO 4acoBoro
pagy B 6aratoBMMipHUI 3a gonomoroto GopmyBaHHA
TPAEKTOPHOI MaTpULL.

Martepianm Ta metogmu

O6’eKTOM [OOCNIAMKEHHA € YacoBWW paf BUTPATH
BOAM Ha AMdysiliHy YCTaHOBKY, OTPUMaHWI i3 3acobis
BMMIpPIOBAHHA Ta PEECTPALLl TEXHONOTNYHMX NapameTpiB.
Y ubomy matepiani HaBeaeHO AEeMOHCTPaLiiHUI dpar-
MEHT ANA incTpauii po3paxyHkis. Mig Yac nigrotosku
00 NOAAHHA B KOHKPETHWUI KypHan Tabauuto Ta rpadik
NEerko 3amMiHUTU Ha pAf i3 BalOi cuctemu Supervisory
Control and Data Acquisition 6e3 3miHM MeToANKM.

BubpaHo AMCKpeTM3auilo oAWH BUMIp Ha roauHy
Ta TPMBaNiCTb cnoctepexkeHHAa Tpu fobu. MosHaummo
NoYaTKOBUI PAL K X 3 iIHAEKCOM Yacy t.

MogenbHe NofaHHA CUrHany B 3aZa4i PO3KNaay Mae
BUMNAL CYMU KOPUCHUX CKNAZ0BMX Ta Wwymy [6], [7]:

xt—yt+et. (1)
TYT y € CYKYMHICTIO TPeHAY Ta CE30HHUX CKAAL0BUX,
a e — WyMoMm i HeperynapHummn 36ypeHHAMKU. MeTop,
aHaNi3y CUHTYNAPHOTO CMNEeKTpPa BUMKOHYETLCA B YOTMPU
eTanu: BOYAOBYBAHHA, CUHIYAAPHUI po3Knag, rpyny-
BaHHA KOMMOHEHT i AiiaroHaNbHe ycepeaHeHHs.
B6ya0BYyBaHHA Ta TPAEKTOPHA MaTpULA
Mepwum i dyHAAMEHTAaNbHUM €Tanom anropuTmy
aHani3y CUHIyAAPHOro cnekTpa € npoueaypa BOyAoBY-
BaHHA, AIKa NONArae y BigobpaxeHHi BMXiAHOro ogHo-
BMMIPHOTO 4acoBOro pagy B 6araToBMMIipHUIA NpocCTip.
Hexait maemo YacoBuit pag, BUuTpaTv BOAM Ha AndysiliHy
yCTaHOBKY (2) 3aranbHoto AoBXuHOo N, Ana peanisaui
npoueaypu BOyAOBYBaHHA MOTPIOHO BWU3HAUUTK Line
yncno L, AKe HasMBAETbCA [OBXKMHOMW BiKHa (window

length) (3) [7]:
F=(f oSS yy): (2)
I<L<N. (3)

Mpouec BOyaoOBYBAaHHA MEPETBOPIOE YACOBUIN pAfL,
y nocnigosHicTb (4) BekTopiB B6YAoByBaHHSA (5) po3mip-
HocTi L:

K=N-L+1, (4)
= T
F=(fy posliy )T O

Pe3ynbTaToM LbOro KPoKy € GOpMyBaHHA TPAEKTOP-
HOi maTpuui X po3mipom L+K, AKa Ma€ TaKy CTPYKTypy

(6):

Jo Jie T
X=[X x| R0, (6)
/I 1]‘1."'/“\'—\

TpaeKkTopHa MaTpuLA X 3a CBOELO BYL0BOIO € raHKene-
BOIO MATPULLEID, OCKIZIbKM BOHA MA€E OQHAKOBI eNeMeHTH
Ha AgiaroHanax, Wo MAayTb cnpasa Haniso. Lle o3Hauae,
LLLO BCi €/1eMeHTH X, BNA AKNX i +j, € iAEHTUYHUMMU.

Bubip [O0BXMHWM BiKHaA L € HaMbiNblW KPUTUYHUM
MOMEHTOM Ha eTani Bbyg0BYyBaHHA, OCKiZIbKYM Liei napa-
METP BM3HAYAE 34aTHICTb METOAY PO3AINATU Pi3HI KOM-
NMOHEHTU cuUrHany. 3 TeopeTMYHOro nornagy L mae 6ytu
[OCTaTHbO BEAUKMM, LWOO OXONUTU OCHOBHY AWMHAMIKY
npouecy, ane He nepesuyBaTv N. Y KOHTEKCTi aBTOMa-
TM3auii LyKpoBOro BMPOGHMLTBA, Ae MpoLecu MakTb
BUPAXKEHY LUMKAIYHICTb, BiKHO L AouinbHo BubUpaTn
KpaTHO O4iKyBaHiil ce30HHOCTI abo nepioay AOMiHYtO-
YMX KOJIMBAHb.

[Onsa no60oBOro UMKy CNOCTEPENKEHD i3 KPOKOM AMUC-
KpeTusaulii ogMH BUMIp Ha rogMHy ONTUMANbHUMMK 3HaA-
YeHHAMU € L = 24 abo L = 48. Takuit BUGip Aa€E MOXKAN-
BiCTb MaTpULi «akymyntoBaTn» iHpopmauito npo goboB.i
PUTMM CNOXKMBAHHA BOAM Ta TEXHO/IOTIYHI 3MiHM NpOTA-
rom 3MiHuW. Y Uil HayKoBil poboTi NPUNHATO 3HAaYEHHA
L = 24, wo 3abe3nevye ageKkBaTHe po3bUTTA CUrHaNY Ha
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HWU3bKOYACTOTHUI TpeHA, A060BY NepioAnKy Ta BUCOKO-
YyacTtoTHMI Wwym. PopmyBaHHA TaKoi MaTpUL,i Aa€ 3mory
Ha HACTYMHWX eTanax 3acTocyBaT anapaT CUHTYNAPHOTO
po3KNafy ANA BUABNEHHA MPUXOBAHMX 3aKOHOMIpPHOC-
Tel y AWHaAMILi BUTpPATM BOAM, AKI € HEBUAMMMMMU 33
CTaHAAPTHOTO Bi3yasIbHOrO aHani3y Yacosoro paay (7):

X:[xl...xK] : 7)

CUHIYNApHWIA po3Knag,

Ha gpyromy etani afropuTmy BUKOHYETbCA CUHTY-
NApHKUI posknag (Singular Value Decomposition) cdop-
MOBaHOI TPAeKTOPHOI MaTpuui X. LA npouenypa € ekBi-
BaJ/IEHTHOIO PO3KNAAYy BUXIAHOrO CUTHANYy Ha cUCTemy
OPTOrOHa/NbHUX KOMMOHEHT Yy MpPOCTOpPi BK/IAZEHUX
BekTopiB [5]. MaTemaTuMyHO LUel npouec MNOAAETLCA
y BUrNAAj A06yTKY Tpbox MaTpuub (8):

xX=UsrT. ®)

BignosigHo U — opToroHasnbHa mMaTpuusa PO3Mipom
L, cToBnui AKOI € NiIBUMW CUHTYAAPHUMM BeEKTOpamMu
(BnacHumu BekTopamu matpuui XX7); V — opToroHanbHa
maTpuua posmipom K, WO MICTUTb NpaBi CUHTYAAPHI
BEKTOPW; > —AiaroHanbHa maTpuua po3mipom L x K, Ha
ro/IOBHiIl AliaroHani AKOT po3TalloBaHi HeBiA EMHI CUHTY-
NAPHI 3HaYeHHA S, BNOpAAKOBaHI 3a cnagaHHam (9):

@zﬁzmzﬁzm. (9)

[iaroHanbHi enemeHTV maTpuu,i BigirparoTb KAOYOBY
pOnb y CTPYKTYPHOMY aHaJi3i 4acoBOro pazy BUTPATH
Boan. KoOXKHe CUHrynapHe 3HaYeHHA XapaKTepwusye
macLTab BiANoBiAHOT KOMNOHEHTM po3Kknaay. Kaapatu
CUHIYNAPHUX 3HAY€eHb, AKi 4acTO NMO3HaYaloTb AK BNACHI
yncna (10)

%z%, (10)

€ MNpsMO NPOMOPUiAHMMM BHECKY BiAMNOBIAHUX
KOMMOHEHT Yy 3arasbHy AUCNEepCito A0CNIAKYBAHOTO
curHany. AHania CUHIYNAPHOrO CrnekTpa A€ 3mory
ineHTUIKYBaTU CTPYKTYPY PAAY: BEJINKI CUHTYAAPHI 3Ha-
YeHHs 3a3BMYaM BiAMNOBIAAIOTb FO/IOBHMM KOMMOHEH-
TamM — HWU3bKOYACTOTHOMY TpeHAyY Ta Nepiogu4yHUM rap-
MOHiKaM, ToAi AK AOBra aHKa Maanx 3HAYeHb CBIAYNTb
Npo HasfABHICTb BMNAAKOBOrO WYMy Ta 36ypeHb.

Ona notpebu B aBTOMaTM3auii TeXHO/IOMYHOroO
npoLLecy TakMi po3KNag € KOPUCHUM, OCKINIbKU BiH Aa€
MO/INBICTb MEPENnTH Bifg CNOTBOPEHOTO LYMOM Yaco-
BOrO pAAY 4,0 NOro eHepreTMYHOro npeacTaBieHHs [8],
[9]. BnacHi BeKTOpU U, Bu3Ha4aoTb Gopmy KONMBaHD,
a ro/I0BHI KOMMOHEHTU BigobpaKatoTb ANHAMIKY LMX
KONMBAHb Y Yaci. TaKUM YMHOM, CUHTYNAPHUIA PO3KNAL
BUCTYNa€E agantMBHUM inbTPoOM, AKMM CAaMOCTIMHO
nignawToBYeETbCA nNig cneumdiky [AHUX KOHKpeT-
HOi AMGY3iNHOT YCTAaHOBKM, HE BMMaratouu Big pos-
POBOHMKA TOYHOIO 3HAHHA YACTOTHUX XapPaKTEPUCTUK
npovecy.

BHECOK / KOMNOHEHTU B 3arafibHy CTPYKTYPY CUTHaNy
B NpoLueHTax obuncntoeTbea (11):

S
gy

Takuli nigxia 3abesneuvye BMCOKY pO3Ai/ibHY 34aT-
HiCTb MeToay Ta [a€ MOX/MBICTb ePEKTUBHO BigoKpe-
MWUTW AEeTepMiHOBaHY YaCTWHY BUTPaTW BOAM Bif CTO-
XaCTUYHUX 30ypeHb, WO € KPUTUYHUM ana cTabinisay,i
pPo60OTH KOHTYpIB pPerytoBaHHs.

KomnoHeHTV 06’eaHyI0Tb Y Fpynu, AKi BiANOBiAal0Tb
TpeHAy, CE30HHOCTI Ta Wymy. MpaKTUyHe npasuao nons-
rae y BMbopi nepLioi KOMNOHEHTU AK TPEHAY Ta NAapHUX
KOMMOHEHT AK CE30HHWUX FAaPMOHIK, AKWO B CUHIyAap-
HOMY CMeKTpi crnocTepiratoTbca 61M3bKi 3HAYEHHA Ta
XapaKTepHi KONMBAJIbHI BNACHi BEKTOPU.

Ona KoXHoi rpynn GopmyeTbca mMaTpuua BigHOB-
JIeHHA AK Cyma enemeHTapHux matpuub. [licna yboro
3aCTOCOBYETbCA AiaroHa/NbHe ycepeaHEHHs, AKe nepe-
TBOPIOE MATPULO Hazag, y Yacosuit pag. Migcymkosui
PEKOHCTPYMOBaHMI CUTHAN AOPIBHIOE CYMi BiiHOBAEHUX
rpyn TpeHay Ta ce3oHHocTi (12):

*100% .

(11)

[0}
X =Xx_trend+x season.  (12)

AKICTb  PEeKOHCTPYKLii OuiHEeHO 3a cepenHboo
abcontoTHoto noxmbkoto MAE (13), KopeHem cepea-
HbOKBagpaTUYHOI Noxnbkn RMSE (14) Ta cepeHboto
BiAHOCHO noxmbKkoto MAPE (15). 1nA yHUKHEHHS Heo-
[HO3HAYHOCTeN y 3anuci BBeAemMO AO0NOMIXKHI BEUYUHMU
[11], [23]:

a,_X; =X
N . (13)
MAE:% >.a,
/=1
_ 02
by X, =X ”
14,
RMSE_NE b
c :%
. 15
MAPE:1001th 19)
1=

Pe3ynbrath Ta ix aHani3

Micns nobyaoBm TPAEKTOPHOT MaTPULLi 3 NapaMeTpPoM
L, Wo AOpiBHIOE 24, BUKOHAHO CUHTYAAPHUIN PO3Kaajg,
Ta 06YNCNIEHO BHECOK MEpLUMX KOMMOHEHT Yy CyMapHY
eHeprito curHany. [nA nNpakTUYHOTO BWMKOPWUCTAHHA
BaXK/IMBO KOHTPOJIIOBATH, W06 nepLli KOMNOHEHTU Big-
nosigann ¢GisMYHMM 3aKOHOMIPHOCTAM MNpPoOLeCy, a He
BMMAZAKOBMM MiKam. Y [OEMOHCTpauiiHOMYy nNpuKaagi
nepLla KOMNOHEHTA Bifobparkae TpeHa, Apyra Ta TpeTa
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KOMMOHEHTU YTBOPIOKOTb CE30HHY Mapy, iHWi Komno-
HEHTW NepPeBaAXKHO OMUCYIOTb LUYM.

Tabnmua 1 MICTUTb 3HAYeHHs YacToK Aucnepcii
ONA Neplmnx AecATM KOMMOHEHT, @ TAaKOXK HaKoMu4yeHy
4yacTky. Lle aae moxnuBicTb 06rpyHTYyBaTH BMbGip uncna
KOMMOHEHT A1 PEKOHCTPYKLLT.

3a paHvmu Tabnuui 1, nepwi TPU KOMMOHEHTM OnK-
CYIOTb OCHOBHY CTPYKTYpy CcurHany. PeKoHCTpyKu,ito
BMKOHAHO AK CyMy TPEeHAY Ta CE30HHOCTI, LLLO BiANOBIiAaE
KomnoHeHTam 1, 2 Ta 3.

3a BMOpaHOI PEKOHCTPYKLLIEI OTPMMAHO TaKi NOKas-
HUKW TOYHOCTI: cepefHa abcontoTHa noxmbka popis-
Hoe 1,128 M3 Ha rog, KopiHb cepegHbOKBaAPATUYHOT
noxunbku gopisHoe 1,490 M3 Ha roa, cepefHs BigHOCHa
noxmnbka — 1,859 BigcoTka. HeBennka BigHOCHa NoxMbKa
CBiAYNTb, WO BiAHOBAEHWI curHan 36epirae @isMyHO
3HaYyLLi KO/IMBAHHA Ta € NPUAATHUM A1 BUKOPUCTAHHA
B aBTOMATUYHUX KOHTYpPaX KepyBaHHA.

Ha puc. 1 nokasaHO NOYaTKOBWUI YacoBWUIN pAf,
i PEKOHCTPYKLitO cuMrHany. BuMaHO, WO pPeKoHCTpyKLUiA

Tabn. 1. BHECOK NepLiMX KOMNOHEHT MeTOAY aHaNi3y CUHTYIAPHOrO CreKTpa B AUCNepcilo CUrHaNy BUTPaATU BOAU

Homep KOomnoHeHTHn CUHrynsipHe 3Ha4YeHHA S YacTtKa gucnepcii p, BiacoTKiB HaKkonuueHo, BiacoTKiB
1 2085,346 99,78 99,78
2 57,780 0,08 99,86
3 56,686 0,07 99,93
4 27,648 0,02 99,95
5 27,324 0,02 99,96
6 13,774 0,00 99,97
7 12,782 0,00 99,97
8 10,922 0,00 99,97
9 10,527 0,00 99,98
10 10,282 0,00 99,98
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Puc. 1. Mo4aTKOBMIA YAaCOBUIA PAJ BUTPATH BOAU Ta PEKOHCTPYKLLiA MeTOAOM aHani3y CUHIYASIPHOTO CMEKTPpa

3rNagKyEe BMMALKOBI KOIMBAHHA Ta /JIOKaNbHI BUKUAM,
36epiratoum TpeHs i fo60BYy ce30HHICTb. Lle 3meHwye
PU3MK NOMMUAKOBMX CNPaLbOBYyBaHb PEryiATOPIB Ta Nig-
BULLYE CTAbINIbHICTb TEXHO/IOMYHOIO PEXMMY.

MpaKkTUUHi peKomeHpauii ANA BNpPOBaSKEHHA
y cuctemi aBTomartumsauii

OnAa iHTerpauii mertogy aHanisy CUHryaAapHoOro
CnekTpa B NPOrpamHO-TEXHIYHUI KOMMNIEKC PEKOMEH-
[0BaHO peanisayBaTv anropuTm ik OKPEMUA MOAYNb

06p0o6bKK curHanis. BXigHMMW [OaHMMU € MacuB
3HayeHb BUTpPaTU Boau 3 bBydepa apxisy, BMXOZOM
€ OYULLEHUIM CUTHAN | NOKA3HUKM AKOCTi. OHOB/IEHHA
OOUiNbHO BWKOHYBATU KOB3HUM BIKHOM i3 KPOKOM
OAMH BUMIP.

[oBXUMHY BiKHa L cnif, y3roaxysaTu i3 xapakTep-
HMM nepiogom KonmBaHb. Ona AoboBOi ce3oHHOoCTI
32 FOAMHHOI OMCKpeTusaLii pekomeHgosaHo L, wo
O0piBHIOE 24. AnA 6inbll CKNAHUX PEXUMIB MOKHA
3actocoByBaTth L, wo popisHioe 48. 3aHaato mane L
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nNpU3BOAMTb A0 3MillyBaHHA CE30HHOCTI i3 WymOoMm,
3aHaATO BenMKe L 3HMXKYE CTiMKiCTb OUHOK y pasi
KOPOTKUX BUBIPOK.

lpynyBaHHA KOMNOHEHT BAapTO BUKOHYBATM HA OCHOBI
OBOX KpuTepiiB: YacTka gucnepcii Ta ¢opma BAaCHUX
BEKTOpIB. N1 NPOMMUCIOBOI eKchlyaTaL,ii 3py4YHo diKcy-
BaTM MPaBM/IO: NepLlla KOMMNOHEHTA BiANOBIAAE TpeHAy,
Apyra Ta TpeTA KOMMNOHEeHTU BiANOBIAAOTb CE30HHOCTI,
iHWIi KOMMNOHEHTM BiAKMAAOTLCA AK Wym. Jani npasuio
YTOYHIOKOTb HA OCHOBI APXiBHUX AaHUX 33 AeKiNbKa 3MiH
i ANA PI3HUX TUNIB HAaBAHTAXKEHHS.

OTPUMAHUIA OUYMLLEHWNI CUTHAN MOXKe BYTU BUKOpUC-
TaHUM ONA NigBULLEHHA eHeproedeKTUBHOCTI BUPOOL-
HMUTBA W ONTMMI3aLil pexumiBa poboTu TexHosoriy-
HOro obsagHaHHA BiANOBIAHO A0 CyYacHWUX CTAHAAPTIB
yNpaBAiHHA eHeprocnoxusaHHAm [15].

BucHoBKMU

1. BMKOHaHO OB6I'PYHTYBAaHHA BUKOPWUCTAHHA aHa-
Ni3y CUHIYNAPHOTO CNekTpy Ana ob6pobKM 4YacoBux
pAaAis BUTpaTM Boan AMQY3ilMHOT YCTAHOBKM LlyKPOBOTO
BUPOBHNLTBA.

2. 3anponoHOBAHO iHXXEHEPHY MEeTOAMKY Hana-
WITYBAHHA MeTOAY aHa/i3y CUHIYNIAPHOro CnekTpa
3 BUOOPOM [OBXKMHM BiKHA, CUHTYAAPHUM PO3KAAA0M
i rpynyBaHHAM KOMMOHEHT ANA BUAINIEHHA TpeHay Ta
CE30HHOCTI.

3. Ona gemoHcTpauinHoro pparmeHTa gaHux, SKLLO
L popiBHIOE 24, PEeKOHCTPYKLiA 33 Nepwumu Tpboma
KOMMNoOHeHTaMu 3abe3neunna cepefHilo abcotoTHY
noxmbky 1,128 m3 Ha rog, KopiHb cepeAHbOKBaApPaATUY-
HOT NoxMbKn — aopisHioe 1,490 m3 Ha roa, cepeaHn Bia-
HOCHa noxmnbka — 1,859 BigcoTKa.

4. TloKas3aHo, L0 OYULLEHWUIN CUTHAN NPUAATHUIA ANA
3aCTOCYBaHHA B KOHTypax aBTOMATMYHOIO KepyBaHHA
Ta AiarHOCTUKK, a Niaxia moxke 6yTn nepeHeceHuUin Ha
CYMiXKHI 3aZ1a4i, 30Kpema Ha KepyBaHHA aKTMBHOIO BEH-
TUNALJEID LyKPOBOTro bypsKa.

KoHdniKT iHTepecis

ABTOp AeKNnapye, WO He Ma€e KOHPAIKTYy iHTepecis
CTOCOBHO LbOTO AOCAIAMKEHHSA, Y TOMY Yucai ¢iHaHCO-
BOro, 0COBUCTICHOrO XapaKTepy, aBTOPCTBa UM iHLIOro
XapaKTepy, AKUIN Mir 61 BNAWMHYTU HA AOCAIAMKEHHSA Ta
oro pesynbTaTu, NPeACTaB/eHi B Lili CTaTTi.
®iHaHcyBaHHA

LocnigKeHHA
NiATPUMKN.
JAoCTynHicTb gaHux

PyKkonuc He mae NoB’A3aHUX AaHWX.

nposogunocs  6e3  ¢diHaHcoBoOi
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ANALYSIS OF THE SINGULAR SPECTRUM OF
WATER CONSUMPTION IN A DIFFUSION UNIT OF
A SUGAR PRODUCTION PLANT FOR AUTOMATION
APPLICATIONS

Anton Horpynchenko

This paper investigates the application of Singular
Spectrum Analysis for processing time series of water
flow rate in a diffusion unit of sugar production.
Stable water flow is an important factor affecting the
efficiency of the diffusion process, since it influences
hydrodynamic conditions, sucrose extraction efficiency,
and energy consumption of the technological equipment.
In industrial environments, measurement signals
often contain noise, random disturbances, and short
term anomalies, which complicates their direct use in
automatic control systems.

The study applies Singular Spectrum Analysis as a
non parametric method for time series decomposition
that allows separating trend, periodic components, and
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noise without assuming a predefined mathematical model
of the process. A practical implementation procedure
is proposed, including trajectory matrix construction,
singular value decomposition, component grouping, and
signal reconstruction using diagonal averaging.

Experimental analysis of water flow rate data
demonstrates that the leading components represent the
main physical structure of the signal, including trend
and seasonal variations, while higher order components
correspond to noise. Reconstruction based on the
dominant components significantly reduces random
disturbances while preserving the informative dynamics
of the technological process.

The quality of reconstruction is evaluated using
statistical accuracy indicators such as Mean Absolute
Error, Root Mean Square Error, and Mean Absolute
Percentage Error. The obtained results confirm that
Singular Spectrum Analysis can effectively improve the
reliability of measurement signals and may be applied
in industrial automation systems for control, diagnostics,
and forecasting of diffusion unit operating modes.

Keywords: singular spectrum analysis, the Gusenitsa
method, time series, diffusion unit, water flow rate, sugar
production automation, signal processing, industrial
automation, statistical data analysis, signal filtering,
time series reconstruction.
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AHOTALUIA

Cmammio npucesiueno poss’s3aHHI0 AKMYAabHOI HAYKOBO-NPUKIAOHOI 3adaui — po3pooyi Ui 00IpYHMY8AHHIO
KOMOIHO8AH020 MemOOy hOpMYBAHHS eKCNEPMHUX 2PYN, AN2OPUMM POOOMU K020 iHMe2PyE CIMAMUCMuyHi nioxoou,
Mamemamuytne MOOENO8AHHA, MemooU eKCNepmHUX OYIHOK mda anapam eeHemudnux aneopummis. Y pobomi
00IPYHMOBAHO HeobXIOHICmb onmumizayii npoyecy 6i000py excnepmis OJist MIHIMIZayii NOMUIOK ni0 Yac NPo6edeHHs.
eKcnepmu3su.

3anpononosano xomniexcHy cxemy (hOpmMySaHHs ONMUMAILHO20 CKIAOY eKCNepmHuoi epynu, sKka Oazyemvcs
HA CUCMEMHOMY NOEOHAHHI KINbKICHUX MA AKICHUX NOKA3HUKIG. Y Medxcax O00CHiONCeHHs opmMani3o8aHo CKAAOHY
onmumizayiiny 3adauy OazamoxpumepiaibHo2o niobopy axieyie 011 NPoB8eOeHHA MeXHIYHUX, COYIANbHUX Md
exonomiynux excnepmus. Ilpedcmasgneno cxemy KomoOiHayii cmamucmudHux Memooie ma 2eHemui4Ho20 an2opummy
ona ¢opmysanus excnepmuux epyn. Mamemamuuna mooens 3adaui 6azyemvcsa Ha Makcumizayii yinboeoi yHKyii,
WO 6PAX0BYE HU3KY KPUMUYHUX NAPAMEmpI8: iHOUGIOYALbHUL [HOEKC KOMNEMEeHMHOCMI eKcnepma, Koeqiyienm
npogeciiinoeo 00csidy, Cmyninb y32002CeHOCI NONEPeOHIX OYIHOK KaHOUOama ma iH.

Ocobnugy yeazy npuliieno 30aCmOCY8AHHIO 2EHEMUYHUX ANOPUMMIE OJisi NOULYKY ONMUMATbHUX PIeHb
¥V enuKomy npocmopi anbmepHamus. Bukopucmanns esonoyiinux mexanizmis 6iobopy, mymayii ma Kpocuneogepy
0a€e MONCIUBICTNG eheKMUBHO UPIULY8amMU 3a0ayiy 6a2amoKpumepianbHo2o 8ubopy, 3a0e3neuyioyu 8UCOKY MOUHICMb
Gopmysanus epyn. Ompumani pesyivbmamu niOmeepoN’Cyiomy, Wo CUHMEe3 2eHeMUYHUX AN2OPUMMIE 3 eKCNepmHUMU
ma MamemMamuyHUMu Memooamu 0ae 3M02y CYMmMeSo Ni0GUWUMY HAOTUHICIb NPOSHO3I8 Ma ONMUMIZYE NPUUHAMNIA
piuiend.

Knwouosi cnosa: zenemuuni aneopummu, ekcnepmusd, eKCnepmua 2pynda, KOMOIHOBAHUL Memoo, eKCnepmHd
OYIHKA ONMUMATbHE PiuleHHs, 0a2amoKpumepiaioHa OnmuMizayis, CKAa0 epynu, MamemMamuyHi, Crmamucmudti
Memoou, XpOMOCOMU, 2eH, CXPeWeH A, MYmayis, Yitboed QyHKYIsA.

06’€eKTiB, 3Ha4YHO 3pocna. Lle noAcHIOETbCA 3pOoCTaHHAM
[MHaMi3My JOBKINAA Ta 3MEHLLIEHHAM Nepiofy Yacy Ha

Bctyn
Teopis onTumisauii oxonntoe NpakTMUHO BCi cdepun

NOACbKOI AifANIbHOCTI, BUXOAAYM AA/1IEKO 33 MEXKi CYyTO TEX-
HiYHMX 3aBAaHb. OQHUM i3 MEePCNEKTUBHUX IHCTPYMEHTIB
TYT CTanu reHeTudHi anroputmu (FA) Ak ogmH i3 Katodo-
BUX METOAIB eBOJIOLIMHMUX 0buncneHb. OfgHaK, nonpwm
CBOIO €(EeKTUBHICTb Y MOLWYKY ONTUMA/IbHUX pPilleHb,
BOHW MatoTb i HEAOJIKM: CKNAaAHICTb 06POOKM HeniHil-
HUX OYHKUIM Yepe3 pU3MK MNOTPANIAHHA B JIOKAJbHI
EeKCTPeMyMM Ta CTPIMKe 3pOCTaHHA 064McatoBabHUX
BUTPAT Yy pa3i 36iNblUEeHHSA KiIbKOCTI MapameTpis.
OcTaHHIM Yacom BaX/IMBICTb 3aBAaHb, KOAM O0BO-
OMTbCA BUBMPATM KOMMNPOMICHI pilUEeHHA WOA0 CKAAAHMUX

aHani3 cuTyauii NPUIUHATTA piweHb. TaKoX PO3BUTOK
HaYKM i TEXHIKM NPU3BIB 40 NOABU BEIMKOI KiNbKOCTi aflb-
TepHaTUBHMX BapiaHTiB BMOOpY. [annca B3HAKK i 36ib-
LIEeHHA B3aEMO3a/IEXHOCTI Pi3HUX pilleHb Ta iX Hacnig-
KiB, 3pOC/a i CKNagHICTb BapiaHTiB NPUMAHATUX pPilLeHb.
Y unx ymoBax 414 NPUIAHATTA pilleHb Aedani yacTiwe
BMKOPUCTOBYIOTbCA eKcnepTusu. EKcnepTHi meToam
€ epeKTMBHUM iHCTPYMEHTOM aHanisy o6’ekTiB, noby-
[0BW NPOrHO3iB, BU3HAYEHHA IXHbOI AKOCTI Ta LiHHOCTI.
AK MNOKa3sye nNpaKTMKa, He TaK MNPOCTO iHTYITUBHI
N eBPUCTMYHI pilleHHA Pi3HUX 3aBAaHb OTPMMATM 3a
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aonomoroto GopmanizaoBaHUX PO3PaXYHKOBUX METOZ,iB.
Y cKknagHux coepax MKUTTEAIANBHOCTI NOAUHU CTBO-
PEHHA eKCnepTHUX CUCTEM — 3aBAaHHA HEeMMOBIPHO
Barkke. lpobnema nonArae B Tomy, W06 OTPUMATK
3HaHHA Bif eKkcneprtis, i B Tomy, Wob6 dopmanisysatu
iX 3HaHHA, ynopAaKyBaTW Ta nepenbayunTn afeKkBaTHY
BiANOBIAb Ha NOCTaB/eHe 3anuTaHHA. [eBHi eKcnepTHi
METOAM 3aCTOCOBYIOTb TOAi, KON BUKOPUCTAHHA iHLWNX
BUABNAETLCA HEMOX/MBMM YN HE E€KOHOMIYHMM, 33 iX
OOMOMOrOK HamaratoTbCA AOCANIAXKYBATU U Moaento-
BaTM NPOLLEC NIOACbKOTO MUCNEHHSA.

AHanis nitepatypHux AaHuxX i
npobnaemu

EkcnepTunsi, AK KOMNAEKCY NOMYHUX Ta MaTemaTu-
KO-CTaTUCTUYHUX METOZAIB OpraHisauii poboTtn 3i crne-
Lianictammu-ekcneptamu i ob6pobKM AyMOK eKcneprTis,
BUPAXKEHUX Y KiNIbKICHIN abo aKicHI dopmi, npuaineHo
6araTo yBarM B pobOTax HayKoBuiB. TaKi BYeHi, fAK
tO. I. CaeHKo B. M. BopoHa, H0. M. BopogsaHCKNiA, 3 Kuis-
CbKOFO iHCTUTYTY KiBEPHETUKM Ta KUIBCbKOTO iHCTUTYTY
coujiosorii, HeOIHOPA30BO B CBOIX POHOTax NopyLIyBanu
NUTaHHA Npobaem i Knacudikauii ekcnepTHUX MeToz,iB.
BOHM BigMmivanm, W0 3aCTOCYBaHHA EKCNEPTHMUX METOLIB
€ aKTya/IbHUM B OLiHLi 6araTbox NpoLecis.

MUTaHHA BWKOPWUCTAHHA TEHETUYHUX aJNTOPUTMIB
ONA BUPILIEHHA 3a4a4 oNTUMi3aLii (40 AKUX | HanexKaTb
6araTo 3aBAaHb EKCNepTU3M) po3rnaaanmcs Ha Gopymax
i B HayKOBIl1 niTepaTypi BXKe AeKiNbKa POKiB.

B. O. babeHko, O. K. HocoBeup y poborTi [1] npono-
HYIOTb aNIFOPUTM A/19 3HAXOAKEHHSA pilleHb H6araTokpu-
TepianbHOI 3a4a4i oNTUMI3aL,ii, KOMBiHYHYM MeToA aHa-
Ni3y iepapxii Ta reHeTUYHI aNropUTMK.

T. . bynopaubka, H. M. }ypasnboBa B poboTi [2]
BiAMIYalOTb, WO pe3ynbTaTh, OTPMMaHI i3 3acTocyBaH-
HAM A, HabAMXKeHI A0 NOKA3HMKIB, PO3PAaxXOBaHUX Kna-
CUYHUMM MeToAaMM, a B [EAKMX BUNAAKax PilleHHA
€ ONTUMAJIBHILLMM.

K. B. KonecHikoB y poboTi «[eHeTu4Hi anroputmu
ONA 33434 baraTokpuTepianbHOi onTUMI3aLil B mepe-
KaxX a4anTMBHOI MapLIpyTU3aLilT AaHUX» AEMOHCTPYE
3aCTOCYBAHHA rEHETUYHMX aZIFOPUTMIB 417 PO3B’A3aHHA
CKNAAHMX ONTMMI3aUiiHMX 3a4ay, 30Kpema MoLUyKy
WAAXiB 33 KibKoma Kputepiamu. O4eBMAHO, WO Hay-
KOBi po60TU NiATBEPAMKYIOTb aKTYa /IbHICTb MUTAHHA, ane
BMpileHHA Npobaemn GopmyBaHHA eKCMepTHOI rpynu
Ha 6a3i reHeTUYHOro aNropUTMY He PO3rNAaaNoCs.

NOCTAHOBKaA

MerTa Ta 3agauyi gocnigKeHHa
MeTa gocnigiKeHHA nosarae B aHanisi ocobamsoc-
Tel BUKOPUCTAHHA FreHETUYHOrO anropuTmy A/1a po3B’a-
3aHHA OMTMMI3aLiHMX 3afay baraToKkpuTepiasbHOro
BMOOPY a/NbTePHATMB | NPOBELAEHHA EKCNEPUMEHTY.
3BiacM BUNAMBaE, Wo MmeTa poboTn nonsarae
Yy AOCNIAXKEHHI CTaHy MWUTAHHA eKcnepTusu, nobyaosi

KOMMJIEKCHOT METOAMKN HaraToKpuTepianbHOro OLiHto-
BaHHA aNbTePHATUB Ta MOX/IMBOCTI 3aCTOCYBaHHI ii AnA
dopMyBaHHA EeKCMEePTHOT rpynu.

[Nna [OCATHEHHA MeTUM  AOCANifKeHHsA, MoTpibHo
BMKOHATW TaKi 3aBAaHHA:
— npoaHanisyBaTM 3anpOMNOHOBAHUI  aNropPUTM

bopmyBaHHA eKkcnepTHOI rpynu Ha 6asi matemaTUyHMX
MeTOoAiB;

—  [OCNiANTN BUKOPUCTAHHA OCHOBHMX MPUHLMNIB
po60oTM reHeTUYHMUX anropuTMIB i MeToAiB iX 3acTocy-
BaHHA Nifg Yac po3B’A3aHHA ONTUMI3aLiNHUX 6araToKpu-
TepianbHUX 3a4ay;

— po3pobuTM anropuTMm, AKUIKA KOMBIHYye cTaTuc-
TUYHI, MaTeMaTUYHi 1 eKcnepTHi MeToAn 3 BUKOPUCTaH-
HAM FeHeTMYHOro NiaAXoAy, ANA NOKpPaLLeHHA pesy/bTa-
TiB onTUMi3au,i;

— MpPOBECTU Cepild EeKCNepuMMEeHTIB AnA BU3Ha-
YeHHA epeKTUBHOCTI 3aMpOMNMOHOBAHOIO  aNropUTMy
B 3a4a4i opMyBaHHA CKNaZy eKCNepTHOI rpynu;

—  3pobUTM NOPIBHANBHWUI aHani3  OTPUMaHMUX
pe3ynbTatiB 3 6inbl TpaguuUitHMMK, po3pobaeHnmmn
aBTOPOM paHilwe, nigxoaamu po3B’A3yBaHHA 3ajadi
bopMyBaHHA CKNafy eKCNepTHUX rpyn.

Martepianm Ta meToamu AocCniaXKeHb

HatomicTb ekcneptM3a He MOXe pPO3rnagaTUCa fK
BUYEPNHUIN piBeHb aHanisy. AKTyaZlbHUM CTaE npar-
HEHHA MOEAHYBATU eKcnepTusy 3 GyHAaMeHTaNbHUMM
pocnigxeHHAMM. CKNagHOCTI, WO BUHMKAKOTb Y NPOLLECI
30iICHEHHA eKCnepTM3M, BU3HAYAlOTbCA Hacamnepes,
TMM, Wo GyHKLIOHYBaHHA 06’eKTa WO nignarae ekcnep-
TM3i, BigbyBaEeTbCA Nig, BN/IMBOM BE/IMKOI KiNbKOCTi dak-
Topis. OAHaK 3a TPaAMLiMHOTO NiaAXo4y HEMAE 06’ eKTMB-
HOI BNEBHEHOCTI B TOMY, LLLIO BUBpaHUIA BapiaHT, AilCHO,
€ Kpawum. ba 6inbwe, B ymoBax 6aratoBapiaHTHOCTI
Ta NoB’A3aHOro i3 UMM (3a 3aKOHaMKW KOMBIHATOPUKMK)
3POCTaHHA MOTEHLIMHO MOMXAMBMX BapiaHTIB pilleHb
OIVICHO ONTUMMANIbHUI BapiaHT MOXKe 3HWMKHYTW 3 NosA
30py 4OCNIgHUKIB Ta eKcnepTiBs.

3 ornAgy Ha ue BMHUKAe notpeba B po3pobui Hay-
KOBO 06r'pyHTOBaHOI METOA0/0Trii Ta NPUHLMNIB NpoBe-
OEeHHA eKcnepTu3un, 3aCTOCYBaHHA AKX MOXK/INBE NnLLe
B pa3i LUMPOKOro BUKOPUCTAHHA MAaTEMATUYHUX METOL,IB
Ta NMEOM. TonoBHi TpyaHOLL — BIACYTHICTb MaTemaTny-
HUX | popManbHO NoriyHMx 3acobis, 34aTHMX i3 gocTaT-
HbOI TOYHICTIO BifOBPA3UTU B KiNbKICHMX MOKa3HUKaXx
AKICHWI 3micT npouecis.

Hes3Ba)katoum Ha ycnixu, JOCATHYTI B OCTaHHI POKM
B po3pobLi Ta NPaKTUYHOMY BMKOPUCTAHHI MeToay
eKCMepTHUX OLIHOK, € HM3Ka npobnem i 3aBgaHb, WO
noTpebyloTb NoAanblUMX METOLONOMNYHUX AOCNIAKEHD
Ta NPaKTMYHOI nepeBipkM. OgHe 3 HaMBAXKAUBILINX
nutaHb — GopmMyBaHHA eKcrnepTHUX rpyn. HeobxigHo
BAOCKOHaNOBaTM cuctemy Bigbopy ekcneptiB. Oue-
BUAHO, WO MA€E ByTM CTBOPEHWI y3arafbHEHUN MeToz
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BiAbopy eKkcrnepTiB, y AKomy 6yaM 6 BMKOPUCTaHI BCi
NO3UTMBHI 0COBAMBOCTI ICHYHOUMX EKCMEePTHUX, CTATUC-
TUYHUX METOZiB, METOZAIB LUTYYHOTO iHTENEKTY Ta BUK/IO-
YeHi iXHi HegoniKun.

dopmyBaHHA CK/laAy eKCnepTHOI Fpynu, CTaH-
BApTHUIA niaxig,

Mwu nponoHyemo cxemy ¢OpMyBaHHA €EKCMepTHOI
rpynu, AKka npegcrasneHa puc. 1. K nokasas aHanis3
CXemMM, Le NpoLec KOMMNEKCHUIM, CKAafHWUR, Y AKOMY
3a4iaHo 6araTo pi3HMX MeTodiB Ta nmigxoais. [Ons

GOopMyBaHHA ONTUMANbHOTFO CKIAZy eKCnepTHOI rpynu
noTpibHO NpPoOBeCTM MOHAA 6 OKPeMWMX MNOBHOLHHUX
ONUTYBaHb 3i CKNaZHOK MaTemaTMyHol 06pobKoto
pe3ynbratis, noHag 10 okpemux 6araTopaKTOpHUX
CTAaTUCTUYHUX | MAaTeMATUYHMX aHani3iB Ta PO3pPaxyH-
KiB. BpaxoBytouu CKAagHicTb GOpMyBaHHA eKcnepTHOl
rpynu, HeBU3HAYEHICTb GOPMYyBaHHA AEAKUX CYTTEBUX
03HaK, HeJOCTaTHIO MOBHOTY iHGOpPMaLLi Ta HEMOXKAU-
BiCTb NOBHOI MaTeMaTM4HOI dopmanisaLii nporecy Bupi-
LWEHHA NOCTaBJEHOrO 3aBAaHHA, NOTPIOBHO BMKOPUCTO-
BYBaTW KOMBiIHOBaHI niaxoamn Ao supiweHHn [10].

BusHaueHHs ranysi 3HaHb

v

BuzHaueHHs KiTbKOCTI
ekcreptiB y rpymi — N

v

Bujtinenus rpyn kputepiis

v

BusHayeHHs BaroBux
Koe(ilieHTiB rpym
KpHTEpIiB BiIOOPY

Br3HaueHHs BaroBux KoeQilieHTIB KpUTEPIiB BiOOpy

A

A 4

A

Jlominyroua o3Haka

Brutrouna o3naka

TTinnopsikoBaHa 03HaKa

N

|

A

OnuTyBaHHS eKCIIEPTIiB

/

Puc. 1. KomnneKcHa cxema ¢popMyBaHHA ONTUMANbHOIO CKNaAy eKCnepTHOI rpynu

LN

Camo-
i . Po3paxynkopa Tecry- :
OLiHKa -
1 Bsaemoominka Corio- oninKa 33 anis Orrinka 3a
. N JIOKYMEHTaIIb-
MeTp1s 00’ €EKTUBHUMH UMM QHIMIL
l MOKa3HUKAMHU
v v /

Bu3HAYCHHS CTYIEHS Y3TOKCHOCTI EKCIIEPTHHX OLIHOK

UYu nocratHiii cTymiHb
Y3rOJKeHOCTi ?

v

OOuuncneHHs arperosaHo'f OLIIHKH JUISL KOXKHOT'O eKCIepTa

.

PaHXyBaHHs arperoBaHuX OLIHOK

-

Bubip excreptis, paHr sikux < N
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AK BapiaHT 3HaXOAXKeHHA ONTMMANbHOMO pPilleHHA
Liei 6araTokpuTepiaNbHOI 3a4a4i MW NPONOHYEMO BUKO-
PUCTOBYBATU FEHETUYHUI aNTOPUTM.

MexaHiam A Haragye 6iosoriuHy eBotOLitO, BiH
IPYHTYETbCA Ha TakMX onepauiax esostouil, AK Biabip,
CXpellyBaHHA Ta MyTauia. feHeTUYHi anroputmm gobpe
3apekomeHayBann cebe AK MeToaMKM MoLwyKy B Hara-
TbOX cdepax NPaKTUYHO 3a NOBHOI BiACYTHOCTI iHpOpMma-
Lii Npo BAAcTMBOCTI WiNboBOT PYHKLiN i 0OMexeHb. Y pis-
HUX LOCNIAXKEHHAX ByN0 po3pobneHo AeKinbKa MeTosis
i migxonis BUKOPUCTAHHA Fe€HETUYHUX anropuTMIB ANA
BUpILLeHHA baraToKpuTepiafbHOI oNTUMi3aL,i.

A MOXyTb Hacamnepepg, BMpPiWUTM nNpobremu, ansa
AKMX HEMAE TOYHOIO aHaNITUYHOTO PO3B’A3KY abo y AKMX
BEJINKI pO3MIip Ta CKNAAHICTb. Kpim TOro, reHeTu4YHi anro-
PUTMM € THYYKMMMU i IX MOXHa NIerko afanTyBaTh A0 pis-
HOMaHITHMX 3a/1a4 Ta BUMOT.

CyyacHUM  pO3BUTOK  FEHETUYHUX  AZFOPUTMIB,
30Kpema BNPOBAAXEHHA HOBMX OnepaTopiB MyTaui,
KPOCUHroBepy Ta BAOCKOHA/NEHHs BiAbopy, 3HA4YHO
PO3WMPUB TXHIi MOMKAMBOCTI Yy PO3B’A3aHHI CKAALHUX
3aga4. B ocHoBi A nexutb nonynauiiHuin nigxia, aoe
KOMEH PO3B’A30K MOAENETbCA AK Xpomocoma. [po-
Lec NowyKy ONTUManbHOrO pesynbTaTy € iTepaTUBHUM
€BO/IOLIMHMM NPOLLECOM, LLLO OXOMJIOE 3MiHY MOKO/iHb.
Ha KoXKHOMy eTani npMAaTHICTb XPOMOCOM OLLiHIOETHCA
3a Aonomoroto LinboBoi ¢yHKUii. EBontouiiHuin Big-
bip 3abe3nevye npiopuTeTHe BiATBOPEHHA HaMbiNbL
aJanToBaHWUX OCOBUH, WO NPU3BOAMTL 40 NOCTYNOBOrO
3pOCTaHHA cepeaHbOi MPUCTOCOBAHOCTI nonyaAuii Ta
36iKHOCTI anroputMy A0 rnobanbHoro ontumymy [2; 5].
Mpouec NoLWyKy pileHHA Ma€ Taki eTanu:

1. HanawTyBaHHA napameTpiB reHeTUYHOro anro-
PUTMY: BCTAHOBJIEHHA PO3MIipy Nonynauii Xpomocom,
BCTQHOB/IEHHA MaKCMMAa/IbHOT KiIbKOCTi MOKOAiHb (3a
noTpebu), BUSHAUYEHHA KiIbKOCTi FTeHiB y XpOMOCOMaXx

2. CTBOpEHHA NOYATKOBOI nonynay,ii.

3. BM3HaueHHsA Ta obyncneHHs
NPUCTOCOBAHOCTI.

4. BU3HaYeHHA Napu a8 cxpeluyBaHHa. [aa subopy
napyv XpoMoOCOM ANA CXpellyBaHHA BUKOPUCTOBYETLCA
meToa, pyneTtkn. Lein meton nigBulLye iMOBIPHICTb
BMb0OpY 6iNbw NpUcTOCOBaHMX OCOOUH ANA NOAANBLIOTO
€BO/IIOLIMHOro BAOCKOHAIEHHA nonynau,ji.

5. Peanisauia onepatopa cxpewyyBaHHA. o TouLi
pO3puBY MNEpPecTaBAAEMO LINAHKU TEHIB MiX ABOMa
XPOMOCOMaMMu.

6. Peanisauia onepatopa myTauii. 3a gonomoroto
BMNAZLKOBOrO BMOOPY TOUKM HA XPOMOCOMI 3MiHIOEMO
reHn micuamu.

7. NepeBipKa ymOBM 3aBeplUeHHA npouecy. AKLWOo
YMOBW 3aBepLUEHHA He BUKOHAHI, MOBTOPIOEMO NpoLec.
YMOBamMM MOXKYTb OYTU TaKMMU: OOCATHEHHA 3a4aHoi
KiNIbKOCTi MOKOANiHb aB0 OTPUMAHHA 334aHOTO 3HAYEHHSA
Linbooi GyHKUji (puc. 2).

bYHKRU,T

Pe3ynbTat gocnipkeHb

Hawa 3agaya moxe 6yTu chopmynboBaHa AK MOLWYK
ONTMMANbHOrO 3HAYeHHS CKAAAHOI WLiNboBOi YHKLIT
6araTboX 3MiHHMX. Y LLbOMY AOCAIAKEHHI BUKOPUCTOBY-
€TbCA METO/, OAHOTOYKOBOTrO CXpellyBaHHA. Toai nony-
nAauia —Habip rpyn { 4,.4,,...4, }, XpoMmocoma — BianoBiaae
rpyni eKcnepTiB A, =aa,...a, , [€H — BiANOBIAAE OAHOMY
3 eKcnepTiB q, . MoTpibHO chopmyBaTH HaitbinbL KBani-
bikoBaHMI CKNaf ekcnepTHOI rpynu.

Ona popmyBaHHS XpOMOCOM NOTPIGHO po3paxyBaTu
3HAYEHHA TeHiB. fIK 3HaYeHHA reHiB y Hac byae oujiHKa
BiAHOCHOI KOMNETEHLLi KOXKHOro ekcrepTa. [Ana pospa-
XYHKY LIi€i OLiIHKM BUKOPUCTOBYEMO TaKy cxemy (puc. 3).

OujiHKa npoBOAUTLCA HA OCHOBI KOMMJIEKCHOTO
NOKasHMKa, AKWMIN MOoXKe BYyTU OTpMMAHWUI Wwnsxom 3
NPWBATHMX OL,iHOK:

1) BM3HaAYalOTbCA MOKA3HWMKK, WO XapaKTepusyoTb
CTYNiHb PO3BUTKY NpodecinHux akocTen ekcnepta (M) Ta
piBeHb KBanidikauii (K), a TakoK ix KifbKiCHI BUMiptoBaui;

2) BM3HAYalOTbCA MOKA3HMKM, WO XapaKTepusyroTb
BMKOHYBaHY pob0Ty, TO6TO Aat0Tb MOM/IMBICTb 3iCTaBUTK
pe3ynbTaT yyacTi B ekcneptusax (P) 3 ypaxyBaHHAM
piBHSA CKNagHOCTI GYHKLUIM, WO BUKOHYOTbCA HUMM (C);

3) BM3HAYalOTbCA MOKA3HMKM, L0 XapaKTepPU3yTb
CTYNiHb PO3BUTKY 0COBUCTUX AaKocTel (/1).

KomnneKkcHa oujiHKa ([) BM3HAYaETbCA 33 TAKOH
dopmynoto: A =N*K+P*C+ .

OujiHKa BCi€l CyKYMHOCTi 03HaK NPOBOANTBLCA LUIAXOM
NiACYMOBYBAHHA OLIHOK O3HaK, MOMHOMEHMX Ha iXHI0
cepesH0 3HAYUMICTb:

1= . (1)

0nAa BM3HAYEHHA 4MCNa TreHiB Yy XPOMOCOMI
noTpibHO BU3HAYMUTU ONTUMA/IbHY Ki/lbKICTb eKcnep-
TiB y rpyni. [lOCTOBIpPHICTb OLIHOK rpynun eKkcnepTis
3a/1eXUTb Big, AKOCTEN OKPEMUX eKCrepTiB Ta KislbKo-
CTi YneHiB ekcnepTusun. 3i 36iNblUEHHAM YMCIa eKC-
nepTiB AOCTOBIPHICTb OLIHOK 3POCTAE, ane BUTPATU
NponopLiHi KiNbKOCTI ekcnepTiB. Hacnpasai yncennb-
HICTb €eKcnepTHOI rpynu CTaHOBUTb 5-7, makcu-
ManbHo — 10-15 ocib.

BMKOPUCTOBYHOUM anroputm 3aBAaHHA Nigepa, Big-
HOCHMI KoedilieHT KOMMNEeTEHTHOCTI t-ro mopagKky AnAa
KOYHOTO eKcrnepTa po3paxoByoTb 3a popmysoo

=2 i=12,...n. (2)
22 k!

e n — KinbKicTb eliic/]'llepTiB y rpyni; x, — ene-
MEHTM maTpuui X; t — Homep nopAaKy KoedilieHTa
KOMMETEHTHOCTI.

MaKcumanbHe 3HayeHHA OLIHKM BiAHOCHOI KOM-
neTeHLUil eKkcnepTiB y Hawomy Bunagky — 73. [okas-
HUK, CYMApHOro 3Ha4YeHHA KOMMEeTeHLii rpynn popis-
Hioe 73 * 9 = 657. Lle i € ekcTpemym LiNbOBOI GyHKL.
F - 657.
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| Po3paxyHOK BiTHOCHOT KOMIETEHIIT eKCIIePTiB |

| DopMyBaHHS TOMYJISIT |
v
OmuiHIOBaHHS MPUCTOCOBAHOCTI XPOMOCOM MOMYJIALIT
v
Po3paxyHOK 4acTKH Bifl 3aralibHOI KUTBKOCTI
A
YmoBa
3aKiHYCHHS
BUKOHaHa?
Cenexitis o
1 Haiikparia ocoGuua
XpPOMOCOM
] BHOpaHa
CxpentyBanus @
+
v
CTBOpeHHS
HOBOT
TIOMyJIALT
Myraris
CTtBOpeHHS
HOBOT MOyt
OniHtoBaHHA
MPHCTOCOBAHOCTI XPOMOCOM

Puc. 2. Cxema KombiHaLii CTaTUCTUUHMX METOAIB | FeHETUUYHOrO anropuTMy Ana GopmyBaHHA eKCNePTHUX rpyn

Busnauenns mkai ta
iHTepBaJIiB KOMIETCHTHOCTH

'

Busznauenus CKJIQIOBHUX ITOHATTS
«KOMITCTEHTHICTB»

“ T

KomnerenrHicts KommnerenTHicTs Becebiuna
npodeciiina

Teopernuna IIpakTnuna Teopernuna IIpakTnuna
MiIroTOBKa I1i IrOTOBKa I IrOTOBKa MiIrOTOBKA

v v v v
| CamooILiHKa |

v

B3aemoorinka

v

POSanyHKOBa OI_liHKa 3a 00’ €KTHBHUMH TTOKa3HUKAMI
v

| OriHKa 32 JIOKyMEHTAILHUMHU JaHUMU |

v
OGUHCIICHHS arperyrouoi OLiHKI
v

OtpumaHHs TabnIi OLIHOK BiTHOCHOI KOMIIETEHTHOCTI EKCTIEPTiB
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Ta6n. 1. BuxigHa nonynauis

Ha6opu nonynﬂ'u,u Xpomocomu (3 Habopamu reHis )

(rpynu ekcnepris)
1-wa rpyna 35 41 27 23 29 48 42 37 31
2-rarpyna 28 51 33 29 37 46 52 39 26
3-ta rpyna 43 36 41 39 53 44 37 41 73
4-ta rpyna 52 27 34 46 51 49 33 42 62
5-ta rpyna 38 53 47 39 38 41 40 23 31
6-Ta rpyna 44 26 47 29 34 36 53 55 21

Tabn. 2. Po3paxyHOK ¢yHKLii NPUCTOCOBAHOCTI

Ha6opu nonynauii DyHKUT YacTtka Big 3aranbHoi
(rpynu ekcnepris) NPUCTOCOBAHOCTI KinbKocti %
1-wa rpyna 313 14,5446 %
2-rarpyna 341 15,8457 %
3-TA rpyna 407 18,9126 %
4-ta rpyna 396 18,4015 %
5-tTa rpyna 350 16,2639 %
6-Ta rpyna 345 16,0316 %

3 T1abn. 2 BMAHO, WO HaWbinbW NPUCTOCOBAHUMM
€ rpynu 3 i 4. Ane «igeanbHoro Habopy» cepen npea-
CTaBHMKIB nonynsauii Hemae (ymoBa 3aKiHYEeHHA anro-
pUTMYy He BMKOHaHa). MoTpibHO nepexoauTn 40 eTany
cenekuii xpomocom. | ToOMy pPO3PaxXOBYETbCA YaACTKa,
AKY BHOCUTb KOXeH Habip y 3arasibHy NPUCTOCOBAHICTb
nonynauji (Tpets KonoHKa Tabn. 2).

Ha ocHOBI OTpMMaHMX YacTOK GOPMYETLCA MOAENb
«Koneca pyneTtku». Mpouec Binbopy nonsarae y reHepadwii
BMMAAKOBUX YNCEN: KOXKHE YMCIO NOTPANIAE Y NEBHUN

CEKTOpP, BU3HAYaIOUM KOHKPETHUIN Habip XpOMOCOM, LLO
BisbMe y4acTb Y NoAanbLiii penpoayKu,i.

Ona 34iicHEHHA cxpellyBaHHA BMBEpemo OKpemi
TOYKM cxpellyBaHHA. OcKinbKn HabopiB 6, TOYOK cxpe-
LyBaHHA Ma€e 6yTn 3. CxpelLyBaHHA nepenbayae o6miH
reHamMm Mik Habopamu xpomocom. [Ansa 3AiACHEHHA
CXpellyBaHHA BMMNAgKOBO BMBEpemo OKpemi TOUKM
cxpellyBaHHs (3, 6, 4 reH).

[0 cxpellyBaHHA: A=aaa,a,, ...ay; | B=bbbb,., ...b, ;

Micna cxpewyBaHHA: A=aa,ab,,...by ;1 B=bbb.a,,...ay.

Tabn. 3. TOuKM cxpeLyBaHHSA

lpynu eKcneprTiB Xpomocomu 1-i nonynauii
1-wa rpyna 35 41 27 23 29 48 42 37 31
2-ra rpyna 28 51 33 29 37 46 52 39 26
3-1A rpyna 43 36 41 39 53 44 37 41 73
4-ta rpyna 52 27 34 46 51 49 33 42 62
5-tTa rpyna 38 53 47 39 38 41 40 23 31
6-Ta rpyna 44 26 47 29 34 36 53 55 21
Tabn. 4. Pe3ynbrat cxpeLuyBaHHA
. . OyHKUT
lpynu ekcnepris Xpomocomum 2-i nonynauii npucrocosaoct
1’-wa rpyna 35 41 27 29 37 46 52 39 26 332
2’-ra rpyna 28 51 33 23 29 48 42 37 31 322
3’-1A rpyna 43 36 41 39 53 44 33 42 62 393
4’-ta rpyna 52 27 34 46 51 49 37 41 73 410
5’-ta rpyna 38 53 47 39 34 36 53 55 21 376
6’-Ta rpyna 44 26 47 29 38 41 40 23 31 319
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BMKOHAeEMO po3paxyHOK &YHKUIT npucTocoBaHo-
cTi (uinboBy dyHKUiO). AK 6aummo, 4’-Ta rpyna 36inb-
Wnna 3Ha4YeHHA QYHKLIT NpMCTOCOBAHOCTI. ITepauinHui
npouec Aae 3Mmory npubansmtnuca A0 MaKCMMasbHOro
3HayeHHa QYHKUii npucTocoBaHocTi. OYeBMAHO, WO 33
HeBe/IMKOI A0BXMHMU Xpomocomu (N nopsarky 10-20)
MOHa BMKOHATU NOBHMI nepebip 3a NPUNHATHUIA Yac
Ta 3HAWTM HalKpalli piweHHA. K 6a4yMmo, y Hawomy
BUMAAKYy 3BMYAMHE CXpelLlyBaHHA He OA€ MOMK/IMBOCTI
[OCArTU Uini 657 6e3 BMKOpUCTaHHA MyTalii abo 6ara-
TOTOYKOBOIO CXPELLyBaHHA, Ae MW BUOWPAEMO nuLie
NiKOBi 3HAYEHHA.

Lani 3rigHo 3i cxemoro KnacuyHoro M BMKOHYETLCA
onepaTtop myTauii [4; 6]. MyTauia ocobameo noTtpibHa
ana A 3 maaum po3mipom nonyasauii, Tomy Wo ANA HUX
BNaCTVBa nepeayacHa 36ixHicTb. i cyTb y Takomy: y xpo-
MOCOMi LlOBXMHO N BUNaZKOBUM YUHOM BUBMPAOTHLCA
OBa reHu (HanpuKkaag, Ha nosuuiax 2 Ta k). Micaa yboro
i reHM NPOCTO MiHAKOTLCA MICLUAMM, @ BCi iHLWi e1eMeHTH
3a/MwatoTbca HeamiHHUMK. ChopmyBanacs HOBa Xpo-
MOCOMa: A=aaa,...q_a,...a, .

MpoooBXKyUN  eKCNepuMeHT, MU  OTPUMAEMO
pilleHHA 332 MEHLWWWIM Yac NOPIBHAHO 3i 3BUYHUMU METO-
Aamu. OTke, y 6aratbox BUNaZKax reHeTUYHI anropuTmu
BUABNAIOTLCA Oinbll ePeKTUBHUMM, HiXK TpaguuiliHi
ANroOpPUTMK Ta MEeToAMN. A PO3BUTOK KOMN'HOTEPHUX TEX-
Honori i obunmcnoBanbHOI MOTYXKHOCTI KomMM'toTepis
TINbKM 3MILUHUTb MO3WLii FeHEeTUYHOro anropuTMy fK
e(hEeKTUBHOIO aNIrOPUTMY MOLLYKY.

O6roBopeHHs pe3yabraTis

OaHUM i3 3aBAaHb OOCNIAMKEHHA € OBrpyHTYBaHHA
TOro, WO pe3y/nbTaTh, OTPMMaHI i3 3acTocyBaHHAM [A,
NPWCKOPIOIOTb  OAEPMKAHHA  BaraToKpuTepiaibHOro
ONTMMA/NIbHOTO PileHHA TOPIBHAHO 3 K/JACUYHUMMU
meToaamu. MopaibHi BUCHOBKM pobaATb aBTOPU B Pi3HUX
HaykoBuMx poboTax: B. O. babeHko B poborTi [1], A. Mupir
y poborTi [3] Ta iH. MOpiBHAHHA pe3ynbTaTiB AOCAIAKEHD
nigKpecatoTb iX aKTyanbHICTb | 40BOAATb ePEKTUBHICTb
iHTerpoBaHoro niaxoay. lonoBHa BigMIHHICTb Hawoi
mogaeni — y UinicHoMy noegHaHHI eKCnepTHUX, CTaTuc-
TUYHUX, MaTEMATUYHNX Ta ONTUMI3aLLIMHUX METO/,B.

BucHoBKMU

Y pamKkax ocniaKeHHA po3pobaeHO KOMMIEKCHWUI
meTon, 6HaraTokpuTepianbHOI ONTMMI3aUii 3 BMKOpUC-
TAHHAM T€HETUYHUX a/ITOPUTMIB, 33 AOMOMOrOH AKOro
3’ABUNACA MOXK/IMBICTb BMKOHYBATM ONTMMAasbHe ¢op-
MYBaHHA €KCNepTHOI rpynu A1 BUKOHAHHA eKcnepTus
CKIaHUX 006’ eKTIB.

BMKOpPUCTaHHA reHeTUYHOI onTMMiI3aLii BiAKPUBAE
HOBi MOX/IMBOCTI AN1A CTBOPEHHA IHTENEKTYa/IbHUX eKC-
NepTHUX TEXHONOriN. 3aBAAKM THYYKOCTI MexaHi3miB
nowyky M nepeBepLlyoTb TPAANLINHI METOAN Y WBUA-
Kogii. Lle pobutb iXx He3aMiHHMM iHCTpymeHTOM AnA

po3B’A3aHHA CKNagHUX 6araToBMMIpHUX 33434, ie OTpu-
MaHHA 40CTaTHbO TOYHOrO Pe3ynbTaTy 3a MiHIManbHUi
NPOMIYKOK 4Yacy € NPIOPUTETHMM 33 BMUYEPMNHMUIA NOLWYK
MaKCcMMyMy.

KoHdniKT iHTepeciB

ABTOPU AEKNAPYIOTb, WO HE MatoTb KOHMAIKTY iHTe-
peciB CTOCOBHO LibOro A0CAIAXKEHHSA, Y TOMY YncAi GiHaH-
COBOTO, 0OCOBUCTICHOrO XapaKTepy, aBTOPCTBA UM iHLWOro
XapaKTepy, WO Mir 6u BNAMHYTU Ha AOCNIAMKEHHA Ta
oro pesynbTaTu, NPeACTaB/eHi B Ll cTaTTi.
®diHaHCcyBaHHA

LocnigKeHHA
nigTPUMKN.
JocTynHicTb AaHux

PyKkonuc He mae NoB’A3aHNX AaHUX.

nposogunocs 6e3  ¢iHaHcoBoi
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APPLICATION OF GENETIC ALGORITHMS FOR SOLVING
MULTI-CRITERION CHOICE PROBLEMS IN FORMING
THE COMPOSITION OF EXPERT GROUPS

Iryna Vdovychenko, Oksana Markova

The article is devoted to the solution of an urgent
scientific and applied task — the development and
substantiation of a combined method for forming expert
groups, the operating algorithm of which integrates
statistical approaches, mathematical modeling, expert
assessment methods, and the apparatus of genetic
algorithms. The paper substantiates the necessity of
optimizing the expert selection process to minimize
errors during the examination procedure.

A comprehensive scheme for forming the optimal
composition of an expert group is proposed, based
on a systematic combination of quantitative and
qualitative indicators. Within the framework of the
study, a complex optimization problem of multi-criteria
selection of specialists for technical, social, and
economic examinations is formalized. A scheme for
combining statistical methods and a genetic algorithm
in the formation of expert groups is presented. The
mathematical model of the problem is based on
maximizing a fitness function that considers a number
of critical parameters: an individual expert competence
index, a professional experience coefficient, and the
degree of consistency of the candidates previous
assessments.

Particular attention is paid to the application of
genetic algorithms for searching for optimal solutions
in a large space of alternatives. The use of evolutionary
mechanisms of selection, mutation, and crossover allows
for the effective resolution of the multi-criteria selection
problem, ensuring high precision in group formation. The
results confirm that the synthesis of genetic algorithms
with expert and mathematical methods significantly
increases the reliability of forecasts and optimizes
decision-making processes.

Keywords: genetic algorithms, expertise, expert
group, combined method, expert assessment, optimal
solution, multi-criteria optimization, group composition,
mathematical methods, statistical methods, chromosomes,
gene, crossover, mutation, fitness function.
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AHOTALIA

Toune npozcHo3y8aHHA YIH HA AKYIL € KIOU08010 3a0auero NIOMPUMKU IHBeCMUYITIHUX DIULEeHb 8 YMOBAX HeCMaDIIbHUX
Ginancosux punxie. Cyuacni nioxoou Ha OCHOBI PEKYPEHMHUX HEUPOHHUX MEPEXC He NOGHICMIO GUKOPUCTIOBYIOMb
00820CMPOKOBI 3ANIEHCHOCTNE MA MIDICPUHKOGI 63AEMO38 A3KU, WO NOIPULYE SKICb NPOSHO3VEAHHS HA BOIAMUTLHUX
punkax 2022-2025 poxie [l1; 2]. V cmammi 3anpononogano 2iopuony moolenb NpOSHO3Y8AHMA (DIHAHCOB8020
PUHKY, WO NOEOHye mpu KOMHOHenmu: mpancgopmep mumuacosoeo siumms (Temporal Fusion Transformer,
TFT) 0Ona 6aeamo8umipHo20 KOOYBAHHS 4ACOBUX PAOI8 AKYIU 3 MEXAHI3MOM IHMepnpemosanoi yeasu, O0eHOPUmHy
wmyyHy IMyHHY mepedicy (daiNet) onsi asmomamuunoi kracmepusayii akyiti ma nobyoosu adanmueHo2o 2paga
83ae€M036 AA3Ki8, epaghosy Heuponny mepedxcy (GNN) 0ns cnintbHoe0 HABUAHHSA HA YACOBUX MA PEeNAYIUHUX O3HAKAX.
TFT, na 6iominy 6io LSTM, 3ab6e3neuye inmepnpemosany y8azy 00 pisHux 4acosux 20pu30oHmie ma sieHe MoOento8ans
nikosux punkosux nodiu. Mooens eepugixoearno Ha wyodennux oanux 16 mexnonoziunux komnanivt NASDAQ 3a nepioo
3 2022 no 2025 pix, wo oxonnioe piskuti cnad 2022 poxy ma Al-oym 2023-2024 pokis. Knacmepusayis eussuia
mpu cmitKi puHKog8i Kiacmepu i3 yewmpamu komnauiu eBay, Microsoft ma Amazon. Axicme npocnosy oyinoeanu
3a cepeduvoxeadpamuunor noxudxoro (MSE) na eanioayitiniti i mecmogiii 8ubipkax: 0s NoeHoi KoH@izypayil
(TFT + daiNet + GNN) ompumano MSE 1,41 % na mecmosomy inmepsani. Ilpocnoszoeany npubdymxogicmo
BUKOPUCTNOBYGANU Ol 2eHepayii THGeCMUYIUH020 PIueH s Ol KOJICHO20 OHsL Mecmo8oi 6ubipKu eubupaiu akyiio
3 MAKCUMATILHOIO NPOZHO3HOI0 NPUOYMKOBICIIO HA HacmynHull nepiod. I opusonm npoerno3ysanus cmanosus -5 ouis,
a exione sikno TFT — 30 mopeosux onis. Ananiz éae ysaeu TFT eusisus konyenmpayiro Ha 5-oennomy ma 20-0ennomy
20PU30HMAX, WO BIONOBIOAE MUNCHEBUM I MICAUHUM MOP2OBUM YUKAAM I MAE NPAKMUYHY YIHHICMb 018 mpetioepis.
Biocymnicmu 610’ emnux xopenayiti midic ycima 16 xomnanismu niomeepoicye 3a2aibHy CUHXPOHIZAYTIO PUHKY 8 YMOBAX
CNINbHUX MAKPOEKOHOMIYHUX ULOKIG.

Knrouosi cnoea: axyii, inancosuil puHox, NPOSHO3VEAHHs, OA2AMOGUMIPHI 4aACO8I psidu, mparc@opmep,
OeHOpUMHA WMYYHA IMYHHA Mepedicd, Klacmepusayis, 2pagoea HelipoOHHA Mepeicd.

Bctyn

®PiHaHCOBI PUHKM MatOTb 3HAYHUIN BMNAMB Ha YMUC-
NleHHi chepun noacbkoi AianbHocTi: 6i3Hec, ocBiTy,
TEXHONOTIi Ta €KOHOMIiKy 3arasom. [porHo3yBaHHA
LiH Ha aKuii 3anMWaeTbcA HaA3BMYAMHO CKAALHUM
3aBAaHHAM yepe3 AMHaAMiYHY, HeniHilHy, HecTauio-
HapHY Ta XaoTMYHYy npupoay puHKy [3—5]. Ocobanso
roctpo uAa npobnema noctana y 2022-2025 pokax,
KON PWUHKM 3a3HanuM 3HAYHWUX MNOTPACIHb: Pi3KOro
crnafy TexHosoriyHoro cektopa y 2022 poui, 6aH-
KiBCbKOi Kpu3n y 2023 poui Ta 6e3npeueneHTHOro
3pOCTaHHA akKuin Al-komnaHii y 2023-2024 pokax.
LiHn Ha aKuii nepebyBatoTb Nig BNJIMBOM YNC/IEHHUX
B3aEMONOB’A3aHUX (aKTOpPiB — EKOHOMIYHUX, reo-
NONITUYHUX, MCUXONOTIYHUX Ta KOPMOPATUBHUX, LILO

yCKNaaHe nobyaosy cTabibHUX MNPOrHOCTUYHMUX
mopenen [6; 7].

3i cTpiMKMM 3pocTaHHAM 06csAriB GiHaHCOBUX JaHUX
TPaAULiNHI MeToaM aHanizy Ha OCHOBI PEKYPEHTHMX
HEMPOHHUX MepeX CTaloTb Aefasi MeHW eheKTUBHUMM
yepe3s obmeKeHy 34aTHICTb A0 MOAENOBAHHA [OBro-
CTPOKOBMX 3ane)KHOCTel Ta BifACYTHICTb MexaHi3miB
ABHOrO ypaxyBaHHA BaX/JIMBOCTI Pi3HUX YaCOBMX ropw-
30HTIB [8]. MiX UiHOBMMM KONMBAHHAMWU MOB’A3aHUX
aKLiM icHye KopensauiiHWiA epeKT, a TpaHChOpPMepHi apxi-
TEKTYPU 3 MEXaHI3MOM yBarun 34aTHi epeKTUBHILe BUSB-
NATU Ui HeniHinHi 3anexHocTi [4; 8—10]. Tox po3pobka
ribpuaHMx mogenen, WO MOEAHYOTb TpaHCPopmepHe
KOLYyBaHHA YacoBMX PALIB i3 rpadoBMM MOAENOBAHHAM
B33aEMO3B’A3KIB MiXK aKLiAMK, € aKTyaIbHUM 3aBAAHHAM

Copyright © 2026, OTA.



ObuncnioBasibHa TEXHIKA Ta aBToMaTU3aL,inA

T4. No6(38)'2026

ONA NiABULLEHHA AKOCTI MPOrHO3yBaHHA Ha Cy4YaCHMWX
BONATUIbHUX PUHKAX.

AHani3 niTepatypHUX AaHUX | MOCTAHOBKA
npobnemu

[OnAa iHBecTyBaHHA B aKuii 3 MeTO OTPMMAHHA
npubyTKiB 32 MiHIMaNbHUX PU3MKIB 3aCTOCOBYIOTb TEX-
HiYHMI | PyHOameHTanbHUI aHanisn [6; 11]. CyyacHi
OOCATHEHHS OXOMJIIOKOTb YOTUPWU  KaTeropii meTopais
[4]: cTatucTMuHi nigxoau, posnisHaBaHHA 06pasis,
MalWWHHe HaB4YaHHA (MH) Ta ceHTUMeHT-aHani3. Cepes,
anroputmis MH BuKopucTOBYBannca AepeBa pilleHb,
OVNCKPUMIHAHTHUI aHanis, HaiBHUIM KnacudikaTtop baun-
€Ca, BUMAAKOBUI Nic, NOTICTUYHA perpecif Ta HENPOHHI
mepexi [8—10]. JoMiHyOUMM IHCTPYMEHTOM CTann M-
6OOKi HEMPOHHI MepeKi 3aBAAKM iX HEeNiHIMHOCTI Ta 34aT-
HOCTi [0 y3arasibHEeHHSA.

PeKkypeHTHi HelpoHHI mepexi, 30Kkpema LSTM, Tpu-
Ba/IMM Yac BBAXKA/UCA CTAHAAPTOM A/1A MPOrHO3yBaHHA
yacosux psagis [12; 13]. OgHaK OCTaHHi AOCNIAMKEHHA
NMoKasanu, Lo TpaHChOPMepPHi apXiTEKTYpPU 3 MeXaHi3MOM
yBarM MoXyTb MaTu nepesaru gna GpiHaHCOBMX YaCOBUX
psA4iB: 34aTHICTb NapanenbHo 06pobaATM NOCAIAOBHICTb,
ABHO 3BaXKyBaTW Pi3Hi YaCOBi TOPU3OHTU N edeKTUBHILLE
BUABNATU HENiHIMHI 3aN1€XHOCTi B YMOBAX BOMATU/IbHUX
puHkis [14; 15]. 3okpema, Temporal Fusion Transformer
(TFT) [16] noeaHye iHTepnpeToBaHi MexaHi3amu yBaru
3 reiTyBaHHAM 419 06p0obKM pisHOPIAHMX BXigHMX O3HaK.

BogHouac 6inbluicTb iCHYHUYMX NiAXoAis, BKAKOYHO
3 TpaHCHOPMEPHMMM, aHaNI3YIOTb aKLil i30/1bOBaHO, He
BPAxOBYHOUM B3aEMO3B’A3KIB MiK HUMMK [16]. Cuctema-
TUYHKUIM ornag [1] nigkpecntoe, wo nuvwe 4,2 % pocni-
[OXKeHb BUKOPUCTOBYIOTb PeNALifHi AaHi MK aKuiamu.
Hapasi ui B3aEMO3B’A3KM MNepeBaXkHO BWU3HAYalOTbCA
3i CTaTUYHUX ranyseBux Knacuoikauil, Wo He Bigobpa-
aloTb peanbHOl AMHAMIYHOI KOPenauiiHOI CTPYKTypU
puHKy. OTXe, icHye noTpeba B moaeni, Aska 6 noeaHy-
Basla nepesarn TpaHCGOPMeEpPHOro KoAyBaHHA YaCOBMX
pAfiB Ta a4anTUMBHOrO rpadoBOro MofenNtoBaHHA B3aE-
MO3B’A3KiB MiXK aKLjiaMu.

MerTa Ta 3agadi gocnigKeHHa

MeToto aocnia)XeHHs € po3pobka ribpnaHoi moaeni
NPOrHo3yBaHHA GiHAHCOBOrO PUHKY, LLLO MOEAHYE TPaH-
chopmep TMmyacoBoro 3auTTa (TFT) ANA KoAyBaHHA
YacoBUX PAAIB aKLiM i3 AeHAPUTHOI LWTYYHOW iMYH-
Hoto mepexeto (daiNet) gns Knactepisauii akuil Ta rpa-
¢doBoto HelpoHHOO meperketo (GNN) ans ypaxyBaHHA
B33aEMO3B’A3KIB MiXK aKuiamMM, Ta ii nepeBipKa Ha AaHUX
2022-2025 pokis.

[Ons gocarHeHHA meTn Bynu NocTaB/eHi Taki 3agavi:

1) po3pobuTH CTPYKTYpY ribpuaHoi moaeni NporHo-
3yBaHHA GpiHAHCOBOrO PUHKY, LLLIO NOEAHYE TpaHchopmep
TFT, aeHApPUTHY WTY4HY iMmyHHY mepeky daiNet Ta rpa-
¢doBy HelipoHHY mepexy GNN;

2) BubpaTM MmeTon i BMKOHATM KOAyBaHHA 4aco-
BUX PALIB aKUiN AN BUAB/IEHHA KAOYOBUX YaCOBUX
rOPU30HTIB;

3) BMbpaTM MeTof, i BUKOHATM aBTOMATUYHY KaacTe-
pu13auito akuin gna cninbHOro NPorHo3yBaHHS;

4) NpoBeCTU eKCrepuMeHTaibHy MepeBipKy 3amnpo-
NOHOBAHOI MoZeni Ha AaHuX 16 TeEXHONOTIYHMX KoMMa-
Hin NASDAQ 3a 2022-2025 poKu Ta NopiBHATK 3 H6a3o-
BMMM Nigxogamm.

Martepianu Ta meToamu AocCniAXKeHb

CtpyKtypa ri6pugHoi mopgeni
¢iHaHCOBOro pUHKY

3aranbHy CTPYKTYpPY NPONOHOBAHOI ribpnaHoi mogeni
NPOrHo3yBaHHA GiHAHCOBOro PUHKY MOKa3aHo Ha puc. 1.
3anponoHoBaHa ribpuaHa Mogenb NOEAHYE YacoBy Ta
penauiiHy iHbopmauito. ns KoayBaHHA YacoBUX PALIB
KOYKHOT aKLLiTl BUKOPUCTOBYETLCA TPAaHCPOPMEpP TMMYACO-
Boro 31uTTa (TFT) [12]. Ans BU3HAUYEeHHA B3aEMO3B’A3KIB
MiXK aKuismum y Burnagi rpada BigHOCMH 3aCTOCOBYETLCA
aBTOMaTWM4YHA KnacTtepwm3auia 3a gonomorot daiNet
[17]. Ons iHTerpauii yacoBux 03HaK, oTpMmaHux Big TFT,
3 rpadom B3aEMO3B’sA3KiB, OTpMmaHuXx Big daiNet, BUKO-
pucToByeTbCa rpadoBa HelipoHHa meperka (GNN) [1].

BxiaHMmn paHumm TFT € 4vacosi paan TOpProsmx
XapaKTepUCTUK akuin  x,={x'x’...x7}. i=1,.,N, pge
X, —BEKTOpP 03HaK aKLjii y ToproBui geHb t, T— A0BXMHA
yacoBoro pagy, N — KinbkicTb akuii. Ona oTpMMaHHA
rpada B3aEMO3B'A3KIB LiHOBI XapaKTePUCTUKN aKLil P
noAaloTbCA Ha BXi4 moaeni Knactepusauii, AKa peaniso-
BaHa Ha OCHOBI AEHAPWUTHOI WITYYHOI IMYHHOI MepeXKi.
OTpumaHuit rpad i YacoBi 03HaKM NOAAOTLCA Ha BXig,
GNN, fiKa nporHo3ye NpubyTKOBICTb aKLili ¥, Ha HacTyn-
HUWN TOPTrOBUI AEHb.

NPOrHo3yBaHHA

Pe3synbTath gocnipkeHbo

EkcnepvMmeHTanbHi  AOCNIAMKEHHA  NpoBOAMAUCA
3 aKuiamu 16 TexHonoriYHMx KomnaHin: Apple (AAPL),
Amazon (AMZN), Cisco (CSCO), Electronic Arts (EA),
eBay (EBAY), Meta (META), Google (GOOG), IBM (IBM),
Intel (INTC), Microsoft (MSFT), Netflix (NFLX), NVIDIA
(NVDA), Oracle (ORCL), Qualcomm (QCOM), Tesla (TSLA)
Ta Adobe (ADBE). 3anponoHoBaHa ribpuaHa moaenb
peanizoBaHa MoBol Python 3 BUKOpUCTaHHAM 6ibio-
Tekun PyTorch. JeHHi gaHi WiH akuin 3a nepuog, 3 1 ciyHa
2022 poky no 1 ciyHa 2025 poKy oTpmumaHo Yepes Yahoo
Finance API (6ibnioteka yfinance). BubpaHuin nepiog
OXOMJIOE TPU XapaKTepPHi PUHKOBI dasun: piskuiA cnag,
TexXHosoriYHoro cektopa (2022), BiagHOBNEHHS Ta 6aH-
KiBCbKa Kpu3a (2023) Ta Al-6ym (2024).

[OnAa KogyBaHHA YaCcoOBMX PALIB aKLi BUKOPUCTOBY-
BaBcA TFT 3 OBXMHOM BXiAHOTO BikHA 30 TOProBux AHiB
(ogMH Mmicaup) Ta YoTMpma ronoBamu yBaru. 3agadya
BM3HAYEHHSA B3aEMO3B’A3KIB MiXK aKLisMK BMpiLLyBanaca
MeToAOM KnacTepusauii daiNet, Wo Aano MOXKAMBICTb

ISSN 2786-9024



ObuncntoBasibHa TexHiKa Ta aBToMaTU3al,in

T4. N26(38)'2026

Determining the characteristics !
of stock time series
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f—{ TFT

Determining relationships
between stocks

%Forecasting integral information

about stocks :
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Puc. 1. CTpyKTypa ribpugHoi mogeni nporHo3yBaHHA GpiHAHCOBOro PUHKY

nobyaysatu rpad B3aemoss’s3KiB (puc. 2). BeplumnHun
rpada BigOOPaXKAOTb XapPaKTEPUCTUKN YaCOBUX PALIB,
a pebpa — Kopenauii Mix akuismu.

Knactepusauisa BusBMAa Tpu CTabifbHi Knactepu.
Knactep 1 (ueHTp — eBay) o6’eaHye KomnaHii 3 nepe-
BaXKHO MOMIPHUMM Kopenauiamu Ta cneumdivyHoo guHa-
Mikoto BoslaTunbHocTi: eBay, Netflix, NVIDIA, Intel Ta
Oracle. Knactep 2 (ueHTp — Microsoft) Bkntoyae kKomna-
Hii 3 HaMBULWMMM B3aEMHUMUK Kopenauiamn: Microsoft,
Cisco, Meta, Adobe Ta IBM. Knactep 3 (ueHTp -
Amazon) oxon/oe HalbiNbLIMIA 33 CKNAaAOM PUHKOBUIA

©
©

Cluster 1

©

Cluster 2

cermeHT: Amazon, Google, Apple, Electronic Arts, Tesla
Ta Qualcomm — KoMnaHii 3 BUpayKeHot CMNiNbHOM peaK-
LLiEI0 HAa MaKpOeKOHOMIYHI Tpurepm 2022-2024 pp.
OTpumaHa TennoBa KapTa Kopensuin (puc. 3)
HaoyHO BigobOpaxae CTPYKTypy B3aeEMO3B’A3KiB
MiXK aKuiamu 3a nepiog 2022-2025 pp. XapakTep-
HOK 0CObBAMBICTIO € BIACYTHICTb BiZ'€EMHUX Kope-
nAuin — yci 16 KomnaHiin AeMOHCTPYIOTb NO3UTUBHI
B3aEMO3B'A3KM, WO CBiAYUTb MPO 3arajibHy CUHXPO-
Hi3auil0 PMHKY B YMOBax CMiIbHUX MaKPOEKOHOMiIu-
HUX WOKiB. HanBuLi Kopenauii 3adikcoBaHo y napax

©

®
©

&)

Cluster 3

Puc. 2. Fpad Knactepmsauii TeXHONOFYHMX KOMNaHIA Ha puUHKY 2022-2025 pp.
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BM INTC METL  MSFT NFX
Symbol

- 0.00

- -0.25

WDAWLLCI:OHTSLI

Puc. 3. TennoBa KapTa Kopensuiii akuin TexHonoriyHMx komnaHiii (2022-2025 pp.)

Microsoft — Google (0,69), Microsoft — Amazon (0,69)
Ta Microsoft — Apple (0,68), wo Bigobpakae ix cninbHy
peakuito Ha Al-6ym 2023-2024 pp. IBM T1a Electronic
Arts [eMOHCTPYIOTb HAaMHUKYI Kopenauii 3 iHWumMK
KOMMaHiAMM, WO NiATBEPAXKYE iX BIAHOCHY PUHKOBY
He3aNeXHicTb.

EKcnepMmeHTanbHi AaHi 6yno po3buto Ha Tpu
BMbBipKkKM: HasuyanbHa (01.01.2022 - 01.07.2024),
BanigauinHa (01.07.2024 — 01.10.2024) Ta TecTtoBa
(01.10.2024 - 01.01.2025). KinbKicTb iTepauin Has-
YaHHA — 500. AK XapaKTepUCTUKN aKLii BUKOPUCTOBY-
BaNMCA WICTb TUMIB TOProBMX AAHUX: LiHA BiAKPUTTA,
3aKPUTTH, MaKCMMaabHa Ta MiHiMasibHa LiHKW, 0bcsar Top-
riB Ta WBMAKICTb 06iry.

[Ona ouiHlBaHHA AKOCTIi NPOrHO3y BWMKOPWUCTAHO
cepeaHboKBaApaTUUHY Noxmubry MSE (%). Kpim ouiHKK
NMOMMUIKM MNPOrHO3yBaHHA, MPOrHO30BaHy npuBYTKO-
BiCTb BUKOPWCTOBYBA/IM AN FeHepal,ii iHBeCTULiMHOIo
PiLLEHHS: A1A KOXKHOIO AHA TeCTOBOI BUBIpKM BUBMpanm

aKLuito 3 HalbiNblIO MPOrHO3HOK MPUOYTKOBICTIO Ha
HacTynHWI nepioa,.

3a pesynbTaTamMu eKCNepuUMEHTIB A1a KoHirypau,i
(TFT+daiNet+GNN) Ha TecToBOMYy iHTepBani 6yno oTpu-
maHo MSE 1,41 %. Le cBig4nTb NPO MOXAMBICTb BMKO-
PUCTOBYBATU NOELHAHHA TEMMNOPANBHOFO KOAYBAHHA Ta
rpadoBOro MoAeNtoBaHHA B3aEMO3B A3KIB MiXK aKLigMM
017 3MEHLUEHHA NOXMBKKN NPOrHosy.

O6roBopeHHA pe3ynbratiB

OTpuMaHi pe3ynbTaTv NigTBEPAXKYHTb, WO NOEA-
HaHHA TPaHCPOPMEPHOro KOAyBaHHA YAcOBUX pAAIB Ta
iMyHHOI Knactepusauii 4na BU3HaYeHHA B3aEMO3B’A3KiB
MiXK aKLiaMK 3 aganTMBHUM rpadoBMM MOAENOBAHHAM
B3aEMO3B’A3KIB MiXK aKLiAMM 3MEHLLYE NOXMOKY NPOrHo-
3yBaHHA. BuABneHa knactepHa CTpyKTypa Ta Tenaosa
KapTa Kopenauiii cBig4aTb NPO HaAABHICTb CTIMKMX rpyn
aKLiM i3 CMHXPOHHOW AMHAMIKOK MNPOTArOM nepioay
2022-2025 pp., a BpaxyBaHHA Takux 38’A3KiB y rpadosii
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MoZeni f,a€e MOXKAMUBICTb NiACUANTU KOPUCHUI NPOFHOC-
TUYHWUI CUTHAA | 3HU3UTUM NOMMUIIKY. ABTOMaTUYHE dop-
MyBaHHA aganTuBHoro rpada 4yepes daiNet Bigobpa-
YKa€ PUHKOBY CTPYKTYpY, LLO 3MIHIOETLCA i3 YacoMm, TUM
CaMMM MOKPALLYE Y3rOAMKEHICTb PenALiMHMX O3HaK i3
baKTUYHOI NOBEAiHKOK PUHKY.

[Ons ouiHKM epeKTUBHOCTI 3anponoHoBaHOI ribpua-
HOI Mogeni AOoLiNbHO NOPIBHATKM il 3 nonepeaHim nigxo-
OOM Ha ocHoBi (LSTM + daiNet + GNN) [17], wo BuKo-
pUCTOBYBAB PEKYPEHTHY HEMPOHHY Mepexy 3amicTb TFT
O KOAyBaHHA 4acoBWX pAaiB. Y nonepeaHint poboTi
Ha JaHUX TUX caMMX 16 TEXHONOriYHMX KomMaHii 3a
2021-2023 poKM cepegHbOKBagpaTMUHa MOXMbKa He
nepesuyBana 2 % ana 6yab-akoi akKuii. 3anponoHo-
BaHa mogenb (TFT + daiNet + GNN), BepudikoBaHa
Ha O6inbWw BOMATMABHOMY Ta MPOTAKHOMY nepiogi
2022-2025 pokiB, WO OXONME TPU pPi3HOXapPaAKTEPHI
pUHKOBI dasu, gocarna MSE 1,41 % Ha TecToBii BUBIpLi.
MoKpalleHHA MOACHIOETbCA nepeaycim 3amiHoto LSTM
Ha TFT: mexaHi3am 6aratoron0Boi yBarn Aae 3Mory iBHO
BPaxoBYyBaTM BAX/AMBICTb Pi3HMX YACOBMX TOPU3OHTIB,
LLIO € HEMOXK/IMBUM Y PEKYPEHTHMX apXiTeKTypax.

MexaHi3am iHTepnpeTtoBaHoi ysarn TFT gae popat-
KOBi nepesarun nepen LSTM: aHani3 Bar yBarm nokasas,
WO MOAENb 30CEePEeKYETLCA NePeBaXKHO Ha 5-AeHHUX
i 20-geHHUX TOPM30HTAX, LLO BigNOBIAAE TUKHEBMM Ta
MiCAYHMM TOProBMM LMKAaM. Lle € npakTUYHO UiHHOM
iHbopmaujieto ana Tpenaepis Ta NoptdenbHUX MeHe-
AXKepiB. BUABNEHHA Tpbox CTabinbHUX KnacTepis i3 YiT-
KMmK LeHTpamu (eBay, Microsoft, Amazon) npoTtsarom
YCiX TPbOX pUHKOBMX a3 2022-2025 pp. NiaTBepaKye
HagivHicTb daiNet ana BWMABNEHHSA [AOBroOCTPOKOBUX
PUHKOBMX B3aEMO3B’A3KiB. 30KpeMa, BifHOCHa pMHKOBa
He3anexHictb IBM Ta Electronic Arts, wo niarsepaxy-
€TbCA AK KNACTEPHMM aHaNi30M, TaK i TENJI0BOIO KAapTOHO
(HalMHMXKUi Kopenauii), Mmae NpakKTUYHE 3HAYEeHHA ANA
ansepcudikauii iHBecTuliiHoro noptoens.

Hanpamamu noganblumx JochigxeHb €  A0CAi-
[OKEeHHA afanTMBHOrO OHOBNEHHA rpada B3aEMO3B'A3-
KiB Y peXXMMi peasbHOro 4vacy, iHTerpauis MakpoeKoHO-
MIYHUMX IHAWMKATOPIB AK A0AATKOBMX O3HAK TFT, a TakoX
po3LWnpeHHA Habopy AaHUX Ha aKLji iHWKWX ceKTopiB Ta
PVHKIB.

BucHOBKMU

Y cTaTTi 4OCNIAXKEHO CyYaCHI MeTo4M NPOrHO3yBaHHA
¢diHAHCOBUX PUHKIB Ta BMBpaAHO ribpuaHuin nigxig, wo
NoeaHye TpaHchOpMepHe KOAyBaHHA YAacOBUX PALIB i3
rpadoBMM MOAENOBAHHAM B3aEMO3B'A3KIB MiXK aKLi-
AMKU. HaykoBa HOBM3Ha poboTu:

1) 3anponoHoBaHo ribpnaHy moaenb NPOrHO3yBaHHA
$iHAHCOBOro pUHKY, KA, Ha BiAMIHY Big, iCHyOUMX Mia-
XoAiB, NOeAHYE TpaHchopmep TFT, AEHAPUTHY LWITYUYHY
iMmyHHY mepexy daiNet Ta rpadoBy HEMPOHHY Mepery
GNN, W0 Aa€ MOXKAUBICTb O4HOYACHO BUKOPUCTOBYBATH

nepesarn MexaHiamy iHTepnpeToBaHOI yBaru Ta pena-
LiNHOTrO MOAENOBAHHA PUHKY;

2) ONA KoayBaHHA 4YacoBWX PAAIB aKui BMBpaHO
meTog, Ha ocHoBi TFT, wo, Ha BigmiHy Big, LSTM, ABHO
MOZENIOE BAXK/IMBICTb Pi3HUX HaCOBUX FOPU3OHTIB Yepes
MexaHi3m 6araTtoros0Boi yBaru Ta 3abesneuye iHtepnpe-
TOBQHICTb NPOrHo3iB;

3) gna aBTOMaTMYHOI KiacTepusau,i akuin BubpaHo
meToa Ha ocHoBi daiNet Ta iHTerpauii pensauiiHoro
rpada yepes GNN, wo, Ha BiAMIHY Bif CTaTUYHUX rany-
3eBuXx Knacuoikauin, aganTMBHO Bigobparkae peasibHy
KOPEenALiiHy CTPYKTYPY PUHKY;

4) npoBeAeHO  eKcnepuMmeHTasbHy  nepeBipKy
Ha pgaHux 16 TexHonoriyHmx KomnaHin NASDAQ
3a 2022-2025 poku: Aana noBHOI  KoHdirypauil

(TFT + daiNet + GNN) otpumaHo MSE 1,41 % Ha TecTo-
Bil BMBipLi; NPOrHo30BaHy MNPUOYTKOBICTb BUKOPU-
CTaHo Ana GopmMyBaHHA pekomeHAaauii woao subopy
aKLii 3 MaKCMManbHOK NMPOrHO3HOK NPUOYTKOBICTIO Ha
HaCTynHWI nepioa,

KoHdniKT iHTepecis

ABTOpM AEKNAPYIOTb, WO HE MaloTb KOHOAIKTY iHTe-
peciB CTOCOBHO LibOro AOCAIAXKEHHS, Y TOMY YnC/i GiHaH-
COBOTO, OCOBMCTICHOrO XapaKTepy, aBTOPCTBA UM iHLWOro
XapaKTepy, WO Mir 61 BAAMHYTM Ha AOCNigKEeHHA Ta
oro pesynbTaTu, NPeACTaB/eHi B Ll cTaTTi.
®diHaHcyBaHHA

LocnigeHHA
NiATPUMKN.
JocCTynHicTb gaHux

[JaHi 6yayTb HafaHi 32 06r'PYHTOBAHMM 3aNUTOM.

nposogunocs  6e3  ¢iHaHcoBoi
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FINANCIAL MARKET FORECASTING USING NEURAL
NETWORK AND IMMUNE APPROACHES

Mykola Korablyov, Danylo Antonov
Accurate stock price forecasting is a key task
for investment decision support in volatile financial
markets. Existing recurrent neural network approaches

do not fully capture long-range dependencies and cross-
market relationships, which reduces forecast quality
on the volatile markets of 2022-2025 [1; 2]. This
paper proposes a hybrid financial market forecasting
model combining three components: a Temporal
Fusion Transformer (TFT) for multivariate time-series
encoding with interpretable attention; a Dendritic
Artificial Immune Network (daiNet) for automatic
stock clustering and adaptive relationship graph
construction; and a Graph Neural Network (GNN)

for joint learning of temporal and relational features.

TFT, unlike LSTM, provides interpretable attention
over different time horizons and explicitly models
important market events. The model was validated on
daily data of 16 NASDAQ technology companies over
the 2022-2025 period, covering the 2022 tech crash
and the 2023-2024 Al boom. Clustering identified three
stable market clusters centered on eBay, Microsoft,
and Amazon, reflecting distinct correlation patterns
confirmed by heatmap analysis. Forecast quality was
evaluated using mean squared error (MSE); the full
(TFT + daiNet + GNN) configuration achieved an MSE
of 1.41% on the test interval. The predicted returns were
also used to generate an investment decision: for each
day in the test set, the stock with the highest predicted
return for the next period was selected. Experiments
were conducted on daily OHLCYV data for a set of liquid
equities with a 1-5 day forecasting horizon and a 30-day
TFT input window. Analysis of TFT attention weights
revealed concentration on 5-day and 20-day horizons,
corresponding to weekly and monthly trading cycles
and providing actionable insights for practitioners.
The absence of negative correlations across all
16 companies confirms broad market synchronization
under shared macroeconomic shocks.

Keywords: stocks, financial market, forecasting,
multidimensional time series, transformer, dendritic
artificial immune network, clustering, graph neural
network.
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AHOTALIA

Y emammi pospobneno i 06rpynmosarno Heuimky 2i6puoHy Mooenb niOMpUuMKU RPUTHAMMSA PilieHb 015 OYIHIOB8AHHS
ma onmumizayii eebpecypcie y cmpykmypi micbkol inghopmayitinoi ingppacmpykmypu Ha 0cHO8i inmezpayii memoois
MAWUHHO20 HABYAHHS, 00POOKU NPUPOOHOI MOBU MA 6A2aMOKPUMePIaiIbHO20 AHALI3Y 3 YPAXYEAHHAM HeGU3HAUEHOCMI
eKCnepmHuUxX OYiHOK.

Memooonozis docnioddcenns nepeddbauae Gopmy68anHs Heuimkoi Mampuyi 63aEMOBNIUGIE KpUmMepiie Memooom
Fuzzy DEMATEL, eusHauenHs 6azosux kxoegiyienmie 3a memooom DANP ma pandiCcy8anHs albmepHamus i3
sacmocysanuam memooy VIKOR. Excnepmui oyinku inmepnpemogano y @ueasidi mpukymHux Heuimiux ducen i3
nooanvbuiow degazugixayicro Memooom YyeHmpy msNHCIHHSL.

3a pezynomamamu MoOent08aHHA 8CMAHOBLEHO NPUYUHHO-HACTIOKO8Y CMPYKMYPY 63AEMO3ANEHCHOCIEN MidH
MEXHIYHUMU, KOHMEHMHUMU, NOBCOIHKOGUMU MA 308HIUWHIMU YUHHUKAMU | CQOPMOBAHO IHMeZpanbHULl [HOEKC
eghexmusHocmi eebpecypcis. 3acmocysants mooeni 3a6e3neyye niosUUeHHs Y3200H4CeHOCI YNPABIIHCLKUX DillleHb
i cnpusie 3pocmantio opeaniuno2o mpa@ixy na 20 % nopieHsHO 3 00HOCMOPOHHIMU CMPAMeisiMu ONMUMI3ayil.

Hayxkosa Hosusna nonsieae 6 inmeepayii HeuimKkux eKCnepmHux OYiHOK i3 Mepexcesumu 6a2amoxkpumepiaibHuMuy
memooamu DEMATEL-DANP-VIKOR ma arecopummamu MAWunHO20 HAGYAHHS 8 Medcax €0unoi gopmanizosanoi
cucmemu RIOMpUMKU nputiHamms piuiens. [Ipakmuune 3HaueHHs poOOMU NONA2AE Y MONCIUBOCHE 8NPOBAOICEHHS
3anponoHosanoi mooeni 8 yugpogy iHgpacmpykmypy micma Ona nioguweHHA eeKxmusHoCcmi ma npo3opocmi
QDYHKYIOHYBAHHS MYHIYUNATILHUX 8eOPeCYpCis.

Knrouosi cnosa: cucmema niompumku npuiHsImms piuieHvb, Hewimxa J102ika, 6a2amokpumepiaivHull aHauis,

DEMATEL-DANP-VIKOR, mawunne naguanns, micoka ingopmayiuna ingppacmpykmypa.

Bctyn

Y cyyacHux ymoBax uudpoBoi TpaHcpopmauii micb-
KOro ynpasniHHA Bebpecypcu opraHiB MicLEeBOro camo-
BPAAYBAHHA, KOMYHANbHUX MNIANPUEMCTB |  MYHILM-
MasibHUX CepBiCiB BMCTYMAOTb KNHOYOBUM iHTEpdElicom
B3aemogii rpomagsH 3 iHbopmauiiHo iHPPaCTPYKTypoto
micTa. EdeKTMBHICTb YHKLUiOHYBaHHA TaKMX pecypcis
6e3nocepesHbO BN/MBAE Ha [OCTYMHICTb €N1EKTPOHHUX
A4MIHICTPAaTUBHUX NOCAYT, NPO30PICTb AiAbHOCTI OpPraHis
BNaAM Ta piBeHb LMbPOBOI iHK/HO3ii HaceneHHs. BoaHouvac
3pocTaHHA obcaris iHdopmaL,i, AMHAMIYHI 3MiHM anropuT-
MiB NOLUYKOBMX CUCTEM | CKNAZHICTb NOBEAIHKOBUX Moae-
Nlei KopucTyBadiB NoTpebytoTb Gopmani3oBaHMX NigXoais
[0 OLjiHIOBaHHA Ta onTUmisauii Bebpecypcis [1; 2].

TpapunLifHi TEXHIYHI 1 KOHTEHTHI MeTOAM ONTUMI3aL,i
IPYHTYIOTbCA MEPEBAXKHO Ha EBPUCTUYHUX MPUHLMNAX
Ta EKCNEepTHUX CYAMKEHHAX i He BPaxOBYKTb CKNAAHOI
B33aEMO3A/IEKHOCTI MiXK TEXHIYHHMMM, MOBEAIHKOBMMMU,
CEMAHTUYHUMM Ta ANTOPUTMIYHUMU YMHHUKaMKU. Kpim
TOro, NPOLEC NPUNHATTA YNPaBAiHCbKUX pilleHb LLoA0
PO3BUTKY BeOPECYpCiB YacTO XapaKTepU3YETbCA HEBU-
3HaYeHiCTIo Ta cy6’EKTUBHICTIO OLIHIOBAHHSA, LLLO YCKAaa-
HIOE BM3HAYEHHA MpPIiOpUTETIB MOAEpPHI3aLii Ta po3no-
Ainy pecypcis.

Y UbOMy KOHTEKCTi 0c061MBOro 3HaAYeHHsA HabyBae
3aCTOCYBaAHHA TEXHO/OTIN WTy4YHOro iHTenekty (Artificial
Intelligence, Al), 30Kpema MeTOAiB MaLIMHHOIO HaB-
YyaHHA (Machine Learning, ML) Ta 06p06Kn NpupoaHoi
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moBu (Natural Language Processing, NLP), aki gatoTb
3MOry aBTOMaTU3yBaTU aHaNi3 BEIMKUX MACUBIB AaHUX,
34iMCHIOBATU CEMAHTUYHY iHTEPMpEeTaLito KOHTEHTY Ta
NPOrHO3yBaTU AMHAMIKY MOKa3HUKIB QYHKLiOHYBaHHA
Bebpecypcis [3; 4; 5]. BogHouac ana dopmaniszauii
YNPaBAiHCbKMX pilleHb JAOUiIbHUM € BWKOPUCTAHHA
meToAiB  HaraToKpuTepiasibHOrO MNPUIHATTA  pilleHb
(Multi-Criteria Decision Making, MCDM), wo 3a6e3neuy-
I0Tb KiNIbKiCHE BU3HAYEeHHA BAaromocTi KpuTepiis i noby-
OOBY iHTerpanbHuX iHAeKciB epekTMBHOCTI [8; 9].
0Oco6mBY CKNaAHICTb CTAHOBUTb BPaxyBaHHA HEBU-
3HAYEHOCTi eKCNepTHUX OLHOK i JIIHFBICTUMHOIO Xapak-
Tepy cyaxeHb daxisLiB, LLLO 3ymMmOB/tOE NOTPeOyY B 3acTO-
CyBaHHi HeuiTkMx nigxomis (Fuzzy Logic) y npoueci
MOAEeNtoBaHHA B3aEMOBMN/INBIB KpUTepIiB.

MeTolo pocnig)KeHHA € po3pobieHHA HeviTKol
ribpngHoi mogeni NiATPUMKM NPUNHATTA pilleHb AnA
OLiHIOBaHHA 1 ONTMMIi3aLii BebpecypciBy CTPYKTYpi MiCb-
Koi iHbopmaL,iiHOT iHGPaCTPYKTYpM Ha OCHOBI iHTerpau;i
meTogis ML, NLP Ta MCDM (DEMATEL-DANP-VIKOR).

HaykoBa HOBM3Ha nonaraey:

1) dopmanizauii npouecy eKCnepTHOro OLjiHI-
BaHHA 32 JONOMOIO HEYITKUX MHOMMWH;

2) iHTerpauji iHTeNeKTyaNbHUX MEeTOAiB aHanisy
AaHuX i3 baraTokpuTepialbHUMM MOLENAMM;

3) po3pobneHHi iHbonoriyHoi moaeni iHbopmauiii-
HOI CUCTEMM MIATPUMKN NPUIMHATTA pilleHb A8 MYHiUM-
nanbHUX Bebpecypcis.

Martepianu Ta meToau A0CNiAXKEHHA

[ocnigykeHHA NpoBOAMIOCA B KiflbKa MOCNIAOBHUX
eTanis i3 BMKOPUCTaHHAM ribpuagHoro Heditkoro 6ara-
TOKpUTEpPiIa/IbHOMO Migxo4y B MeXax po3pobsieHHsA
cUcTEMU NIATPUMKM NPUNHATTA pilleHb AN ONTUMMi3a-
uii Bebpecypcis, WO QYHKLIOHYOTb Y CTPYKTYpPi Micb-
Koi iHbopmaLiiHoi  iHdpacTpyKTypu. MeTogonorisa
OOCNigXeHHs nepeabavana iHTerpauito metoais 36opy
1 aHaniTMYHOi 0BPOBKM AaHMX, HEYITKOTO eKCnepTHOro
OLiHIOBAHHSA, MALIMHHOIO HaBYaHHA Ta baraTokpuTepi-
aNIbHOTO MOAENOBaHHA.

Ha neplwomy eTani 3aiiicHioBaBca 36ip emnipuyHuX
AaHWX i3 BIAKPUTUX aHaniTUYHMX naaTdopm, 30Kpema
Google Search Console, Google Analytics, SimilarWeb
Ta PageSpeed Insights. OTpMmaHi MOKasHUKKU OXO-
NABaAM NapameTpu BiABIAYBAHOCTI, WBMAKOAII,
NOBEAiIHKOBI XapaKTEPUCTUKM KOPUCTYBauiB, a TaKOX
iHOMKATOPWU AKOCTI KOHTEHTy. Bubipka BKAOYana
500 BebpecypciB pi3HOro Tuny, cepen AKUX — odilinHi
nopTasn OpraHiB MicLEBOro CaMoBpALYBaHHA, MYHi-
uMnanbHi iHbopmaLiliHi cepsicu, NopTann enekTpo-
HHUX agMiHICTPATUBHMX NOCAYT | KOMepPLiHI pecypcu
ON5 NOPIBHANBHOrO aHanisy. Takuii nigxia 3abesneyms
penpe3eHTAaTUBHICTb AOCNIAXKEHHA Ta MOXK/INBICTb OLi-
HIOBaHHA BebpecypciB y KOHTEKCTI micbKoi umMdposoi

iHppacTpyKTYpM.

Ha papyromy etani nposoaunacA Hopmanisauia
MOKA3HMKIB i3 METO YCYHEeHHA po3bixkHoCTel y macL-
Tabax BMMiptOBaHHA. [1A UbOro 3aCTOCOBAHO NiHilHY
HopManisau,ito 3a popmynoto:

X, —min(x;
%= max(x,)fn(lin()x/y

fle x, —3Ha4yeHHA j-ro KpuTepito AN i-ro sebpecypcy,
a x, — HopMmanisoBaHe 3HayeHHA B iHTepsani [0;1]. Le
[aNn0 3Mory NpUBECTU BCi KpUTepii 40 EAMHOI WKaAn Ta
3a6€e3neunTn KOPEKTHICTb NOAANbLIMX PO3PAXYHKIB.

TpeTin etan nepepbayaB PopmyBaHHA HeYiTKOI
MATPULL B3AEMOBMNAMBIB KpPUTEPIiB i3 BMKOPUCTAHHAM
meToay Fuzzy DEMATEL. 1na BpaxyBaHHA HEBM3HAYEHO-
CTi Ta cy6’eKTUBHOCTI eKCrnepTHMX cyasKeHb byno chop-
MOBaHO rpyny i3 cemu daxiBLiB y chepi agMiHicTpyBaHHA
MYHiUMnanbHUx Bebpecypcis, UMGPOBOTrO MapKeTUHrY
Ta Be6po3pobKku. OuiHlOBaHHA B3aEMOBM/IMBIB KpUTEPIiB
3[,iMCHI0BA/IOCA 3@ AOMOMOTOH NiHFBICTUYHOI WKANK, WO
BiAnoBifana TPUKYTHUM HEYITKUM YNCNaM BUAY a=(I,m,u),
ae [, m Ta uBigobpaKalTb HUNKHIO, MOAaNbHY Ta
BEPXHIO MEXi OLiHKM BiANOBiAHO. Arperauia ekcnepTHux
OLLiHOK BMKOHYBaNaca WAAXOM ycepegHEHHA MO IbHUX
3HAYeHb i BU3HAYEHHA rPaHMYHUX NapameTpis. dedasu-
diKauia 3aiMcHIOBaNnaca MeToaoM LEHTPY TAXKIHHA:

d”:l+m+u
3
OTpMmaHa maTpuuAa nNpAMMX BMAWBIB D BUKO-
puctoByBasiaca Aas OOYMCNEHHA MOBHOI  MaTpUL
B33aEMO3B’A3KIB:
T=D(-D)",

WO Aano 3MOry BW3HAYUTM MPUYMHHO-HACAIAKOBY
CTPYKTYPY B33aEMOAIT TEXHIYHUX, KOHTEHTHMX, MOBELiH-
KOBMX | CEMaHTUYHUX YNHHUKIB.

Ha yeTBepToMy eTani BM3Ha4yanucA Barosi Koeoi-
LieHTM KpuTtepiiB metogom DEMATEL-based Analytic
Network Process (DANP), fKMii BpaxoBYE MeperKeBy
CTPYKTYpYy B3aeMo3anexHocTel. Barm obumncnioBanmca
3a dopmynamu:
>k =

OTpumaHi 3HauyeHHs Bigobparkanu BiAHOCHY 3Ha-
YyLicTb KpWTEpiiB Yy 3aranbHili CUCTEMI OLHIOBAHHSA
Bebpecypcis.

Mopanblwe paHKYBaHHA aNbTEPHATUB  3A4iNCHIO-
BasiocA i3 3actocyBaHHAM meToay VIKOR, Akuii Hapae
MO/IMBICTb BU3HAYUTN KOMMPOMICHE PillieHHA 3 ypaxy-
BaHHAM CYKYMHOIO Ta MAaKCMMaJIbHOTO BiAXWUNEHHA Bif
HaMKpaWmx 3HayeHb Kputepiis. |HTerpanbHU iHOEKC

edpeKTMBHOCTI po3paxoByBaBcA 32 GOPMY/IOLD:
5 -5 R-R
Qv 7f)ﬁ’
4e S, — CymMa 3Ba)XeHWX BigXuaeHb, R — MaKCu-
Ma/ibHe BiAXW/IEHHA 33 OKPEMUMWU KpPUTEPiIAMMK, @ Koe-
oiuieHT KOMNpomicy v BBaxKaBca piBHUM 0,5.
OKpemMm KOMMNOHEHTOM ribpuaHoi moaeni BUCTY-

nas mogysb MaAWWMHHOINO HaB4YaHHA, CﬂpHMOBaHMVI

w, =
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Ha MPOrHO3yBaHHA AMHaMIKM Tpadiky Ta Kaacudika-
uito Bebpecypcis 3a piBHem edekTUBHOCTI. [Ana Lboro
BUKOpUCTOBYBanaca mogenb Random Forest, peaniso-
BaHa B cepefoBulli Python i3 BuKopucTaHHam 6ibio-
Tekn scikit-learn. BxigHnit BekTOop 03HaK ¢dopmyBaBcs
Ha OCHOBi HOPMani30BaHUX TEXHIYHWUX i NOBEAIHKOBUX
NOKa3HMKIB, 30Kpema LWBUAKOCTI 3aBaHTAXKEHHA CTO-
piHok, CTR, MOKasHWKa BiAMOB, MMBUHW nepernsgy
Ta CEMaHTUYHOI pesieBaHTHOCTI KOHTEHTYy. HaBYaHHA
mozeni 3aincHioBanoca Ha 70 % Bubipku, Toai Ak 30 %
BMKOPUCTOBYBAIUCA A/1A TECTYBAHHA M OLIHIOBAHHA TOY-
HOCTi NPOrHO3yBaHHA.

CTpPyKTYpHa Moge/slb CUCTEMMU NiATPUMKU NpU-
MHATTA pileHb

Po3pobneHHa HeuiTKoi ribpuaHoi mogeni notpeby-
Basio dopmaniszauii CTpyKTypu iHGopmaLiiHOi cucTemn,
Y MeXKax fIKOi 34iMCHIOITbCA OLHIOBAHHA 1 oNTUMI3aLis
BebpecypciB MicbKoi iHpopMaLiHOT iHbpacTpyKTypw. I3
Lieto meToto 6yno nobyaoBaHo iHpoNoriuHy moaens cuc-
TemMM, WO Bigobparkae BNopaaKoBaHe NpeacTaBieHHs i
®YHKUiOHaNbHUX Ta CUCTEMHWX CKNadoBuX, iHGopma-
LiMHMX NOTOKIB i B3aEMO3B’A3KIB MiXK HUMMU.

IHponoriuHa moaenb 6asyeTbCa Ha BUAINEHHI K/TtOYO-
BUX CYTHOCTEN, AKi 6epyTb y4acTb y npoueci popmyBaHHA
YyNPaBAiHCbKMX pilleHb. [l0 OCHOBHUX iHbOpMaLiHMX
06’€eKTiB HanexaTb Bebpecypc, KPUTEpPiNn OLiHIOBAHHS,
eKCnepT, HeYiTKa OLiHKa, aHaNITUYHMIA MOAY/b MALLUH-
HOFO HaBYaHHA, MoAynb 6araTokpuTepianbHOro aHa-
Nni3y Ta pekomeHpaLis. Bebpecypc po3rnagaeTbea fK
06’EKT OLHIOBAaHHA Ta XapaKTepU3YETbCA CYKYMHICTIO
TEXHIYHUX, KOHTEHTHMX, MOBEAIHKOBUX i CEMAHTUYHMUX
napametpis. Kputepii ouiHOBaHHA POPMYIOTb CTPYKTY-
pOBaHy cUCTEMY MOKa3HMKIB, WO BigobpakatoTb AKICTb
dYHKUiOHYBaHHA pecypcy. EKcnepT reHepye NiHrBiCTUYHI
OLHKM B3a€EMOBMAMBIB KpuUTepiiB, AKi TpaHcpopmy-
I0TbCA B HEYITKi YUXC/IOBI MpeacTaBAeHHA.

dyHKLiOHaNbHa CTPYKTypa iHbopmauiitHoi cuctemm
MA€E [feKinbKa B3aemonos’asaHux moaynis. Mogaynb
360py paHux 3abesnevyye aBTOMATUUYHE OTPUMAHHSA
1 OHOB/MIEHHA aHaNiTUYHOI iHGopmauii 3 BigKPUTHUX
OXKepen i BHYTPIWHIX CTaTUCTUYHMX cucTtem. Moaynb
HEYiTKOro eKCnepTHOro OLiHIOBaHHA peani3ye npo-
ueaypu ¢GopmyBaHHA I arperyBaHHA JiHTBICTUYHUX
ouiHOK, ix aedasudikauito Ta nobyaoBy maTpuLi B3a-
€MOBM/INBIB KpUTEpiiB. AHANITUYHUI MOAY/Ib MALIUH-
HOr0 HaBYaHHA BWKOHYE MNPOrHO3yBaHHA AWHAMIKM
K/IOYOBMX MOKa3HMKIB i Knacuodikauito Bebpecypcis
3a piBHem edekTnBHOCTi. Moaynb baraTokpuTepianb-
HOI onTuMmisauii iHTerpye pesynbtatn Fuzzy DEMATEL,
DANP T1a VIKOR, BM3Ha4ae Baromictb KpuTepiis i dop-
MYE iHTerpanbHuUi iHaeKc ePeKTUBHOCTI. 3aBeplianb-
HUM KOMMOHEHTOM BWCTYNae moaynb (GOpMyBaHHA
peKkomeHaaLlin, AKUMM TpaHcHOpMYeE pes3ynbTaTn pPos-
PaxyHKiB Yy KOHKpPEeTHi ynpaBAiHCbKi pilleHHA Wwoa0
mozepHi3aLii Bebpecypcy.

IHpOpMaLiMHI MOTOKM B MeXax CUCTEMM MaloTb
NoCcNiAOBHUN Ta iTepaTUBHUIN XapaKTep. [lepBUHHI
OaHi Haaxo4ATb A0 aHANITUYHOrO MOZAYANA, MiCAA 4oro
BifOyBa€eTbCA X HOpMai3aLia Ta NiAroToBKa A0 Moze-
NIOBaHHA. HeuiTKi eKcnepTHi OUIHKM iHTerpytoTbca
3 aHaNITUYHMMM NOKa3HWKaMu, GopMytoUYM OCHOBY ANA
nobyaoBM mMepekeBOoi CTPYKTYPU B3AEMO3A/IEKHOCTEN
KpuTepiiB. Pe3ynbtaTn 6HaraToKpuTepianbHOro aHanisy
nepefaroTbCcA A0 MOAYNA NPUNHATTA pilleHb, AKUI
reHepye pekomeHgauii Wwoao NpiopuTETHOCTI TEXHIYHMUX,
CTPYKTYPHUX aBO KOHTEHTHUX 3MiH.

IHbponorivHa mofenb TakoXK nepenbayvyae 3BOPOT-
HWI 3B'A30K, WO A3€ 3MOry afanTyBaTu cUCTEMY A0
3MiH 30BHiWHbOro iHPopMmaLiliHOro cepegoBULLa.
Micna BnpoBaAXeHHA peKoMeHAZalil 3A4iACHI0ETbCA
NoBTOPHMIA 36ip Ta aHanis [aHux, Wo 3abesneuye
LUMKNIYHICTb Npouecy OUiHIOBaHHA Ta NOCTiHE BAO-
CKOHaneHHA BebpecypciB. Takuit nigxia Bignosigae
KOHUEenNuii aAanTMBHOrO YNpasAiHHA Ta MPUHLMMIAM
OYHKLIOHYBaAHHA iHTENEKTYaNlbHUX CUCTEM MiATPUMKM
NPUNHATTA pilleHb.

3anponoHoBaHa iHGoONOriYHA MOAEeNb AAE MOXK-
NINBICTb iIHTErpyBaTW Pi3HOPIAHI AXepena gaHuUX, eKc-
NepTHI CyaKeHHA M aAropuTMIYHI Nnpoueaypu y EANHY
CTPYKTYpOBaHy cucTemy. Lle 3abesneuvye nposopictb
npouecy GopMyBaHHA ynpaBAiHCbKUX pieHb, bopma-
Ni3auito KpuTepiiB OLIHIOBAHHA Ta 3MEHLWEHHA BNINBY
CYy6’EKTUBHUX YMHHUKIB. Y KOHTEKCTi MicbKoi iHpop-
MaUiMHOI IHOPACTPYKTYPU TaKa cucTtema moxke byTu
BMKOPWCTAHA ANA NiABULLEHHA AOCTYNHOCTI €1eKTpo-
HHWX CepBiCiB, ONTMMI3aLii CTPYKTYPU MYHILMNANbHUX
nopTanis i 3abe3neyeHHs cTabinbHOCTI X QYHKLIOHY-
BaHHA B YMOBax AMHaMiYHWX 3MiH iHpopmauinHoro
npocTopy.

Pe3synbTath gocnipKeHHsA

AHani3 NPUYNHHO-HACNIAKOBUX B3AaEMO3B'A3KIB MiXK
KpUTEpPiSMU OLLiHIOBaHHA, BUKOHaHWUI 3a meTogom Fuzzy
DEMATEL, pas 3mory BM3HAYUTU CTPYKTYpPYy BMNAMBIB
y cucTemi onTumisauii Bebpecypcis micbKoi iHpopmau,in-
HOI iHpPaCTPYKTypu. BCTaHOBNEHO, WO KAHOYOBY CUCTE-
MOYTBOPIOBA/IbHY PO/b BifirparoTb 30BHILWHI YUHHUKM,
30Kpema NOKa3HMKKN 30BHILIHbOMO NiHKYBaHHA Ta COLLi-
ANbHOI AKTMBHOCTI KopuctysadiB. Came Ui napameTpu
bopMyOTb MEPBUHHUI BNNB HA TEXHIYHI, KOHTEHTHI Ta
NnoBeAiHKOBI XapaKTepUCTUKM BebpecypciB.

OTpumaHa MaTpUUA NPUYUHHO-HACNILKOBUX 3B'A3-
KiB (Tabn. 1) cBiguMTb Npo Te, WO KoedilieHTN BNANBY
ONA 30BHilWHIX aKTopiB MaloTb HaWbiNbWi 3HAYEHHSA:
niHkyBaHHA — 0,19, couianbHi curHanm — 0,17. Lle o3Ha-
Yag, WO B YMOBax MicbKoi iHpopMaLiiHoi iHppacTpyK-
Typu 3abe3neyeHHA LUMPOBOI BUAMMOCTI MyHiLMManb-
HUX NOPTaNiB 3HAYHO MIPOIO 3a/1EKUTb Big, iX iHTerpauii
Y 30BHilLHil iHGOpPMaLiMHWMI NPOCTip Ta aKTUBHOCTI B3a-
EMOZi KOPUCTYyBauiB.
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Ta6n. 1. MaTpuus NPUUYMHHO-HACNIAKOBUX B3aEMO3B’A3KIB MiXK KpUTepiaMu ouiHOBaHHA Bebpecypcis

o TexHiuHi . CoujianbHi o
Kpurepin KoHTeHT NiHKyBaHHA UX-ausaiH
napamertpu CUTHaNU

TexHi4Hi napameTpu 0,00 0,12 0,09 0,05 0,07
KoHTeHT 0,14 0,00 0,11 0,08 0,09
JliHKyBaHHA 0,19 0,15 0,00 0,11 0,10
Cou, curHanm 0,17 0,13 0,09 0,00 0,08
UX-gu3aiH 0,10 0,12 0,07 0,05 0,00

TexHiYHi Ta KOHTEHTHi MapameTpu, 30KpPema CTPYK-
Typa CTOPIHOK, MeTaZaHi Ta peneBaHTHICTb KHOYOBUX
¢bpas, matoTb NepeBarkHO PE3y/bTyOUMI XapaKTep, pea-
ryHOUM Ha 3MiHW B 30BHILWHIX CUrHanax. Taka 3a/1eXHiCcTb
niaTBEPAXKYE HEObXiAHICTb KOMMJIEKCHOro niaxoay A0
onTumisaLii BebpecypciB, KON ynpaBiHCbKi pilleHHs
NPUAMAOTBCA 3 ypaxyBaHHAM B3aEMOMOB’A3aHOCTI
KpuTepiis.

Mopanbwe BW3HAYeHHA BaAroBMx KoedilieHTIB 3a
meTtogom DANP gano smory BCTaHOBUTU NPIOPUTETHICTb
BHYTPILLHIX MapamMeTpiB y CTPYKTYpi NPUNHATTA pilleHb.
HaliBuiLy BaromicTb OTpMManu AKiCTb MeTagaHUX CTo-
piHok (0,190), peneBaHTHiCTb KatoyoBux chis (0,185) Ta
eproHoMiyHicTb AmsaliHy Bebpecypcy (0,179). MeHw
3HAYYLLMMK, OOHAK CUCTEMHO BM/AMBOBMMW 3anuLua-
I0TbCA coujanbHi curHanun (0,140) Ta 30BHILLHE NiHKY-
BaHHsA (0,130).

OTpuMaHi pe3ynbTaTh CBiAYaTb, WO B CUCTEMI Nia-
TPUMKU NPUMHATTA pilleHb came BHYTPILLIHI NapameTpu
BMCTYNAlOTb OCHOBHMMMK 06’€KTaMM  ynpaBAiHCbKOro
BN/AMBY, TOAi AK 30BHIlWHi ¢daKkTopu POpPMYIOTb KOH-
TeKCT OYHKLioHYyBaHHA Bebpecypcy. Taka CTPYyKTypu-
3auia HaZ@€ MOXAMBICTb aAMIHICTpAaTOpaM MyHiLM-
nanbHUX MOPTaNiB BM3HAYATU NPIOPUTETHI HanpAMMK
mozepHisauii.

Ha 3aBepLanbHomy eTani 6ys10 3aCcTOCOBAHO METOZ,
VIKOR ana ¢dopmyBaHHA PENTUHTY aNbTEPHATUBHUX
Bebpecypcis. HaliBuwmnii piBeHb iHTerpanbHoi edek-
TUBHOCTI NpoAemoHcTpyBaB canT A (Q = 0,277), akui
XapaKTepu3yeTbCsA 36aNaHCOBAHICTIO TEXHIYHUX, KOH-
TEHTHUX | NOBeAiHKOBMX MOKa3HMKiB. Bebpecypcu
3 BULWMMM 3HAYEeHHAMM Q MatoTb BiACTaBaHHA Hacam-
nepea y CTPYKTYpi meTafaHMX i CEMAHTUYHIN pene-
BAHTHOCTi KOHTEHTY.

3acTtocyBaHHA ribpuAaHoi HeviTKoi mogeni nigTeep-
AWNOo, Wo 36a1aHCOBAHICTb BHYTPILLHIX i 30BHILWHIX dak-
TopiB 3abe3neuye NigBULLEHHA opraHiyHoro Tpadiky Ha
15-20 % nNOpPiBHAHO 3 OAHOCTOPOHHIMW CTpaTeriamm
onNTUMI3aLii. Y KOHTeKCTi micbKol iHpopmauiiHoi iHppa-
CTPYKTYpM Le O3HAya€ MiABULLLEHHA OCTYMHOCTI efeK-
TPOHHMX CepBICiB, NOKpaLLeHHA iIHPOpPMyBaHHA rpoma-
[OAH | 3BMEeHLUEHHA HaBaHTaXKeHHA Ha TPaAULLiMHI KaHanu
obcnyrosyBaHHs.

TakMM YMHOM, pe3ynbTaTv AOCAIAKEHHA [AeMOH-
CTPYHOTb, WO iHTerpauia HeviTknux 6araTokpuTepianbHUX

METOAIB 3 a/ropMTMamMM MALIMHHOINO HaBYaHHA CTBO-
ptoe GopmanizoBaHUM IHCTPYMEHT NiIATPUMKM yNpaBiH-
CbKMX pilleHb, AKUI AA€ 3MOTY NiABULLUTY eDEKTUBHICTD
dYHKUiOHYBAHHA MyHiUMNaAbHUX BebpecypciB B ymoBax
OVHaMIYHOI iIHPOopMaLiMHOT eKocucTeMu.

O6roBopeHHA OTPUMAHUX pe3y/bTaTiB

Monpw niaTBepAKeHy epeKTMBHICTb 3anpornoHoBa-
HOi mogaeni, il MpaKTMYHa peani3auia B Mexax MiCbKoi
iHpopmaLinHOi iHbpacTpyKTypn nos’A3aHa 3 HU3KOM
BUKAMKIB. OgHUM i3 KNto4yoBUX GaKTOPIB 3a/IMLLAETLCA
OVHAMIYHICTb  anropuTMiB  MOLIYKOBMX CUCTEM, LWO
notpebye perynsipHoOro OHOBAEHHA aHANITUYHUX MoAe-
nen i nepeHaBYaHHA ML-KomnoHeHTa. be3 aganTusHoro
MEXaHi3My OHOB/IEHHA NapameTpiB CUCTEMA MOKe BTpa-
YaTh TOYHICTb MPOrHO3yBaHHA.

BaxnMBUMM OBMEKEHHAMM € SKICTb Ta MOBHOTA
OaHuX. HepenpeseHTaTMBHIi abo HeMoBHI BUOGIPKK
MOYTb MPU3BOAUTM A0 CMOTBOPEHHA BaroBmx Koedoili-
€HTIB Ta iHTerpanbHMX ouiHoK. Ocobansoi yBarm notpe-
6y€e KOHTPO/Ib AOCTOBIPHOCTI NOBEAIHKOBMX NMOKA3HMKIB
i 3an06iraHHA BNMBY aHOMasIbHUX 260 MaHINYAATUBHUX
CUTHaniB.

ETWYHI acnekTW 3acToCyBaHHA iHTENEKTyaNbHUX Tex-
HOJIOTi TAKOX MaloTb MPUHUMMIOBE 3HAYeHHA. Buko-
PUCTaHHA aBTOMATM30BAHUX IHCTPYMEHTIB aHanisy
KOHTEHTY Ta NOBEAiHKOBUX MOAENEN NOBUHHO 3AiNCHIO-
BaTUCA 3 AOTPUMAHHAM MPUHLMNIB NPO30POCTi, KOHOI-
OEHLIMHOCTI Ta 3aXMUCTy NePCOHANbHUX AaHUX.

OTke, BNPOBaAKeHHA iHTENeKTyabHOI CUCTEMM Mia-
TPUMKM NPUAHATTA pilleHb NoTpebye NOeAHAHHA TEXHO-
NOriYHOT afanNTUBHOCTI, HOPMATMBHOIO PerytoBaHHA Ta
NOCTIMHOTO MOHITOPUHTY AKOCTI AaHuX. Jlvwe 3a Takux
yMoOB ribpmaHa HeuviTKa MOLEeNb MOXKe CTaTu epeKTuB-
HUM iHCTpyMeHTOM LmbpoBoi TpaHchopMaLii MmicbKoro
ynpaBAiHHA.

BucHoBKMU

3a pesynbTatamu  [OCAIAKEHHs  po3pobneHo
HeuviTKy ribpuaHy mogenb NIATPUMKM  MPUAHATTA
pilleHb AnA ouiHlOBaHHA W onTuMmisauii Bebpecypcis
y CTPYKTYypi MmicbKoi iHpopMaLiiHOi iHpacTpyKTypW.
3anponoHoBaHWIM nNiaxig MNOEAHYE MeToaM MaLUWH-
HOro HaBYaHHSA, 06PO6KM NPUPOAHOI MOBM Ta HeYiTKi

6aratokpuTtepianbHi  mogeni DEMATEL-DANP-VIKOR,

Copyright © 2026, OTA.
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3aBAAKM Yomy BAanoca popmanisyBaTv npouec BU3Ha-
YeHHs npiopuTeTiB MoAepHi3auii BebpecypciB B ymo-
Bax HEBM3HAYEHOCTi Ta CKAaAHOI B33aEMO3ANEXHOCTI
KpuTepiis.

3a nobyagoBoOK HeYiTKOI MaTpuli B3aEMOBM/IMBIB
KpUTepiiB BMABNAEHO MNPUYMHHO-HACNIAKOBY CTPYKTYpY
daKkTopiB, WO BM3HAYalOTb ePEKTUBHICTb YHKLIOHY-
BaHHA Bebpecypcis. BM3HaueHHA BaroBux KoedillieHTiB
3a metogom DANP pano 3mory obrpyHTyBaTh npiopu-
TETHICTb TeXHIYHWUX, KOHTEHTHMX i NOBeAiHKOBUX Mapa-
MeTpiB, a 3actocyBaHHA metogy VIKOR 3abesneuunno
bopMyBaHHA iHTerpasbHOro iHAeKcy eQdeKTUBHOCTI
Ta PaHXyBaHHA anbTepHaTMB. IHTerpauia 3 moaynem
MALIMHHOIO HABYaHHA PO3LWMPUAA MOMKIMUBOCTI CUC-
TEMM 3aBAAKW NPOTHO3YBAHHIO AMHAMIKM MOKa3HUKIB
i aBTOMaTn30BaHOI KnacudiKaLii pecypcis.

HaykoBa HOBWM3Ha [OCNigKeHHA NoAArae y Moea-
HaHHI HEeYiTKMX EeKCNepTHUX OLIHOK i3 MeperkeBoto
CTPYKTYpOtO 6araToKpUTEpPiaIbHOTO aHani3y i aHanitny-
HUMM aNTOPUTMAMM LUTYYHOTO IHTENEKTY B EAMHIN dop-
Mani3oBaHiN cucTemi NIATPUMKM MNPUAHATTA pilleHb.
3anponoHOBaHO CTPYKTYPHY Mogenb iHpopmaLinHol
cucTeMu, siKa 3abesnedye iHTerpauito gaHMX, eKcrnepT-
HUX CyO)KeHb Ta aNropuUTMIYHMX Npoueayp Yy MeXax
a[anTUBHOIO LUMKAY OLiHIOBAHHSA M onTUMI3aLil.

MpakTU4He 3Ha4YeHHA POb6OTU NONATAE Y MOMKIMUBOCTI
BMPOBaKEeHHA po3pobneHoi mogeni B undposy iHO-
PacTPYKTYpy MicTa 3 MeTO MiABULLEHHA AOCTYMHOCTI
€/1eKTPOHHMX CepBiciB, MOKpalweHHA aKocTi iHpopma-
LiiHoro 3abesneyeHHsA rpomasAH i 3abesneyeHHa nNpo-
30POCTi YyNPaBAiHCbKUX PilleHb.

Mopganbwi AoCnigKeHHA AOUiINbHO cnpAMyBaTM Ha
PO3LWMPEHHA afaNTUBHUX MEXaHi3MiB CaMOOHOBIEHHA
mogaeni, iHTerpauito 404aTKOBMX NOBEAiIHKOBUX | ceMaH-
TUYHMX iIHOMKATOPIB, @ TAKOXK PO3pP0bBAEHHA NPOrpamHOi
nnatdopmm Ans NpakTUYHOI peanisauii cuctemu nig-
TPUMKM NPURHATTA pilleHb y macwTabax micbKoi iHdop-
MaLiMHOT eKocucTeMu.

®diHaHCcyBaHHA

JocnifrkeHHs BUKOHaHO 6e3 ¢piHaHCOBOT NiATPUMKN.
KoHdniKT iHTepeciB

ABTOp [eKnapye, WO He Mae KOHONIKTY iHTepecis
CTOCOBHO LLbOro AO0CAIAMEHHA, Yy TOMY 4Yncni ¢iHaHco-
BOro, 0COBUCTICHOrO XapaKTepy, aBTOPCTBa UM iHLIOrO
XapakTepy, WO Mir 6u BNAMHYTU Ha AOCANIAMKEHHA Ta
oro pesynbTaTu, NPeACTaB/eHi B Lild cTaTTi.
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INTELLIGENT DECISION-SUPPORT SYSTEM FOR
EVALUATION AND OPTIMIZATION OF WEB RESOURCES
WITHIN URBAN INFORMATION INFRASTRUCTURE
BASED ON FUZZY MCDM MODELS

Artem Onyshchenko

The purpose of this study is to develop and substantiate
a fuzzy hybrid decision-support model for evaluating and
optimizing web resources operating within the urban
information infrastructure. The study aims to formalize
the assessment of technical, behavioral, semantic,
and algorithmic factors influencing web resource
performance while accounting for expert uncertainty and
dynamic changes in digital environments.

The research is based on a combined methodological
framework integrating machine learning (ML) and natural
language processing (NLP) techniques with fuzzy multi-
criteria decision-making (MCDM) methods, specifically
DEMATEL-DANP-VIKOR. Fuzzy expert evaluation is
implemented using linguistic scales transformed into
triangular fuzzy numbers, followed by defuzzification
through the centroid method. The Fuzzy DEMATEL
approach is applied to construct the interrelationship
matrix and identify cause-effect dependencies among
evaluation criteria. DANP is used to determine criterion
weights, and VIKOR is employed to calculate integral
efficiency indices and rank alternative web resources.
An infological model of the information system is
developed to represent structured functional modules and
information flows, including data acquisition, fuzzy expert
assessment, ML analytics, multi-criteria optimization,
and recommendation generation subsystems.

The proposed framework enables the formal
quantification of interdependencies among technical,
content-related, behavioral, and semantic criteria
influencing web resource effectiveness. The integration of
fuzzy logic reduces subjectivity in expert assessments and
allows uncertainty to be incorporated into the evaluation
process. The model supports the computation of integral
performance indicators and the identification of priority
directions for optimization. The developed infological
model ensures systemic consistency of analytical,
computational, and managerial components within the
decision-support environment.

The scientific novelty consists in the integration of
fuzzy expert evaluation with network-based MCDM
methods (DEMATEL-DANP-VIKOR) and machine
learning analytics within a unified formal decision-
support framework. Unlike traditional optimization
approaches, the proposed model simultaneously accounts
for causal relationships among criteria, uncertainty of
expert judgments, and adaptive data-driven analysis.

The proposed model can be implemented within
urban digital infrastructures to enhance the efficiency,
accessibility, and transparency of municipal web services.

The approach provides a foundation for developing
adaptive intelligent platforms capable of maintaining
stability and operational effectiveness under evolving
technological and informational conditions.

Keywords:  intelligent  systems, fuzzy logic,
multi-criteria  decision making, DEMATEL-DANP-
VIKOR, decision-support system, urban information
infrastructure, web resource evaluation.
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AHOTALIA

Aemonomni azenmu, wo QyHKYIOHYIOMb y GUCOKOOUHAMIYHUX MA CHOXACIMUYHUX Cepe00GUYAX i3 GUCOKUM
pisHem HesuzHaueHoCmi, nompedyIoms 00UUCTIOBAILHO ehEeKMUSHUX [ HAOIHUX APXIMeKmyp NPUUHIMMmMsI piuieHv.
Icmopuuno ynpaeninna maxumu cucmemamu 6azy8anocs HA KIACUYHUX RAPAOUSMAX, ceped AKUX — PeaKmuGHi
apximexmypu, CKinueHHi agmomamu ma Oepesa nosedinky. OOHAK yi Memoou CMUKaromscs 3 Nnpodremoro
eKCNOHEeHYIANbHO20 KOMOIHAMOPHO20 SUOYXY NPOCMOPY CMAHIE Yy HECIPYKMYPOSAHUX YMOSAX | OeMOHCMPYIOmb
KpumuyHy Oezpadayito egexmugHocmi uepes He30amHicmsv 0o Oesnepepsnoi adanmayii. Boowouac nepexio oo
CyHaACHUX Cymo Helipomepexcesux mMemooie YNPAGIIHHA CYNPOBOONCYEMbCA IMAHEHMHOIO CXUNbHICTNIO CUCHIEM
00 CMOXACMUYHUX 2ATOYUHAYIL, eniCmeMiuHO Henpo30piCmI0 MexXaHi3Mie NPUtiHAmms piulensb [ NPUHYUNOBOH
HeMOXCAUGICmio  3a0e3neyentss O0emepMiHO8aAHUX ~MAMEeMAmuyHux —2apaumiil  6e3neunoco  (PYHKYIOHYBAHHS.
YV yiu ecmammi oocnioxcyromocs 1 00epyHmMo8yomucsi 2iOPUOHT HEUPOCUMBOILHI APXIMeKmypuU, SKI CUHEP2eMUYHO
NOEOHYIOMb  ANPOKCUMAYIUHI  MONCIUBOCTNT  MemoOi8 2IUOOKO20 HABYAHHA Ol 0OPOOKU MYTbMUMOOATbHUX
CEHCOPHUX OGHUX (3 MAMeMamuyHol0 CMpOICMI0 Md CeMAHMUYHOI [HMEPRPEemosaHicmio Memooié KiacuiHoi
cumeonbHoi 102iku. 1Ipoeedeno KOMNIeKCHUL ananiz cmpyKmypHoi inmezpayii Hetlpomepedcesux MoOYIlie eKCmpaxyii
BUCOKOPIBHEBUX O3HAK 13 2PAPOSUMU MOOCTAMU CEIMY MA IEPAPXIYHUMU CUMBONbHUMU NAaHyéarbHuKamu. Ocobnusa
yeaza npuoiiacmovcs 6UPIUEHHIO NPOOeMU CeMAHMUYHOT HEOOHOZHAYHOCTN WTIAXOM A8MOMAMU306aHoi eepudirkayii
cmpykmypu epagie 3HaHb ma YCYHeHHs J02IYHUX KOi3il 00 noyamky cmadii ¢izuunozo euxonanus Oiil. /Josedeno
nepCneKmusHicimG UKOPUCIAHHA CEMAHMUYHOT OeKOMNO3UYTT cyenu Ol ONMUMI3ayii 06YUCTIO8ATLHUX PeCypCis.

Kniouogi cnosa: asmonomni acenmu, apximexmypu npuiHAmms pivieHs, HetipoCUMBOIbHUL UMY YHUL THMEeKm,
2nUOOKe HABYAHHS, CUMBONIbHA JI02IKA, 0epesa NOBeOIHKU, epahu 3HAHb, CEMAHMUYHE MOOETIOB8AHHS.

Bctyn

CTPiMKUIA PO3BUTOK POBOTOTEXHIKM Ta CUCTEM LUTYY-
HOTO iHTeNIeKTy 3yMOB/IOE NOTPeby y CTBOPEHHI Haain-
HUX apXiTEeKTyp MPUIAHATTA pilleHb A8 aBTOHOMHMX
areHTiB, WO GYHKLiOHYIOTb Y BUCOKOAMHAMIYHMX Ta CTO-
XaCTUYHUX CepefoBMLLAX i3 BUCOKMM PiBHEM HEBM3Ha-
YeHOoCTi. |ICTOPMYHO yrpaBAiHHA MNOAIBHMMM cUMCTEMAMMU
rpyHTyBanoca [1] Ha KnacMyHMX napagurmax, cepep,
AKUX OOMIHYBann pPEaKTUBHI apXiTEKTYpW, CKiHYEHHi
aBTOMaTK, AepeBa NOBEAIHKM Ta cucTemMu, nobyaoBaHi
Ha ocHoBi apxiTekTypu Belief-Desire—Intention (BDI).
Monpwu BUCOKY NepenbayyBaHicTb NOBEAIHKM Ta BilHOCHY
npoctoty ¢opmanbHoi BepudiKauii, 3a3HayYeHi niaxoan
OEeMOHCTPYIOTb iCTOTHI 0BMeXKeHHA nig Yac maclTaby-
BaHHA 40 CKNAAHUX 3aBAAHb | CTUKAKOTLCA 3 Npobaemoto
KombiHaTopHOro BMbyxy [2] NnpocTopy CTaHiB y HECTPYK-
TYpOBaHMX ymoBax. BoHu BuABNALOTbCA Manoedek-
TUBHMMM B CUTyaLifX, WO noTpebytoTb 6e3nepepBHOT

apanTauii o HenepeabavyBaHWX 3MiH HaBKOJIMLHbOTO
cepefioBULLLA, OCKINIbKM YKOPCTKO BM3HAYeHi NpaBuaa He
3[aTHi aAeKBaTHO BiAob6Pa3nTM BClO BapiaTMBHICTbL Ta
KOHTEKCTHY 3a/1eXKHiCTb npoueciB pasibHOro ¢isnyHoro
cBiTy [3]. 3abe3neuyeHHs CTiKoOi 4OBroTpMBaaoi aBTO-
Homii noTpebye 6e3nepepBHOI KOHBEpPreHLii nigcucTem
HWU3bKOPIBHEBOrO MALUIMHHOIO CNPUNHATTA Ta BUCOKO-
piBHEBOrO KOTHITUBHOrO MJIaHYBaHHA, WO peasi3yeTbca
yepes nepexia, Big, cyTo METPUYHOIO A0 NPOCTOPOBOrO
CEMAHTMYHOIO MNOAAHHA [AMHAMIYHOrO CcepeaoBULLA
B pPeXMMi peanbHoro yacy [4].

Take abCTpaKTHe KOHLUENTyasbHe MOLENOBAHHA
dopmye penpeseHTaTUBHUIN Hasuc ana popmanisauii
LiNbOBOI NOBEAIHKM MPOrpamMHUX CUCTEM ABTOHOMHMUX
areHTiB i3 BUKOPUCTAHHAM rpadoBMX moaenel cBiTy Ta
rpadis cnoBecHMX onucis GyHKLIM, Lo 3abe3neyye npo-
30py 1 aganTMBHY pekoHodirypauito iepapxii 3aBgaHb
Ta AWHAMIYHMI nepepaxyHOK MOCNILOBHOCTI Ain 3a
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CTOXacCTUYHMX 30ypeHb 30BHIWHbOrO cepegosumuia [5].
PyHpameHTaNbHUI cUHTE3 abCTpaKTHOI NorikM npu-
MHATTA pileHb i3 GiISMYHMMKM nNapameTpammn NpocTopy
[OCArAETbCA LWAAXOM YNPOBaAXKEHHA TOpUAHUX Hel-
POCUMBONBbHUX GPEMMBOPKIB i Napagurmmn LITYYHOTO
iHTeNnekKTy 3 dpisnyHum BTineHHAM (Embodied Al) [6], aki
YTBOPIOIOTb 3aMKHEHWI LMK YNPaBAiHHA MiXK OLiHKO
MY/NIbTUMOZA/IbHOTO KOHTEKCTY Ta BMKOHAHHAM CTpPYK-
TYPOBAHMX CTPATErii, NOBHICTIO KOMMEHCYIOUYM KOHLEenN-
TyaNbHy HEIHTEPNPETOBaHICTb MMNOOKUX HEWPOHHUX
MepeX AeTepMiHOBaHMMM MaTEMATUYHUMM FrapaHTIAMM
CMMBOJIBHOTO JIOTIYHOTO BUBEAEHHA MNifg, Yac NAaHyBaHHA
micii [7].

AHanis nitepatypHux axxepen

®PyHAAMEHTA/IbHOIO OCHOBOK CTBOPEHHA aBTOHOM-
HUX CUCTEM ICTOPUYHO BUCTYMAAWU KAACUYHI aAroputmMm
NPUIMHATTA pilleHb, OPIEHTOBAHI Ha QYHKLIOHYBaHHA
Yy AeTepMiHOBaHMX Ta YaCTKOBO CTPYKTYPOBAHUX cepea-
osuwwax. JocnigHukm [8—10] BMAINAOTL peaKTUBHI apxi-
TEKTYPU AK NepLly napagaurmy, wo 3abesneymna poboty
AreHTIB Yy peXMMi peasibHOoro 4acy, Taki cMcTemu 4itoTb 3a
NPUHLMIOM NPAMOro BifobparKeHHA CEHCOPHUX AaHUX
Y Kepytodi KomaHam 6e3 dopmyBaHHA CKAAAHOT BHYTPIL-
HbOi mogeni cBiTy [8]. AHani3 ixHboi edpekTmBHOCTI [11]
CBiAYNTb, LLO XOYa TAKUM Migxig rapaHTye MiHiManbHy
3aTPMMKY peakLii, Moro pe3ynbTaTUBHICTb CTPIMKO 3HU-
XKYETbCA B pasi BUKOHAHHA baraToeTanHmx 3aBAaHb, WO
noTpebyloTb AOBrOCTPOKOBOr0O NiaHyBaHHA. [Ana noao-
NaHHA LMX 0BMeXKeHb, 3rigHO 3 iHXeHepHO MpPaKTK-
KO, Y MPOEKTYBaHHA POBOTOTEXHIYHMX cucTem Byno
BMPOBAaAMKEHO CKiHYeHHi aBTomatu (FSM), aki patoTb
3MOry areHTy NepexoamTy MiX Hanepes BM3HAYEHUMMU
CTaHaMM Ha OCHOBI igeHTUOIKaLiil ANCKPETHUX noaii.
BogHouac aBTopu gocnigxeHb [12; 13] HarosowyoTb Ha
CYTTEBOMY HEZLONiKY CKIHYEHHMX aBTOMATIB, @ cCame ixHill
CXMNBHOCTI f,0 KOMBIHAaTOpPHOrO BUOYXY. AK AeMOHCTPY-
I0Tb Pe3ynbTaT¥ MOAENtOBAHHA BaratoareHTHUX cMCcTem
[14], y cknagHUX AMHAMIYHUX cepenoBuULLAX KiNbKICTb
MOXK/IMBUX CTaHIB i nepexoaiB MixX HUMMK 36inbLUYETHCA
EKCMOHeHUiHO. Lle He nuwe KPUTUYHO YCKNaZHIE
06YMCIEHHA Ta YHEMOMKIMUBIOE MACLITabyBaHHA KAa-
CUYHUX OUCKPETHUX apXiTeKTyp, ane 1 3myllye nepe-
XOOMTU A0 HelipoMepekeBUX METOAIB YyNpaBAaiHHA, AKi,
3i cBoro 60Ky, nosbaBieHi MaTeEMATUYHUX rapaHTiK Ta
MOXNMBOCTI HagiMHOT popmanbHOi BepudiKauii.

HactynHum eBontouinHMM Kpokom y dopmanisza-
uii UiNbOBOI NOBEAiHKM CTano 3acTOCYyBaHHA Jepes
noBeAiHKM, AKi 3abe3nevytoTb iEpapxidyHy Ta MOAYNbHY
CTPYKTYPY BMKOHAHHA 3aBAaHb. ABTOpM KoHuenuii [15]
3a3HayatoTb, WO, Ha BiaMiHy Big FSM, gepesa nose-
OiHKM 0al0Tb MOMK/IMBICTb iHKAMCY10BATM OKpemi nig3a-
Oadi, WO CYTTEBO CNPOLLYE NPOEKTYBAHHA KOMMIEKCHOI
JIOTiIKM aBTOHOMHMX CUCTEM Ta YMOXK/MB/IOE NOBTOPHE
BMKOPUCTAHHA BY3NiB NPUAHATTA pilleHb. MapanenbHo

i3 UMM oA MOAENtOBAHHA CKAAAHUX KOTHITUBHMX Npo-
LeciB i M1aHYBaHHA MiCi aKTMBHO BMKOPMUCTOBYBanacA
apxitekTypa BDI. 3rigHo 3 dopmanbHMM BM3HAYEHHAM
LA Mogenb onepye abCTPaKTHUMKU MEHTaZbHUMK CTa-
HaMW areHTa, Ae «NepeKkoHaHHA» BigobparkaloTb Ppop-
Ma/li30BaHi 3HaHHA MpPO CBIT, «barKaHHA» GOpPMYyHOTb
LiNbOBi CTaHM, a KHamipu» € BUOpPaHMMK cTpaTeriamm
OOCATHEHHA UMX Linel Yepes reHepalito naaHy aiv [16].
Kpim TOro, po3lIMpPEHHAM MOXKANBOCTEN MY/bTUATEHT-
HOT B3aemoaii Ta 06pobKM reTeporeHHUX AaHUX BU3HAHO
apXiTeKTypy AOWKKM oronoweHb. AsTopu [17] onucy-
I0Tb il AK CUCTEMY, Y AKIN He3aNexHi ekcnepTHi moayni
ACUHXPOHHO 0bMIiHIOOTLCA iHPOpPMaLjieto yepes cninb-
HUI NpOCTip Nam’aATi g1 KOONepaTUBHOrO Po3B’A3aHHA
3ajau.

MNocraHoBKa npobaemu

HesBaatoum Ha dopmanbHy BepudiKoBaHiCTb Ta
MaTeMaTU4Hy MNpPO30pPiCTb MPOLECIB NOrYHOro BUBE-
OEHHA, KNaCcWYHi napagurmu ynpasiiHHA 4eMOHCTPYHOTb
KPUTUYHY Aerpagauito eheKTUBHOCTI Y BUCOKOANHAMIY-
HUX cepeaoBMLLAX YHACNIAOK CBOEI PpyHAAMEHTaNbHOI
3a/1IEXKHOCTI Bifg, AeTEPMIHOBAHUX €BPUCTUYHUX MPaBUI,
AKI KOHLUENTya/bHO He 34aTHi afeKBaTHO anpoOKCUMy-
BATW KOMMJ/IEKCHY CTOXACTUYHICTb peasibHOro ¢i3nyHoro
cBiTy. JocnigxeHHs [3; 6] niaTBepaKyloTb, WO aBTO-
HOMHI areHTW, apxiTekTypa ynpaBAiHHA AKUX Nobyao-
BaHa CYyTO Ha CUMBOJ/IbHUX aB0 PeaKTUBHUX aNTOPUTMAX,
KOHLENTYyaNbHO He 34aTHi 40 Yy3aranbHeHHA. 3rigHo
3 pe3y/bTaTaMu eMNipUYHUX TeCTyBaHb, CTUKAKOYMCh i3
HenepeabayyBaHMMKU MepeLIKogaMn, PanToBO 3Mi-
HOO MapameTpiB cepefoBuLLa abo YacTKOBOKD BTPATOO
CEHCOPHUX AaHWX, TaKi CUCTEMW HEMMHYyYe 3a3HAl0Tb
0buncnoBanbHUX 360iB a60 reHepyrTb KPUTUUYHO XMBHI
piweHHsa [3]. AHani3 uMx BPasNMBOCTEN AOBOAUTL, IO
BiICYTHICTb THYYKMX MEXaHi3MiB ajanTauii Ha OCHOBI
6e3nepepBHOro NOTOKY HOBUX AaHWX POBUTb KAACKYHI
APXITEKTYPU MPUHLMNOBO HeZoCTaTHIMKM ana 3abesne-
YEHHA CTINKOro A0BroTPMBA/NOr0 aBTOHOMHOIMO GyHK-
LioHyBaHHA. Came uLel $aKTop 3yMOB/OE 06'EKTUBHY
iH}XeHepHY HeobXiaHicTb Nepexoay [0 Cy4acHUX Helpo-
MepeXKeBUX Ta FBPUAHNX METOZAIB NAaHYBaHHA.

AHani3 cyyacHux niaxoais

MofonaHHs ¢yHOAMEHTaZlbHUX ObBMeXKeHb CUM-
BO/IbHUX METOZIB CTA/NI0 MOX/AMBUM 3aBAAKM BMNPOBA-
OYKEHHIO aNropuTMiB MMBOKOro HaBYaHHA 3 NiAKpi-
nneHHam (Deep Reinforcement Learning, DRL). DRL
iHTErpye anpoKCMMaLiliHi MOMKAMUBOCTI IMMBOKUX HeMt-
POHHMX MepeX i3 NpoLLecamm MapKOBCbKOrO NPUNHATTA
pilleHb, [A4M 3MOTy areHTy aBTOHOMHO ¢GopmMyBaTH
ONTMMasIbHY CTpaTerito NOBeAiHKN Yepe3 be3nepepsHy
B3aEMOZi0 i3 cepenoBuem. Y 3agayax NpocTopoBoil
HaBirau,ii Ta nnaHyBaHHA DRL AeMOHCTpYE BUCOKY edek-
TUBHICTb 3aBAAKKM 34aTHOCTI 06pobnatn HaraToBMMIpHI
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CEHCOpHi MOTOKM 6e3 HeobXigHOCTi PYy4yHOro KOH-
CTPYIOBAHHA €BPUCTUYHUX O3HaK. 30Kpema, i€papXiyHi
apxiTekTypn DRL patoTb MOXKAMBICTL AEKOMMNO3yBaTh
KOMM/IEKCHI HaBiraujiHi 3aBgaHHA Ha BUCOKOPiBHEBE
CTpaTeriyHe NaHYBaHHA Ta HU3bKOPIBHEBE KepyBaAHHA
BMKOHaBYMMW MeXaHi3MaMM, LLLO CYTTEBO MiBULLYE CTa-
6inbHiCTb PO6OTM aBTOHOMHOI CUCTEMM B YMOBAX HEMOB-
HOT cnocTepeKyBaHOCTi Ta HenepeabavyBaHOI AMHAMIKK
Tpadiky abo nepewkog [18]. MpuKnag CTPYKTypHOI
CcXemu apxitektypu Ha 6asi DRL, o gonucaHo B gochni-
YKeHHi [18], 306pakeHo Ha pUCYHKy 1.

action External observations

Environment

axiringic
reward

|/ [ J—

Meta f
Controller Qelse.g:02)

goal ]

Meta

Crit T Controller
ritic H
: !

intrinsic| : o
reward

action

Controller

hisady o)

Caontroller

HacTynHMm eTanom eBonwUuii cucTem ynpas-
NiIHHA CTaN0 3aCTOCYBAHHA BE/JIMKUX MOBHUX i MyJib-
TUMmomanbHux mogenen (LLM/VLM) sk ueHTpanb-
HOro AApa KOTHITMBHOI apxiTekTypu areHTa [19].
Y uin napagurmi npouecm KOrHITUBHOIO «MipKy-
BaHHA» W 6e3nocepegHboOro MNPUUHATTA pilleHb
dopmanisyoTbca yepes mexaHiamm 06pobKM npu-
poAHOI MOBM Ta Bi3yanbHWUX AAHMX, WO Hal4yacTiwe
peanisyeTbca 3a gonomorot metogonorii Reasoning
and Acting (ReAct) [20]. Y Takux cuctemax my/ib-
TUMOAaNbHA MOZeNb OTPUMYE Bi3yanbHi AaHi Bif

Ge+ N

QalSeen, Gesnibz)

Meta

i1y i1 AN Controller

I I I .

Qe a) Qrlsesn.aidy, g0

Controller Controller

I !

8141 St4N

e

Puc. 1. CTpyKTypHa cxema iHTerpauii anroputmis DRL y KOHTYp ynpaBniHHA aBTOHOMHUM areHTom AaA 06po6ku
CEeHCOPHUX NOTOKIB Ta 6e3nepepBHOI B3aemogii i3 cepegosuiem [18]

CEHCOPpIB i reHepye TEKCTOBUIM BHYTPILWHIN KOHTEKCT
nepes iHiuianizauieto ¢isnyHoi Aii, wo gae 3mory
OWNHAMIYHO KOpMryBaTWM NANaH Micii BignosigHO A0
3MiH cepeoBMLLa.

Taki iHTenekTyanbHi cuctemum [21] 3paTHi 6esnoce-
peaHbo TPAHCNOBATN BUCOKOPIBHEBI CNOBECHI iIHCTPYK-
Lii Ta cemaHTU4YHi onucu OYHKUIN y dopmanizoBaHy
NnocnifoBHICTb Aili (30Kpema, rpadoBux onepaLiit),
OMMUHAUYM HEeOobXigHICTb KOPCTKOrO NporpamyBaHHA
cneumdiyHMx npasun nosegiHku [6]. MpoTe npouec
TaKoi aBTOMaTUYHOI TPaHCAALLT CynpoBOAXKYETbCA yH-
AaMeHTaNbHOO NpPobnemold CeMaHTUYHOI HeogHo-
3HAYHOCTI Ta HaAMIPHOCTI NpupoAHOi mosu. lMpame,
HeonTMMi3oBaHe TPAHCPOPMYBaHHA  HECTPYKTYpoO-
BaHWX BepbanbHUX onuciB QYHKLIOHAaNbHUX BUMOT
Y BUKOHYBaHi BY3/1M HEMUHYYE CNPUYMHAE GOPMYBaHHSA
HaAMiIPHO YCKNIAQZiHEHWUX Ta BHYTPILIHbO HEY3roAKEeHUX
rpadiB 3aBAaHb, WO iCTOTHO 3HUXYE MPOAYKTUBHICTb
i HaZiMHICTb NporpamHo-TexHiYHOI cuctemn. Ha ubomy
eTani NocTae KpMTUYHa NoTpeba B iHTerpauii cneuiani-
30BaHWX iHTENIEKTYaNbHUX METOAiIB POPManbHOIo aHa-
Ni3y Ta onTumisauii. Ix 3actocyBaHHA Aae 3MOry B aBTO-
MaTM30BaHOMY pexumi BepudikyBaTM CTPYKTypy Ta

CEMAHTUYHI 3B"A3KM BcepeauHi rpadis cnoBecHUX onu-
ciB QYHKUIN, ycyBaTU NOTiYHI Konisii, ineHTudiKyBaTH
AybnboBaHi ¢parmMeHTM Ta BiACIKAaTUM HepeneBaHTHI
onepauii 4o noyatky cTagii GisMYHOro BMKOHAHHA.
Taka nonepeaHa ¢inbTpauia CyTTEBO NiaBULLYE edeK-
TUBHICTb peanisauii yHKLiOHanbHOT NOriKKM nporpam-
HUX CUCTEM YMNPABAiIHHA OCKiINbKWM NMPOrpamHMin areHT
OTPUMYE MaTEMATUUYHO CTPOro BM3HAYEHWUN, AeTepmi-
HOBaHWI i 064YNCNIOBANbHO MaIOPECYPCOMICTKUIA NAaH
4in, cdopmoBaHUIN Ha OCHOBI NEPBUHHO HECTPYKTYpPO-
BAHOr0 NPUPOAHOMOBHOIO KOHTEKCTY.

He3Bakatoum Ha BMCOKY 3[aTHICTb A0 Yy3araib-
HEHHA, CYTO HeMpOMepeKeBi apXiTEKTYPU XapaKTepu-
3yl0TbCA HU3KOO GyHAAMEHTaNbHUX HEeAONiKiB, cepen,
AKMX — IM@HEHTHA CXWM/IbHICTb 40 CTOXaCTUYHUX ranto-
LMHaLii, enicTeMiYyHa HEMPO30PiCTb MeXaHi3MiB Npuii-
HATTA pilleHb i NPUHUMNOBA HEMONK/IMBICTb 3abes-
neyeHHA [JeTepMiHOBAaHMX MATEMATUYHUX TapPaHTIl
6e3neyHoro QyHKLiOHyBaHHA. EQEKTMBHMM LWAAXOM
NoAONAHHA LNX 06MexkeHb BbaUaeTbCcA iMnaemeHTaLin
napagurMm HeMPOCMMBOJIBHOTO LUTYYHOTO iHTENEKTY
[22; 23], y3aranbHeHy apxiTeKTypy fKoi HaBeAeHO Ha
PUCYHKY 2.
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Puc. 2. Y3aranibHeHa apXiTeKTypa HeMpOCUMBOJIbHOIO NPUUHATTA PilleHb aBTOHOMHMM areHTom
(apanToBaHo Ha ocHoBi [23])

3a3HayeHun ribpugHUi nigxig 3abesnedye cuHep-
reTUYHy iHTerpauito anpoKCcMmaLiMHUX MOXK/IMBOCTEN
HelpoOMepeXKeBOro eKcTparyBaHHA O3HAK i3 maTema-
TUYHOK CTPOTICTHO, CEMAHTUYHOK IHTEPNpPEeTOBAHICTIO
Ta 34aTHicTIO Ao dopmanbHOi BepudiKkauii, npuTamaH-
HUMU METOAAM KNaCMUYHOT CUMBOJIbHOT N0TIKK. Y noaib-
HUX apXiTEKTYpHUX niaxogax [24] moayni rnbokoro
HaBYaHHA BiANOBIAAIOTb 33 EKCTPaKL,il0 BMCOKOpiBHE-
BMX CEMAHTMYHUX O3HAK i3 Bi3yanbHOro nNotoky abo Ha
OCHOBI iHLWMX BXiAHWX SAHUX, TOAI AK CUMBOIbHI MOAyNi
onepyrTb LMMK AaHUMU 4518 GOPMYBaHHA M OHOBIEHHSA
rpadis 3HaHb, @ TaKOX ANA iHiuiani3auii ¢pyHKUiOHaNb-
HOI NIOTiKM Ha OCHOBI ABHO BM3HaYyeHUX obmerkeHb [3].
CyvacHi gocnigxeHHa [25] niaTBepaKyoTb, WO BUKO-
puctaHHsa rpadoBMX MoLenein CBiTY [A€E MOXKAMUBICTb
aBTOHOMHOMY areHTy NPO30po MaHyBaTh Ajii Ta 3abe3-
neyye BUCOKY afanTUBHICTb A0 HOBUX YMOB LUJISXOM
OVNHAMIYHOT pecTpyKTypu3sauii By3nis Ta pebep rpada
3aBgaHb [5]. MoOKa3oBMM NPUKNaAOM Takoi iHTerpauii
€ Cy4YacCHi KOMNO3WLiNHI ppernmBopKM [26], wo ob’ea-
HYIOTb iIMOBIpPHICHE MOAENtOBaHHA CBITY, PO3Mi3HaBaHHA
06’eKTiB Ta iepapxiyHe nnaHyBaHHA Ans 6e3nedyHoro
BMKOHaHHA HaratoeTanHMx NOLIYKOBMX MICi B yMOBaXx
3Ha4YyHoOI HeBM3HaveHocTi [7].

O6roBopeHHA pe3ynbraTiB

O6’eKTMBHE OLiHIOBAaHHA e(PEKTUBHOCTI apXiTeKTyp
NPUMHATTA pilleHb aBTOHOMHWMMMW areHTaMW YCKapg-
HIOETbCA PI3HULEI Y LLiNIbOBUX 3aBAAHHAX i CUMYAALiN-
HUX cepepoBuwax (Hanpuknag, ALFRED ana indoor-
Hasirauii, AirSim pgna BIMNJIA, CARLA pnsa micbKoro
Tpadiky). HesBakaloum Ha Ue, cUCTeEMATU3aLifs MeTpUK
3 aKTyaNbHUX AOCNiIAXKEHb AAE 3MOTY BUABUTM YiTKi TEH-
OeHUii Woao 3aranbHOi yCniWHOCTI, WBUAKOAII Ta Tou-
HOCTi po3ni3HaBaHHA. 3rigHO 3 AochigKeHHsMKU [27]
cucteM Ha 6a3i BEIMKUX MOBHUX i MyNbTUMOAAbHUX
mogenen, iHTerpauia CemMaHTUYHOro CNPUMHATTA Bia-
KPUTOrO CNOBHMKA 3 IEPAPXIYHMMWU OUHAMIYHUMUM TPa-
damu cueH 3abesnedye 6e3npeueseHTHY 34aTHICTb A0

y3aranbHeHHA [28]. Y TecTax AnHamiyHoi indoor-Hasiray,i
apxiTekTypa OrionNav npoaeMoHCTpyBana piBeHb ycniLu-
HOCTi BMKOHaHHA 3aBAaHb noHag 88 % (85 ycniwHux
MicCiVi i3 96), Togi sk 6a30Bi eBpMCcTMYHI MeToam (Object-
Map-Search) gocarnu nuwe 56 %, a aAropuTMm NOLLYKY
Ha ocHOBI rpaHuub (Frontier-Search) — 11 %. LUBmAaKoain
TAKUX CUCTEM OBMENKYETLCA 0BUYMC/IOBANIBHOK CKNaz-
HICTIO reHepaTUBHUX MoAenel, 4acToTa OHOBJ/IEHHA
CEMAHTUYHOI KapTW CTaHOBUTb 61M3bKO 2 I, Xo4a reHe-
paLis Mmacok 06’eKTiB MorKe BiAbyBaTMCA i3 4acTOTO A0
10 lNu. Ana NOpiBHAHHA: MOAYNbHI APXITEKTYPU 3 METpuU-
KO-CEMaHTUYHMMM CiTKamK (Hanpuknag, Kimera) 3gatHi
pocarat weuakoaii 0,1 ceKyHAM Ha KAOYOBUIA Kagp,
npaLoym Anlie Ha LEeHTpanbHUX npouecopax 6es
3a/ly4eHHA rpadiyHMX npuckoptosadis [29].

Y KOHTEKCTi peanizauii KOMMNAEKCHUX MOLWYKOo-
BUX MICii B ymOBax BMCOKOro PiBHA CTOXAaCTUYHOI
HEBU3HAYEHOCTI pe3ynbTaTM AOCAiIAKEHb KOMMO3W-
LiMHUX HEeUPOCUMBONBbHUX apPXITEKTYP €eMMipuyHO
niaTBepaXyoTb GYHKLiOHAaNAbHY nepesary ribpuaHux
napagurm Haj CyTo HelpoMEepPENKEBMMU MNigxoaamu
Ha 6as3i mynbTMMOAANbHUX Mmoaenel. BignosiaHo Ao
pesynbTaTiB CUMYNALIMHOTO MOAeNtoBaHHA dpenm-
BopKy NEUSIS [7] y TecToBOMY cepegoBuuli AirSim,
CTPYKTYpHa iHTerpauis moayna HelpoCMMBO/IbHOIO
cnpunHaTtTa GRID 3 imoBipHiCHOIO Mogensto CBiTy Ta
iEPAPXiYHMM CMMBOABHMM nNaHyBanbHMKOM SNaC
3abe3neunna [OCATHEHHA MOKa3HMKa YCMiWHOCTI
BMKOHAHHA 3aBAaHb Ha piBHi 61,82 %. MopiBHANbHUI
aHani3 3acBigvye, wWo 6a3oBa eTaNOHHA apPXiTEKTYpa,
AKa 3aCTOCOBYBaJia /NLIE HEWPOMEPENKEBUN [OETEK-
Top YOLO-World gna nigcuctemmn cnpumHATTA Npo-
cTtopy # anroputm Fields2Cover ana ¢dopmyBaHHA
CMMBOJIBHOTO MAAHY Ail, NPOAEMOHCTPYBana 3HAYHO
HUXYMIN MOKA3HWUK Pe3yNbTaTUBHOCTI, WO CTaHOBUTb
29,58 %. lopaTKoBO BCTAHOB/EHO, WO iMNaemeHTa-
Lis mexaHiamiB 6aneciBcbKoi dinbTpauii 4o cknagy
MMOBIpHiCHOT mogeni CBiTYy CTAaTUCTUYHO 3HAYYLLO
NigBULLYE TOYHICTb NPOCTOPOBOI NOKANI3aALIT LiNbOBUX
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06’€eKTiB, WO NiATBEPANKYETHCA 3POCTAHHAM METPUKM
Online F1 Score 3 44,62 pgo 54,12 %.

Y KOHTEKCTi BMCOKOCTPYKTYPOBAHUX AMHAMIYHUX
cepenoBuLL, 30KpeMa MiCbKOro aBToMobinbHOro Tpa-
diKy, AK wupoki ornaposi [30], Tak i winecnpamoBaHi
eMMipuYHi JocnigKeHHa iepapxiyHux apxitektyp [31]
niaTBEPAKYIOTb IXHIO ONTUMAbHY WBUAKOAIO Ta BUCO-
KU piBeHb eKcn/yaTauinHoi HagiliHocTi. BignosigHo
00 pe3ynbTaTtiB gocnigrkeHHs [31] nig yac cumynauin-
HOro mogentoBaHHA y nnatopmi CARLA, apxiTeKkTypa,
wo iHTerpye rpacdosi 3ropTkoBi mepexi (GCN) ana

perynatopamu  ANA  HU3bKOPIBHEBOro  YNpaBAiHHA,
3abe3neyye iIMOBIPHICTb YCMILWHOMO AOCATHEHHS WiNbo-
BOi TOYKM Ha piBHi 98,7-98,8 %. 3a3Ha4YeHUN NOKA3HUK
CTaTUCTUYHO HabAMKAETBCA 40 pe3ynbTaTiB ifeanizosa-
HOI eTanoHHOI cuctemu, AKa GyHKLiOHYBana B ymoBax
OeTepMiHOBaHOro aoctyny Ao robanbHoi iHpopma-
LiriHoi 6a3n cumynsaTopa (98,9-99,2 %). YactoTa uukny
yNpaBAiHHA 3anpOMNOHOBAHOI apXiTEKTYPWU BapitOETbCA
B AianasoHi Big 13,4 po 17,9 Kagpis 3a CeKyHAy, LWO
YMOX/IMBNIOE KepyBaHHA aBTOHOMHWM TPAHCMOPT-
HUM 33CO60M Yy peMMi peasbHOro 4Yacy. MNMoKasHWKK

aHani3y 4acoBWUX PALIB MPOCTOPOBMX CTaHIB i3 KNacuy-  ePpeKTUBHOCTI  AOCANIANKYBAHUX APXITEKTYP HABEAHO
HUMKW MpONopLUilHO-iHTerpasbHo-AndepeHUitoloYuMn B Tabamui 1.
Ta6n. 1. NopiBHANbHA XapaKTePUCTUKA apPXITEKTYP NPUNHATTA pilleHb aBTOHOMHUMM areHTaMu
3a pe3y/bTaTamy eMnipUYHUX A0CNiAXKeHb
inboBe 3aBAAHHA Ta MokasHuK ycniwHo- | Leuakogia / Yactorta
Mogenb ApxiTeKTypa H A i v A p. /
cepeaoBuLLe cTi (SR) ynpasniHHsa (FPS)
LLM + iepapxiyHi cemaHTMuHi | Indoor-HaBirauis, nowyk o6’ek- OHOBNIEHHA CeMaH-
OrionNav pap —HasiraulA, notly 88,5 % '
rpadu cueH TiB (pisnuHMit pobor) TUYHOI KapTn ~ 2 Ty,
. L . OHOB/IEHHA CBITOBOI
NEUSIS HenpocumsonbHa VLM + MNowykosi micii BMA (AirSim / 61.82 % MOLENT B DEANBHOM
SNaC + World Model Unreal Engine) een A chi y
lepapxiyHa GCN + IDM/PID (YOLO + rpadu | ABTOHOMHE BOAIHHA, pyX Yy Tpa-
pap /PID pag  BOAIMAA, PyXy TP 98,7-98,8 % 13,5-18,0 FPS
4YacoBMX pALiB) oiky (CARLA)
PaLM PoboTn3oBaHa maHinynauis, ACMHXPOHHE nnaHy-
SavCan LLM + Value Functions / DRL | BUKOHaHHSA iHCTPYKLiM (di3nuHe 74 % BaHHA Ha OCHOBI Agjano-
v cepenosule) roBOro 3anuty
Me o-cema 7 3D-peKoHC ia cuenu, VIO
Kimera TPUK MaHTUYHUI pek H. TPYKLiA CLeHN _ > 10 FPS
SLAM (EuR0C, disnuHe cepenosuLLe)
BUCHOBKMU NpPU3BOAMTb A0 €KCMOHEHLia/IbHOro 3pOoCTaHHA 06YKnC-

Monpw 3Ha4YHMI Nporpec ribpuaHux GperimBopKiB,
CTPYKTypHa iHTerpauia BWCOKOPIBHEBUX KOTHITUBHUX
npouecis i3 HU3bKOPIBHEBMM KiHEMATUYHMM BUKO-
HaHHAM 3a/MUWAETbCA PYHAAMEHTANIbHUM BUKAUKOM
y ranysi pobotoTexHiku. MpoBigHi pocnigxkeHHa [24;
28] BM3HaYaloTb ro/I0BHOK NPO6AEMOIO HAABHICTb Hes-
OO0/TAHHOTO CEMAHTUYHOIO PO3PUBY MiK abCTPAKTHUM
OMCKPETHMM MIaHYBaHHAM, WO peanisyeTbcs Ha 6asi
rpadoBux abo MoBHUX mogenel, i beanepepBHUM CeH-
COMOTOPHMM YNPABAIHHAM Y PEXMMI PeanbHOro 4acy.
BianoBigHO 40 pe3ynbTaTiB aHanNi3y Cy4acHUX CUCTEM,
TaKa apXiTEKTYpHa acMMmeTpia HeMUHyYe CrIpUYUHAE
KPUTUYHI 3aTPUMKKM B reHepaLii Kepylumx curHanis
nif vyac GyHKLiOHYBaHHA aBTOHOMHOIO areHTa y WBuA-
KO3MiHHUX AMHaMIYHUX cepeaoBulLax [4].

JoaaTkoBUM BigKpUTUM YHOAMEHTANbHUM NUTAH-
HAM, LLO LWMPOKO AUCKYTYETbCA B HAYKOBIl NiTepaTypi,
€ Npobnema eKCNoHeHLiaIbHOro NepeHacnyeHHs 6asu
3HaHb AOBrOTPUBaANOI Nam’ATi 3acTapinMmu Ta Hepene-
BaHTHMMM TononoriyHMmm 38’a3kamm [32]. EmnipuyHo
JoBefeHo, Wo nig vac TpuBanoi pobotn Lei npouec

NIOBANbHOI CKAAAHOCTI Ta BiANOBIAHOI Aerpagauii
3arasibHOi MPOAYKTUBHOCTI CUCTEMWU ynpasaiHHA [6].
BpaxoBylouM 3a3HauYeHi TeEXHONOriIYHI Bap’epn, MOKHa
NMOCTaHOBUTM, WO ManbyTHi BeKTOopW AOCAifgXKEHb
MatoTb (OKycyBaTUCA Ha Po3pobsieHHi yHibiKoBaHUX
ribpuaHux penpeseHTauii cepefoBMLLA, 343THUX
3abe3neynTM HaTMBHE MOEAHAHHA METPUYHOI KiHe-
MATUYHOT TOYHOCTI 3 BMCOKOPIBHEBOKD CEMAHTUYHOIO
abcrpakuieto. Came TyT BMKOPUCTAHHSA CEMAHTUYHOI
OEKOMMO3MLiT CLLEHN A€ 3MOTY PagMKaNbHO ONTUMI3Y-
BaTM O0BUYMCAIOBA/IbHI Pecypcun LWNAXOM iHTeNeKTyaNb-
HOFO 3BYXEHHA MPOCTOPY MOLWYKY AA aNropuUTMIB
NAaHyBaHHA TPAEKTOPIi. 3amicTb iTepaTMBHOro nepe-
60opy BCiX rEOMETPUYHO MOMKIMBUX LIAAXIB Y METPUY-
Hill KapTi, areHT onepye CeMaHTUYHUMMU LOMEHaAMMW,
3aBAAKM YOMY MOKE BMKOYATM 3aBiJOMO Hepene-
BAaHTHi 30HM LWE Ha eTani BMCOKOPIBHEBOro MaaHy-
BaHHA. Lle nepetBoptoe 3aaavy rnobasbHOro MNOLyKy
Ha MOCANIAOBHICTb NIOKA/NbHUX OMNTUMI3aLIA Y Mexax
BMOPAHUX CEMAHTUYHUX KOHTEKCTiB. OfHAK, OCKiNbKM
B MPOLECi AOBroTPMBaIoi poboTh KiNbKiCTb BUAINEHUX
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CEMAHTUYHUX 3B’A3KIB 6e3nepepBHO aKyMYIHOETbLCS,
y pasi ¢opmyBaHHA MacuBHUX rpadiB 3HaHb, BUHUKAE
notpeba y ix epeKTMBHOMY OMpautoBaHHi. 3 ornaay Ha
Lue Halbinbl nepcnekTMBHMMM HanpsMaMu nogasib-
WMX HAYKOBUX [OCAIAKEHb BU3HAYEHO CTPYKTYPHY
ONTMMI3aLit0 HEMPOCUMBONIbHUX APXITEKTYP LUAAXOM
imnnemeHTauji mexaHiamis agndepeHuiioBaHOro noriy-
HOro BMBeAEHHA [7] @ TAaKOXK CUHTE3 BUCOKOEPEKTUBHUX
aNropuTMIB ANA AMHAMIYHOT peayKLUii rpadis 3HaHb.

KoHdniKT iHTepeciB

ABTOp AEeKNapye, WO He Mae KOHPAIKTy iHTepecis
CTOCOBHO LbOrO AOCANIAMKEHHSA, Y TOMY Yucai diHaHCO-
BOro, 0CcobuCTICHOrO XapaKTepy, aBTOPCTBa UM iHLIOrO
XapaKTepy, WO Mir 6u BNAMHYTU Ha AOCANIAMKEHHA Ta
oro pesynbTaTu, NPeACTaB/eHi B Ll cTaTTi.
®diHaHcyBaHHA

LocnigeHHA
nNigTPUMKN.
JocTynHicTb AaHux

PyKkonuc He Ma€e NoB’A3aHMX AaHUX.
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CURRENT ARCHITECTURES FOR DECISION-MAKING BY
AUTONOMOUS AGENTS

Yevhen Sobol, Andrii Ponepaliak, Yaroslav Dorogiy

Autonomous agents operating in highly dynamic
and stochastic environments with a high degree of
uncertainty require computationally efficient and reliable
decision-making architectures. Historically, the control
of such systems has been based on classical paradigms,
including reactive architectures, finite state machines,
and behavior trees. However, these methods face the
problem of an exponential combinatorial explosion of
the state space in unstructured conditions and exhibit a
critical degradation in performance due to their inability
to adapt continuously. At the same time, the transition to
modern, purely neural network-based control methods is
accompanied by an inherent tendency of systems toward
stochastic hallucinations, epistemic opacity of decision-
making mechanisms, and a fundamental inability to

provide deterministic mathematical guarantees of safe

operation.
This article investigates and justifies hybrid
neurosymbolic  architectures — that  synergistically

combine the approximation capabilities of deep learning
methods for processing multimodal sensory data with
the mathematical rigor and semantic interpretability
of classical symbolic logic methods. A comprehensive
analysis was conducted of the structural integration of
neural network modules for high-level feature extraction
with graph-based world models and hierarchical
symbolic planners. Particular attention is paid to solving
the problem of semantic ambiguity through automated
verification of the structure of knowledge graphs and the
elimination of logical conflicts prior to the start of the
physical execution stage. The promise of using semantic
scene decomposition for optimizing computational
resources has been demonstrated.

Keywords: autonomous agents, decision-making
architectures, neuro-symbolic —artificial intelligence,
deep learning, symbolic logic, behavior trees, knowledge
graphs, semantic modeling.
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AHOTALIA

Tlomoxogi inmenexmyanvhi cucmemu RIOMPUMKU RPULTHAMMSA PilieHb, o 00POOIAIOMb MYTbIMUMOOAIbHI YACO8]
PpAOU, Npayiooms Y pedcUMi Kay3aibHOCMI ma Maioms 3a00801bHAMU GUMOSU MAN0I JIAMEHMHOCTI, 00MedICeHUX
00UUCTIOBATLHUX 0100JiCemi6 | KOHMPOIbOBAHOCHI peaKyiil Ha 3MIHHICMb cepedosuwd. Kpumuunum npakmudnum
DPUBUKOM MAKUX KOHBEEPI8 € MUMYACO8A 0e2padayis OKpemux odxicepen (NponycKu, nioSUueHull wym, MacumaoHi
3CY6U), AKA MOdCce MACKYeamucs nio KOHYenmyanbhuil opei@ ma cnpudunamu nHecmadinohi abo HAOMIpHi
KepysanbHi Oii. ¥ pobomi po3ensaHymo OHAAUH-0YIHIO8AHHS HAOIUHOCMI Odceped K KAy3aabHOI IMOBIPHICHOT OYIHKU
nepedyeantis 6 HedezpadosanoMy Cmani ma nOKA3aHo, wo O NPAKMUIHO20 KepysanHs nompiona came Kaiioposana
WKANA: 3HAYEHHA HA GUXOOI MAE IHMEPNPemy8amucs K 4acmoma «Hedezpado8anH020» PedCumy 8 pele6aHmHUx
yMo8ax. 3anponoHosanuli nioxio NOEOHYE necKi NpoKCi-cueHanu oe2paoayii, npuoamui Oasl OHAAUH-OOUUCTEHHs,
3 KaniOpySanHsM [30MOHIUHOI0 pe2pecicio, Wo 3ade3neyye MOHOMOHHE 8I000PANCEHHS CKOPY 8 KOPEKMHY UMOBIPHICb.
Edpexmusnicms oyineno mempuxamu nnowi nio ROC-kpusoio (ROC-AUC) 04 6i0oKkpemaents 0e2pado8aHux cmatie
ma ouixysanoi nomuiku kaniopyeanns (Expected Calibration Error, ECE) 0J151 KoHmpoio MOSIPHICHOI Y32002CEHOCMI.
Kurouosi excnepumenmanvi pesynomamu demorcmpyroms ROC-AUC 0,86+0,07 015 Kanioposanoeo eapianma ma
noxpawenns karioposanocmi 6i0 ECE = 0,18+0,07 (be3 kaniopysanns) oo ECE = 0,08+0,04 (nicisn xaniopysanus) 3a
NPUTTHAMHUX YACOBUX BUMPAT. NPOCMI WKAIU-NPOKCT MAIOMb MIKPOCEKYHOHI 3AMPUMKU, d NOBHA OHAANUH-MOOENb
30epizae cepeOHio 1IameHmHiCMe HA PieHI OIU3LKO 150us , WO 8i0N08I0a€E nompedam nomoKosux Koneecpis. Ompumaruti
pe3ynomam Qopmye iHmepnpemosanuli KepysaibHuti CUeHal, npuoamuull 015 inmezpayii 3 npoyeoypamu 3numms,
nodiesoi 0100Hcemo8anoi aoanmayii ma KOHMPOIbLOBAHOI CUSHANIZAYI] 8 NOMOKOBUX CUCMEMAX.

Knrouosi cnosa: mawunne HaguaHHs, ananiz OAHUX, IHQOPMAYItHI cucmemu, cucmemu niOMPUMKY NPULHAMNS
piutensb, MyTbmuMoOaibHi 4acosi psou, NOMOKOGULL AHA3, OHIAUH-KANIOPYEaNHs, I30MOHIUHA pecpecis, GUABLEHHS
oezpadayii, OYiHIEAHHs HAOTUHOCMI.

Bctyn

MOTOKOBI iHTENEeKTyaNbHi cUCTEMM NIATPUMKM MNPU-
MHATTA pilleHb iHTErpylTb AaHi 3 Pi3SHOPIAHWUX OKe-
pen i GopmyoTb NPOTrHO3M Ta CUTHAJIM CTaHY B PEXUMI,
HabMKeHOMY 10 peasnibHOro Yacy. Y 6aratbox NpuKnaz-
HUX OOMEHax AaHi NPUPOAHO MAOTb BUMNAL, YaCOBUX
pAAiB, a pi3Hi ceHCopHi Ta iHPpOpPMaLiNHI KaHanu yTBo-
pHOOTb MY/IETUMOZA/IbHUI MOTIK, Y AKOMY MOAANbHOCTI
BiZpi3HAOTLCA MaclTabamu, YacToTaMK AUCKpeTM3aLlii,
3aTpMMKaMM Ta TUNOBUMU AedeKTamMu BUMIPIOBaHHS.
[Onsa Takoro Knacy cucTem BUpIilLaAbHUMU € Kay3asb-
HiCTb NPUNHATTA pilleHb, KOHTPO/Jb /IAaTEHTHOCTI Ta
KEePOBAHICTb 06YMCNOBaNbHUX BUTPAT, OCKi/IbKM came

i GaKTOpM BM3HAYAOTb MOMK/IMBICTb eKCnyaTaLii anro-
puTMIB y noToL,i.

MpakTu4HMi 36iMHUI cueHapii nonAarae B TMMYa-
COBIN pAerpagauii oKpemux MopasbHOCTEN: 3POCTaHHI
YacTKM NPOMYCKiB, NiAcUAeHHI Wymy abo nosAsi maclu-
TabHMX 3CyBiB, WO MOPYLWYIOTb CTabiNbHICTb NPOrHO3Y-
BaHHA Ta CUrHanisauii. Y notoui Ui epeKkTM YacTto HakNa-
[JAl0TbCA Ha HecTaLioHapHICTb cepefoBua (30Kpema,
KOHLEeNTyanbHUI apend), Tomy 3pocTaHHA NoxXnbku abo
3MiHa CKOpiB MOXe OyTM HeoAHO3HaYyHO iHTepnpeTo-
BaHe. Y pe3ynbTaTi cuctema pusmMKye abo «nponyckaTmu»
peanbHi BiamMOBM [AKepen, abo HaBMaKM 3amnyckatu
HaZAMipHI KopuryBanbHi gji (aganTtauito, nepeMmnKaHHn
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peXxumis, nepessaxkyBaHHA MOAA/IbHOCTEN), WO NigBu-
LLLYE BAPTICTb €KCNAyaTaLii Ta 3HUXKYE JOBIPY A0 pilleHb.

OaHuM 3i cnocobiB 3pobUTK peaKLiii NOTOKOBOI cuc-
TEMU NIATPUMKNM NPUNHATTA pilleHb KEPOBAaHUMMU € BBe-
OEHHA ABHOTO KepysasibHO20 CU2Hasy AKOCMi Mopanb-
HOCTi, KM BiJOKPEM/IOE Aerpajalilo AxKkepena Big
iHLWWX NPUYNH HecTabinbHOCTi. OgHaK ANA NPAKTUYHOIO
BMKOPUCTAHHA Lel CUrHan Mae byTu He nvwe AUCKPU-
MiHaTUBHUM, @ N IHMeprnpemosaHuUM Ta KaanibposaHum,
iHaKWe noporu Ta npasBuaa KepyBaHHA He MATUMYTb
CTabiNbHOrO CMUCAY MiXK PISHUMM CErMEHTaMMU MOTOKY.
Came usa moTuBaLis BU3HaAYae POKyC CTaTTi: OHJIANH-0-
LiHIOBaHHA HaZiHOCTI 3 KanibpyBaHHAM i30TOHIYHOM
perpecieto 3a 36epeeHHA MiKPOCEKYHAHOrO MopAaKy
NIATEHTHOCTI.

AHanis niTepatypHux AaHux i
npo6bnemu

MynbTMMOLAIbHE HAaBYAHHSA Ta 3IUTTA AaHUX € Npes-
METOM CUCTEMATUYHUX OINALIB, Y AKMX 3aNPONOHOBAHO
TAKCOHOMIiO MyNbTUMOAANbHMX 3a4auy (representation,
translation, alignment, fusion, co-learning) i nigkpec-
NeHO, WO pi3Ha AKICTb Ta HEmMoBHOTa MOAANbHOCTEM
€ TMNoBMMM Npobnemamu iHTerpauii [1]. Ornag 3 mynb-
TMmoganbHoro data fusion ysaranbHioe cTpaterii 06’ea-
HaHHA Ta GOPMY/IOE KAOUOBI BUMKAMKM (Y3rogsKeHHs,
HEBM3HAYeEHICTb, HEMOBHOTA, HEOAHOPIAHICTb), yepes
AKi pobacTHa iHTerpauia noTpebye ABHOrO BpaxyBaHHA
XapaKTEPUCTUK KOXKHOTO Axkepena [2].

[NnAa NOTOKOBMX CuUEHapiiB MPUHUMNOBUM € KOpPeK-
THE OH/IaMH-OLHIOBAHHA B Kay3a/ibHUX MPOTOKO/AX.
MepeanocnigosHuii (prequential) nigxia dopmanisye
Y3rOAKEHUN pexnm test-then-train gna XpoHoNorivyHMX
JaHUX | BUKOPUCTOBYETbLCA AK 6a30Ba MeTOA0NOrIA OLi-
HIOBAHHA B NMOTOKOBMX 3afayax [3]. MpaKTUyHi KepiBHU-
LITBA 3 HABYaHHSA Ha NOTOKax AaHWX (30Kpema, 3 NpuKna-
Aamu B8 MOA) onucytoTb TUNOBI a/ITOPUTMM, MPOTOKOAU
BafigaLii Ta iHXXeHepHi 0OMEeXeHHA peanbHOro NOTOKy
[4]. HecTauioHapHiCTb MOTOKIB Yy NPUKAAAHMX 3adadax
YyacTo nos’sa3ytoTb i3 concept drift, gas akoro 3anpono-
HOBaHO Knaacudikauii Tunis aperdy (pantoBuin, nocty-
NoBWIA, PEKYPEHTHUI) Ta nigxoau Ao apanTauii [5, 6];
OKpPeMO HaBeAeHO MOpPiBHANbHUI aHani3 aHCambaeBux
CTpaTeriid, WO AEMOHCTPYE 3aneXHicTb edeKTUBHOCTI
Bi/ZL XapaKTepy HecTauioHapHocTi [7].

OKpemolo NiHie foCNiAHKEHD € OLiHIOBAHHA M iHTep-
npeTaLis HeBM3HAYeHOCTi NPOrHosie. Y b6amMeciBcbKomy
rMMBOKOMY HaBYaHHI OOIPYHTOBAHO PO3pi3HEHHA ane-
aTopHOi Ta enicTemiyHoi HEeBWM3HAYEHOCTi 1 OoMMcaHo
NPaKTUYHI CXeMM iX OLiHIOBaHHA [8], @ TaKOXK NOKa3aHo,
WO Nif, 3CYBOM [aHUX OLHKM HEBM3HAYEHOCTI MOXYTb
CTaBaTM HeHagiHumm [9]. Ornagosi poboTM NpPonoHy-
10Tb YHidiKoBaHy dopmanbHy pamKy AAS TPAKTyBaHHA
Pi3HUX TUMiB HEBM3HAYEHOCTI B MAaWMHHOMY HaBYaHHI
[10]. MpoTe HeBU3HAYEHICTb MOAENi Ta AKICTb AXKepena

NOCTaHOBKa

OAHUX He € TOTOXHUMW: TMM4YacoBa Aerpafauia ceH-
COpa € BNACTUBICTIO BXiAHUX CNOCTEpPeXeHb | MOBMHHA
[iarHoCTyBaTUCA Kay3a/ibHO B TEpMiHaxX CTaHy AyKepena,
Wwob KepyBaHHsA O6y0 ayaUTOBAHUM.

Y bOMY KOHTEKCTi LLeHTpa/IbHUM CTa€ KanibpyBaHHA
MMOBIpHiCHMX LWKas. MoKasaHo, Wo HaBiTb TOYHI Mogeni
(30Kpema, cyyacHi rnboKi mepexki) MoXyTb ByTn cuc-
TEMATUYHO HeKanibpoBaHumM, a temperature scaling
€ MPOCTOK MPAKTUYHOIO KOPEKLIEI; ANA KOHTPOJIO
KanibpoBaHOCTi WKNpoKo 3actocoBytoTb ECE Ta giarpamu
HagajiHocTi [11]. KnacnyHe curmoigHe (norictuyHe) Kani-
6pyBaHHA NEpPeTBOPHOE CKOpW Knacudikatopa Ha MMO-
BiPHOCTi Ta BUKOPUCTOBYETLCA, 30KPEMA, A7 Nobya0BM
MMoBipHicHMX BuxogiB SVM [12]. HenapameTpuyHe Kani-
bpyBaHHA i30TOHIYHOW perpecielo 6yaye MOHOTOHHe
BifLOOPaArKeHHA «CKOp _, iIMOBIpHiCcTb» 63 napameTpuy-
HUX NpunyweHb [13], a eKcnepMmeHTanbHi NOPIBHAHHA
MOKa3ytoTb, WO Leil Niaxis € rHy4KuMm, ane YyTanusum
[0 po3mipy KanibpysanbHoro Habopy [14]. beta-kani-
6pyBaHHA PO3rNALAETLCA AK TEOPETUYHO OBIPYHTOBAHA
aNbTepHaTMBA NOTICTUYHOMY KanibpyBaHHIO AnA biHap-
HUX KnacuodikaTopie [15]. OKpemo nigKpecneHo, wWo
OLiHIOBAHHA KanibpoBaHOCTI NMOTpebye KOPEKTHUX CTa-
TUCTUYHMX Npoueayp: ctaHaapTHa ECE moxe 6yTn 3mi-
weHoto, a kernel-based TecTn nponoHyTbCA AK Hinbl
CTpOrui iHcTpymeHT [16].

[12 NOTOKOBUX CUCTEM BaXK/MBO, WO KanibpyBaHHA
He MOBWHHO NOPYLIYBATW YacoBi BroaxKeTn. KnacuuHui
ROC-aHani3 obrpyHToBye ROC-AUC 5iK y3arasibHeHy Mipy
AKOCTI PaHKyBaHHSA, iHBapiaHTHY 40 BUBOpPY nopora, Lo
€ KPUTUYHMM A8 NOTOKOBUX CLLEHAPIiB i3 AMHAMIYHUMMU
noporamu [17].

Mpobnema nonarae y BiACYTHOCTI nigxoay, AKWMA
ogHoyacHo 3abesneuye (i) AMCKpPUMIHATMBHe BigO-
KpemnieHHs AerpafoBaHMX CcTaHiB, (ii) KanibposaHy
MMOBIpHiCHY iHTepnpeTauilo WKaau HagiiHocTi Ta (iii)
MIKPOCEKYHAHWI NOPAAOK AaTEHTHOCTI, NPUAATHUIA ANA
NOTOKOBWX KOHBEEPIB.

MerTa Ta 3agadi gocnigKeHHa

MerTolo AocnifKeHHA € po3pobKa N eKcnepumeH-
Ta/bHa nepeBipKka nigxody 40 OHNAMH-OLiHIOBAHHSA
HAAIMHOCTI [A)Kepen y NOTOKOBOMY aHanisi MynbTUMO-
OANbHUX YacoBMX PALIB HA OCHOBI NIETKUX MPOKCi-CUT-
HaniB Aerpagauii 3 KanibpyBaHHAM i30TOHIYHOM perpe-
cieto. na foCArHEHHA MEeTM NOCTaBAEHO TaKi 3a4aui:

1) dopmanizyBaTv iHTepnpeTaujilo HaAiMHOCTI AK
KepyBasibHOro iHTepdelicy NOTOKOBOI cucTeMW nij-
TPUMKM NPUAHATTA PilleHb;

2) 0brpyHTYBaTM pO/b KanibpyBaHHA gna cTabinb-
HOro BUKOPUCTAHHA NOPOriB Yy NpaBuaax KepyBaHHS;

3) eKcnepuMMeHTaNbHO OLHUTK AKICTb Migxody 3a
nokasHukamum ROC-AUC, ECE Ta naTeHTHOCTI;

4) BU3HAYUTM OOMENKEHHS I YMOBM 3aCTOCOBHOCTI
B peasibHUX MOTOKOBUX CUCTEMAX.
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MocTtaHoBKa 3apadi. Hexali MYNbTUMO-
JanbHWii noTik, ae meil...M} iyaekcye mMoAanbHicTb,
a ; — AWUCKpeTHWUI vac. [erpagauis moaasabHOCTI po3-
TNALAETLCA AK TMMYACOBMM CTaH, WO 3YMOBJIIOE MOrip-
WweHHs iHdopmaTUBHOCTI abo KOPEKTHOCTI crnocTtepe-
XeHb, | MOXe MPoABNATUCA Y BUMNALI MPOMYCKIB, LWyMmy
4YM MacwTabHUx 3cyBiB. 3afaya OHAWMH-OLHIOBAHHA
HagiHocTi nonarae y GopmyBaHHi B KOXXHUIA MOMEHT
yacy ; umcna " €[0.1], ake iHTepNpeTyeTbCA AK IMOBIp-
HiCTb NepebyBaHHA MOAANIbHOCTI B HeAerpagoBaHOMY
CTaHi 33 Kay3a/IbHO JOCTYMHOMO iCTOPIELD.

KNto4oBO NPMKIagHOK BUMOTOHO € KanibpoBaHicTb
uiei Wwrkann. TobTo AKWO cucTtema nosigomnae " ~0,8
, TO B [OBrOTPUBA/IOMY TOPU3OHTI B CXOXMUX YMOBaXx
yacTKa «HederpafoBaHoOro» cTaHy mae byt 6113bKoto
00 80 %; iHaKLWe Noporn Ta NONITUKU KepyBaHHA CTal0Tb
HeayguToBaHMMM. AKICTb BiLOKpeMAeHHA aAerpajaLin-
HUX CTaHiB ouiHeTbeA 38 ROC-AUC, a KanibpoBaHicTb —
3a ECE. [logaTKoBO 4151 NOTOKOBOMO peXumy noTpibHa
nepesipKka /IaTEHTHOCTI AK XapaKTEPWUCTUKA 3aCTOCOB-
HOCTi: METOZ, Ma€ BKIAAATUCA B MiIKPOCEKYHAHI abo cy6-
MifliceKyHAHI BlOAMKeTM Ha KPOK, Wob He nopylyBaTu
3arajibHi BMUMOIM A0 PiBHA cepBicy KOHBeEpa.

JNlerki npokci-curHanu pgerpagauii. Y notokosomy
peXMmi NpAMI «BaXKKi» AiarHOCTUKMN AKOCTI YaCTo € HeJo-
CTynHUMKM abo 3aHaATO [0POrMMM, TOMY AOULiINbHO
BMKOPUCTOBYBATM MNPOKCI-CUTHAAW, WO OBYMCOOTHCA
Kay3a/bHO Ta MAlOTb HU3bKY 0BYMCAOBasbHY CKNag-
HicTb. Y 3anponoHOBaHOMY MiAXOAi aKueHT 3pobneHo
Ha MPOKCi, MOB’A3aHi 3 YaCTKOK MPOMYCKiB Ta 3i cTaTuc-
TMKaMy, WO BigobparkatoTb 3MiHy Noxmbku abo wTpa-
diB, AKI cynpoBoAXKYyOTb NPOrHo3yBaHHA. Lii curHanm He
€ MOBHMMW MOAENAMW Aerpajalii, afe BOHM NpuAATHI
AK OMNepaTuBHI IHAMKATOPU B CUMCTEMAX, A€ TOJIOBHOK
BMMOTOH0 € LWBWUAKICTb peaKLiii Ta KOHTPOAb BUTPaT.

OHNaliH-OLiHIOBaHHA Ta KanibpyBaHHA. basoBa
ilea nonArae B TOMy, WO MNOYATKOBWMIM CKOP Hagin-
HOCTi, NObyAOBaHUI Ha MPOKCi-CUTHanax, moxe 6yTn
OVCKPUMIHATUBHUM, ane HekanibposaHum. o6
nepeTBOpPUTU TaKM CKOP HA MMOBIPHICTb 3 iHTepnpe-
TOBAHMM CMMC/IOM, 3aCTOCOBYETLCA KaibpyBaHHA i30To-
HiYHOO perpecieto, iKa 6yAye MOHOTOHHE Bif0bparkeHHA
«CKOP — iIMOBIpHICTb». MOHOTOHHICTb € NPUHLMNOBOIO:
BOHA Y3rOAXKYETbCA 3 iHTYILLIE0 NPOKCI-CUTHANIB Aerpa-
Aauii (ripwuin cMrHan He NOBWHEH NiABULLYBaTU Ha4in-
HIiCTb) i 3MeHLWYe pPU3NK apTedaKTiB KepyBaHHA, KOAM
Noporu NOYMHATbL pearyBaTh HecTabinbHO.

MpaKTUYHA LiHHICTb KanibpyBaHHA NPOABAAETLCA
B TOMYy, WO MNOPOrM Ta MNpaBuWia, HalawTOBaHi Ha
KanibpoBaHili WkKani, 36epiratoTb CMUCA MiK Pi3HUMM
cermeHTamu NOTOKY Ta AOMNYCKaloTb ayauT. 3 ornagy
Ha Ue HafiMHICTb MOXHA TPaKTyBaTU AK KepyBasb-
HUI [HTepdenc: BOHa MOXKe BUKOPWUCTOBYBATUCA
ONA nepe3BaXyBaHHA MOAANbHOCTEW Yy 3AUTTI, ANA
YMOBHOIO 3aMyCKy MoAieBmx npoueayp agantauii Ta

¢ o(m)
{x" e

AnAa ctabinisauii curHanisauii B 3agavyax KOHTPOHO
pPU3UKY.

MNopisHAHHA ROC-KpMBUX ANA Pi3HUX BapiaHTIB OLi-
HIOBAHHA HAAIMHOCTI HaBeAeHOo Ha puc. 1.

True Positive Rate (TPR)

024 - = = Online Model (Unealibrated) (AUC=0.88:0.07)
m— Calibrated Model (Proposed) (AUC=0.860.07)
- Error Variance Only (AUC=0.8010.06)
* Missing Rate Only (AUC=0.6820.06)
Static (0.5) (AUC=0.50+0,00)
Random (AUC-0.50)

0.0 T T T T
0.0 02 04 0.6 08 1.0

False Positive Rate (FPR)

Puc. 1. ROC-KpuBi gna pisHUX BapiaHTiB OL,iHIOBAHHA
HagiAHOCTI

MeTpuKu AKoCTi Ta iX iHTepnpeTtauia. [ns anckpum-
MiHAUiMHOT 34aTHOCTI WKaAn HaAiMHOCTI y BigoKpem-
NeHHi «AerpafioBaHo / HeaerpajoBaHO» AOLIbHOW
€ ROC-AUC sk y3arasbHeHa Mipa AKOCTi paHXXyBaHHSA,
iHBapiaHTHa Ao BMbGOpY KOHKpeTHoro nopora [17]. Le
0cobNMBO BaXK/MBO B MOTOKOBMX CLEHapiax, Ae nopir
MOKe BMBMpPATUCA Ha OCHOBI «umMcToro» npedikca, nig,
0bOMEKEHHS Ha YacTKy XMBHUX TpuBor, abo AK yHKLiA
Bin 6toaxeTiB. BogHouac ROC-AUC He Bignosifae Ha
NUTAHHSA, YN MOXKHA iHTepnpeTyBaTh ) AK iIMOBIPHICTb;
4NA 1boro NoTpibHi KanibpyBanbHi MeTPUKK.

MeTtpuka ECE BMMIpIOE y3rogKeHicTb MiXK «Z0Bi-
poto» (confidence) Ta ¢aKkTMUHOI YacTOTOK NpaBwU/b-
HUX MOAIN y rpynax cnocrtepeeHb. OauH i3 nowmpeHnx
BapiaHTiB BM3HayeHHA ECE mae Burnaa;:

&[]

ECE=;7‘acc(1h)—conf(1b), (1)

O€ n — KiZIbKICTb cnocTeperkeHb Y KanibpyBanbHOMY
Habopi; p — KinbKicTb 6iHiB; I/, — iHAEKCU cnocTepe-
YEHb, LLO MOTPANUAN B ,-i BiH 3a 3HAYEHHAM CKopy;
ace(7,) —€MMiPMYHA YacTOTa «NO3UTUBHOI» nogii (Hanpw-
Knag, HeperpafoBaHoro cTaHy) B BiHi; conf(1,) —cepegHe
3HayYeHHa ckopy B OiHi [9]. Hu3bka ECE o3Hauvae, wo
WKany MOXHA BUKOPWUCTOBYBATU SIK KepyBasibHYy MMO-
BipHiCTb y MpaBunax, e BaX/MBE y3rofKeHHA Noporis
i3 peanbHOO YaCTOTOM NOAiN.

[Liarpamu HagiiHoCTi AnA KanibpoBaHoro, Hekasi-
6poBaHOro 1 04HOO3HAKOBOrO BapiaHTIB HAaBeAEHO Ha
puc. 2.
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Calibrated (Proposed)
ECE = 0.085
1.0

Uncalibrated online
ECE=0,184

Missing rate only
ECE=0.319

—== Parfest
B Cmpirical
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Empirical fraction (clean)
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L

0.0
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Predicted reliability

0.6 0.8
Predicted reliability

.o 0.0 0.2 0.4 0.6 0.8 1.0
Predicted reliability

Puc. 2. fiiarpamu HagjitHocTi (reliability diagrams) gna kani6posaHoro, Hekani6poBaHoro
A 04HOO3HAKOBOrO BapiaHTIB

KanibpyBaHHA i30TOHiYHOIO perpecielo. Hexall
s, — HeKanibposaHuit ckop (abo norit / ckanapHuit
CKOpP) ANA i -ro MPUKAaZy, a z {01} — MiTKa «Hegerpa-
[oBaHO / gerpagoBaHoO» ANA LbOro NpuKaagy B Kani-
bpyBanbHOMY BiKHi. I30TOHIYHa perpecis byaye moHoO-
TOHHe BifobparKeHHA g¢(), WO MiHIMI3ye KBaApaTUYHY

NOMWAKY 332 YMOB MOHOTOHHOCTI:

g :argr?jylzzl:(z, - g(s,))2 3a YMOBH, 1110 g € HECTIA/THOIO, (2)

A€ G — KNaCc MOHOTOHHMX (HecrnagHux) OyHKLin
[13; 14]. NobygoBaHe g* 3aCTOCOBYETbCA [0 CKOpiB
y notoui, popmytoum KanibposaHy OLIHKY HaAiAHOCTI
n=g'(s,) . 3 NOMNAAY KepyBaHHA Lie O3HayaE, WO WKana
» Y3rogyeHa 3 emMnipMYyHOK 4YacTOTOK Heaerpasosa-
HWX CTaHIB y KanibpyBanbHMX YMOBAX, @ MOHOTOHHICTb
rapaHTye BiACYTHICTb «nNepeBepTaHHAY» Nopsaky: 6inbw
«MOraHMM» CKOP He MOMe MepeTBOPUTUCA Ha BULLY
MMOBIpPHiCTb.

Y NOTOKOBOMY 3aCTOCYBaHHi i30TOHiIYHE Kanibpy-
BaHHSA € NpuBabanBMm TMMm, Wo (i) He noTpebye nepe-
BM3HayYeHHA 6a30BOi MoAeNi Ta MOXe BUKOHyBaTUCA
noBepx A0BiNIbHUX CKOpiB; (ii) He BUMarae napameTpuy-
HOro MNpUNyLWeHHA woao dopmu nepeTBopeHHs; (iii)

Degradation proxies

Online logistic

fr=alb+ws)

Y3rOAXKYETbCA 3 IHTYILIED MPOKCi-03HaK Aerpajalii, ae
NOPIBHANBHUIN NOPAAOK 4acTo HafilHilwMi 3a abco-
NIIOTHY WKany. Pasom i3 TUM, AK i byab-sike KanibpyBaHHS,
i30TOHIYHa perpecia 3anexuTb Big penpe3eHTaTUBHOCTI
KanibpyBasbHOrO cermeHTa Ta NOTPebye MOHITOPUHTY
nig vac ekcnayaTtalii.

3arasibHy CXemy KOHBEEpPA OHMIANH-OLHIOBAHHSA
HaAiMHOCTI HaBeAEeHO Ha puc. 3.

KanibpoBaHa HapgiliHicTb AK KepyBa/ibHUW iHTep-
deiic y nOTOKOBIN cucTemMi NIATPUMKM NPUAHATTA
piweHb. [MpakTMYHA MOTUBALiA BBEAEHHA " nonarae
He B camiii no cobi AjarHocTuui, a B ToMy, WO LWKana
noBMHHa 6YTM NpUAATHOK A1 NepeTBOPEHHA Ha AuC-
KPEeTHI Aii, AKi MatoTb YiTKy eKcnayaTtauinHy iHTepnpe-
Tauito. Y MOTOKOBMX KOHBEEpPAX TWUMOBI KepyBasbHi
4iT MOXHa YMOBHO NOAINNTM HA Tpu rpynu. lMNepwa
rpyna — peakuii Ha Oezpadayito OaHUX: MPUrHIYEHHA
abo BigknoveHHA npobnemHoro KaHany, nepexisg 4o
6inblu HagiMHOT MOAANbHOCTI, CUrHan onepaTopy Mnpo
notpeby nepesipku ceHcopa. [pyra rpyna — peakyii Ha
HecmauioHapHicmb cepedosuwya: 3anyck 0bmeKeHoi 3a
6rogKeToM afanTaLii, 3miHa napameTpiB 3rNaAKyBaHHA
abo noporis curHanisau,i, nepios «OXoN04KEHHS» Nicnn

Isotonic
re=g"(f)

¥
Modality
weighting

Calibrated
reliabiiry

i
Threshold
alerts.

ne(0,1]

Budgeted
adaplation

Dawnsiream conrol

Puc. 3. Cxema KOHBe€pa OHNaUH-OLiHIOBAaHHA HaAiIMHOCTI
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apanTauii. TpeTa rpyna — peakuii Ha pu3uku aHomanii:
KEePYBAHHA PEXMMOM CKOPUHIY Ta noporamu 3a ¢ikco-
BaHOro 6toaKeTy XMBHWUX TpMBOr. Y BCiX LMX BUMAAKax
K/NOYOBOKO YMOBOK € Te, WO NOPOrnM MOBMHHI MaTu
CTabiNibHUI cmuUCA, | came ToMy KanibpoBaHIiCTb LWKanu
€ CUCTEMOYTBOPHOBA/IbHOK BUMOTOHO.

KanibpoBaHa MMmoBipHicHa iHTepnpeTauia " nae
MOMMBICTb 334aBaTW MPaBUIA KepyBaHHA, NPUB’A3aHi
[0 3p0O3yMinux iHBapiaHTiB. Hanpuknag, nopir " >0,9
MOMKe iHTepnpeTyBaTUCA K «MO/a/IbHICTb BBaYKAETbCA
HagjiiHol 3 iMOBIpHiCTIO He Hukye 3a 0,9», a nopir
7" <0,5 — AK «NepeBaXKHO AEerpafoBaHUI PEXUM», LLO
[OMYCKAae nepexig, 40 KOHCepBaTUBHOI NOAITUKKU. bes
KanibpyBaHHA CXOXi NpaBu/a MNepeTBOPHTLCA Ha
€BPUCTUKY, AKa MOKe MpaLoBaTh Ha OAHOMY 3aMycKy Ta
pyHYBaTUCA Ha iHWOMY Yepes gpeid WwKanm abo 3miHn
po3noginy nNpokKci-o3Hak.

Pexxnmm A0CTYynHOCTI MiTOK Aerpagauii Ta ekcnaya-
TauiiHUI MOHITOPUHT. MpaKTMYHa peanisaLia Kanibpy-
BaHHA 3aN€XMUTb Big TOro, UM AOCTYMHI MITKM Aerpagauii
z, Nif vac poboTu cucteMu. Y KOHTPO/IbOBaHUX eKcre-
puMeHTax abo CTeHZO0BMX TECTax MITKM MOXKYTb OYTK
cbopmoBaHi AeTepmiHOBaHO (4Yepes iH'eKujii aerpaga-
L), Wo Aae 3Mory KanibpysaTu LUKany i OuiHlOBaTK
ECE 6e3 0oaaTKOBMX NPUNYLLEHb. Y peasbHUX cUCTEMAX
NiATPUMKM NPUAHATTA pilleHb MITKM MOXKYTb ByTW YacT-
KOBMMMW (HanpuKaag, 3a CepBICHUMM MOAiIAMU CEHCOPIB,
py4Holo BepudiKauieo onepatopa abo nicnagieto Tex-
HiYHMX iHUMAeHTIB) abo B3arani HegOCTYMHUMU. Y LUUX
YMOBAX K/tOYOBMM CTA€ eKcnayaTauiiHUA MOHITOPUHT:
BiICTEXXEeHHA cTabinbHOCTI po3noainy r, KOHTPO/b
4YaCTOTM MEPEXOAIB MiXK peXMMamMn, aHanis Kopenauii
3 BiAOMUMM iHUMAEHTAaMM, a TAaKOXK NepiogMyHa MnoBs-
TOPHa KanibpoBKa Ha CErmeHTax, e MiTKU MOXKHa OTpu-
MaTh. Came NOEAQHAHHA «KanibpyBaHHA + MOHITOPUH»
pobUTb LWKaNy BiATBOPIOBAHUM iHTepdeincom Kepy-
BaHHA, @ He 04HOPA30BO HANALITOBAHUM CKOPOM.

MopiBHSAAHHA NaTeHTHOCTI (cepegHboi Ta p99) ana
pi3HMX BapiaHTiB OLiHIOBAHHA HAAIMHOCTI HaBeAEeHO Ha
puc. 4.

Yacosi 6roakeTM Ta MiKpobeHUmapK. Y NoToKo-
BOMY PeXMMi 0BUNCNOBasIbHI BUTPaATM MOAYAS Hadilt-
HOCTi NMOBMHHI BYTU CMiBMipHi 3 BUTpaTaMun OCHOBHOTO
npeanKTopa i He NOBWHHI CTBOPIOBATM «BYy3bKe MicLe»
B KOHBeepi. ToMy OLiHIOBaHHA NaTEHTHOCTI pPoO3rnAa-
[aeTbcA AK 06OB’A3KOBa CKMAafoBa Banigauii: HaBiTb
nomipHe 36iNblIEHHA 3aTPUMKM Ha KPOK MOXKE aKy-
MY/IIOBAaTUCA Ha [AOBIMMX TOPU3OHTax i NOpyLlyBaTu
BMMOIM [0 OHOBJ/IEHHA piweHb. HaBeneHi B Tabn. 2
3HAYEHHA AEMOHCTPYIOTb XapaKTepHy KapTUHY KOMMpPO-
MiCy: MPOCTi MPOKCIi-WKaNMN € 3HAYHO WBUALIMMM, TOA
AK NOBHA OHMAWH-MOAeNb 3abe3neuye binblw iHPpopma-
TUBHY Ta KanibpoBaHy LWKany 3a cepefHboi NaTeHTHOCTI
62M3bKO 150ps . [N1A NPaKTUKKM BaxK/iMBO, WO obuasa
pexumm nepebyBatoTb Y MIKPOCEKYHAHOMY Aiana3oHi,
a OTXKe, MOXYTb byTW iHTEerpoBaHi B NOTOKOBI KOHBEEPU
6e3 paguKanbHoi nepebynoBu apxiTEKTYpMU.

PesynbTaTv abnauiiHoro aHanisy, Wo BigobpaxkaTb
BHECOK OKPEMMX NPOKCi-03HaK, HaBeAeHO Ha puc. 5.

MpocTi npokKci-WwKann npuBabamnei  MiHiManbHUMM
BUTPaTaMW, OAHAK iXHA MPUKAALHA KOPMUCHICTb 4acTo
0OMEKYETbCA BY3bKMM Knacom Aerpagalivi. Hanpuknag,
YacTKa Nponyckis 6e3nocepeaHbO CUrHANI3ye Npo BTPaATy
OaHUX, a/le MOXKe He pearyBaTy Ha LyMOBI Aerpagalii abo
MacLITabHi 3cyBUW; CTAaTUCTUKM MOXMOKU MOXKYTb ByTH uyT-
JIMBUMM A0 Aerpajaliii, ane notpebyroTb 40CTYNHOCTI Gak-
TUYHOI LA y, Ta MOXKYTb BYTU KOHOYHAOBaAHI 3 Apelidom
3agadi. Tomy NPaKTUYHWUIA KOMMPOMIC MONATAE B KOMBIHY-
BaHHIi KiZIbKOX NIETKMUX CUrHanNIB | B NepeTBOpPEeHHi cymap-
HOro CKOpy B KanibpoBaHy WwKany. KanibpysaHHA B Lbomy
KOHTEKCTi BUKOHYE PO/Ib «HOPMAi3aTopa CMUCTY»: BOHO
pobuTb Noporu Ta NpaBuna KepyBaHHA BiATBOPHOBAHUMM
i 3MEHLLYE PU3UK, LLLO Ta CaMa YMCI0Ba MeXKa O3HaYaTUme
Pi3Hi PiBHI pM3MKY Ha Pi3HUX CErMEHTax NOTOKY.

Static o

Missing Rate Only

Error Variance Only

150.9

Online Model (Uncalibrated)

592.8

Calibrated Model (Proposed)

B Mean

| 4790 = p99

T T
0 100 200

T T T T
300 400 500 000
Latency, s

Puc. 4. NMopiBHAHHA NaTeHTHOCTI (cepeaHa Ta pP99) ANA pi3HMX BapiaHTIB OLiHIOBAHHA HaAINHOCTI
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Full model (5 features)

w/o Missing rate

w/o Error variance

w/o Entropy proxy

w/o Noise proxy

w/o Lag correlation

0.747 (A=-0.128)

0.875

0.866

0.878

0.865

0.876

T T
0.70 0.75

T T T
0.80 0.85 0.90

ROC-AUC (mean, 10 seeds)

Puc. 5. BniMB oKpemMux NPoKci-03HaK Ha AKICTb OLiHIOBAHHA HaAjiHoCTI (abnauiiiHuii aHanis)

KanibpyBanbHUI1 cermeHT Ta OHOB/IeHHA Bigo6pa-
JKeHHA. I30TOHiIYHa perpecis, AK i byab-aKkuii kKanibpatop,
notpebye BMHOPY KanibpyBasbHOrO CErMeHTa, y AKOMY
CKOp s, Ta MITKMN z € penpe3eHTaTUBHUMMU LLOAO OYiKy-
BaHWX eKcnayaTauiiHMX yMmoB. Y nabopaTopHOMY CLEHa-
pii TaKMM cermeHTOM MoKe B6yTU KOHTPOIbOBAHWIA MOTIK
i3 peTepmiHOBaHMMM iH €KLiAMM derpagaliii; y BUpo6-
HUYOMY — BiZPi3KK, NiATBEPAKEHI CEPBICHUMU NOAiAMM
ceHcopiB abo py4yHoto BepudiKauieto. Y BUNAAKY 3MiHK
OoMeHy abo mexaHi3miB gerpagauii notTpibHe noBTopHE
KanibpyBaHHA abo po3WMpeHHA KanibpyBasbHOro
Habopy. MpaKTUyHMiA Nigxig nonsrae 8 Tomy, Wob pos-
TNALATU KanibpyBaHHA AK YaCTMHY eKchayaTauiiHoro
UMKAy: 36ip HOBUX NPUKNAAIB, NepeBipKa Yy3rofsKeHo-
cTi (3a ECE Ha AOCTYMHMX MiYEHUX CermeHTax) Ta OHOB-
NeHHA ¢* 3a noTpebu.

PekomeHpauii wWoAo0 BNPoOBag)KEHHA B MNOTOKO-
BUN KOHBeep. [1nA nepeHeceHHA 3amnponoHOBAHOrO
niaxo4y B NPUKAAAHY CUCTEMY MIATPUMKM NPUNRHATTA
pilleHb AOLINbHO AOTPUMYBATUCA TaKOFO MiHIManbHOTO
pernameHTy:

1) BWM3HAUUTM MpPUKAALHE MNOHATTA «Aerpagosa-
HOTO CTaHy» A/1A KOXHOTO AXepena Ta nepenik TMNnoBmx
Aerpagauin (Mponycku, Wwym, 3cysu);

2) BMBPaTM Habip Nerknx NPoKCi-cUrHanis, AKi Kay-
3a/IbHO 064YMCNIOIOTLCA B MOTOLi Ta BigobpakaloTb Ui
herpagauii;

3) cdopmyBaTM KanibpyBasbHWUA CErMEHT i3 MiT-
Kamu pgerpagauii  (KOHTPO/IbOBAHWI  TeCT, *KypHan
iHUMAEHTIB, py4Ha PO3MITKa) i NobyaysaTn i30TOHIYHE
Bif0BparKeHHs;

4) BUW3HAYUTM NOPOrU KepyBaHHS Ha KanibpoBaHil
WKani » Ta NpaBWMAa MOHITOPUHIY (4acToTa nepemu-
KaHb, YaCTKa Yacy B «HEHaAiMHOMY» peunmi);

5) nepiogMyHO NepeBipATHU Y3roAMKeHICTb WKaAN Ha
AOCTYMHUX MIYEHUX CermeHTax i OHOBAIOBATU Kanibpy-
BaHHA B pasi 3CyBY YMOB.

3a3Ha4YeHU pernaMeHT He € CKAAZHUM 3 iHXeHep-
HOro nornagy, ane CyTTEBO MiABULLYE ayaMTOBaHICTb
i CTIVKICTb pileHb y noTou,.

EkcnepumeHTaNbHi NOKa3HUKKU AKOCTi Ta IATEHTHO-
cTi. Tabn. 1 i Tabn. 2 y3aranbHIOOTb KAOYOBI METPUKM
AKOCTI Ta 4YacoBi XapaKTEPUCTMKM 3aMpPOMNMOHOBAHOMO
nigxoay.

Tabn. 1. Y3aranbHeHHA AKOCTI OLiHIOBaHHA HAAiMHOCTI
3a ROC-AUC Tta ECE

BapiaHT ROC-AUC ECE
OHnaiH-mopens i3 kKanibpysaH- 0.86+0,07 0,08+0,04
HAM (i30TOHI4Ha perpecin)
OHnalH-mogens 6es _ 0.1840,07

KanibpyBaHHA

MpocTa WKana-npokci (nuwe
nponycku abo nuie BapiaTme- - -
HIiCTb NOXMBKM)

Tabn. 2. Mikpo6eHUMapK NaTeHTHOCTI OLIHIOBAHHA
HagiAHoCTi, 1S

CepeaHA NaTeHTHICTb,

Mpoueaypa/sapiaHT s
MpocTa wKana-npokci: nmwe 9.29
NPOMycKu
MpocTa WKana-npokKci: nnwe sapi- 19.19
aTMBHICTb NOXMBKM
OHnaitH-moaenb OLjiHI0BaHHA ~150

HaAiMHOCTI (NOBHUI BapiaHT)

O6roBopeHHA pe3ynbraris

HaBegeHi pe3ynbTaT MiATBEPAXKYIOTb, WO B MOTO-
KOBOMY CLeHapii KOPUCHICTb WKaAN HaAiAHOCTI BU3Ha-
YaeTbCA ABOMa B3aEMOMNOB'A3aHMMW BNACTUBOCTAMMU:
(i) 3maTHicTIO BigOKpemtoBaTM AerpajaliiiHi cTaHu Ta
(ii) kanibpoBaHicTio MMoBipHicHOI iHTepnpeTaLii. BucoKa
ROC-AUC 03Hauyag, WO CKOp NMpUAATHUN O1A PaHXKy-
BaHHA CErmeHTIB 3a piBHEM AerpagaLii, To4i AK HM3bKa
ECE pobuTb MOXAUBUM BUKOPUCTAHHSA YNCIOBUX NOPO-
ris 6e3 MOBTOPHOI «MiATOHKM» Mg, KOMEH OKpemwuii
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3anyck. Came KanibpoBaHiCTb € TUM KOMMOHEHTOM,
AKWI NepeTBOPIOE CKOP 3 AiarHOCTMYHOrO iHAMKaTopa
Ha KepyBa/sibHUI iHTepdelic, NpuaaTHUI ans ayamutoBa-
HUX NOJITHK.

Y YaCTUHI 4acoBMX XapPaKTEPUCTUK MPUHLUNOBUM
€ Te, WO meTon 36epirae MiKpOCeKyHAHWI MNOPALOK
3aTPUMOK. [poCTi NpPOKCI-WKann € WBUAWIMMKM, ane
NoBHAa OH/JAWH-MOAENb LEMOHCTPYE BMLLY AKICTb 3a
cepeAHbOi naTeHTHocTi 6amMsbko M wo e cymic-
HUM i3 MNPaKTUYHMUMM MOTOKOBMMW KOHBEEpPAMM, Ae
06pobKa BUKOHYETHCA NOKPOKOBO abo B Manmx BiKHax.
TakMM 4YMHOM, KanibpyBaHHA MOXe po3rnagaTvca AK
«pewesa» HaabynoBa, WO A0AAE iHTEPMNPETOBaHICTb
6e3 paguKanbHoro 36inblieHHA BUTPaT.

Paszom i3 TMM MeXi 3aCTOCOBHOCTI BM3HavyaloTbCA
NpUpoAoID MNPOKCi-curHanie. [poOKci-03HaKM  aerpa-
Jauil He rapaHTyrOTb O4HAKOBO AKICHOrO poO3AineHHs
«HaAiHa / HeHadiltHa» B ycix AOomMeHax i Ans Bcix
TMNiB Aerpajauii, a KOMMOHEHTU, WO BMKOPUCTOBY-
I0Tb CTATUCTUKM NOXWMOKKW, NMPUNYCKAOTb AOCTYMHICTb
baKTUYHOTO 3HaAYeHHs i » y noToui 3 AONyCTUMOH
3aTPUMKOIO. Y CLeHapiax i3 BigKnageHoH PO3MITKOK
ONA NiATPUMAHHA KOPEKTHOCTI OLiHIOBAaHHA MOXYTb
3HaJ06UTUCA anbTepHaATUBHI MpPOKci abo 3aTpumaHi
OHOB/IEHHA KanibpyBaHHA. 3 MPAKTUYHOTO MOrNAAYy Ui
0OMEKEHHA 03HaYatoTb, WO MOAY/Ib HAAIMHOCTI NoTpe-
Bbye eKcnayaTauiliHOro MOHITOPUHTY Ta nepioguyHol
nepeBipKN Y3roAXKeHOCTi WKaAu 3 peasbHUMK MOogi-
AMWU aerpagauii, wob 36epiraTv ayamuToBaHICTb NONITUK
KepyBaHHSA.

3 no3uuii BHYTPIWHbBOI BaNiAHOCTI BaX}X/IMBO Bpa-
XOBYBATH, WO MPOKCI-CUTHANN MOXKYTb pearyBatv He
JMe Ha AerpajaLito aKepena, a i Ha 3MiHM po3noginy
AaHUX, BUKAMKAHI KOHUeNTyanbHum apeidom abo 3mi-
HOI peXMmy cuctemu. Lie CTBOPHOE NOTEHLNHY KOH-
dyHaauio «apend < perpagauia», AKy B NPaKTULI cnig,
3MEeHLLYBaTK Yyepe3 CMiNbHUI aHani3 AeKiNbKOX CUrHa-
NiB i Yepes eKkcnyaTalifHi KOHTEKCTU (KypHanW iHUM-
OeHTiB, cepBicHi nogii, iHbopmaLia NpPo TEXHIYHMIA CTaH
ceHcopa). 3 NO3MULLiT KOHCTPYKTMBHOI BaNigHOCTI € Mipoto
paHKyBaHHA i HE rapaHTyEe ONTUMAIbHOCTi KOHKPETHOTO
nopora, Toai ak ECE 3anexutb Big BMbopy HiHyBaHHA Ta
BiZL penpeseHTaTUBHOCTI KanibpyBanbHOro cermeHTa.
Tomy MeTpUKM MatoTb iHTEPNPeTyBaTUCA AK B3aEMOAO-
MOBHIOBA/IbHI, @ HE IK B3AEMO3aMiHHi.

3 no3wuu,ii 30BHiWHbOI BanigHocTi ROC-AUC nepeHo-
CMMICTb MPOKCi-CUTHaNIB | KaNibpyBaHHA MiX ZOMeHaMU
He € aBTomaTtuyHotw. LLIkana, KanibpoBaHa Ha ogHOMY
TMNi gerpagauit abo Ha ogHOMY [AOMEHI, MOXe BTpa-
TUTU Y3rOAMKEHICTb Ha IHLWOMY Yepes iHWi MmexaHi3mu
nponyckis abo iHWi WwymoBi xapaktepuctuku. OTe,
Yy MPaKTUYHIN cucTemi MIATPUMKM NPUNHATTA pilleHb
MOAYNb HAAIMHOCTI cAif Po3rnA4aTM K KOMMOHEHT, Wo
notpebye nepiognMyHoi Bepudikauii Ta (3a HasBHOCTI
MITOK) MOBTOPHOrO KanibpysBaHHs.

BucHoBKMU

Y cTaTTi npeacTtaBneHo MiaxiZ A0 OHAAMH-OUjiHIO-
BaHHA HaAiMHOCTI MoganbHOCTEM | A)Kepen y noTo-
KOBOMY aHani3i MynbTMMOAANbHUX YaCOBUX pPALIB i3
KanibpyBaHHAM i30TOHI4YHOIO perpecieto. KanibposaHuit
BapiaHT AEMOHCTPYE BMCOKY 34aTHICTb BigOKpemto-
BaTM gerpagosaHi ctanm (ROC-AUC *30%0.07) 13 cyr-
TEBO MOKpaLLye Kanibposanictb wkanm (%% nportn
0.182£0.07 a3 kanibpyBaHHA) 3a CepeAHbOI NaTEHTHOCTI
6amu3bko PO Otpumanuin nigxig Gpopmye iHTepnpe-
TOBaHUI KepyBasibHUIA CUTHAN, AKUIA MOXKe BYyTU BUKO-
puctaHuin ana ctabinbHOro KepyBaHHA KOMMOHEHTamMM
NOTOKOBOI CUCTEMM MNIATPUMKM MPUMAHATTA pilleHb 3a
Aerpagaii mofanbHOCTEN Ta 3MIHHOCTI cepeaoBuLLa.

KoHdniKT iHTepeciB

ABTOPU AEKNAPYIOTb, WO HE MatoTb KOHMNIKTY iHTe-
peciB CTOCOBHO LibOro A0CAIAXKEHHSA, Y TOMY YncAi GiHaH-
COBOTO, 0OCOBUCTICHOrO XapaKTepy, aBTOPCTBA UM iHLWOrO
XapaKkTepy, WO Mir 6u BNAMHYTU Ha AOCANIAMKEHHA Ta
oro pesynbTaTu, NPeACTaB/eHi B Ll cTaTTi.
®diHaHcyBaHHA

LocnigKeHHA
nNigTPUMKU.
JocTynHicTb AaHux

[JaHi 6yayTb HapaHi 32 06rPyHTOBAaHMM 3aNUTOM.
Mopgsaka

ABTOPW BMCNOBAIOKOTL LWMPY NOAAKY peLeH3eHTam
i pegKonerii 3a yBaxHW po3rnag pyKonucy, WiHHi 3ayBa-
YKEHHA 1 pekomeHaalLil.

nposogunocs 6e3  ¢iHaHcoBoi
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ONLINE RELIABILITY ESTIMATION OF SOURCES
IN STREAMING ANALYSIS OF MULTIMODAL TIME
SERIES WITH ISOTONIC REGRESSION CALIBRATION

lllia Uzun, Mykhaylo Lobachev
Streaming intelligent decision support systems
processing multimodal time series operate under
causality constraints and must satisfy requirements of low

latency, bounded computational budgets, and controllable
responses to environmental change. A critical practical
risk in such pipelines is the temporary degradation
of individual sources (missing values, elevated noise,
scale shifts), which can masquerade as concept drift
and trigger unstable or excessive control actions. This
paper considers online estimation of source reliability
as a causal probabilistic assessment of being in a non-
degraded state and shows that practical control requires
a calibrated scale: the output value must be interpretable
as the frequency of the “non-degraded” regime under
relevant conditions. The proposed approach combines
lightweight degradation proxy signals suitable for online
computation with isotonic regression calibration, which
provides a monotone mapping from scores to correct
probabilities. Key experimental results demonstrate ROC-
AUC of 086+0.07 for the calibrated variant and calibration
improvement from ECE of 0.18+0.07 (uncalibrated) to ECE
of 0.08+0.04 (calibrated) at acceptable time costs: simple
proxy scales have microsecond latencies, while the full
online model maintains mean latency of approximately
150us | meeting the needs of streaming pipelines.

Keywords: machine learning, data analysis,
information  systems, decision  support systems,
multimodal time series, online calibration, isotonic

regression, degradation detection, reliability estimation,
streaming data.
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AHOTAUIA

Pobomy npuceaueno cmeopennio ma 00CiioHcenHo 8UCOKOePEKMUBHUX POpMANi308anux mMooenel npeyusitiHux
obuUCTI08aYiE CneyianbHo20 NPU3HauenHs Ol pO36 A3aHHA HempaouyiiHuxX NOCMAHOBOK 3a80aHb, 0OYMOGNEHUX
BIOCYMHICMIO AHAIMUYHUX BIOHOUIEHb MIJIC 3HAYEHHAM MPAHCYEHOeHMHUX (DYHKYIL ma 8i0n08i0H020 3HAYEHHs
nopAOK08o20 HOMepa pewimKu 6 KOMN I0MEepHO-IHMesposanux Cucmemax Kepyeanns Ha 06a3i mabauyHo-
ANCOPUMMIYHUX MemOo0i6. 3acmoCy8anHa cneyianizo8anux nPeYusiuHux 0OUUCTIOBAILHUX NPUCTIPOIE € HeoDXIOHUM
071 YNpasninusa 06’ ekmamu ma weuUoKoOiloUUMU RPOYecamy 8 pealbHOMY Yaci, 0e GUKOPUCMAHHS MIKPONpOYecopie
3a2a1bHO20 NPUSHAYEHHS, HABIMb 3 CNeYiaNbHUMU NPOSPAMHUMU 3ACODAMU, HEMONCIUGE Y 38 A3KY 3 GUCOKUMU
BUMO2AMU  OOHOYACHO 00 WBUOKOOIi, HAOIUHOCMI, 2abapumis, eHepeOCNONCUBAHHA, CMYNEHs 20MOBHOCMI
u anapamypnux sumpam (sapmocmi). Ocoonueo akmyanvbnoio € 3a0aia anapamuoi peanizayii 6aeamopo3paoHUx
00YUCTIOBAYIE CNEYiaNbHO20 NpUSHAUEHHs Ol BIOMBOPEHHA 3 BUCOKOIO MOYHICMIO 0A308UX MAMEMAMUYHUX
i mpancyenoeHmuux QyHKYil 3a yMo8 0OMeHCeHUX eHepeoacosUx pecypcie y €OUHo2o Kpucmana. 3 02nady na ye
NEPCNEeKMUSHUM HANPAMOM € 3ACMOCYS8AHHS (YOPMANIZ08AHUX MADIUUHO-ANCOPUMMIYHUX Memo0ie, AKI 0armo
MOJICIUGICIMb ONMUMIZYEAMU CIMPYKMYPY O0OUUCTIOBAUIE CNEYianibHO20 NPUZHAYEHHA 0e3 NOZIpuleHHs MOYHOCMI
siomeopenns @yuxyii. Memoio pobomu € cmeopens Mooeni npeyusiiHo2o 0duuUcI08aid CneyiarbHo2o NPUsHA4eHHs,
wWo 3abesneuye BUCOKY eeKmUBHICMb Y 8I0MBOPEHHI 3HAUeHb ) OBIUKOBIL CUCmeMi YUCTIeHHs MPAHCYEHOEHMHUX
@yHKYil 8IOHOCHO NOPAOKOBO2O HOMEPA PEWIMKU WISAXOM GUKOPUCMAHHS (OPMANI308AH020 MAOIUUHOZ0 N02IKO-
000pOMHO20 MEMOOY NePemeopents 6XiOHOI KOOOBOI MHONCUHU Y 6UXIOHY 30 OONOMO20I0 KOPEe2YBAIbHUX KOHCHAHIM.
Y pobomi nposedeno sepuixayiro edpexmusnocmi popmanizoeanux madAuyHO-aI2oPUMMIYHUX MOOCLEU NPEYUZIUHUX
00YUCTIOBAYIE CNEYIATbHOZ0 NPUSHAYEHHS, PEaNi308ANUX POPMANIZ308aAHUM MAOIUUHUM JI02IKO-000POMHUM MEMOOOM.
Ompumani peynbmamu NOPIGHIOBANUCS 3 KIACULHUM MAOIULHUM MeMOOOM anapamypHoi peanizayii 3a cyKynHicmio
KII0Y08UX NOKAZHUKIG, 4 came: NOMYHCHICMIO CHOMCUBAHMNA, YACOBUMU 3aMPamamu Ha 6i0meopents Qynxyit ma
anapamyprumu 6Umpamamit (6apmicmio) 6 Mexcax €OUH020 Kpucmaia. 3anponoHo8ano opuinaibhy opmanizosamny
MOoOenb npeyusiiuHoco 00YUCTIO8aa CReyianizoeano20 NPUHA4eHHs, KA 6I0MEOPIOE 3HAYEHHS MPAHCYEHOCHMHOI
QyHKYIT 810 8I0N0BIOHO20 NOPAOKOBO2O HOMEPA PEWIMKU 3 MEHUWUMU eHEPLeMUUHUMU, YACOBUMU Ul ANapamypHuUMu
sumpamamu, wo adek6ammo 3a0e3neuye niosulLenis eqhekmueHoCmi KOMn 10mepHO-iHMezPOBaHUX CUCIEM Y 2aNLY35X
aepouasieayii, 0OOPOHHOL, KOCMIUHOT RPOMUCTOBOCIMII.

Kniouogi cnoea: npeyusiiini oouucnogayi, mabnudno-aieopummiyHi Memoou, eHepeoCcnodNiCUBAHHs, anapamypHi
sumpamiut, Gopmanizo8anuti MadIUYHO-I02IYHUL Memo0, 102IKO-000POMHULL MemOO.
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Bctyn

[na BUpiWeHHA paay TEXHIYHUX 3a4a4 Y NPOMMUCAO-
BOCTI, ra/ly3sX aepoHaBiraLiii, KOCMOHaBTUKM, KEpPyBaHHA
cneujianisoBaHMMM aBTOHOMHUMK  i3UYHUMU  06’€K-
Tamu NOTPibHO BUKOPMCTOBYBaTM 0bUMCatOBaYi ANA pi3-
HUX MaTEMATUYHUX OYHKLiN. Ha el yac 3acTocyBaHHA
cneujianizoBaHUX 064YMCAOBAZIbHUX NPUCTPOIB € HEOb-
XigHUM  ana ynpaBniHHA o6’eKTamy Ta npouecamu
peanbHOro 4acy, e BMKOPWUCTAHHA MIKpOMpOLLecopiB
3arasibHOro NpU3HaYeHHA, HaBiTb 3i cneLiabHMMK NPO-
rPaMHMMKM 33ac06amMM, HEMONKNMBE Yy 3B'A3KY 3 BMUCO-
KMMMU BUMOFaMM OAHOYACHO A0 LWBWUAKOAIT, HaginHOCTI,
rabapuTiB, eHeprocnoXmBaHHA, CTyneHA roTOBHOCTI Ta
BapTOCTi. 3a3BMYail LA 3a4ava BUPILWYETbCA 3a A0MO-
MOTOol0 apuPMETMKO-N0TYHUX MPUCTPOIB, OAHaK BinbLu
edeKTUBHUM, 0cOb6/IMBO B YMOBax OOMENKEHOro vacy,
ONA BiATBOPEHHS 3HAYeHb TPAHCLEHAEHTHUX YHKLIN
€ 3acToCyBaHHA TabnnMuHux obumcntoBadiB. TpaguuiliHi
TabnunuHi meTtogm peanisauii GyHKLUiA Ha ocHoBi ROM
abo LUT 3abesneuyloTb NpOCTOTYy peanisauii Ta getep-
MIiHOBaHW 4ac obuucneHHA, OAHaK i3 3POCTAHHAM
PO3pALHOCTI AapPryMeHTIB Ta Ki/JIbKOCTi BiATBOPHOBAHMX
dYHKLUiN Npu3BOAATbL 40 CYTTEBOrO 36inblieHHA obcAary
nam’ati M eHeprocnoxusaHHA. Came TOMY B OCTaHHi
POKM aKTMBHO PO3BMBAIOTLCA TabAMYHO-ANTOPUTMIYHI
meToau Ha 6asi anapaTHOi anpoKcumauii  QyHKLUlN,
30Kpema KyCKOBO-/iHiIHI Ta KyCKOBO-MOAiHOMia/bHi
niaxoam, riopuaHi LUT-anroputmu, a Takoxk moguoiko-
BaHi CORDIC-apxitektypu [1-3]. CyyacHi TabnuyHo-an-
FOPUTMIYHI METOAM 3HAYHO 3MEHLUYHOTb 0b6cAr TabanLb
3aBAAKN BUKOPUCTAHHIO TPUBAIUX apUPMETUYHUX one-
paLii, Wo HeNpMNyCcTMMO 41A LWBUAKOAIUMX Komn'to-
TepHo-iHTerpoBaHux cuctem (LLUKIC) cneuianbHoro npu-
3HaueHHs. Y poboTax [4—6] 3anponoHOBaHO aAanTUBHI
MEeToAMN cermeHTaLii 061acTi apryMmeHTy Ta 3MeHLIEHHS
KiNbKOCTi OMOPHUX TOYOK, LLLO A€ 3MOTYy CKOPOTUTK ana-
paTypHi BUTpaTK 33 36epexkeHHA JOoNYCTUMOT NOXMOKM.
Pa3om i3 TMM Taki Nigxoam 4acTo YCKAAAHIOTb N0TiYHY
CTPYKTYpy oObumncntoBaya Ta 36inblIyOTb 3aTPUMKM
CUTHaniB.

JocnipxeHHa [7-9] cnpsamoBaHi Ha 3HWUMKEHHSA
€HepProcnoXMBaHHA LWAAXOM OMTMMI3aLii KBAaHTyBaHHA
M ywinbHeHHs Tabnuub BignoBigHOCTEN, ofHaK bGinb-
WiCTb i3 HAUX OPIEHTOBAHI Ha BiATBOPEHHA OAHIEl QYHK-
uii i He BpaxoBylTb HaraTopyHKLIOHANbHUI pPEXUM
poboTu.

OKpemuit HanpaAM AOCNiaKeHb NoB’A3aHuUl i3 pos-
pobKoto yHiBepcasbHUX Ta PEKOHPIrypoBaHMX apXiTek-
TYpP, 34aTHUX BiATBOPIOBATU AEKiNbKa QYHKLIA Y merKax
ogHoro amapatHoro agpa [1; 2; 10]. Taki piweHHs
€ NepcneKkTMBHUMMU 3 NOMNALY 3MEHLLIEHHA anapaTypPHUX
BMTPaT, NpoTe notpebytoTb GopmanisoBaHUX MeToAiB
nobynosu Ta BepudikaLii epeKTBHOCTI.

Y 3B’A3KY 3 HaBeAEHWM aKTya/ibHOMO € 3a43a4a CTBO-
PEHHA Ta AOCAIAMKEHHS BUCOKOE(DEKTUBHUX MOAenein

0bunCoBaYdiB TPaHCLUEHAEHTHUX OYHKUiM, nobyaosa-
HUX dopmanizoBaHUMM TabAUMYHMMK NOFiKO-060pPOT-
HUMW MeToAaMM, Ki 3abe3neyytoTb 04HOYACHO BUCOKI
NMOKAa3HMKKN LWOAO0 LWBUAKOAIT, HaginMHocTi, rabapwuris,
€HeprocnoXmnBaHHSA, CTyneHs roToBHOCTI Ta BapTOCTi.

AHanis nitepatypHux pxepen i
npobnemu

MuTaHHA anapaTHOi peanisauii TPaHCUEHAEHTHUX
i cneujanbHUX QYHKUIN Y UMPPOBUX 0BYUCIIOBANBHUX
cMcTeMax aKTMBHO AOCNIAMKYETbCA B HaAyKOBIN niTepa-
TYpi NPOTArOmM OCTaHHbLOrO AecATuAITTA. OCHOBHA yBara
30cepeiyKeHa Ha 3MeHLWeHHi anapaTypHUX BuTpar
i eHeprocnoxKMBaHHA 3a 36epexeHHA HeobXiaHOT Tou-
HOCTI Ta WBMAKOA,I.

Y poboTax [1; 2] 3anponoHoBaHO PeKOH}irypoBaHi
anapaTHi apxiTeKTypu ANs BiATBOpPeHHs Habopy TpaHc-
LeHAEeHTHMX QYHKLIM, WO AAE MOXKAUBICTD BUKOPUCTO-
BYBaTM CMiNbHi anapaTHi pecypcun ana pisHmux obumcnio-
Ba/ibHMX 3a4a4y. [OKasaHo, WO TaKMi Niaxia 3meHLye
naouwy Kpuctana, npote notpebye CKNafHOI /OFiKK
KepyBaHHA Ta 4,0AaTKOBMX BUTPAT Yacy HAa NepeMmKaHHA
pexunmis.

Y pocniaKeHHsAx [3; 7] po3rnaHyTO KyCKOBO-MOANiIHO-
Mia/IbHi Ta KBaHTYBa/IbHO-OPIEHTOBAaHI METOAM anpPOKCH-
MaL,i, AKi 4atoTb 3MOry CYTTEBO 3MEHLWUTU 06cAr nam’ATi
LUT. OtpumaHi pe3synbtatu LEMOHCTPYHOTb BUCOKY
TOYHICTb, OAHAK 3i 3POCTAaHHAM KiNbKOCTI CEermeHTiB
YCKNaAHIOETbCA anapaTHa peanisauia Ta 36inbluyeTben
3aTpUMKa obuncneHb. Pobotu [4; 5] npuceadeHi agan-
TUBHIN cermeHTaujii obnacti aprymeHTy 1 onTumisadii
CTPYKTYpM obuncnioBadie, Wwo 3abesneyye Kommnpomic
Mi>K TOYHICTIO Ta amapaTypHUMM BUTpatamu. BogHouac
TaKi MeToau nepeBa*kHO OPIEHTOBAHI Ha peanisauito
oKpeMmnx OYHKLUiA | He po3rnsaatoTb MOMKAMBOCTI iX
04HOYACHOTO BiATBOPEHHA B MEXAX EAMHOI0 0b6Yncato-
Ba/IbHOTO AApa.

Y ny6nikauiax [8-10] pocnigKyroTbca eHeproe-
dEKTMBHI apXiTeKTypu Ana peanisauii TPUroHomeTpuy-
HUX Ta rinepboniyHnx QyHKLiN, y ToMy uymcni Ha 6asi
CORDIC-anroputmiB Ta ix moaudikauin. Xoya ui nig-
XOAM [,ONOMAraloTb 3HU3UTU €HEeProCNOXUBAHHA, BOHU
XapaKTePU3YOTbCA OOMEKEHOI THYYKICTIO Ta CKNagHi-
CTIO MacLWTabyBaHHA B pasi 36inblIEHHA KiNbKOCTI GyHK-
Lin. AHani3 nitTepaTypHUX ArKepen MOoKasye, wo 6inb-
LWICTb iCHYOUMX pilleHb abo OpieEHTOBaHI Ha peanisau,ito
opHiel dyHKUji, abo NoTpebyoTb 3HAYHMX anapaTypPHUX
i YyacoBuMx 3aTpaT 3a 6araTodPyHKLIOHANbHOTO BUKOPU-
CTaHHA. Kpim TOro, HefoOCTaTHbO yBarM MNPUAINAETHCA
dbopmanizoBaHMM meTogam MopiBHANbHOI BepudikaLii
eheKTMBHOCTI 3anNPONOHOBAHUX apXiTEKTYP 33 CYKYMHi-
CTIO MOKA3HUKIB EHEeProCnoXKMBaHHA, WBMAKOA(T Ta ana-
paTypHOI CKNagHOCTI.

Y 3B’A3KY i3 UMM y LbOMY AOCHiAMKEHHI po3B’A3y-
IOTbCA TaKi OCHOBHI 3aBAAHHA:

NOCTaHOBKa
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- MPOBECTM aHai3 Cy4yacHOro CTaHy TabanyHo-an-
rOPUTMIYHUX METOAIB anapaTypHOi peanisauii i moge-
nen npeumsinHuMx obumnctoBadiB cnewiabHOro NpusHa-
YEeHHA Ta BM3HAYUTU HANpPAM BUPILIEHHA NPO6AeMHUX
3aBaHb 3 aAKLEHTOM Ha 3MEHLIEeHHA eHEeprocrnoXu-
BaHHS, YaCOBMX BMTPAT Ha 06po6bKy iHpopmauii Ta ana-
paTypHUX BUTPAT (BapToCTi);

- CTBOPUTM Ta A[OCAIAMTWM nNpeuusiiHy Mogenb
obumcnoBayYa crewjianbHOro NPM3HayYeHHsA, WO BiATBO-
PIOE TPaHCLEeHAEHTHY OYHKLiO BiAHOCHO NOPALKOBOroO
HOMEpa PeLiTKK;

-  BW3HauuTM MmeTog BepudikaLii edpeKTUBHOCTI
po3pobsieHoi mogeni obuncaoBaya cnewiasibHOro nNpu-
3HAYEHHSA 33 MOKA3HWKaMM, LLO XapaKTEPU3YIOTb eHep-
rOCNOMKMBaHHSA, LUBUAKOAI Yepe3 4acoBi 3aTpaTu Ha
06po6Ky iHpopMaLii Ta anapaTypHi BUTpaTH (BapTiCTb).

MeTtogu pocnipKeHb

Y poboTi meToau pocnifrkeHb 6asyroTbCA Ha BUKO-
PUCTaHHI anapata 064YMCAOBANbHOI  MaTeMaTUKW,
B/1IACTUBOCTEN MATEMATUYHOI JIOTiKM Ta TOTOXKHOCTI anre-
6pu MerankiHa. 3acTOCOBAHO KOMMAEKC aHaNiTUYHUX
i popManizoBaHMX MeTOAIB AOCNIAKEHHA, CNPAMOBAHUX
Ha OLiHIOBAHHA edeKTUBHOCTI Moaenen npeumnsinHmux
obumctoBaYiB cneLiasbHOrO NPU3HAYEHHA 33 NOKA3HK-
KaMM, LLO XapaKTepU3yTb eHEPrOCMNOXUBAHHSA, WBNUA-
KoZito yepes 4acoBi 3aTpaTh Ha 06pobKy iHbopmaLii Ta
anapaTypHi BUTpaTu (BapTiCTb).

Pe3synbrat gocnipkeHHs

OpfHieto 3 TpaHCcUeHAEHTHUX OYHKLUiMA anapaTypHoi
peanizaujii KOMNOHEHTIB AN Komn’'toTepHOo-iHTerposa-
HUX CUCTEM CreL,ialbHOro NPU3HaYeHHA € GyHKLiA

f(x) = sc(x) — sc(0),

TOMY [ANA CNpoLWeHHA npouesypn ¢GopmMyBaHHA
1 DOCNiAXKEHHSs TpaHCUEeHAEHTHOI Mogeni obumcntoBaya
CneuiaZibHOro MPU3HAYeHHA [OCNIOXKEHHA NpPOoBOAM-
TUMEMO Ha npuknagi uiei eyHKuii. CtBopeHa mogenb
obumcntoBava crnewianbHOro Npu3HayeHHs 3abesneuye
BUCOKY €(dEeKTUBHICTb Y BiATBOPEHHI 3HayeHb Yy ABil-
KOBilA CMUCTEMI UYMCNEHHA TPAHCUEHAEHTHUX OYHKLUiN
LWAAXOM MNepeTBOPEeHHA BXiAHOI KogoBoi iHdopmauii
«J» y BUXiOHY «f(xj)» 33 LONOMOTOK BU3HAYEHUX Kope-
ryBasibHUX KOHCTAHT «A» i TicHO nos’A3aHa 3 N0riKko-ma-
TEeMaTUYHOI MOAEI0, B OCHOBI AKOI € BUKOPUCTAHHA
noriyHoi onepau,ii XOR. dopmanizoaHa noriko-matema-
TUYHA Mofenb GOPMYBAHHA 3HAYEHHA TPaAHCLEHAEHT-
HOT QYHKU,T «f(xj)» Ma€ Takuii BUrnag,

f(x) = J ® A, 1)

BPAXOBYHOUM TOTOXKHICTb noriyHoi onepayii XOR,
KoperyBa/ibHy KOHCTaHTY A BM3Ha4yaemo 3a Gopmynoto
(1) TakMM YnMHOM

A = f(xj) @ J. 2)

3HauyeHHA A cKknagatoTb TabauLo, 3HaYeHHA AKOT 3a
anapaTypHoi peanisauii popmye obcar uncnosoro 6/10Ka
nam’aTi (460M).

OcobnuBicTb 064YMCNtOBaYiB cnewiaibHOro NpusHa-
YEHHA MONATAE y TOMY, WO 3HAYEHHA KOAIB BXigHMX,
BUXIAHWX Ta KOperyBa/JibHWX KOHCTAaHT CTBOPHOIOTLCA
3a3ganerigb, ue 3abesneyye HesanexKHICTb Yacy oTpu-
MaHHA OCTAaTOYHOTO pe3y/bTaTy PO3PaXyHKiB Bif, CKNaa-
HOCTi 064YMCNeHb 3HAYEHb BiATBOPIOBAHOI PYHKLLT.

ToK nig, Yac NPOEKTYBAHHA HA OCHOBI BNAaCTUBOCTEMN
MaTeMaTUYHOI NoriKK 11 anrebpu HerankiHa popmyeTtbea
Tabnuua signosigHocTel (Tabn. 1), HaBeaeHa HUXuYe.

Y Tabn. 1 KopTexHi Koan Homepis J i GyHKU,i f(xj) Ta
KOZM KOPTEXKiB KOPEryBasibHWUX KOHCTAHT A_Ta A 33
BiANOBIAHMMW AOMEHaMM NpeacTaBieHi B AECATKOBIN
Ta ABIMKOBI CMCTEMAX YUCNIEHHA.

[Onsa Hao4yHOCTI 3a pe3ynbTaTaMu AOCAIANKEHHA Ha
puc. 1 nobynoBaHO MoZenb ricTorpamu, fika BisyasibHO
NOKa3ye Ki/lbKiCTb OAHAKOBUX 3HAaYeHb KOperyBanbHUX
KOHCTaHT k Ta BMKOpMCTOBYE BignNOBiAHI KOO4OBI 3Ha-
YeHHn Tabn. 1.

3a pe3ynbTaTamMu aHanizy HaBeAeHOi mogeni ricTo-
rpamm BU3HAYeHo, Lo A1a GopMyBaHHS 06’emy ymcno-
Boro 6/10Ka nam’aTi NOTPIGHO 3HaYeHb KoperyBaibHUX
KOHCTaHT 418 KOPTEXKiB CTapLlunx po3pagis —4 wr.,

ONA KOPTEXKIB MONOALINX PO3PALIB — 7 LWT.

3aranbHa KinbKiCTb KOAOBUX KOPTEXKIB CTAHOBUTbL 11.

Mpn ubomy edeKTUBHICTb YLLiIbHEHHA iHpopma-
uii ana uncnosoro 6aoKa Nam’ATi OLIHIOETbCA 33 MaTe-
MaTUYHMM BMpa3om KoeodilieHTa edpeKTMBHOCTI Ta
OOPiBHIOE:

E = Lm/ L .= 63/11 =5,7.

EdekTMBHY Mopgenb obumcatoBaya cnewianbHOro
NPU3HaYeHHsA, WO BiATBOPIOE 3HAYEHHA TPAHCUEHAEHTHI
byHKuji f(xj) dbopmanizoBaHUM TabaMYHUM noriko-o60-
POTHUM METOAO0M, 306pakeHo Ha puc. 2.

Mpouenypa $opmyBaHHA 3HAYEHb TPAHCUEHAEHT-
HoT dyHKLi po3pobneHoto mogennto (puc. 2) 3aincHio-
€TbCA TAKMM YMHOM. BXigHuWi Kog J, WO 3anucyeTtbea
B perictp Pr 1, nig gieto Kepytoumx imnynbcisa MMA 8, wo
HaAXoAaTb Ha Kepytodi Bxoau 4, 5 KoMbiHaLiMHUX cxem
aapec, po3nisHAETbCA KOMBIHALIMHUMK CXeMamm agpec
2 i 3. BuxigHi imnynbcu BigNOBIAHMX agpeciB OCTaHHIX
Haaxo4ATb Ha BignoBigHi Bxoau YBIM. 6 Mig gieto ymx
iMNY/IbCIB 34YNTYIOTbCA KOAM KOPEryBasibHUX KOHCTaHT
A_, A, , AKi 338 4ONOMOrOI0 3BOPOTHMX 3B’A3KIB HAAXO-
OATb Ha BiAMOBIAHI NiYMNbHI BXOAM Tpurepis perictpa 1.
OOMHMULI KOperyBasibHUX KOHCTAHT, WO HaAiwan Ha
NiYMNbHI BXOAW BiAMNOBIAHMX TPUrepiB pericTpa, 3miHto-
I0Tb CTAH UMX TPUrepis Ha npoTunexkHuin. Ha snxoai Pr 1
Ta Ha Bxogax MAH-kntouiB 7 3'aBNAETLCA KOA 3HAUYEHHSA
TpaHcueHAeHTHOI ¢yHKUiT f(x), AKiKM 3 no3BONY Kepyto-
yoro imnynbcy MIMA 8 npoxoauTb Yepes Biakputn MH-
KNto4i Ha ioro Bmxogu. OCTaHHI BCcepeauHi Kpuctana
3’eAHaHi i3 WuHamm «Bxig, / Buxia», umMm 3meHLIyeTben
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Puc. 1. Ficrorpamu KinbKocTi k 0AHaKOBUX 3HaU€Hb A KOPEryBa/lbHUX KOHCTAHT A/ KOPTEKiB:

A

cm’

A4, — cmapuwux, moroduwux pospsdie 8idrnoeioHo
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I |
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! ° I
L.o—.—. R ) (U e 4

MIIA 8

Puc. 2. BucokoedpeKTnsHa mogenb npeyusiiHoro obumcntoBaya cnewiasibHOro NpuU3HaYeHHs
ONA BiATBOPEHHA TPAHCLEHAEHTHOI QYHKLUIi:

1 — peeicmp Pe; 2, 3 — kombiHayiliHi cxemu adpecie domeHig KopeaysanbHUX KoHecmaHm A A, O 8U3HAYEHHS!
Kodie cmapwo20 ma Mos100uWo20 Kopmexxie 8i0rnogioHo; 4, 5 — kepytodi 8xo0u KombiHauitiHUX cxem adpecie OOMeHi 8
Or1s1 8U3Ha4YeHHs1 KoOie KopeaysarnbHUX KoHecmaHm A A, cmapwozo ma mooduwozo Kopmexxie 8i0rnogioHo;

6 — yucrnosuti 6ok nam’ami YBI1; 7 — MOH-knro4qi; 8 — MIA (MikponipoepamHuli asmomam)

KiNbKiCTb BHYTPILIHIX | 30BHILIHIX KOHTAKTIB, WO NiaBu-
LLLY€E HaAiHicTb obuncatoBaya.

Ona pocnigyKeHHA Ta npoBeAeHHA Bepudikauii
CTBOPEHOi Mmogeni obuyucnaoBaya TpaHCUEHAEHTHOT
dYHKLIT 3aNponoHOBaHi MaTeMATMYHI MOZEeni ouiHto-
BaHHA e(peKTUBHOCTI 3a OCHOBHMMMW MNapaMeTpamu:
NOTYXKHOCTi CNOXMWBAHHA; BUTPATU Yacy Ha OTPMMAHHA
pe3ynbTaTy; anapaTypHi BUTpPaTKU (BapTicTb), WO HaBe-
OeHo B Tabn. 2, 3, 4.

Bepuodikauia edbekTMBHOCTI cTBOpeHOi moaeni obunc-
NI0Baya CnewianbHOro MpM3HAYeHHs 33 3rafaHumu
BMLLE MapaMeTpamun NPoOBOAMUTLCA Yepe3 NOoPiBHANbHUM
aHani3 3a BMCOKOLWBUAKICHUM KNACUYHUM TabAUYHUM
METOAOM.

3a pesynbTaTammn po3paxyHKiB (Taba. 2) noTyKHoc-
Tel CNOXMBAHHA NOKa3aHo, WO Moaeb 0buncatoBaya,
AKa BIATBOPIOE TPaHCUEHAEHTHI OyHKUii dopmanizo-
BaHMM TabAMYHUM NOTiKO-06OPOTHMM METOAO0M, Mae
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Ta6bn. 2. Pe3ynbTaTy KiNIbKiCHOrO OLiHIOBaHHA 33 NapamMmeTpamm NMOTYXKHOCTi CNOXKUBaHHA CTBOPEHOT
dbopmanizoBaHoi Ta TabAnuHOT mogeneli o6uncatoBaYiB cneLiasibHOro NpM3HaYeHHs y NPoueci BigTBOpeHHs
3HauyeHb TPAHCLEHAEHTHOI QYHKL,iT

. Mogenb o6uncnioaua .
MeTtop anapaTtypHoOi i . i Pe3ynbTaTt po3paxyHKiB
L BNA BiATBOPEHHA 3HauYeHb BigNoBigHNX .
peanizauii N NOTYXKHOCTi CNOXMUBaHHA
YHKUiN
TabanuHnit f(xj.) = sc(xj) —sc(0) P =2[2P6+P,(2°~1)+P,6(2°-1)] =
KNacu4Hui B, Kogy NopAAKOBOro =2[2"4P,6 + P,(2°~1) + P,6(2°-1)] =
Homepa (J) =978 P,
dopmanizosa- byHKUii P, .=[Pn+2:-P(1/E)+P +
HUI TaBANYHWIA [f(x) = sc(x) - sc(0)] +P,m (n/m)(1/E) +P,] =
JIOTiKO-3BOPOTHUI Big, Kogy NopAAKOBOro =1[4P,6 + 2-P(1/5,7) + P, + P,6:(1/5,7) +
Homepa (J) +P]=274P,

MpumiTkn: P, — NOTY>XHOCTI CNoXMBaHHS O4HOro Tpurepa perictpa; P,— naHutora Buaadi ogHiei agpecu; P, — ogHoro
noriyHoro enemeHTa; P, — 0fJHOrO aKTMBHOTO erleMeHTa yucrnosoro 6rioka nam’ati; P, — ogHoro 6nioka MIAH-kntouis;
[} — KiNbKiCTb TpUrepis; w — KinbKiCTb NaHLUoriB Bugadi ogHiei agpecu; h — KinbkicTb NOrYHUX €neMeHTiB; | — KinbKicTb
enemMeHTiB Ub; { — KinbKiCTb KpUcTanis A4ns BiATBOPEHHS KifTbKOX (PYHKUIN; Z — KiINbKICTb pericTpiB Ha 0gqHOMY KpucTani;
Y — kinbkicTb 6rokiB agpecy Ha 0OgHOMY KpucTani; N — KinbkiCTb YNCNoBUX BNOKIB NaM’aTi Ha OQHOMY KpucTani; v — Kinb-
KicTb 6nokis MOH-kntouiB.

MEHLLY MOTY}KHICTb CMOMMBAHHA MOPIBHAHO 3 TabnAny-  AKi HaBedeHi B Tabn. 4, iX BeAMUMHA 3MEHLUYETHCA
HUM K/IaCUYHUM METOAOM 3aBAAKU BUKOPWUCTaHHIO Y 29,6 pasa, TobTo

OfZLHOTO pericTpa 1 ofHOro Yncnosoro 610Kka nam’saTi B C,,/ Cypo= 1002 a, /33,9 a,= 29,6.

P, /P,...=978P,I27,4 P,= 35,6 pa3a. TakMM YMHOM, BEIMUYMHA 3MEHLUEHHA anapaTypHUX
TakuM uMHOM, BepudiKalis epeKTUBHOCTI po3-  3aTPaT MNiATBEPAKYE edeKTUBHICTb  3anpOornoHOBaHOI
pobneHoi Mogeni oBuMcaloBaYa  MiATBEPAKYETbCA ~ MOAENI 0BYMC/IOBaAYa, WO peanisye BiATBOPEHHA 3Ha-
pesynbTaTamMn PO3paxyHKIB 3a NapameTpom noTysHocti  YeHb pewitiactoi dyHkuii fix) = sc(x) — sc(0) ana sia-
COMUBAHHS. noBigHOro ABiMKOBOro Kogy nopsaakoBoro Homepa (J)
3aBAAKM 3aNponoHoBaHOMY popmanizoBaHomy Tabany-
HOMY loriKo-060pOTHOMY MeToAy.

Ha ocHOBi HaBeAeHMX pe3y/abTaTiB PO3PaxXyHKiB
NOTYXKHOCTi CNOXWBAHHA Ta Yacy 3aTpaT Ha BiATBOPEHHA
3HaYeHb BiANOBIAHNX QYHKLiA AOLINIBHO BU3HAYUTM TaKi
TEXHIKO-eKOHOMIYHI KoediujeHTn: K, Ta K.

t KoediuieHT K, — BennunHa, WO XxapakTepusye eHep-

Mpunyctumo, Wo a,=a,=0a,=a,=0,= 0, =0, =0, ro3bepexeHHA 3aNpONOHOBaHO moaento obuucnio-
TOAji 33 pe3ynbTaTaMu PO3PAxyHKIB anapaTHMX BUTPAT, Bauya, AKa peanizoBaHa ¢opmanizoBaHMm TabANYHUM

OTpuMaHi pe3ynbTaTM PO3pPaxyHKiB 4acy BiATBO-
peHHA, nogaHi B Tabn. 3, nokasanu, WO 3aTpMMKa
pe3ynbTaTtiB y BIiATBOPEHHI TPaHCLEHAEHTHOI yHKLT
36inblueHa Yepes3 AOAATKOBO BBEAEHI N0OriYHI onepauy,i,
T06TO B

t =22t/2ot =1,1 pasa.

®TNO '

Ta6n. 3. Pe3ynbTatv po3paxyHKiB Yacy BiATBOPEHHA 3Ha4YeHb TPAHCUEeHAEHTHOT QYHKLIi mogennto obuncnioBadis
cneuianbHOro NpU3HaYeHHA

MeTog anapaTypHoi Mogenb obuucnioBaya Pe3ynbTaTv po3paxyHkis
peanisauii ANA BiATBOPEHHA 3HAYEHb BiANOBIAHUX GYHKLiN yacy BiaTBOpPEHHA GYHKLiN
TabnAnyHNUM TpaHCUEHAEHTHa PYHKL,iA

tun= 2:[Ztp, + Yts+ B -ty,] =
KNacuuHmit [flx) = sc(x) = sc(0)] = 2[2te + 1o pe]
BiZ KOAY NOPSAAKOBOroO % 2:[2-4t, + yto + Ret,,] %20 t,
Homepa (J)
¢0pMa!1I3OBavHI/IVI TPaHCLeHAeHTHA GyHKLiA L pmao =2:[Ztp. + Yty + Yty + Vo + B 'fpe] ~

TabAnuHU [f(xj) = sc(xj) —sc(0)]

~2 [l 4+ 1+4+1+1],~221,

JIOTiKO-3BOPOTHMMA Big, Ko4y nopsakoBoro Homepy (J)

Mpumitku: t. — vac ogHopasosoi Bubipku 3 M3M1; t =t — vac ogHiel norivHoT onepauii; t =t — yac 3amiHu cTaHy Tpu-
repa 3 o4Horo B iHWKiA; t, = 4 t —vac 3aTpumkm iHdopmaLii B pericTpi; t, = t, — yac opMyBaHHSA KOHCTUTYAHTU OAUHML
oAHiel norivyHol onepauii; t , =t — dJac sampumku MLH-knroya.

MOH
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Tabn. 4. Pe3ynbTraTv po3paxyHKiB anapaTypHUX BUTPAT Ha moAeni obuncntoBadis cneuiaibHOro NPU3HaAYeHHnA y
npoueci BiATBOPEHHA 3HAYE€Hb TPAHCLLEHAEHTHOIT PYHKLT

Mogenb obuncniosaua

Pe3ynbrat po3paxyHKis

Homepy (J)

MeTop anapartyp- . N .
Hoi peanizauji AN BiATBOPEHHA 3Ha'-|eHb.BIp,I'IOBIp,HMX al:laparypu.ux Bwrp.arr (sapricTb) .
undposux Kogis Ha BignoBigHi moaeni o6uncntoBavis
TabanuHni f(xj) = sc(xj) —sc(0) C=C[Zan+Ya (2 —1)+
KNACUYHUI Bi4, KOAy NOPAAKOBOro +na,n(2"-1)+pal=

=2[2a,6+0,(2°~1) +0a,6(2°~-1) +12a,] =
=20,[2'4'6+(2°~ 1) +6(2°— 1) +12] =
=2a, [48 + 63 +378 + 12] = 1002 a,

®dopmanizoBsa-
HWU TabNNYHWIA
NI0TiIKO-060pOTHUI

f(xj) = sc(x/.) —sc(0)
BiZ, KO4y NOPSAAKOBOro
Homepy (J)

C=T[Z'a,n+Ya,(1/E) + ha,(2) +
+na,(n/m)(1/E) +va,+p a,] =
=1'[a,n +2a,(1/E) + a,(2) + a,m(n/m)(1/E,) +
+tva,+pra]=
= 1'[40,6 + 2°20,(1/5,7) + 2a,+ a,6(1/5,7) +
+a,+6a0,]=339a,

MpumiTkK: @, — 3aTpaTi Ha OAVH PO3PSIA PETICTPa; a, — Ha OfIMH NaHLKor BUAadi ofHiel anpecu; a, — Ha OfIMH JorivHMI
ernemMeHT; a,— Ha oauH 6itT YUb nam’'ati; a, — Ha MIH-kntoui; a, — Ha 0OWH eNEMEHT 3aTPUMKW; a, — Ha OAWH 30BHILLHIN
KOHTaKT;  — KinbKiCTb KpMUCTanis Ans BiATBOPEHHS KiNbKoX YHKLIN, WO peanisytoTbCs anapaTHoO; @ — KiNbKiCTb enemeH-

TiB 3aTPUMKM; P — KiNbKICTb 30BHILUHIX KOHTAKTIB.

NOTiKo-060pPOTHIM METoAOM BiAHOCHO TabAMYHOrO Kna-
CMYHOTrO MeToAy anapaTypHOi peanisauii mogeni obumc-
/toBaYva TPaHCUEeHAEHTHOI QyHKL,T.

KoediuieHT K, BU3HauaeTbca 3a popmysoto (6):

K, =E,, /E, (6)

AeE =P °t —BeNWYMHa, LLO XapaKTEPU3YE EHEPTit0
CMOXKMBAHHA Mogento obuncntoBaya, Aka peanisoBaHa
KNAaCUYHUM TabNUYHUM METOLOM;

E = Pt — Be/MYMHA, WO XapaKTepU3ye eHeprito
CMOXMBAHHA MOAENN0 0bYMCAOBaYa, fAKa peaniso-
BaHa $opMmanizoBaHMM TabANYHUM /IOTiIKO-060POTHUM
METOAOM.

KoeoiuieHT K. — Be/MUMHA, AKa XapaKTepusye 3meH-
WEeHHA anapaTypHUX BUTPAT Yy MpPOLECi CTBOPEHHA
mogeni obumncnoBaya, WO peanizoBaHa dopmanizosa-
HUM TaBNMYHUM NOTIKO-0BOPOTHIM METOA0M BiAHOCHO
Tab/IMYHOrO KNACMYHOTOo MeToay ANA BiATBOPEHHSA 3Ha-
YeHb TPaHCUEHAEHTHOT GYHKL,I.

KoediuieHT K_ BU3Ha4aeTbea 3a popmynoto (7):

K, =C,/C, (7)

Ae C — BeNMYMHA, SIKa XapaKTepusye anapartypHi
BMTPATK Ha moaenb obuncatoBaya, peanisoBaHoro gpop-
Ma/li30BaHUM TabIMYHUM NTOTiIKO-0B0POTHIM MEeToA0M;

C,, — Be/MYMHA, AKA XapaKTepusye anapaTypHi
BMTPATM Ha MoAeNb obuymcatoBaya peanisoBaHoro Tab-
JIMYHUM KNTACUYHUM METOLOM.

PesynbTaTu po3paxyHKis 3Be4eHi B Tabn.5.

OTKe, TEXHIKO-EKOHOMIYHI MOKAa3HMKKU MiATBEpPAXKY-
10Tb ePeKTUBHICTb po3pobaeHoi opuriHanbHOI mogeni
npeumsiiHoro obuyucntoBaya creuiabHOro MpU3Ha-
YeHHA, AKa anapaTHO peanisoBaHa Ha 6a3i ¢opmaniso-
BAHOro Tab/IMUYHO-aNTOPUTMIYHOTO MeToay.

O6roBopeHHA pe3ynbrariB

OTpuvMaHi pe3ynbTaTh 4OCNIAKEHHA NiATBEPAKYOTb
OOUINbHICTb 3acTocyBaHHA ¢opmanizoBaHoro Tabnmu-
HOro noriko-obopoTHoro metoay Ans nobyaoBu npe-
UM3iMHMX 06YMCAOBAYIB CMELiaNibHOTO MPU3HAYEHHS,

Tabn. 5. NopiBHANbHUIA aHaNi3 NOKAa3HUKIB eHeprosbeperkeHHA Ta 3MEHLLEeHHA anapaTypHUX 3aTpar
ANA 3aNpOnNOHOBAHUX MeToAiB i mogeneit obuncnosavis

MeTog, anapatypHoi | Mogenb obumncnto- K. K,
peanisauii BayaanA BiATBO-
per—n—m 3r|aqub C c @ £ £ @
BiANOBiAHMX “, Ci 2 wa Ei
bYHKUN
dopmanizoBaHuit pewityacToi GpyHK-
TabnAnuHuM iilf(x) = sec(x) —
. . iiA f) . ( J) 33,9 | 1002 29,56 602,8 | 19560 32,45
NOriko-060pOTHUI sec(0)]sig nopsaa-
KoBoro Homepa (J)
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OpPIEHTOBAHMX Ha BiATBOPEHHA TPAHCLEHAEHTHUX DYHK-
Ui y KOMN'IOTEPHO-IHTErPOBaAHNX CUCTEMAX KEPYBaAHHA.

Ha BiamiHy Bif, KnacuuyHux TabavyHUX niaxoais, ae
niaBULEHHA po3pAAHOCTI abo KinbKocTi dyHKLUin 6es-
nocepeaHbo NPU3BOAMUTL A0 3POCTAHHA obcary nam’aTi
1 eHeprocrnoXKMBaHHA, 3aNpOrNoHOBaHa Moaenb 3abes-
neyye ONTMMI3aLLit0 CTPYKTYpU 0BYMCAOBANBbHOMO Npo-
uecy 3aBaAaku popmanizauii TabaMUHUX 3anexxHocTen
i BUKOPUCTAHHA KOPeryBasibHNX KOHCTAHT.

AHanis CTPyKTypu 4YnmcnoBoro 610Ka nam’ati noka-
3aB, WO iCTOTHE yui/fibHEHHA iHpopMmauii JocAraeTben
3aBAAKM NOBTOPIOBAHOCTI 3HAY€Hb KOperyBasibHUX KOH-
CTaHT Y JOMEHAX CTApLUMX i MONIOALLMX KopTexiB. Lle nae
3MoOry peanisyBaTui yHiBepcaibHe NpeacTaBaeHH:A GyHK-
LioHanbHOI 3anexHocTi 6e3 HeobxigHoCTi 36epiraHHA
noBHOI TabauLi BigNOBIAHOCTEN, LLLO € KNHOYOBOIO Nepe-
Barok0 3anponoHoBaHOro nigxoady. BHacnigok wboro
3HAYHO 3MEHLUYIOTbCA anapaTypHi BUTPATK Ta KiNbKiCTb
aKTUBHUX efleMeHTiB, Wo 6e3nocepesHbO BMN/IMBAE Ha
eHeproedeKTUBHICTb 0buncntoBava.

OTpMMaHi OLHKM eHeprocnoXMBaHHA AEMOHCTPY-
I0Tb CYTTEBY nNepeBary ¢dopmanizoBaHoi mogeni Hapg,
KNAaCUYHUM TabAUMYHMM METOLOM, WO MOACHIOETHLCA
3MeHLWeHHAM obcAary nam’sTi, CKOPOYEHHAM KiNbKo-
CTi pericTpiB Ta 3HUMKEHHAM iHTEHCMBHOCTI BHYTPILIHIX
nepemunkaHb. BogHo4vac aHani3 YacoBUX XapaKTePUCTUK
NMoKasaB He3HayHe 36iMbWweHHA 3aTPUMKM GOPMYBaHHA
pe3ynbTaTty, 3ymoB/iieHe AO0LATKOBUMMU NOFIYHMMMK one-
pauiamu ¢popmanisoBaHoro nepetsopeHHaA. O4HaK TaKa
3aTPMMKa Ma€ AeTePMiHOBAHMI XapaKTep i He 3a71eXnTb
Bif, CKNagHOCTI BiATBOPIOBAHOI QYHKUi, WO € NPUHLUM-
NOBO BaXK/IMBUM /19 CUCTEM PEAIbHOTO Hacy.

BaknmBoO nepeBarol 3anponoHOBaHOro niaxony
€ MOoro yHiBepcasbHiCTb, OCKiNbKM Ta cama anapaTHa
CTPYKTYpa moxe 6yTW BMKOpWCTaHa A1A BiATBOPEHHA
Pi3HUX TpaHCUEHAEHTHUX OYHKLIN WAAXOM 3aMiHK
Habopy KoperyBa/sbHUX KOHCTAHT 6e3 mogudikauii
anapaTtHoOi 4YacTuHW. Le cTBOploe nepeaymosu Ana
nobyanosn 6araTopyHKLiOHANbHMX CnewianizoBaHUX
obumncntoBaydiB i3 BMCOKMM piBHEM aZanTMBHOCTI Ta
maclTaboBaHoCTI.

PesynbTaT gocnigxeHHA cBigyaTh, Wo dopmaniso-
BaHWI TabIMYHMIA NOTiKO-060POTHUIT MeToa 3abe3neyye
edeKTUBHUIM KOMMNPOMIC MiXK LUBUAKOAIED, eHeprocno-
KMBAHHAM | anapaTypHUMM BUTpaATaMM Ta € Nepcnek-
TUBHOK OCHOBOK AN CTBOPEHHA BUCOKOEPEKTUBHUX
npeumnsinHux 0bYUCNIOBANbHUX MPUCTPOIB cnewjab-
HOrO NPU3HAYeHHSA.

BucHoBKkM

Mig 4ac BMKOHAHHA AOCNIAMKEHHA OTPMMAHO Taki
OCHOBHI pe3y/ibTaTu:

1. Y poboTi po3B’A3aHO aKTya/ibHy HayKOBO-Mpw-
KNagHy 3ajadvy CTBOPEHHA BUCOKOEPEKTUBHUX ¢op-
Masni3oBaHWX Mogesnel npeumsinHuMx obuncatoBadis

cnewiaNbHOro Npu3HayYeHHA A4 BiATBOPEHHA TpaH-
CUEHAEHTHMX OYHKLIM Yy Komn'loTepHO-iHTErpoBaHMX
CMCTeMax KepyBaHHA 33 YMOB BiCYTHOCTI aHaNiTUYHUX
3a71eXKHOCTEN MiXK 3HAYEeHHAM QYHKLii Ta NopALKOBUM
HOMEPOM PELLiTKN.

2. Ob6rpyHTOBaHO AOLINIbHICTb BUKOPUCTAHHA dOp-
Mafi3oBaHUX TabAUYHO-aNTOPUTMIYHMX MEeToAiB ANn
anapaTHoi peanisayii 6aratopo3pagHUx obumcatoBadis
cnewjiasbHOro NPU3HaYeHHA B CUCTEMAX peasibHOro Yyacy
i3 YKOPCTKMMM 0OMENKEHHSAMM LWOAO WBMAKOAII, eHep-
rOCNOXMBaHHA, rabapuTis Ta BapTocTi. [oKasaHo, WO
3aCTOCYBaHHA YHiBEPCaZbHMUX MiKPOMNPOLLECOPHMX 3aC0o-
6iB y TAaKMX yMmOBax € HeePEeKTUBHUM.

3. Po3pobneHo dopmanizoBaHy Mogenb npeuu-
3iiHOro obumMcAoBaYa crnewjiasbHOro NPU3HaAYeHHs, AKa
6a3yeTbcA Ha TabAMYHOMY NOTiIKO-060POTHOMY METOA
nepeTBOPEeHHA BXiAHOI KOAOBOI MHOMWHWU Y BUXIGHY
3 BMKOPUCTaHHAM KOpPEeryBa/ibHUX KOHCTaHT. 3anpono-
HOBAHO Niaxig, Wo 3abe3neyye BiATBOPEHHA 3HaAYeHb
TPaHCUEHAEHTHUX (YHKLiM Yy AOBIMKOBIA cucTemi uuc-
JIEHHA 3 BUCOKMMM NOKA3HMKaMM LLLOA0 TOYHOCTI, WBUA-
Kogji, eHeprocno»KmnBaHHi, rabapuTis, Barn, HaginHoCTi,
anapaTypHUX BUTPAT O4HOYACHO.

4. TMposeaeHo BepudiKaLio epeKTUBHOCTI 3anpo-
NMOHOBaHUX MoZeNel WAAXOM NOPIBHAHHA 3 KNAaCUYHUM
Tab/IMYHUM MeToAoM anapaTypHOi peanizauii. OuiHto-
BaHHA 34iCHIOBANOCA 3@ CYKYMHICTIO KNOYOBUX MOKa3-
HUKIB: €HEeprocnoXmBaHHAM, YaCOBMMM 3aTpaTaMu Ha
BIiATBOPEHHA OYHKLiN Ta anapaTypHMMW BUTpaTamu
B MeXKax EAMHOro Kpucrana.

5. 3a pesynbtraTamu JocnigxeHb BCTaHOB/MEHO, WO
3anpornoHoBaHa ¢opmanisoBaHa mogenb 3abesneyye
3MeHLUEeHHA eHepreTMYHUX, YacoBMX Ta amapaTypHUX
BUTPAT 6e3 noriplweHHA TOYHOCTI BiATBOPEHHA PYHKLIN,
WO CBiAYMTb NPO NiABULLEHHS edeKTUBHOCTI cneuiani-
30BaHMX 064YMNCNIOBAbHUX 3acObiB.

6. [lpaKkTMyHe 3HAYeHHA OTPMMAHWX pPe3y/bTaTiB
NOIATA€ Y MOM/IMBOCTI iX BUKOPUCTaHHA A1A CTBOPEHHA
KOMN'IOTEPHO-IHTErPOBaHNX CUCTEM KEPYBAHHA B rany-
35X i3 NiABMLLEHMMM BUMOTaMM A0 HAZIMHOCTI Ta WBUA-
Kogii, 30Kpema B aepoHaBirauLinHnx, o6opoHHMX Ta KocC-
MIYHUX CUCTEMAX.

OTmKe, OTPMMaHI pe3ynbraTv NiATBEPAXKYIOTb nep-
CNEKTMBHICTb NOAANbLUMX AOCAIAKEHD Y Hanpami BAO-
CKOHaneHHA dopmanizoBaHMx TabAMUYHO-aNTOPUTMIY-
HUX MmeToaiB Ana nobynosu eHeproedeKTUBHUX Ta
BMCOKOTOYHUX MNPEumsiiHMX 06YMCAOBaZbHUX MNpU-
CTPOIB CNeL,ia/IbHOro NPU3HaYeHHs.

KoHdniKT iHTepeciB

ABTOp AeKNapye, WO He Ma€e KOHPAIKTy iHTepecis
CTOCOBHO LbOTO AOCAIAMKEHHA, Y TOMY Yucai $iHaHCO-
BOro, 0COBUCTICHOrO XapaKTepy, aBTOPCTBa UM iHLIOrO
XapaKkTepy, WO Mir 6u BNAMHYTU Ha AOCANIAMKEHHA Ta
oro pesynbTaTu, NPeACTaB/eHi B Ll cTaTTi.

Copyright © 2026, OTA.
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®iHaHcyBaHHA
[ocnigykeHHA
nigTPUMKN.
JocTynHicTb AaHux
Pykonuc He mae NoB’A3aHNX AaHWX.
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HIGHLY EFFICIENT FORMALIZED COMPUTER MODELS
FOR REPRODUCING TRANSCENDENTAL FUNCTIONS
IN NON-TRADITIONAL TASK SETTINGS

Volodymyr Lukashenko, Artemii Bernatskyi, Yurii Yurchenko,
Oleksandr Siora, Valentyna Lukashenko, Dmytro Harder

The work is devoted to the creation and research of
highly efficient formalized models of special-purpose
precision computers for solving non-traditional problems
caused by the absence of analytical relationships
between the values of transcendental functions and
the corresponding values of ordered grid numbers in
computer integrated control systems based on tabular-
algorithmic methods. The use of specialized precision
computing devices for controlling objects and high-speed
processes in real time, where the use of general-purpose
microprocessors, even with special software tools, is
impossible due to the high requirements for speed,
reliability, dimensions, power consumption, readiness,
and equipment costs (cost). Particularly relevant is the
task of hardware implementation of multi-digit special-
purpose computers for high-precision reproduction of
basic mathematical and transcendental functions under
conditions of limited energy-time resources in a single
crystal. In this regard, a promising direction is the
application of formalized tabular-algorithmic methods
that allow optimizing the structure of special-purpose
computers without compromising the accuracy of function
reproduction. The aim of the work is to create a model of
a precision special-purpose computer that provides high
efficiency in reproducing values in the binary number
system of transcendental functions relative to an ordered
grid number by using a formalized tabular logical
reversible method of converting the input code set into
the output using correction constants. The work verifies
the effectiveness of formalized tabular-algorithmic
models of precision special-purpose  computers
implemented by a formalized tabular logical-reversible
method. The results obtained were compared with the
classical tabular method of hardware implementation
in terms of a set of key indicators, namely: power
consumption, time required to reproduce functions, and
hardware costs (cost) within a single crystal. An original
formalized model of a precision computer for special
purposes is proposed, which reproduces the value of a
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transcendental function from the corresponding ordered
grid number with lower energy, time, and equipment
costs, which adequately ensures an increase in the
efficiency of computer-integrated systems in the fields of
air navigation, defense, and space.

Keywords: precision computers, tabular-algorithmic

methods, energy consumption, equipment costs,
formalized tabular-logical method, logic-reversible
method.
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AHOTALIA

Mema cmammi. Ob6rpynmysamu ma ¢opmanizyeamu nioxio 0o enposaddcenHs Zero-Trust apximexmypu
6 Industrial IoT ons 3axucmy kpumuunoi ingppacmpyxmypu 3a ymos 1T-/OT-koneepeenyii 3 ypaxyeannam obmedicens
OT-cepedosuuy.

Hayxoea nosusna nonaeae y cmeopenni Hosoi mooeni ZT ona IIOT, wo noeonye mikpoceemenmayiro, besnepepery
sepughixayito ma adanmueni norimuxu oocmyny 0aa domenie IT/OT.

s eemepoeennux IloT 3anpononosano aoanmueny moodenv Zero Trust. 'V uitl 3agixkcosarno 06a obmedicenHs:
latency constraints npomokonié npomucioeoi asmomamuzayii ma cneyugixa scummeeozo yuxay OT-odnaonanus.
Hani 3anpononosano ounamiunuil pospaxyHox piens 0ogipu (Trust Score) 0is npOMUCTOBUX KOHMPOLEPIB I CeHCOPIB.
Ocnosa —ye He nuute cmamuyni ampudymu ioenmuixayii. Jo0aemocsi n06eOiHKOSUI AHAI3 MEXHOIO02IYHO20 NPOYeCy
6 peanvromy yaci. Okpemo 600CKOHANEHO MIKpOCe2MeHmayiio KOHeep2eHmHuux mepedic. Boua izonioe ckomnpomemosgani
8y31uU 63 3YNUHKU KPUMUYHUX UPOOHUYUX TaHY02I8. Lle niompumye 6ucoKy 6I0MOB0CMILIKICb CUCTEM.

Pesynomamu. Byno npoananizosano mouxu npumycy HOLMUK y 1AHYI0ZY «NONbOSI npucmpoi — wniosu — edge/
SCADA-cepsicu» ma nasedero, ax Zero-Trust apximexmypa niusae Ha akmusu, NOMoKyu ma npoghinte meiemempii
07151 piBHSA 008IpU 00 8Y3i8.

Bucnosxu. Iloxkazano doyinenicmo noemannoi miepayii 0o Zero Trust i3 npiopumusayicio KpUmMuyHuUx 30H md
MIHCOOMEHHUX 83AEMOOIN, WO NIOBUULYE KEPOBAHICMb 00CHYNY 0e3 NOpYuleHHs MexXHON02IYHOI 0emepMiHO8aAHOCMI.
Mooens Zero-Trust ona Industrial loT 3a IT-/OT-konsepzeenyii 3600umso idenmudgpixayiio akmusie i nomoxkis oanux. Okpemo
ymounero policy enforcement points y 1anyioey «nonvosi npucmpoi—uiniozu—edge/SCADA—ananimuuni cepgicuy. Taxooic
3a0arHo npoghine menemempii 0na device posture. Ymosu — OT-namenmuicms i demepminizm. € npoyedypa «Zero-Trust-
ineenmapu3sayii» O 3MIUAHUX NPOMOKONIG, BKIIOYHO 3 npomuciosumu. Tlonimuxu docmyny opmanizylomscs uepes
MIHIMANbHO HeobXiOHT npusinel. /lani — npus 's3xka 0o ponei i Qyuryitl. OKpemo 8paxo8ano CMan npUcmpoio, a MarKoic
Mmepedrcesuti konmexcm. [l 38 a3y IT- ma OT-0omenis sacmocosano trust gateways. Miepayito 8i0 nepumempa 0o Zero
Trust eusnaueno noemantor. Ymoeoio nepexody € i0Cymuicms nopyuients mexnonociunux npoyecie. Iloxaszano, wo
Haubinow pesynomamustum 05 loT € kombinyeanns. (1) ceemenmayii 3a mexnonociunumu kowmypamu, (1) curbroeo
KepyB8aHHs I0eHMUYHOCAMU MAWUHHUX CY0 'ekmie (cepmucghikamu / amecmayis), (III) nocmiiinoco moHimopuuzy
nogedinku ma (IV) asmomamuszoeanozo peazysanns na eioxunenusi nonimux. Ompumani pesyiomamu Qopmyionts
OCHOBY O0J1s1 CMBOPEHHsL YHIQIK08aH020 npoghinio eumoe 0o Zero-Trust-spinocmi kpumuunux lloT-cucmem i npuoammi
0718 3ACMOCY8ANHA NIO YAC NPOEKMYBAHHA A60 MoOepHizayii kongepeenmuoi IT-/OT-inghpacmpykmypu.

Zero-Trust — 6i0nogiob na 3acposu IloT. 3acposu nocunioe IT-/OT-xoneepeenyis. JJooaiombcs cemepozenti
npucmpoi, a maxodic Kanauu 63aemooii. 3axucm xkpumuunoi [loT-ingppacmpyxmypu He podumvcs «0ekiapayieroy.
Ilompiobni keposani mouxu npumycy nonimux. Ilompiona mikpoceemenmayia. I[lompiona 6esnepepsna nepesgipka
Konmexcmy docmyny. Y cmammi € mooens. € npoyedypa ineenmapusayii. € npoghine menemempii. Bonu y3200acyrome
kibepsaxucm 3 OT-oomedcenuamu: 0emepminiam, O0CMynHicmb, 00medceHi pecypcu 8y3nie. Tak 3meHuyiomo st pusuKu
synunku npoyecis. Ilepexio oo Zero Trust — noemanuuii. Ilouamox — kpumuuni 30uu. Ilouamok — Hatlpusukosiuii
MidicOomenHI 83aemMo0il. Jlani nonimuxu Uoyms Ha 8echb HCUMMESUL YUK NPUCIPOI8 md cepeicis.

Knrouoei cnosa: Zero-Trust, IloT, mixpoceemenmayis, Koneepeenyis, Kibepcmitikicmo.
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Bctyn

MpomMncnoBi cucTemMn 3MIHIOIOTbCA Yepe3 KOHBep-
reHuijto IT Ta OT. Ha Uit ocHoBi dopMytoTbCA eKocucTeMmn
Industrial Internet of Things (lloT). IHTerpauia nigsuLye
epeKTUBHICTb BUPOOHUUMX NpoLeciB. BoHa TakoXK nocu-
JIHOE aBTOMATM3aLLit0 Ta aHANITUKY AaHUX. Ane napanenbHo
3MiHIOETbCA Mpodinb pu3nKiB. 3'ABNAIOTBCA HOBI Bek-
Topu Kibep3arpos. B isonboBaHmx OT-cepeaoBuLLax ix He
6yno. XmapHi obuncnerHs, Edge Computing i Bigaanenni
[OCTYyN 3MiHIOOTb MeXi iHPpacTpyKTypu. Yepes ue 3mi-
HIOETbCA 1 NepumeTp. TpaaumuinHa mogenb nepeabavae
[0Bipy BcepeMHi KOpnopaTMBHOI MepeKi. Y HOBIV KOHiI-
rypauji ua norika He gae NoTpibHOT epeKTUBHOCTI. Y cTaTTi
po3rsaHyTo Zero-Trust Architecture (ZTA). Ti nogaHo Ak
OCHOBY KibepCTiMKOCTI KPUTUYHOI iHbpacTpyKkTypu. TyT
iHWi npioputeTn: AOCTyMHicTb, 6e3neka nepcoHany Ta
peanbHuit Yac 06pobKM AaHmx. Jani po3rnagatoTbes apxi-
TEKTYpHi KomnoHeHTV ZTA. Maetbea npo Policy Decision
Point (PDP) i Policy Enforcement Point (PEP). KoHTeKcT —
reteporeHHi mepexi IloT. Y HuX € 3acTapine obnagHaHHA
(Legacy), cyyacHi ceHcopu Ta cuctemm SCADA. OCHOBHMIA
HaNpAM Yy AOCAIAMEHHI — Le NpaBUAbHO iaeHTUdIKyBaTH
npucTpin. ani —mikpocermeHTauis mepexi. Micns uporo —
6e3nepepBHUII MOHITOPUHI aHOManii. MapanenbHo pos-
rNAfAaeTbea BNpoBaaxKeHHs ZTA. Kntoyosa ymoBa — 6e3ne-
PEPBHICTb TEXHONOTYHMX MPOLLECIB.

MerTa crtatTti nonarae y popmyBaHHi TeOpETUKO-Me-
TOAONOFYHMX 3acaf, 3axMCTy KPUTUYHOI iHpPaCTpyK-
Typu. dani — obrpyHTyBaHHA edeKTMBHOCTI niaxoay,
BUMIp Ta MOPIBHAHHA PU3MKIB HECAHKLIOHOBAHOro
OOCTyny, BUMIP LiMICHOCTI JaHWX Y NPOMWC/IOBUX €KO-
cuctemax. PesynbtaT mae 6yTn cuctemHum. NoTpibHe
KOMMNAeKcHe BaueHHA apxiTekTypu 6e3neku, Wo npautoe
Y 3MiHHMX YyMOBax QYHKLiIOHYBaHHSA i pearye Ha HOBITHi
Kibep3sarposu.

MocraHoBKa npobnemu

Mpomucnosictb unpposisyeTbea. IHAyCTpis 4.0 nia-
Kntoyae ICS go rnobanbHUX mepesK. «MoBiTPAHUI 3a30p»
(air gap) pyriHyetbca. OT-cermeHTM BTpayatoTb 6a3oBuit
6ap’ep. Jani pocte TMckK aTak. APT. Mporpamu-Bumaraui.
[wnsepcii. Hacnigkn — ekoHOMIKa NiANPUEMCTBA, @ TaKOX
€KO/oriYHa Ta HauioHanbHa 6e3neka. € we npobnema
npoTokonis. YactMHa 3 HUX 3acTapina. WundpysBaHHA
1 ayTeHTMiKauia He niagTpumytoTbcs. MepumeTp TyT He
pATYE. BHYTpIiWHI 3arpo3un AnwatoTbcA. TOpU3OHTaNbHE
nepemilleHHA 3/10BMUCHUKIB TeXX. BMCHOBOK oguH —
3MiHa MapaAurmum Bif CTaTUYHOI NepMmeTpasbHoi 0bo-
POHM A0 AMHAMIYHOI KOHTEKCTHO-3a1EeKHOT apXiTEKTYPH
HYNbOBOI A0BipU. KOHTEKCT — KoHBepreHuia IT Ta OT.

AHani3 ocTaHHiX gocnigyKeHb i nybnikauii
MpobnemaTvka BMPOBAAKEHHA apxXiTeKTypu Zero

Trust y TPOMMCNOBUX CUCTEMAX € NPESMETOM aKTUBHUX

OOCNiAXKeHb CBITOBOI HayKoBOI CnifibHOTU. 30Kpema, [1]

DOCNIoXKYBaNAN pPo3WMPEHHA apXiTeKTypu Zero Trust ana
niaBuLLEeHHA 6e3nekn BipTyanbHUX ENeKTPOCTaHLIN,
aKLEHTYIOUM yBary Ha HeobxiaHOCTi 3axucTy posnopgj-
NIEHNX €eHepreTMYHMX pecypciB. BoHW 3anponoHysanu
METOAMKY CermeHTaLlii Mepesxi, Wo Aa€e 3mMory i301t0BaTh
KPUTMYHI KOMMOHEHTM YNpaB/iHHA reHepauieto. [2] npo-
aHanisyBanu niaxoam Ao Kibepbesnekn NpommcaoBux
cuctem ynpasniHHa (ICS) Ha ocHoBi Zero Trust, nigkpec-
JIOK0YM BaXK/IMBICTb INIMOOKOI iHCNEKL,T MaKeTiB npomuc-
NIOBUX MpoToKoiB. [3] 3anponoHyBanu iHTerpauito Zero
Trust i3 TexHonorieto undposux aiiHMKIB (Digital Twin)
015 MOKpallleHHA cTaHy Kibepbe3snekn posnoaineHux
po3ymHUX GabpuK, WO [AE MOMKAMBICTb MOAENOBATU
3arposu 6e3 BNAMBY Ha peasibHe 06MagHaHHA. [4] pos-
rNAAAE MNOEAHAHHA MOAEeNi CnifbHOI BiANOBIAANBHOCTI
Ta Zero Trust ana 3axucty Industrial Internet of Things,
dOKycyouMcb Ha OpraHisauiMHMX acnekTax posnoainy
NoBHOBaKeHb. [5] AOCNiAXKyOTb 3abe3neyeHHs 3axu-
CTY KPUTUYHOI iHPACTPYKTypM Yepes mpu3my npusat-
HocTi Ta 6e3nekn B 1l0T, MPOMNOHYUYM MEXaHI3MK LWNd-
pyBaHHA AaHWX Ha piBHI nNepudepiliHux npucTpois. [6]
30cepeamBca Ha BUKOpUCTaHHI Zero Trust gna 3axucty
CUCTEM YMpPaBAiHHA B eHepreTuli, aHani3ylun cneum-
biYHI BUMOrM [0 3aTPUMOK Yy nepefadi AaHuX penem-
Horo 3axucrty. [7] npeacrtaBunu apxitektypy Zero Trust
Ha OCHOBI AaCMHXPOHHOrO heaepPaTUBHOIO HaBYaHHSA A/1A
HACTYNHOro NoKoniHHA ICS, Wo aae 3mory BUABAATM aHO-
manii 6e3 ueHTpanisauii YyTIMBux aaHux. [8] posrnsgae
imnaemeHTauito ZTA B Cy4aCHUX KOPMNOPATUBHUX mepe-
Xax, Wo € ocHosoto ans IT-/OT-KoHBepreHuii. [9] aHani-
3ye ekocuctemm nNpuctpois 10T yepes npusmy Zero Trust,
BUAiNAYM npobnemun iaeHTUdIKaLii BeANMYe3HOT KilbKo-
CTi reTeporeHHUx ceHcopis. [10] npoBenv cMCTEMATUYHWI
ornAag, Nitepatypu LWOoA0 BUKAWUKIB BNPOBaArKeHHA ZTA,
KnacudikyBaBLIM OCHOBHI 6ap’epy AN Pi3HUX AOMEHIB.
[11] ne micTndikye apxiTekTypy Zero Trust, LoBOAAYMN, LLO
Lie He NPOCTO MOZAHE C/I0BO, @ HEOOXiAgHa CTpaTeria BUKMU-
BaHHA B Cy4acHMX KibepymoBax. [12] gocnigKytoTb 3acTo-
cyBaHHA Zero Trust y cuctemax cnisnpaui 5G Industrial
Internet, WO € KPWUTUYHO BaXKAMBUM O1A MOBINbHUX
poborTis Ta AGV. [13] y cBOIi peaaKLUiiHii cTaTTi niakpec-
NIOKOTb BUK/IMKM Ta MOXKAMBOCTI KoHBepreHLii IT Ta OT Ak
pYLWifHOI cunn ana nepernagy niaxoais ao 6esneku. [14]
aHani3yloTb BUKAMKM NPOEKTYBAHHA Ta peanisauji 6es-
neku B pasi IT-/OT-KoHBepreHLji, BKa3yroum Ha KOHGAIKT
MiX BUMOoramm 6e3neku Ta goctynHocTi. [15] Haganu Bce-
6iYHMI NOCIOHMK i3 BNpoBaAsKeHHs He3neyHoro Ta npu-
BaTHoro lloT y po3ymHomy BUpOobHMLTBI. [16] gocnianan
B3aeEM03B’A30K 6e3neku IT/OT gna BMpobHMUTBA 3 Nia-
TPVMMKOIO TPAHUYHKUX XMapHUX obuuncneHb (edge cloud),
NPOMNOHYOUYM MOAEb B3AEMOZAIT MiXK XMAPOLO Ta LLEXOM.

MerTa Ta 3agadi gocnigKeHHa
dopmyntoBaHHA  MeTM  CcTaTTi  —  po3pobuTm
N 06rpyHTYBaTU apxiTeKTypHy mogenb Zero Trust anA
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KOHBepreHTHMX cuctem Industrial 10T, Aka 3abesneuye
3aXMCT KPUTUYHOI iHOPACTPYKTYpWU 4epe3 AMHAMIYHY
BepudiKaLito, MiKpocermeHTaLilo Ta aganTMBHe ynpas-
NiHHA JOCTyNoM.

Martepianu Ta metoamu AocniaxKeHb

Buknap ocHoBHOro marepiany. KoHuenuia Zero
Trust (ZT) Bigknaae 3actapiny mogenb «AoBipsan, ane
nepesipAi» Ha KOPUCTb NApPaAUrMmmn NOCTiMHOT Bepundi-
KaL,ii KoXHOro cyb’ekTa i1 06’eKTa B MepesKi He3aneKHo
BiZ, Oro po3sTawyBaHHA. Y KOHTeKcTi lloT ue o3Hauvae,
LLLO *KOAEH AATUYUK, KoHTposiep PLC abo onepaTtop HMI
He Ma€e [0BipM 33 3aMOBYYyBaHHAM. AK 3a3HayaloTb
[11], nepexig po ZT BMmarae NOBHOI iHBeHTapu3auii
aKTUBIB i pO3YMiHHA NOTOKIB AaHMX. Lle ocobanBo BaxK-
NIMBO ANA MiANPUEMCTB, Ae, 3rigHo 3 [13], mexi mix
KopnopaTneHum IT Ta BUPOOHUYMM OT cTupatoTbCs,
CTBOPIOIOYM EAMHUI NPOCTip 3arpo3. OCHOBO 3anpo-
NOHOBAHOI apXiTEKTYPU € NOTIYHUIA NOAIN HA NNOLWNHY
ynpasniHHa (Control Plane) Ta naowmHy gaHux (Data
Plane), ge piweHHA Npo AOCTyNn NpuiMatoTbca AWHa-
MIYHO Ha OCHOBI MONITUK.

[na noAcHeHHA B3aEMOAii KOMMOHEHTIB CUCTEMU HA
puUcyHKy 1 306pakeHo CTPYKTYPHY MOAEe/lb KOMMOHEH-
TiB Zero-Trust B cepenosuwi [l0oT, agantoBaHy 40 BMMOr
NIST SP 800-207.

Cy6’ext (IT/OT Kopucrysau /
[Ipuctpiit)

‘

Policy Decision Point (PDP)
Policy Engine + Policy
Administrator

!

i

Policy Enforcement Point
(PEP) (11Liro3 / Threat Intel
/ PKI/ID Management

A

Context Sources

l

06’ext (Jlani / SCADA /
PLC)

Puc. 1. CTpyKTypHa moaenb KOMNOHeHTIB Zero-Trust
B cepepoBuui lloT

[Dxeperno: asmopcbka po3pobka

AK BMAHO 3 PUCYHKA 1, OCHOBHI 3aneXHOCTi MiXK
MOAYNAMMU MaAlOTb i€EpPApXiyHy CTPYyKTypy, Ae PEP
BUCTYNAE EAMHUM LWIAKO30M [0 PecypciB, BUKOHY-
t04Yn KomaHau Big PDP, Akuit, 3i cBoro 60Ky, aHanisye

KOHTEKCT i3 30BHiWHIX axepen. Ua mogenb ysroa-
JKYETbCA 3 AO0CNIAKEHHAMM [8], AKMI Haronowye Ha
LeHTpanisayii NpuUMHATTA pilleHb 3a AeueHTpani-
3auii BUKOHaHHA. YnpoBaaXeHHA ZTA B NpoOMMUCAO-
BOCTi CTUKA€ETbCA 3i cneumdiyHnmmn BuKAMKamun. [14]
BKa3ylTb Ha npobaemy cymicHOCTI 3acTapinux npo-
Tokonis (Modbus, Profinet) i3 cyyacHumun metogamm
ayTeHTUdIKauii. Ana BUpilIEHHA UbOro KoOHOAIKTY [2]
NPOMOHYIOTb BUKOPUCTOBYBATU MPOKCI-WAKO3K, AKi
iHKancynoTb HesaxuweHn Tpadik y 3awmndppoBaHi
TyHeni mTLS. OgHaK ue CTBOPIOE A04aTKOBI 3aTPUMKM,
WO MOXe OYyTU KPUTUYHMM ANA CUCTEM PeasibHOro
yacy, AK-OT eHepromepexi, onucaHi [6]. Ona nopis-
HAHHA XapaKTePUCTUK NiAXO0AiB A0 3aXUCTYy HaBeAEHO
Tabnuuo 1.

Tab6n. 1. NopiBHANbHMIA aHaNi3 TpaguuiitHoro
nepuMeTpasibHOro 3aXUCTY i apXiTeKTypm
Zero Trust gna lloT

Xapakre- NepumeTtpanbHui Zero Trust
pucTuKa 3axucr (Legacy) Architecture (ZTA)
PiseHb Bucokuii ycepeauHi | HynboBuii, nocTiliHa
noBipn mepexi (Implicit Bepuodikauis
Trust)

Mexi CratuyHi (Firewall Ha | AuHamiyHi, HaBKoNO
3aXUCTY mexi IT/OT) KOXXHOro pecypcy
ABTeHTUI- OpgHopasosa npwu besnepepsHa, My/nb-

Kauis sxoai (VPN) TudakTopHa (MFA)
CermeHTauin VLAN MikpocermeHTauis
(makpocermeHTaujid) | Ha piBHi gogaTkis /
npuUCTpOIB
Peakuia Ha PeaktusHa (nicns MpoakTuBHa (MiHimi-
3arposu iHUMAEeHTY) 3auia BnauBey)

Lxepeno: asmopcbka po3pobka

AHani3 gaHux Tabauui 1 ceiguntb npo Te, wo ZTA
3abesneyye 3HAYHO BULMIN pPiBEHb TPAHYAAPHOCTI
KOHTPOJIIO, WO € KPUTUYHUM ANnA 3anobiraHHA naTe-
panbHOMY NepeMmMilLeHHIO 3/1I0BMUCHUKIB. Lie niaTeep-
OXKYETbCA poboTamu [4], AKMIA 3a3HaYaE, WO Moaenb
cninbHOI BignoBiganbHOCTI B XMapHux lloT Bumarae
BigXxo4y BiA NMepuMmeTpanbHOro mucneHHAa. Kawodo-
BUM eniemeHTOM ZTA € iaeHTudikauisa. [9] cTBepaXKye,
wo ana ekocuctem loT TpaanLinHMX 06NIKOBMX 3anu-
CiB HEAO0CTAaTHbO; KOXEH MPUCTPIA NOBUMHEH MaTH
KpuntorpadiuyHy igeHTUYHICTb (Hanpuknag, cepTu-
¢dikaT X.509). Lle gae MoOXKNMBICTb peanisyBaTu cyBoO-
puii KOHTpPOAb AocTyny. [3] NPONOHYOTb BUKOPUCTO-
ByBaTu Digital Twin gna cumynsauii noniTuk gocryny
nepep, ix 3aCTOCYBAaHHAM, LLO 3HUXYE PUIUK 3YMUHKN
BUPOOHMUTBA Yepe3 XxMOHe CnpautoBaHHA CUCTEM
6e3nekn. [nA NOACHEHHA MexaHi3My BUABAEHHA
aHOManNi y po3nofineHnUx CUCTeMaxX Ha PUCYHKY 2
306paXeHo cxemy BWKOPUCTAHHA deaepaTUBHOroO
HaB4YaHHA B ZTA.
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JlokanbHa MOJIEITB
(3aBom A)

I'nmoGanbpHa MOIEH
(Xwmapa / Cepsep
arperartii)

JlokanepHa MoIeITB
(3aBox b)

l

besnepepsHa
nepeBipka J0BipH
(Trust Assessment)

Puc. 2. Mogenb BUABNEHHA aHOManiii y posnogineHiii lloT mepeki 3 BUKopucTaHHAM peaepaTUBHOro HaBYaHHA

[Ixeperno: asmopckbka po3pobka

fIK MOKa3aHO Ha PUCYHKY 2, NOKaNbHiI Mogeni HaBYa-
I0TbCA Ha Nepudepii, nepegaroumn AnLIe OHOB/EHI Napa-
MEeTPU Ha UEHTPaNbHWUIA cepBep, WO 3abe3neyye KOH-
digeHuinHicTb AaHux. Llei nigxig fAeTanbHO onvcaHwui
y [7], AKi gosenn Moro epeKkTUBHICTb A5 3aXUCTY Big,
OTPYEHHA gaHux B ICS. IHTerpauia TexHonoriin 5G y npo-
MWCNOBICTb BiAKPUBAE HOBI FOPU3OHTH, ane BUHUKAOTb
i HOBi pu3MKW. [12] BKasyoTb, WO BMCOKA MPOMYCKHa
3paTHicTb 5G pgae 3mory peanisyBaTM CKAQAHI anro-
pUTMMK WMdpPyBaHHA 6€3 KPUTUYHWUX 3aTPUMOK. [16]
hofatoTb, Wwo edge-0b4YMCNEHHA [aloTb MOXKIMBICTb
NnepeHecTy TOYKY NPUIRHATTA piweHb (PDP) 6aunkye go
npucTpois (PEP), 3meHLWyouM Yac peakLii Ha iHLMAEHTH.
Ona knacudikauii pusuKiB Ta 3axoadiB npoTuAii pospo-
6neHo Tabauuto 2.

[aHi Tabnuvui 2 AeMOHCTPYIOTb, WO A5 KOXKHOTo
BEKTOpa aTaku ZTA nponoHye cneundiyHnin TEXHONOTIY-
HUI 6ap’ep. [5] HaronowyoTb, WO HaliedeKTUBHILMM
€ KOMMIEKCHe 3acToCyBaHHA UMX 3axoais. Peanisauis
ZTA BMMarae peTesbHOro naaHyBaHHA. [1] mponoHy-
I0Tb NOEeTanHUM Niaxia, NOYMHAYM 3 HAMKPUTUYHILLINX
akTumeiB. [15] 3acTepiratoTb Big cnpob 0AHOMOMEHTHOI
3aMiHM BCiX cucTeM 6e3nekn, pekomeHayun ribpuaHi
mozeni Ha nepexigHuin nepioa. Ana Bi3yanisauii Noriku
pPO3paxyHKy AMHAMIYHOTO PiBHA OOBIPU Ha PUCYHKY 3
npeacTaBaeHO BigNoOBiAHY Cxemy.

Craruusi Gpakropu

(Bepcis npommuBKu

Ceprudikar IoBeninka Tpadiky
Micre3HaxoKeHHS ) CraH aHTHBIpyCY

NS

Trust Score
(0-100)

Junamivyni pakTopu
Yac nocryny

Pimenns PDP:
Jo3Bomnutu / biokysatu /
3amuratn MFA

Puc. 3. Arroputm po3paxyHKy AUHaMIYHOrO piBHA
posipu (Trust Score)

[Dxeperno: asmopcbka po3pobka

3 pucyHKa 3 BUNAMBAE, WO PillEHHA NPO AOCTyn
6a3yeTbcsA Ha CyKynHOCTI GaKTopiB, a He ILLIE Ha Napoi.
Lle sianosigae pekomeHgauiam [10], aAki BKasyloTb Ha
HeOobXiAHICTb KOHTEKCTHOrO aHanidy. HaoctaHok BapTo
PO3rNAHYTU METPUKU edeKTUBHOCTI. Tabauusa 3 into-
CTPYE BNAMB BNPOBaAKeHHA ZTA Ha K/1H0YOBI MOKA3HMKU
6e3neKkun i ekcnayaradji.

Tabn. 2. MaTtpuus 3arpos Ta BiAnNoBiAHMX KOHTP3axoaiB y ZTA A1 KOHBEPreHTHUX cepepoBuLy,

BekTtop 3arposu

Onuc Bnauey Ha OT

KoHTtp3axig Zero Trust

KomnpomeTauis 061iKoBMX AaHMX

HecaHKLjioHOBaHMIN focTyn Ao
HMI/SCADA

MFA, noBepgjiHkoBa aHaniTuka (UEBA)

JlaTepanbHe nepemilleHHn

MowwnpeHHs ransomware 3 IT 8 OT

MikpocermeHTawis, NONITUKK
least-privilege

MigmiHa npucTpoto
(Spoofing)

BBeneHHA XMOHUX S@aHUX Y KOHTpONEp

KpunTtorpadiuHa ineHTUdikauis (mTLS)

DoS-atakun Ha KOHTponepu

BTpaTa KepoBaHOCTI npoLecom

®inbTpauia Tpadiky Ha pisHi PEP, Rate
Limiting

[Dxeperno: asmopcbka po3pobka
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Ta6n. 3. NokasHuKK edpeKTUBHOCTI BNpoBaaKeHHA ZTA B lloT cuctemax

3HauyeHHAa go .
MeTtpuka 7TA 3HayeHHA nicna ZTA KomeHTap
Yac BuasneHHa (MTTD) [OHi / TuskHI XBUAUHK / ToanHK 3aBAAKM NocTiiHoMy
MOHITOPUHTY
Yac nokanisauii (MTTC) lognHKn CeKyHau 3aBAAKM MiKpocermeHTaLii
(aBTOMaTUUHO)
Buanmictb aktuBis 40-60 % 95-100 % 0608’A3K0Ba iHBEHTapKU3aLis
HaknagHi sutpatn <1mc 1-5 mc 3pocTaHHA Yepe3 wndpyBaHHA
(Latency)

Lxepeno: asmopcbka po3pobka

AHanis Tabnuui 3 nokasye, wo xova ZTA BHOCUTL
He3HayHi 3aTPUMKM, CyTTEBE NOKpaweHHA MTTD Ta
MTTC BunpaBAOBYE Ui BUTPATW, NPO WO TAaKOXK 3a3Ha-
yatoTb [13]. [nA intocTpauii npouecy po3ropTaHHs HaBe-
0EHO PUCYHOK 4.

Eranl.
InenTudikarmis Ta
Knacudikaris
aKTHUBIB

Eran 2. KapryBanus
IOTOKIB TPaH3aKIilt

Eran 3.

[MpoexTyBaHHs

apXiTeKTypH MIKpO >
CEerMeHTIB

Eran 4. CrBopeHHs
MOJIITUK Ta
MOHITOPUHT

Puc. 4. lopO’KHA KapTa noeTanHoi TpaHcpopmalii
no Zero Trust

[Dxeperno: asmopcbka po3pobka

AAK BUAHO 3 pUCYHKa 4, npouec € iTepatuBHUM. Lo
MeTOoA0/10rit0 NiATPUMYOTL Y cBOIlM poboTi [1]. Ha 3aBep-
LWEHHA MNOTPIGHO 3a3HAYMTM MPO PE3yNbTaTU MOAEIO-
BaHHA Pi3HWUX CLeHapiiB aTak, NpeacTaBaeHnx y Tabaumui 4.

[aHi Tabnuui 4 nigTBepAKYOTb, WO ZTA € Halibinblu
OIEBMM MEXaHi3MOM MPOTU CYYaCHUX 3arpos, Wo Yy3roa-
YKYETbCA 3 BUCHOBKamu [14].

BucHoBKMU Ta

pocniaxeHb
Zero Trust ana Industrial 1oT — ue He TiNIbKK TEXHO-

noris. Le 3miHa ¢inocodii Kibepbesnekn KpUTUYHOI

nepcnexkTusu noganbLlinx

iHbpacTpyKTypn. NepmumeTp BiAXOAUTb HA APYTUIA NAaH.
OcHoBoto cTae be3nepepBHa BepudiKaLia KOXHOIO
3anuTy. Tak 3aKpPMBAKOTLCA 30BHILLHI 3arpo3n. Tak camo —
BHYTpPIiWHi. Mexi KopnopaTUBHMUX MepexX po3muTi. Pea-
ni3auia cknagHa. 3aTPUMKM B nepesadi aHUX MOXAUBI.
Ane ZTA pae noTpibHy CTilKiCTb A0 Cy4acHMX KibepaTak.
[Oani notpibHa onTMmisauia KpunTorpadiuyHMx anroput-
miB. Ocobn1BO ANA NPUCTPOIB 3 0BMEXEHUMU pecyp-
camu. LLle oguH Hanpam — nonituku 6esneku. Ix BapTo
aBTomaTtusyBatu. OCHOBa — MalUMHHe HaB4yaHHA. [ig,
yac JocnigyKeHHs po3pobaeHo KoHLenTyaabHy Mogesnb
Zero-Trust apXiTeKTYpu 418 YMOB rNMMOOKOT KOHBepreHy,i
IT- Ta OT-TexHonorii. MokasaHo epeKT MikpocermeHTaLi
Ta AVHAMIYHUX NONITUK AocTyny. NoBEPXHS aTaKu 3HU-
KYeTbcs Ha 80-90 % nopiBHAHO 3 TPAgULIMHMMM NO-
CKMMM MepeXkamu. 3anponoHOBAHO MeToZ, PO3PaxyHKy
Trust Score. BiH BpaxoBye cneumndiky noBesiHKM npo-
MUCNOBMX NpoToKoiB. Lle gae 6anaHc mixk 6e3nekoto Ta
OOCTYMHICTIO KPUTUYHMX cepBiciB. OKpemo nepesipeHo
cyMmicHicTb i3 5G Ta Edge Computing. Pe3synbTaT — nep-
CNEeKTUBHICcTb ZTA AN 3aXMCTy pOo3noAineHux BUPpobHU-
umx ekocuctem. TaKoK BM3HAYEHO FO/IOBHY MepeLuKkony
BnpoBaarKeHHsn. Lle 3actapine obnagHaHHA. BoHO BUMa-
rae cneuianisoBaHux Wntosis 6esnekn (PEP).

KoHdniKT iHTepecis

ABTOp AeKNapye, WO He Ma€e KOHPAIKTy iHTepecis
CTOCOBHO LbOro AO0CAIAMEHHA, Yy TOMy 4Ymncni ¢iHaHco-
BOro, OCOOUCTICHOrO XapaKTepy, aBTOPCTBA YM iHLIOro
XapaKTepy, Wo Mir 6u BRAMHYTM Ha AOCNIAKEHHA Ta
noro pesynbTaTu, NPeAcTaB/eHi B Ll cTaTTi.

Ta6n. 4. EpeKkTUBHicTb 610KyBaHHA aTaK y cepegoBuLi 3 ZTA Ta 6e3 Hboro

Tun ataku PiBeHb ycnixy (bes ZTA) PiBeHb ycnixy (3 ZTA) OCHOBHMI1 paKTOp 3aXUCTy
Insider Threat Bucokuin Hu3bkui MpuHLMN HaMeHLW X
npusineis
Man-in-the-Middle CepepgHiri LyKe HU3bKNi B3aemHa aBTeHTUIKaLin
(mTLS)
Exploitation of Legacy Vuln Bucokui CepeaHin I30nAui8 B MiKpocermeHTi

[Dxeperno: po3pobrieHo Ha ocHoei [1; 4; 14]
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®iHaHcyBaHHA
LocnigeHHA
NiATPUMKN.
JocTynHicTb AaHuxX
PyKkonuc He mae NoB’A3aHNX AaHUX.

nposogunocs 6e3  ¢diHaHcoBoi
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ZERO-TRUST ARCHITECTURE FOR INDUSTRIAL IOT
(110T): PROTECTING CRITICAL INFRASTRUCTURE
IN IT/OT CONVERGENCE

Valeria Slatvinska, Viacheslav Bevza

The purpose of article. The current stage of
industrial systems development is characterised by an
unprecedented integration of information technology (IT)
and operational technology (OT), resulting in complex
ecosystems of the Industrial Internet of Things (IloT).
This convergence, while significantly increasing the
efficiency of production processes through automation
and data analytics, simultaneously creates new vectors of
cyber threats that were previously impossible in isolated
OT environments. Traditional perimeter protection
models, based on the assumption of trust in everything
inside the corporate network, lose effectiveness as
infrastructure boundaries blur, cloud computing and
peripheral devices (Edge Computing) are used, and
remote access is enabled.

The challenges of device identification, network
microsegmentation, and continuous anomaly monitoring
are addressed. Special emphasis is placed on the
methodology for implementing ZTA without disrupting
the continuity of technological processes. The purpose of
the article is to develop theoretical and methodological
principles for applying zero-trust architecture to protect
convergent IT/OT systems in critical infrastructure,
and to substantiate the effectiveness of this approach in
minimising the risk of unauthorised access and ensuring
data integrity in industrial ecosystems.

Scientific novelty. The scientific novelty of the research
lies in developing an adaptive model to implement the Zero
Trust architecture in heterogeneous IloT environments,
which, unlike existing approaches, accounts for the strict
latency constraints of industrial automation protocols
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and the specifics of the OT equipment life cycle. A method
for dynamically calculating the trust level (Trust Score)
for industrial controllers and sensors is proposed, based
not only on static identification attributes but also on real-
time behavioural analysis of the technological process.

Results. The work forms a holistic conceptual and
methodological model for implementing Zero-Trust
architecture for Industrial 10T in the context of IT/OT
convergence, combining asset and data flow identification,
micro-segmentation, continuous verification of subjects/
devices, and context-adaptive access control. A set of
critical control points (policy enforcement points) for
typical IloT chains ‘field devices — gateways — edge/
SCADA — analytical services” is specified, and a
consistent telemetry profile is proposed for assessing trust
in nodes (device posture), taking into account OT
constraints on latency and determinism. A practice-
oriented procedure for “Zero-Trust-Inventory” for
mixed-protocol environments (including industrial ones)
has been developed, which allows formalizing access
policies at the level of minimally necessary privileges and
linking them to roles, functions, device state, and network
context. Additionally, mechanisms for secure interaction
between IT and OT domains through trust gateways have
been substantiated, and an approach to phased migration
from the perimeter model to Zero Trust without disrupting
technological processes has been proposed.It has been
shown that the most effective combination for loT is:
(i) segmentation by technological contours, (ii) strong
management of machine subject identities (certificates/
attestation), (iii) constant behaviour monitoring, and
(iv) automated response to policy deviations. The results
obtained form the basis for creating a unified profile of
Zero-Trust maturity requirements for critical IloT systems.
They are suitable for use when designing or modernising
convergent IT/OT infrastructure.

Conclusions.  Zero-Trust  architecture is a
methodologically sound response to specific IloT threats,
which are exacerbated by IT/OT convergence and the
growth of heterogeneous devices and interaction channels.
Adequate protection of critical IloT infrastructure is
achieved not by declarative “zero trust”, but by the
systematic implementation of managed policy enforcement
points, micro-segmentation and continuous access
context verification. The model, inventory procedure, and
telemetry profile proposed in the article enable alignment
of cybersecurity requirements with the technological
limitations of OT environments (determinism, availability,
limited node resources), minimising the risk of process
downtime. The transition to Zero Trust should be
implemented in stages, starting with critical areas and
the riskiest inter-domain interactions, and then expanding
policies to the entire device and service life cycle.

Keywords: Zero-Trust, IloT, micro-segmentation,
convergence, cyber resilience.
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ABSTRACT

This article investigates methods for ensuring the quantum-adaptive security of hybrid cryptographic protocols
in next-generation networks. 5G/6G and IoT networks necessitate the integration of classical and post-quantum
algorithms. However, standard protocols combining ECDH with CRYSTALS-Kyber or CRYSTALS-Dilithium require
formal security assessments. Current approaches primarily consider non-adaptive quantum adversaries, which limits
their practical applicability in multi-session and dynamic environments.

The paper proposes a model of a quantum-adaptive adversary. This model integrates the adversary's classical
and quantum resources, an adaptive attack strategy, and a quantum-accessible oracle. It allows for the formalization
of superposition queries and multi-step interactions with the protocol. A mathematical model of a hybrid handshake
protocol is introduced, where the session key is formed by combining classical and post-quantum components via a
Key Derivation Function. An upper bound for the adversary's advantage is derived, accounting for both the classical
and post-quantum components of the protocol.

To enhance resilience, three primary methods are proposed. The first is downgrade-resistant fixation of protocol
parameters with cryptographic confirmation. The second is dynamic management of key parameters and cryptographic
primitives based on an integrated risk function, which accounts for the adversary's quantum resources, network
load, and attack activity. The third is compositional protocol verification considering multi-session and multi-level
handshake phases, enabling the formalization of composability and the assessment of multi-level resilience. An
integral metric of quantum-adaptive resilience is proposed, accounting for security, complexity, and adaptability. The
results provide a scientific foundation for “harvest-now, decrypt-later” risk analysis.

Keywords: quantum-adaptive security, hybrid cryptographic protocols, post-quantum cryptography, multi-session
security, QAA-model, OROM.

Introduction

Modern telecommunication systems, particularly
5G networks, emerging 6G architectures, and loT
infrastructures, are characterized by high dynamism,

ultra-dense  node deployment, and multi-session
communication. These factors impose stringent
requirements on cryptographic security, specifically

regarding the resilience of key exchange and authentication
protocols against potential quantum threats. Currently,
hybrid cryptographic protocols are being implemented,
combining classical mechanisms, such as ECDH or RSA, with
post-quantum algorithms, notably CRYSTALS-Kyber and
CRYSTALS-Dilithium, which are being standardized by NIST.

However, the current security state of these hybrid
protocols remains insufficiently explored in the context
of a quantum-adaptive adversary. Traditional security-
proof approaches assume static attack scenarios and
fail to account for the possibility of adaptive attack
strategies evolving based on prior interactions with
the protocol. This limitation creates gaps in practical
resilience, particularly in multi-session environments
and under dynamic network conditions.

Contemporary threats involve a combination of
classical cryptanalytic methods and quantum computing,
which can accelerate secret key retrieval or enable
the modification of adversary behavior in real-time.
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The “harvest-now, decrypt-later” threat is particularly
critical, as adversaries collect encrypted traffic today
to decrypt it in the future using quantum resources.
Furthermore, multi-session and scalable protocols
create vulnerabilities in compositional security that
classical analysis methods may not always adequately
address.

In response to modern threats, quantum-adaptive
security methods for hybrid cryptographic protocols
are being actively implemented. Downgrade protection
ensures the integrity of the selected algorithm suite
throughout the session and neutralizes attempts at
malicious interference with protocol parameters.
Dynamic parameter management provides adaptive
adjustment of key lengths and cryptographic primitive
characteristics based on risk levels, the adversary's
quantum resources, and current network activity.
The formalization of composability and multi-session
security enhances protocol resilience in multi-user
and multi-layer networks, ensuring reliability during
the simultaneous interaction of a large number of
participants. Integral metrics of quantum-adaptive
resilience allow for a quantitative assessment of
protocol security by combining the analysis of classical
and post-quantum components with the determination
of the adversary's adaptability impact and the
complexity of compositional interdependencies. Such a
comprehensive approach forms a scientifically grounded
basis for developing reliable protocols in 5G, 6G, and loT
networks, ensuring a high level of adaptive protection
and readiness for potential quantum attacks.

Thus, the problem statement consists of ensuring
the robust resilience of hybrid cryptographic protocols
in next-generation networks against quantum-adaptive
attacks. Under these conditions, a comprehensive
approach to formalizing adversary models, dynamic
parameter management methods, and protection
mechanisms is crucial for providing a quantitative
assessment of overall protocol resilience. The application
of these methods will ensure a high level of security for
5G/6G and loT systems, guaranteeing real-time adaptive
security and increasing resilience to future quantum
threats.

Literature review and problem statement

The field of quantum-adaptive security and post-
quantum cryptography (PQC) is actively evolving within
the global scientific community. In international review
papers on cryptography and information security,
post-quantum approaches are systematized as a key
component for protecting future networks, specifically
5G, 6G, and loT. These works emphasize the shortcomings
of classical security proofs when considering adaptive
quantum attacks and highlight the need for more
generalized security models [1]. A significant role in the

international context is played by the standardization
process of new cryptographic mechanisms initiated
by the NIST Post-Quantum Cryptography Project [2],
which has identified the first standardized encryption
and digital signature algorithms designed to withstand
quantum threats.

Recent review studies, such as in-depth surveys
on post-quantum cryptography and security, cover
various PQC algorithm classes, their mathematical
foundations, performance, and hardware acceleration
requirements. They also address integration issues with
existing protocols, including TLS and loT environments
[3]. Despite the high level of generalization, these
works note that real-world adaptive attack scenarios
and adversary behavior in complex protocols remain
insufficiently studied.

Certain international publications propose
applied framework solutions that combine classical
cryptography, PQC, and Quantum Key Distribution
(QKD) to build adaptive security in real-world networks.
For instance, research into the advantages of a hybrid
security framework integrated into a containerized
testbed infrastructure demonstrates a dynamic
transition between pure QKD, hybrid, and PQC modes
to ensure end-to-end quantum-secure communication
[4]. Other work in the field of combining classical,
post-quantum, and QKD methods proposes a hybrid
encryption scheme that optimizes both data protection
and network performance [5].

Currently, a significant portion of publications is
dedicated to hybrid authentication and key exchange
protocols that maintain backward compatibility with
existing standards while incorporating quantum-
resistant components. For example, authentication
protocols for 5G networks have demonstrated that
hybrid solutions can support forward secrecy and
enhance quantum resilience with minimal impact on
performance [6]. European publications also highlight
the architectural and implementation aspects of
post-quantum cryptography. Such research analyzes
approaches to building secure cryptographic protocol
stacks, modeling composability, and the challenges of
interoperability between new algorithms and existing
data protection protocols [7].

The Ukrainian research landscape demonstrates
positive trends in fundamental studies of post-
quantum cryptography. Works by Ukrainian authors
offer broad overviews of quantum-resistant algorithms
and their mathematical foundations, describe classes
of cryptographic schemes, and evaluate the general
challenges of implementing such algorithms in critical
information systems [8]. At the level of academic
development, projects are being implemented focusing
on post-quantum encryption and key updates in modern
VPN systems based on Kyber algorithms, indicating a
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drive to adapt post-quantum solutions to real-world
network scenarios. Furthermore, the implementation
of quantum-resistant digital signatures based on
mathematical constructions with no known effective
quantum attacks is being explored, strengthening the
national contribution to the development of post-
guantum protection mechanisms [9].

Atthe sametime, thereis a noticeable lack of large-
scale empirical evaluations of complex hybrid protocol
behavior under adaptive quantum threats within the
national scientific community. A significant number
of review and theoretical works are characteristic,
yet there is a shortage of systematized adversary
models, formal security proofs, and experimentally
verified results in complex network contexts. This
aligns with global publication trends, where the
issues of adversary adaptability and composability
require further development and deeper formal
conceptualization.

Overall, the analysis of scientific research confirms
that the issue of quantum-adaptive security for hybrid
protocols remains one of the most promising yet
underdeveloped research areas, despite significant
progress in the standardization of post-quantum
algorithms and the development of practical hybrid
schemes for data protection in future networks.

The aim and objectives of the study

The objective of this article is to develop
comprehensive methods for ensuring the quantum-
adaptive security of hybrid cryptographic protocols in
5G, 6G, and loT networks, enabling them to withstand
both current and prospective quantum threats.

The work is grounded in the formalization of adaptive
adversary behavior and the assessment of protocol
resilience under dynamic quantum influence conditions,
providing a scientifically substantiated framework for
the practical implementation of defense mechanisms.

A review of existing hybrid protocols identifies
critical vulnerabilities and gaps in composability and
multi-session security that limit the effectiveness of
contemporary solutions. This underscores the necessity
of developing a formalized quantum-adaptive adversary
model that accounts for the real-time dynamic evolution
of attacker actions and enables accurate modeling of
their impact on protocols.

This research presents an integrated approach
to evaluating protocol resilience, factoring in the
combination of classical and post-quantum components,
the effect of adversary adaptability, and compositional
complexity. The proposed methodology ensures
comprehensive risk control and establishes the scientific
and technical foundation for constructing robust hybrid
protocols. Such solutions are capable of effectively
countering quantum-adaptive threats, integrating

into modern loT infrastructures, and maintaining high
security levels in multi-layered networks.

Materials and methods

A system analysis of hybrid cryptographic proto-
cols reveals that combining classical algorithms with
post-quantum schemes ensures both high performance
and resilience to quantum attacks. In modern 5G, 6G,
and loT networks, hybrid solutions are integrated into
TLS, VPN, and IPsec protocols, providing backward com-
patibility and reducing the need for large-scale infra-
structure modernization. This approach maintains ses-
sion stability and prevents security degradation during
the transition to new algorithmic standards.

Particular attention is paid to modeling the behav-
ior of a quantum-equipped adversary capable of exe-
cuting superposition queries, combining classical and
quantum methods, and adaptively modifying attack
strategies based on obtained results. The Quantum-Ac-
cessible Random Oracle Model (QROM) allows for the
formalization of such scenarios by integrating the adver-
sary's capabilities into the protocol's security proofs
and providing a mathematical justification for resilience
[10]. This approach paves the way for building robust
hybrid protocols capable of countering complex quan-
tum-adaptive threats in real-time.

The analysis of established solutions indicates their
sufficiently high resilience to standard quantum attacks,
including Shor's and Grover's algorithms. At the same
time, critical gaps persist in multi-session security and
composability, which limits the effectiveness of proto-
cols in multi-user and multi-layer networks. Dynamic
parameter management becomes a decisive factor,
where adaptive adjustment of key lengths, selection of
cryptographic primitives, and algorithmic configurations
based on risk assessment ensure protocol resilience
even in complex environments with high network activ-
ity and a powerful quantum adversary.

Anintegrated approach to security assessment allows
for the combination of classical and post-quantum com-
ponents while accounting for the effect of attack adapt-
ability and the complexity of protocol composition [11].
Such a comprehensive methodology forms the basis for
creating next-generation hybrid protocols capable of
effectively protecting information flows, integrating into
modern telecommunications and loT infrastructures,
maintaining high performance, and withstanding quan-
tum-adaptive threats.

It should be noted that while existing hybrid proto-
cols provide basic resilience, they require further devel-
opment in the areas of adversary adaptability, compos-
ability, multi-session security, and integral metrics for
resilience assessment. These aspects define key scien-
tific gaps and outline promising directions for further
research in the field of quantum-adaptive security.
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Under these conditions, the study of modern hybrid
protocols reveals significant deficiencies in ensuring
composability. Specifically, most solutions are tested
only in isolated scenarios, which ignores the interactions
between different protocol components. This leads
to the emergence of potential indirect attack vectors,
where the compromise of a single session affects the
security of others. Such threats are particularly relevant
in multi-user 5G and 6G environments, where hundreds
of thousands of active sessions operate simultaneously.
Consequently, the lack of formalized composable mod-
els complicates the construction of security proofs and
creates “dark zones” that can be exploited by a quan-
tum-adaptive adversary to optimize attacks.

When considering the multi-session aspects of mod-
ern hybrid protocols, it is notable that security is often
limited to certificates and the handshake phases of an
individual session. Such an approach fails to account for
an adaptive adversary capable of aggregating data from
multiple sessions to perform effective cryptanalysis. Sce-
narios of this type fall outside the scope of traditional
security proofs and create additional attack vectors.
Adversary adaptability allows for optimized key search-
ing, a reduction in the entropy of session parameters,
and the potential undermining of protocol resilience in
multi-session environments.

Researching the integration of post-quantum algo-
rithms with classical primitives leads to the conclusion
that it also entails significant technical limitations [12].
Classical protocols, such as TLS 1.3, have established
stages for key exchange and authentication. Incorpo-
rating PQC components for instance, CRYSTALS-Kyber
for key exchange or CRYSTALS-Dilithium for digital sig-
natures, sometimes results in alterations to the mes-
sage-flow. Such changes violate the underlying assump-
tions of security proofs that rely on a specific handshake
structure. Consequently, an adaptive adversary can
exploit these modifications for downgrade attacks or to
optimize attacks within QROM scenarios.

To provide a clear comparison of hybrid protocol
effectiveness in the context of composability, multi-ses-
sion security, and the integration of PQC with classical

algorithms, Table 1 is presented. It demonstrates the
strengths and weaknesses of various implementations
across different network environments and highlights
key gaps that require further research.

Comparative data highlight that even in the most
common hybrid implementations, gaps remain in
multi-session security and composability. Under these
conditions, the integration of post-quantum schemes
into classical protocols requires a formalized approach
that accounts for adversary adaptability and the com-
plexity of multi-session scenarios.

The results of such an approach form the basis for
improving the analysis and design methods of next-gen-
eration hybrid protocols; however, achieving practical
reliability necessitates a comprehensive evaluation of
existing gaps. Simultaneously, a systematic and clear
identification of weaknesses in implementation and
security mechanisms is an indispensable prerequisite for
the effective development of hybrid protocols. A multi-
level analysis allows for the timely detection of defi-
ciencies in composability properties, multi-session pro-
tection mechanisms, and the integration processes of
post-quantum and classical components. Consequently,
these aspects become critically important in the distrib-
uted and highly dynamic environments of 5G/6G and
loT, where scalability, session parallelism, and device
heterogeneity significantly increase the requirements
for the consistency and integrity of the cryptographic
architecture.

Under these circumstances, the technical integration
of post-quantum mechanisms reveals several significant
architectural features. In particular, the implementation
of CRYSTALS-Kyber in TLS 1.3 is carried out by extending
the key agreement procedure and adding correspond-
ing key-exchange messages [13]. Such a modification
alters the protocol's message flow, affecting not only the
temporal structure of the handshake but also the formal
construction of the security proof, as new dependencies
between exchange stages and additional assumptions
regarding the adversary model emerge.

Similar features are observed in other network pro-
tocols. In the IPsec architecture, the Security Association

Table 1. Evaluating hybrid cryptographic protocols: Composability, multi-session security,
and PQC-classical integration

Protocol Composability

Multi-session Security

PQC Integration

Limited; does not account for

TLS 1.3 + Kyber . L .
multi-session interactions

Weak; lacks adaptive

Partial; handshake changes may

mechanisms violate security proof

Stable within a single SA, but not for
IPsec + PQC €

SA support; lacks assessment of

PQC integrated locally; composabil-

multi-SA adaptive adversary behavior ity not proven
Individual sessions; composability is . . . Key exchange integrated; lacks
SSH + PQC P y Medium; local session security v .g &
absent adaptive assessment

IKEV2 + Kyber Unstable in multi-level networks

Does not cover QROM scenarios

PQC added; composability not
formally proven
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(SA) mechanism ensures the preservation of the cryp-
tographic state between sessions, which increases the
efficiency of reconnections. However, this model does
not provide a formalized assessment of adversary adapt-
ability, where an attacker could simultaneously operate
multiple SAs and exploit cross-session correlations. In
the absence of clear compositional guarantees, this cre-
ates potential cross-session attack vectors [14].

Similar limitations are observed in SSH with inte-
grated PQC key exchanges, as well as in IKEv2, where
the compromise of a single Security Association (SA) or
an individual session could theoretically have an indi-
rect impact on other active connections. Collectively,
such scenarios demonstrate practical attack vectors in
multi-session environments and underscore the neces-
sity of formally accounting for the adversary's adaptive
multi-channel activity within an integrated security
model.

Within the post-quantum paradigm, the analysis of
adversary models focuses on their capability to perform
superposition queries to cryptographic oracles in the
Quantum Random Oracle Model (QROM). This char-
acteristic fundamentally expands the set of admissible
attacks compared to the classical computational model
[15], as the adversary gains the ability to exploit quan-
tum parallelism while interacting with cryptographic
primitives.

This factor leads to additional reduction losses during
the mathematical justification of security and signifi-
cantly complicates the construction of formally rigorous
security proofs, particularly under conditions of compo-
sitional and multi-session protocol application.

An evaluation of existing protocols, specifically CRYS-
TALS-Kyber and CRYSTALS-Dilithium, reveals that they
are primarily oriented toward static or limited-adaptive
models and do not fully account for composable scenar-
ios involving numerous parallel sessions. Consequently,
a gap emerges between the local reductionist security
of individual primitives and the integral security of the
protocol within a systemic context.

Such limitations lead to potential deficiencies in
“standoff security”, where an adversary can correlate
inter-session leakage to refine hypotheses regarding
secret parameters. These scenarios transcend classical
security notions, such as IND-CCA and UCE, necessitating
the expansion of models to incorporate quantum-adap-
tive multi-session adversary behavior.

When assessing multi-session environments, it is
observed that the compromise of a single TLS 1.3 ses-
sion or an IPsec Security Association (SA) can reduce
the entropy of other sessions, creating potential lat-
eral impact vectors. In the case of SSH with PQC key
exchanges, the compromise of a private key on one sta-
tion could allow for the monitoring of other sessions'
behavior. Similarly, in IKEv2 with PQC integration, the

compromise of a single SA increases the risk of weak-
ening the resilience of adjacent Security Associations.
These risks are especially critical for 5G/6G and loT infra-
structures, characterized by a massive number of simul-
taneous sessions and connected devices [16].

Regarding the resilience assessment of hybrid pro-
tocols, a critical gap is the absence of integral metrics.
Current approaches are limited to measuring the local
security of individual components and fail to analyze the
interdependencies between sessions and handshake
stages. This results in a “dark zone” between the nomi-
nal guarantees of PQC and the practical implementation
of hybrid cryptographic stacks.

In conclusion, the identified gaps define three key
directions for further research. The first area focuses
on the development of composability-oriented secu-
rity models for multi-level scenarios and multi-session
adversary influence. The second area involves construct-
ing security proof frameworks that account for adaptive
adversary behavior within the Quantum Random Oracle
Model (QROM). The third area concerns the develop-
ment of integral metrics for the quantitative assessment
of the interplay between classical and post-quantum
mechanisms in hybrid protocols.

Consequently, a comprehensive resolution of these
aspects establishes the foundation for building next-gen-
eration hybrid protocols. These protocols will ensure
guaranteed security under composability constraints,
operate efficiently in multi-session environments, and
withstand adaptive quantum threats factors that are
of critical importance for modern 5G/6G networks and
scalable IoT infrastructures.

1. Conceptual Foundations and Systemic Problem
Statement. The rapid integration of post-quantum prim-
itives into classical transport and network layer secu-
rity protocols objectively necessitates a transition from
static security models to dynamic multi-session formal-
izations. In such an environment, the adversary ceases
to be an abstract algorithmic entity and acquires the
characteristics of an adaptive control system capable of
modifying its strategy in real-time.

In view of this, it is appropriate to consider the pro-
tocol as an open quantum-classical system operating in
a common Hilbert space

H=H, ®H,®H, , (1)

where #, is the subspace of honest participants,
H, is the internal information space of the adversary,
and #, is the interaction environment (network, noise
effects, infrastructural states).

Thus, security is interpreted not as a property of an
individual algorithm, but as a property of the system's
dynamics as a whole.

The state of the system is described by the density
operator
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PO EDH),  p1)20, Tr(p(n)=1. (2)

The presented ensures a universal description
for both classical and quantum components of the
protocol.

2. Operator Interpretation of the Protocol and Com-
posability. Each round of interaction is modeled as a
completely positive trace-preserving (CPTP) channel

®,:D(H)—>DMH), (3)

reflecting the system's informational transition
between protocol steps.
Furthermore, multi-session execution is formalized

by the composition:
p, =0"(p,). (4)

Insuch an environment, itis fundamentally important
that composability is interpreted as the resilience of this
composition to external interference.

O =D o-od,,

Accordingly, compositional security is defined
through a distinguishability metric:
A= 110, ~ Dy, Il (5)

Under these circumstances, the diamond norm is
defined as

1A l=supl(A®L)par)l, (6)

guaranteeing that arbitrary correlations of the
adversary with an external reference space are taken
into account.

Thus, the protocol ¢ is compositionally secure if:

A<e. (7)

The aforementioned formalizes the principle that the
protocol maintains its resilience and does not become
noticeably more vulnerable, regardless of the integration
context.

Furthermore, in the multi-session mode:

Il CDE:‘)M _(Df;)u/ llo<ne . (8)

Thus, composability provides metric control over risk
accumulation.

3. Hybridity as a Structural Property of the Channel.
The hybrid nature of the protocol implies that the infor-
mation channel o, consists of two subchannels:

Ky =K, IK,, - (9)

Therefore, the session key is formed as
K=KDF(K,|IK,), which logically corresponds to the
principle of cryptographic aggregation.

However, in the quantum adversary model,

superposition access to oracles is permitted:
Zax \x>|o>—>;ax )17 (x)), (10)

leadingtoan estimation of the quadraticamplification
of the reduction loss:

(11)

Thus, the aforementioned implies that hybridity is
not a linear superposition of securities but is determined
by the nature of the adversary's access.

4. Dynamic Model of a Quantum-Adaptive Adver-
sary. The key element is the formalization of adaptabil-
ity. It is proposed to describe the adversary's state using
the operator:

2
€, S€,TqE, -

(12)

Furthermore, its evolution is governed by a controlled
Lindblad generator:

p()eDH,) -

dpi
7‘; (13)
where s() is the protocol state, «,, is the adversary
strategy, £ is the Lindblad linear superoperator.
The payoff functional is represented as:

=Lty (P1) 5

(14)

This implies that the adversary optimizes information
leakage. The optimal strategy will correspond to:

J, = LT I(Secret;View, (1))dr .

(15)

Thus, the adversary is modeled as a controlled quan-
tum system with adaptive control.

5. Minimax Security Architecture. Protocol design is
formulated as a differential game problem:

u,(t)=arg max J, .
uy

(16)

This means that the protocol must minimize the
adversary's maximum information gain. Under such
conditions, resilience is achieved if the minimax
condition for the payoff functional is satisfied

m]_f"’”fflx Py, =P llo -
.

(17)

sup || @y, — Dy, ll, <e.

uy

Thus, security is interpreted as the invariance of the
channel to adaptive control.

6. Systemic Integration of Three Areas. Based on
the results of the considered research sequence, cov-
ering the properties of composability, hybrid cryp-
tographic structure, and the dynamic adaptability of
the adversary, there arises an objective necessity for
their systemic alignment within a single formalized
model (Fig. 1).

At this stage, it is fundamentally important to tran-
sition from local mathematical descriptions of individ-
ual mechanisms to a systemic interpretation. Within
this framework, protocol security is viewed as an
integral property of interacting subsystems [17]. This
approach corresponds to the modern paradigm of uni-
versally composable security, formulated within the
Universal Composability (UC) framework [18], where
each cryptographic primitive is analyzed not in isola-
tion, but as an element of a more complex composi-
tional structure.
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From a methodological standpoint, each of the three
areas fulfills a clearly defined functional role within the
overall model architecture.

MODULE 1: COMPOSABILITY

+ CPTPchannels &
* Diamond-nom distance
= Multi-session

A

MODULE 2: HYBRIDITY

= A LA
= QROM-comrection
* Channel structure &

¥

MODULE 3: ADAPTIVITY

- pA(T)
+ Lindblad Generator
* Policy uz {)

9

UNIFIED MODEL A+

= ti’l'l:n_i
= Min-Max Optimization
= Security proof £

Fig. 1. Structural block diagram of the integration
of composability, hybridity, and adaptability
into a unified model

First, composability provides metric control over
the correctness of protocol integration into an arbitrary
external environment. Formally, this is implemented
through constraints on the distinguishability of real and
ideal channels, defined by an upper bound in the dia-
mond norm. Thus, a global deviation metric is formed,
ensuring that any system expansion or the addition of
new sessions does not lead to uncontrolled error accu-
mulation. In multi-session mode, the compositional
property ensures the additivity or subadditivity of the
security parameter, allowing for the establishment of
clear upper bounds on the total risk of compromise [19].
Consequently, composability acts as an external stabiliz-
ing mechanism that defines the global boundary for per-
missible system deviations from the ideal specification.

Secondly, hybridity defines the internal structural
architecture of channel o,, as it is the combination of

classical and post-quantum primitives that shapes the
informational state space, the structure of cryptographic
dependencies, and the reductionist security bounds.
The integration of classical schemes with post-quantum
algorithms creates a multi-layered cryptographic mech-
anism where the security parameter is determined not
only by the resilience of individual primitives but also by
the nature of their interaction. In the Quantum Random
Oracle Model (QROM), reductionist estimates are mod-
ified to account for QROM corrections, which directly
influence the magnitude of the permissible deviation
between real and simulated environments. Thus, the
hybrid block defines the internal geometry of the attack
space and forms the structural foundation of the entire
security system.

Thirdly, adaptability introduces temporal and stra-
tegic variability, transforming the adversary into a con-
trolled quantum system with dynamic control. In this
context, the adversary is modeled as a system with
variable parameters, capable of adjusting its strategy
based on intermediate results of interaction with the
protocol. Accordingly, the channel o, acquires a
parametric dependence on the control strategy, which
shifts security analysis into the domain of dynamic sys-
tems and optimal control. This formulation allows for
accounting for scenarios of sequential or conditional
information disclosure, multi-step adaptive oracle
queries, and the strategic optimization of attacks. As a
result, protocol security is interpreted as the resilience
of the system to all permissible controlled trajectories
of the adversary.

Ultimately, it is the integration of these three men-
tioned areas that forms the hierarchical security struc-
ture. Composability establishes the global metric frame-
work and guarantees the invariance of properties during
composition. Hybridity defines the internal structural
organization of the cryptographic channel and its reduc-
tionist bounds. Adaptability accounts for the temporal
evolution of the attacking strategy and the strategic opti-
mization of the adversary.

In aggregate, this enables a transition from the static
analysis of individual primitives to a systemic model,
where security is viewed as an integral function of struc-
tural, metric, and dynamic parameters.

Thus, the coordinated combination of compos-
ability, hybrid architecture, and adaptive adversary
dynamics forms a closed formalized construction
M=, 0".K,,.L, ), ensuring the integrity, scalability,
and mathematically grounded resilience of the protocol
within a classical-quantum computing environment.

In performing a quantitative assessment of secu-
rity metrics, it is proposed to consider a typical hybrid
session key establishment protocol. In this protocol, a
classical exchange mechanism based on Elliptic Curve
Diffie-Hellman (P-256 curve) is combined with the
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post-quantum key encapsulation mechanism CRYS-
TALS-Kyber (Kyber-768 parameter level) [20]. Such
an architecture is representative of modern TLS-like
hybrid implementations focused on long-term cryp-
tographic resilience.

First and foremost, it is necessary to formalize the
initial assumptions. Let the system serve ~=10° indepen-
dent sessions during a specific analyzed period, and let
the adversary possess the capability to make adaptive
quantum queries to oracles in the QROM model. Under
these conditions, the integral assessment must account
for four interrelated factors: (1) classical resilience, (2)
post-quantum resilience, (3) compositional error accu-
mulation, (4) adaptive reduction loss.

In the first stage, the classical component is eval-
uated. For ECDH P-256, the nominal security level is
approximately 128 bits, which is equivalent to a success-
ful attack probability of ¢, ~2"*~29.10%.

However, in multi-session mode, additive risk accu-
mulation occurs. Applying the union bound, we obtain
o SN-€,, N=10°, g, . <10°.2"% ¢ =27%_ Thus, even
without considering other factors, the effective level of
classical resilience is reduced to approximately 108 bits.

In the second stage, the post-quantum component
is evaluated analogously. For Kyber-768, the claimed
quantum security level corresponds to approximately
128 bits, yielding ¢, ~2"*. Taking into account the same
10°® sessions, we obtain: ¢, ., <N-e,..5,,.,<10°-2"%,

(S22 g R,

Consequently, both classical and post-quantum com-
ponents exhibit the same order of effective security deg-
radation under multi-session conditions.

The next step is the structural integration of the
hybrid scheme. Under the assumption of independent
mechanisms, protocol compromise can occur via the
breach of either component; thus, the integral structural
bound is defined as ¢, <¢,,. +¢ ~277,

Thus, hybridity ensures that the security level
remains above 100 bits, yet it does not compensate for
the losses resulting from system scaling.

Further analysis requires accounting for compo-
sitional complexity. Let the protocol consist of k=5
cryptographically significant submodules. Within the
framework of the Universal Composability (UC) model,
the global distinguishability bound increases proportion-
ally to the number of compositional elements, yielding:
Eonmp S Eppuers Eoomp <5°277, €, 277

Thus, the compositional architecture leads to an
additional reduction in effective resilience by approxi-
mately two bits.

Finally, it is fundamentally important to account
for the adversary's adaptability. Let the adversary
make quantum queries to the oracles. In the QROM,
the reduction loss scales as g=2. Accordingly,

16 -105 -89
Eotapt SN Ecomp> Cadapr < 2°-277, €dapt 27

€ struc

pastotal > Estruce

The obtained result demonstrates that the adaptive
quantum factor constitutes the dominant contribution
to the degradation of the integral security parameter.

Summarizing the presented stages, it should be
noted that the integral resilience metric takes the value
s,.,~2*, which is thus equivalent to approximately 89
bits of effective security. At the same time, the nominal
128 bits declared for individual cryptographic primitives
are transformed into a significantly lower integral indica-
tor in a real multi-session, compositional, and adaptive
model.

Thus, the sequential transition from local reduction-
ist assessments to a systemic integral metric allows for
the identification of critical sources of resilience deg-
radation and provides an engineering-correct basis for
selecting protocol parameters [21]. Such a multi-level
evaluation methodology is a necessary condition for
designing cryptographic systems oriented toward func-
tioning in a classical-quantum computing environment
with a high level of compositional complexity.

Results

The conducted system analysis of modern hybrid
cryptographic protocols has identified key aspects for
enhancing their resilience within a quantum-adaptive
environment. It was established that composability,
multi-session security, and the integration of classical
and post-quantum components remain critical risk areas,
particularly in multi-layer and multi-user infrastructures
such as 5G/6G and scalable 10T systems. It was found
that the compromise of a single session or Security
Association (SA) can degrade the entropy of adjacent
elements, creating potential secondary attack vectors.
Such scenarios transcend classical security notions and
necessitate the implementation of integrated methods
for evaluating and controlling protocol resilience.

Further analysis of adversary models in the Quantum
Random Oracle Model (QROM) highlighted the need to
account for the adaptive behavior of attackers capable
of performing superposition queries to oracles and
correlating leakage across sessions. This factor introduces
additional reduction losses and significantly complicates
the construction of formally rigorous security proofs,
especially in composable and multi-session scenarios. In
this context, the development of a formalized Quantum-
Adaptive Adversary (QAA) model serves as a key step,
enabling the integration of three domains composability
control, hybridity of cryptographic primitives, and
dynamic adversary adaptability into a single systemic
framework.

The integration of these aspects paves the way for
building next-generation hybrid protocols capable of
maintaining resilience in multi-session environments,
adapting to changes in adversary behavior in real-time,
and guaranteeing security in composable scenarios.
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A comprehensive approach allows not only for the
formalization of protocol component interdependencies
but also for the quantitative assessment of their
interaction through integral metrics that account for
classical and post-quantum elements, the effect of
adversary adaptability, and compositional complexity.

Future research perspectives include several
interconnected directions:

1. Development of integral resilience metrics
that consider multi-session effects and composable
influence to improve the accuracy of protocol analysis
and optimization.

2. Enhancement of proof constructions in the
QROM, accounting for dynamic adversary adaptability
and multi-level scenarios to ensure formal security
clarity at the system level.

3. Research into dynamic protocol parameter
management strategies, including key lengths and
cryptographic primitive configurations, to establish
a basis for building effective adaptive protocols in
environments with high network activity and powerful
quantum attacks.

Thus, a comprehensive integrated approach to the
analysis, modeling, and resilience evaluation of hybrid
cryptographic protocols opens opportunities for creating
reliable, scalable, and adaptive security systems capable
of countering modern quantum threats and ensuring
the effective operation of next-generation networks.
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METO/M 3ABE3NEYEHHA KBAHTOBO-AAAMTUBHOI
BE3MEKM MBPUAHUX KPUNTOTPAGIYHUX
MPOTOKO/IIB Y MEPEXKAX HOBOTO MOKO/1IHHSA

TetaHa deceHKo, AniHa flHKO, Bnagucnasa Maraneupka,
Makcum Mnaxriit

Y emammi oocnioscyromvca memoou 3abe3neuenns
K8AHMOB0-A0ANMUBHOT besnexu 2IOpUOHUX
KpUnmoepa@iunux npomoxonie y mepexicax Hacmynnoz2o
nokoninua.  Mepexci 5G/6G ma IloT nompebyroms
iHmezpayii K1acuyHux i NOCMKEAHMOBUX AA20PUMMIS.
Oouax  cmamoapmui  npomMoxonu, wo NOECOHYIOMb
ECDH 3 CRYSTALS-Kyber abo CRYSTALS-Dilithium,
nompebyioms popmanvroi oyinku Oesnexu. Cyuachi
nioxoo0u  nepesadcHo  po3enaoaroms  HeadanmueHuUX
K8AHMOBUX ONOHEHMIB, W0 0OMedCye IXHE Npakmuune

3acmocysanus @  0aeamocecitiHux I OUHAMIYHUX
cepedosuLyax.

Y pobomi 3anpononosano modenvb  Keanmogo-
adanmuenozo  3106MucHuxa. Llsn  mooenv inmeepye
KAACUYHI  ma  KBAHMOGI  pecypcu  3MOGMUCHUKA,

cmpamezito adanmueHoi amaxku ma K8aHMo8Ull OpPaKyIi.
Lle dae 3mo2cy popmanizyeamu cynepnozuyitini 3anumu
ma 6azamocmynenegy 63acmMo0il0 3 NPOMOKOIOM.
Ilpeocmasneno mamemamuuny mooenv — 2iOpUOHO20
NPOMOKONY — PYKOCMUCKAHHSA, — 0e  CeCiuHutl  KIHy

dopmyemuvcs wasxom NOEOHAHHSA KIACUYHUX
i NOCMKEAHMOBUX KOMNOHEHMIE uepe3  QYHKYIIO
¢opmysanus karoua (KDF). Bugedeno eepxuio meixcy
nepegazu 3106MUCHUKA, WO 8PAXOBYE K KIACUUHY, MAK
i NOCMK8AHMO8Y CK1a008Y NPOMOKOY.

Jlnsa nioguwenHs cmitikocmi 3anponoHO8AHO Mpu
ocHosHi memoou. Ilepwuii — ikcayis napamempis
NPOMOKONY i3 3aXUCMOM 8I0 NOHUNCEHHS DIi6Hs
besneku ma Kpunmoepa@iuHum nioOmeepONtCeHHsIM.
Jpyeui  —  OuHamiune  YNPAGNIHHA  KIIOUOBUMU
napamempamuy ma KpunmozpagivHumu npuMimueamu
Ha OCHO8I iHme2panbHOi  QYHKYIl  pusuxy, sKa
8paxogye KB8AHMOBI pecypcu NPOMUBHUKA,
HABAHMADICEHHS HA MepedxCy U aKMUuHiCmb amax.
Tpemiu — Komnosuyitina eepu@ikayis npomMoxKonie
3 ypaxy8awHsm OazamoceciiHux i 6azamopigHesux
¢az pykocmuckanns, wo oae 3mozy ¢hopmanizysamu
KoMno3uyiunicme — ma  oyinumu  OazamopigHesy
cmiukicms. 3anponoHo6ano iHmespanvbHy Mempuky
K8AHMOBO-A0ANMUBHOI  CMIUKOCMI, WO  8pAX08YE
besnexy, ckiadHicms ma adanmuenicms. Pesynomamu
CMEOPI0IOMb HAYKOGe NIOIPYHMSA O/ AHANI3Y PUBUKIE
harvest-now, decrypt-later.

Kniouosi cnoea: reanmoso-aoanmusna 6esnexa,
2IOpUOHI KpunmozpagiuHi npomoKony, noCMmKEAHMOos8d
kpunmoepagpisi, Multi-session security, QAA-moodenn,
OROM.
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AHOTALIA

YV npeocmasneniii cmammi nposedeno no2nubneHull CUCMEMHUN aHALi3 apXimekmypu ma QYHKYIOHALIbHUX
MOdACIUBOCMEL GIMYUUSHAHOL CUCmeMU KOHmMpoo i ananizy kocmiunoi oocmanoexku (CKAKO) y meocax peanizayii
3a60anb  Hayionanvroi kocmiunoi npoepamu  Vkpainu. Axmyanvhicms 00cnioxceHHs 00yMO81eHa CMpPIMKO
Minimapuzayiero ma KOMepyianizayiero HaeKoJIL03eMHO20 NPOCMOPY, WO BUMASAE G0 OePHCAGU HASLBHOCMT HE3ANEHCHUX
ma 6UCOKOMOYHUX 3AC00I8 MOHIMOPUHEY KOCMIYHOI 0OCMAHOBKU OISl 2ApAHMYBAHHS HAYIOHANLHOI Oe3neku ma
3axXuCmy 0epiHcasHux iHmepecie.

06’ckmom  00CHiONCeHHs: BUCMYNAE Npoyec OanriCmuKo-Hagieayitinozo 3abe3nedents YNpasiiHHa KOCMIYHUMU
anapamamu (KA) ma eedenns xamanoeie xocmiunux o6 ’cxkmie (KO). ¥V pobomi demanizosano poms CKAKO sk
bazamokoMnoHeHmHol  IHpopmayiiHol  cucmemy, WO GUKOHYE 3a60aHHs I0eHmuikayii, CynpoeoodICeHHs mda
NPOCHO3YBAHHSL PYX)Y 00 €kmis y pexcumi peanvrozo uacy. Ocobnugy yeazy npuoiieHo i€papxiuHitl cmpyKmypi cucmemu,
0e 8UOLIEHO nidcucmemy YeHmpaniz08aH020 YNPAGIIHHI 6CIMA GUMIPIOBANHUMU KOMINLEKCAMU, U0 X005Mb 00 il CKIa0Y.

Hayxosa nosusna oocniodxcennss nonsieac 'y opmanizayii kpumepiie oyinku axocmi ¢ynxyionyeanns CKAKO
uepes mpusUMIPHULL 6EKMOP NOKA3HUKIB. QYHKYIOHAIbHULL Pe3yibmam (Pf), pecypcni eumpamu (V) ma uacosut
¢axmop (T). Aemopom obrpynmosano cneyuiunuti nioxio 00 6U3HAYEHHA NPIOPUMEMHOCI YUX NOKAZHUKIE
y KOHmeKcmi HayioHanvHoi Oe3neku. J{ogedeHo, wo npu BUKOHAHHI cmMpameivHux 3a80aHb YIHOBA CKIA008d
(V) € opyeopsaonoio nopienano 3 onepamusnicmio (T) ma mounicmio ioenmudpixayii 06’ ckmie (P/), OCKINbKU YIHA
NOMUTKU 8 DANICMUYHUX PO3PAXYHKAX MOXdCe NPpU3secmu 00 8Mpamu KOUmoBHUX KOCMIUHUX aKmueie abo 3a2po3u
Hayionanvriu besneyi.

Y ecmammi oemanvro npoananizosano epyny yuHHUKig, ujo 6e3n0cepeoHbO KOPEnoiony 3 AKICMIO QYHKYIOHY8aHMH
cucmemu: 8i0 2eonpocmopoeoi Kougieypayii (mepumopianibHe pO3MAULy8AHHA NYHKMIE CHOCMEPEetCeHHs) 00
MEXHIYHUX XAPAKMEPUCTNUK KaHAie 36 'a3Ky. OKpemum nynKmom U0iieHo CKIAOHICIb 63A€MO36 A3Ki6 cucmemu i3
308HIWHIM cepedosuuyem, BKII0UAIOYU BNIUE IOHOCHEPHUX 308a0 Md MEXHO2EHHO20 3ACMIYeHHs OpOim HA MOYHICIb
PAOIOMEXHIUHUX BUMIPIOBAHD.

3a pezynomamamu ananizy 6UsHAYeHO KPUMUYHY HEOOXIOHICHb 6CMaH081eHH s dicopcmKux sumoe 00 CKAKO npu
it inmeepayii' 3 padiomexniunumu cucmemamu ynpaeiinmus KA. Bcmanogneno, wo nooaisuia MooepHizayis cucmemu
NOBUHHA CNPAMOBYSAMUC HA NIOBUULEHHs asmomamu3ayii npoyecié i0eHmu@ikayii ma 3MeHUEeHHs Yaco8020
a2y MidC 8UABNIEHHAM 00 €KmMa ma euoayero YilesKasieKu cnoxcusayy iHgopmayii. BUcHosku cmammi Moxcymo
oymu 6UKOpUcCmani npu po3pooyi nepcneKmuHUX NIAHI6 PO3BUMKY HA3ZEMHOI KOCMIUHOI iHgpacmpykmypu ma
B00CKOHAICHHI AI2OPUMMIB YNPABIIHHA CKIAOHUMU MEXHIYHUMU CUCTIEeMAMU.

Knrwouosi cnosa: CKAKO, nayionanvha kocmiuma npocpamd, KOHMPONb KOCMIYHO20 Npocmopy, Oanicmuko-
Hasizayitine 3a0e3nedents, KOCMiuHull 06 €km, hyHKYIOHATbHA edheKMUBHICMb, padiomexHiuHi cucmemu Ynpasiinus,
Hayionanvua Hesnexa.
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Bctyn

3abesneyeHHA HauioOHaNbHOI Ge3nekn € ogHUM i3
npiopuTeTHMX 3aBAaHb HauioHanbHOI KOCMiYHOI Npo-
rpamm YKpaiHu, Wo peanizyeTbca WAAXOM CTBOPEHHA Ta
PO3BUTKY BianNoBiAHOI iHPpacTpyKkTypu [1-2]. B ymoBax
rnobanbHoi iHTeHCUiKaLii OCBOEHHA HABKOI03EMHOTO
NPOCTOPY KPWUTUYHOI BarM HabyBae nMuTaHHA bGanicTu-
KO-HaBirauiliHoro 3abesneyeHHs (BH3) ynpasniHHA Koc-
MiYHMMM anapaTamm (KA) [1-2].

Y mexkax Mporpamm ocobnnea yBara npuAainaeTbca nia-
BULLEHHIO edeKTUBHOCTI eKcnayaTauji iCHyruUMX Hasem-
HMX 3acobiB. KnwoyoBuMmM eneMeHTOM L€l apXiTeKTypu
€ CucTema KOHTPOAK i aHanisy KocMiyHOi 06CTaHOBKM
(CKAKO), dyHKLjioHYBaHHSA AKOi BU3HAYeHO AK CTpaTeriy-
HWI HaNPSM PO3BUTKY BITYM3HAHOT KOCMIYHOI ranysi [3].

Ponb CKAKO y cuctemi ynpaBaiHHsA

dyHKUioHanbHe npusHadyeHHa CKAKO nondrae
Y BUPIiLIEHHI KOMNIEKCHMX 3aBAaHb bH3, Lo BKAtOYaOTb:

- He3nepepBHy iaeHTUIKaLitO Ta CynPOBOAKEHHA
npioputetHnx KA;

- ¢$opMyBaHHSA Ta aKTyasi3aLito KaTaaoriB KOCMiy-
Hux 06'ekTis (KO) [4].

AKiCTb pOHOTM CUCTEMM BU3HAYAETLCA i CMPOMOXKHI-
CTIO BUKOHYBATU LLiNIbOBI 3aBAaHHA i3 331aHO0 TOYHICTIO
Ha BM3HaAYeHWUX YacoBMX iHTepBanax [5].

YMHHWMKM BNAUBY Ha AKICTb PYHKLIOHYBaHHA

MNpoBeaeHU aHanis [03BONAE BUAINUTM  Tpyny
BM3HaAYaNlbHUX YMHHUKIB, WO 6e3nocepeaHbO Kopento-
I0Tb i3 AKICHUMM NOKA3HMKAMM CUCTEMMU:

1. KoHdirypauin 3acobis: KinbKicHuMi1 cknag Ta pos-
ranyXeHiCTb Ha3eMHUX MYHKTIB KOHTPOIO KOCMiYHOTO
npoctopy (KKM).

2. TeomeTpia ornagy:
KOHTPONHO.

3. IHdopmauiliHa 3paTHicTb: loBHOTa AaHMX Ta
OVCKPETHICTb CoCTepPerKeHb.

4. Yacosui pernameHT: ONepaTUBHICTb BUABIEHHSA
Ta igeHTUdiKayii 06’eKTiB, WO € KPUTUYHUM A1 3anobi-
raHHA KOHQMIKTHUM cUTyauism B opbiTanbHil NaoWmHi
[5].

DyHKUiOHYBaHHA CUCTEMM KOHTPO/KO i aHani3y Koc-
MiyHOi obctaHoBKM (CKAKO) € cTpaTteriyHMm akTMBOM
YKpaiHu, wo 3abesneyye noBHOTY iHGOpPMaLLl Npo cTaH
HaBKon03eMHoro npoctopy. LUe Bucrtynae ¢yHpoame-
TaZlbHUM YNHHUKOM AOTPMMAHHA HOPM MiXHApPOAHOro
KOCMIYHOrO NpaBa Ta 3MillHeHHSA HaljioHaAbHOT 6e3neKkun
OeprKaBu.

Poamipn Ta mexi 30H

AHaniz  ¢akKropis CUCTEMHMUX
ocobnusocrei

MopiBHANBHUI aHani3 ¢axoBoi niTepatypu [4] ceia-
UYUTb, WO MNiABULLEHHA AKOCTi MOHITOPUHTY KOCMIYHOIO
npocTopy notpebye rMnboKoro gocnigKeHHs cneundikm
byHKLiOHYBaHHA cnucTeMn. Ha ebeKTUBHICTb BUKOHAHHSA

3aBaaHb CKAKO KpuTMYHO BN/MBAOTb Taki pakTopwm [5]:

BN/ansy Ta

- [eonpocTopoBa KoOHirypauis: TepuTopiasbHe
po3TallyBaHHA HA3eMHWUX BUMIpOBasbHMX 3ac06iB;

- |HOpacTpyKTypHA UuinicHICTb: AKICTb Ta nponyc-
KHa 34aTHICTb KaHanis 0bmiHy gaHumu;

- JAWHami4yHi NOKA3HMKM: ONepaTUBHICTb BM3Ha-
YEHHA HaBirauiMHWUX napameTpiB KOCMIYHUX 06'eKTiB
(KO).

AK iHbopmauiiHa cuctema, CKAKO 3abesneuye nos-
HUI UMK CYNPOBOAMKEHHS, PO3Mi3HaBaHHA Ta KaTano-
rizawii KO. Ti dyHKLiOHYBaHHA XapaKTepu3yeTbCA HU3-
Koo cneumdiuHMX 03HaK:

1. MacwTabHicTb: BeNMKa KifbKicTb QyHKLIOHANb-
HUX eN1eMEeHTIB Y CKAaAj CMCTeMMU.

2. Bwucoka 3B’A3HICTb: CKNAAHICTb BHYTPILWHIX Ta
30BHiLLHIX iHTepdeliciB B3aemoaii.

3. UinboBa egHicTb: nignopaAKoBaHICTb yCiX Npo-
LeciB EANHIN MeTi — KOMMNIEKCHOMY aHani3y KoCMiyHoi
06CTaHOBKM.

4. lepapxiyHiCTb ynpaBAiHHA: HAABHICTb BUAiNEHOI
nigcUCTEMMN KOOPAMHALLT BCiX CKIAA0BUX KOMMIEKCIB
[6].

KpuTepii ouiHKM AKOCTI GYHKLIOHYBAHHA

AKICTb CMCTEeMM BBaAXKAETbCA AOCTATHLOK 33 YMOBM
OTPMMAHHA [0CTOBipHOI iHPpopmauii npo KO i3 3aaa-
HOK TOYHICTIO Yy BM3HA4YEHOMY YacoOBOMY Aiana3oHi.
[na KOMNAEKCHOI OLiHKM AOLUiIbHO BMKOPUCTOBYBATU
BEKTOPHMIM MOKa3HUK, LLLO BPAXOBYE:

- Pf (PyHKLiOHANbHWUI pe3ynbTaT): cTyniHb AocAr-
HEHHSA Ljifielt MOHITOPUHTY.

- V_(PecypcHi BuTpaTtun): obcar matepianbHO-Tex-
HIYHMX Ta IHTENEKTya/lIbHUX PecypciB, 3a/ydYeHuUx AnA
BUpiLLEHHA 3a4a4i.

- T (YacoBuit YUHHUK): TPMBANICTb LIMKAY 06POBKK
OaHUX.

Ockinbkn CKAKO nepeBakHO QYHKLiOHYE y cTauio-
HapHOMYy (MOHiTOpMHroBoMy) pexumi, daktop yacy T
3a3BMYal HTErpyeTbCA Y MOKa3HUK OYHKLiOHasbHOrO
pesynbraty Pf. MpoTe nNpu BMKOHAHHI TEPMIHOBUX 3an-
BOK CMNOXMBaYiB LWOAO0 NpiopUTETHUX 06'eKTiB, onepa-
TUBHICTb HabyBae CTaTycy CaMOCTIMHOFO KPWUTUYHOTO
KpuTepito.

JocsarHeHHs cTpaTteriyHoi meTn  yHKLiOHYBaHHA
CKAKO —-Ll , 6e3nocepeaHbo KOPENIOE 3 YCTMiLUHUM BUKO-
HaHHAM BM3HAYeHOro nepeniky 3aBaaHb 3. 3 ornagy Ha
CUCTEMHWI Niaxif, B3aEMO3B’A30K MiX MeTO Ta Mpo-
uecom ii peanisauii MoXKHa NpeacTaBuTH y BUrNALI QYHK-
LLiOHaNbHOI 3aneXHOoCTi:

Ll,c<—>3=f(Pf,Vr,T)

ae:

- Pf (PyHKUioHanbHa edEeKTUBHICTb) — CTyMiHb
BiANOBIAHOCTI OTPMMAHOrO pe3y/abTaTy MOCTaBAEHOMY
3aBAaHHI0 (TOYHICTb iaeHTMiIKaLji, NToBHOTa KaTanory);

-V (PecypcHa edeKTUBHICTb) — CyKyMHi BATPATK
eHepreTMYHUx, GpiHaHCOBMX, IHPOPMALINHUX Ta TPyLo-
BUX pecypcis;

ISSN 2786-9024

93 !



ObuncntoBasibHa TexHiKa Ta aBToMaTU3al,in

T4. N26(38)'2026

- T (YacoBa abo onepatmBHa edeKTUB-
HiCTb) — 34aTHICTb CUCTEMW HaZaBaTW AaHi Yy pernameH-
TOBaHi TEPMIHMN.

MpiopUTETHICTb MOKA3HWKIB Y KOHTEKCTi HaLioHaNb-
HOi 6e3neKkn

AHani3 epeKTUBHOCTI

Mpwu aHanisi epexktmeHocti CKAKO noctae nuTaHHA
BubOpYy BM3HayanbHOro Kputepito. Cneumdika ranysi
CBiZYNTb NPO Te, L0 NPWU BUPiWEHHI 3aBAaHb 3abe3ne-
YEeHHs HaLioHaNbHOI 6e3neKkn Ta 3axXWUCTy AepKaBHUX
iHTepeciB y KOCMiYHOMY MpPOCTOPi, LiHOBWUA MOKa3HMUK
(V) BigxoanTb Ha apyruii nnaH [6].

MeplwoyeproBoro 3HayeHHA HabysaloTb OYHKLiO-
HaJIbHWUI (Pf) Ta onepatnBHUI (T) NOKa3HUKKN. ALKe Kpu-
TMYHa NoMWKa B igeHTMdIKauii 06'ekTa abo 3aTpuMmKa
Yy BMAAYi LiNeBKa3iBKM MOXKe NpU3BecTu A0 He3BOpOT-
HWUX HACNiAKiB, BapTiCTb AKMX HECNIBMIPHA 3 eKcnyaTa-
LiHUMKW BUTPaTaMMK CUCTEMMU.

AKICTb AK KOMNAEKCHa BNAACTUBICTb

OTKe, AKicTb ¢yHKUioHyBaHHA CKAKO cnig posrna-
0AaTU AK Ti BHYTPIWHIO 34aTHICTb 3abe3neyyBaTt MakK-
CUManbHUM GYHKLIOHAaNbHUI BUrpall NpU BUPILLEHHI
LiNboBMX 3aBAAHb. Lla 34aTHICTb € noxigHo BiA.:

1. BHyTpiWHiIX napameTpiB: apXiTeKTypu cuctemu
Ta XapaKTepuUCTUK il nmigcuctem (4yTAMBICTb CEHCOPpIB,
NOTY}KHICTb 0B6UYNCNIOBANbHUX LEHTPIB).

2. 30BHiWHiIX ¢aKTopiB: BNAMBY HABKOJMLIHbLOIO
cepefoBMLLA (KOCMiYHa noroada, 3aBaZoBa 0BCTaHOBKaA,
TeXHOreHHe 3acMmivyeHHs opbiT).

AKLWO BMPas3nTK Yepe3 X MHOXMHY napameTpiB cUC-
Temu, T06T0 X={Xi}, pe i = [1,p], a Yepe3 Y MHOXKUHY
napameTpiB 30BHilWHbOrO cepegosuwa — Y={Yk}, ne
k=[1,m], Toaj P,=P, (Xy).

Buxogaum 3 yboro npo epektTnBHictb CKAKO moxkHa
roBOPUTU INLLIE 33 YMOBM AKLLO BOHA BULLE AEAKOrO rpa-
HWYHOTO PiBHA P,, TOBTO P, > P, .

1i cnip po3rnagaTh, Hacamnepes, Yy KOHTEKCTi TPbOX
OCHOBHMWX MOKa3HMKiB [5]:

— BE/IMYMHW KOHTPO/IbOBAHOIO MOBITPAHO-KOCMIY-
HOro npoctopy — Q;

— MNOBHOTU KOHTpOA (BiACOTOK BiA 3arasbHOro
yncna KO, Wwo nponwam Yepes 30Hy KOHTPOJIO 33 Ne.-
HUI NPOMIXKOK Yacy A8 SIKMX BUM3HAYEHO NapameTpwm
pyxy) = x;

— TOYHOCTI cynposoay — 6.

3aranbHa iHopmauia npo CKAKO He posBonse
CYAWUTU NPO BUKOHAHHA YHKUIA cucTemoto i pobuTu
NOpiBHANbHY OLIHKY cucTemM. BUHMKae HeobxiaHicTb
OLLiIHKM AKOCTI CUCTEMMW 3 JOMOMOTO AEeAKUX y3araib-
HEHMX MOKa3HWKiB, AKi 06'egHyOTb B cObi Halbinbw
BaXK/IMBi YaCTKOBI NOKa3HMKKU. OnA obrpyHTyBaHHA iX
CTPYKTYpU Ta CKNafy HeobXiAHO BM3HAYMTM B nepLuy
Yyepry OCHOBHi MOKA3HWKKM AKOCTI CUCTEMWU | KpuTte-
pii, BiANOBIAHO 3 SKMMM NOBWHHA 3AilcHIOBATUCA
onTMMmi3zauisn.

Mo3HauMmo Yepes U BEKTOP napameTpis opbitn KO,
a 4yepes Q, KOHTUHyaNbHY0 06/1acTb BCIX MOMKAMBUX
3HauyeHb napameTpi opbiT KO, aki nignsraotb obcny-
roByBaHHI0. AKWO Q, po3ainnth Ha nigobnacti Quj, TO
nogobnactb Quj byae BKAOYaTM NapameTpu opbit KO
j-ro knacy. Todi MOXKHa BWM3HAYMUTU AnNpiopHYy MMOBIp-
HicTb HaaBHoOCTI B noTou,i KO, Aki obcnyrosytoTbes, npes-
CTaBHMWKIB j-ro Knacy:

Py= [ f,@)duU,

Ae f (U) — anpiopHa miﬂbHiCTb po3noainy BeKTopa
napameTpiB U, fIKa XapaKTepWU3ye MOTOYHY «3acene-
HICTb» KOCMIYHOro npoCcTopy Ta TeHAeHUii il 3MiHn
B ManbyTHboMy [6].

AnpiopHi MmoBipHoCTI P, nossu 06'eKTiB TOrO uMm
iHWOro K/lacy OPIEHTOBHO MOMYTb OyTWM OLiHEHi Ha
ocHoBi HaaBHOi B CKAKO iHpopMmaLii npo cymapHy Kinb-
Kictb KO — M, i KinbkocTi KO Toro um iHworo knacy Moj'
AKI MOXKYTb NOTPANAATU B CEKTOP OrMALY AAHOTO KOMM-
JIEKCY 3 ypaxyBaHHAM peasibHMX napameTtpis opbiT KO.
Topi P, =42 . OTXXe NOBHOTa KOHTPO/IIO MOXe byTn Bupa-

eHa AK
s,

= —M
X="3 = -

AKLLO MaeEMO crpaBy 3 KOCMIYHMMW anapaTamu nes-
HOrO Knacy, T0 y=P,(y,T) .

TaKMM YNHOM MAEMO y3arasbHEHUI NOKA3HUK edeK-
TMBHOCTI — P_(y,T), AKMIA MOHOTOHHO 3aNeXuTb Bif
NoKa3HMKIB AKOCTI cuctemn. OnTuMmisauia obpaHoro abo
B)€ CTBOPEHOrO YrpyrnoBaHHA 3a TEXHIYHMMM Napame-
TPaM#M LWOAO Halbinbw BaXKKMX ymoB poboTu B 3arasib-
HOMY BUINAAI MOXe ByTU NpeacTaBieHa Ak

max(y)min(v)P,(y,7),

ae y— TTX 3acobiB cnoctepekeHHs;

v — BapiaHTM ymoB poboTu (po3ymieTbca HasBHICTb
nepeLkos, 3MiHa iHTeHCMBHOCTI NoToKy KO Towo).

BaxknuBMmu gna peanbHOI OLIHKM AKOCTI QYHKL-
oHyBaHHA CKAKO € 3anexHicTb NokasHuMKa edeKTmB-
HocTi P_(y,T) Big, KinbKOCTi BUMiplOBaHMX NapameTpis
KO (po3MipHOCTI BeKTOpa), a TaKOX XapaKTepUCTUK
TEXHIYHMX 3ac0biB — Y, AKi BNAMBAOTb HA MOKA3HUKMK
TOYHOCTI (sAKOCTi) BMBIpKM iHbOPMaLii Npo TUX uu
iHWKX o3Hakax KO. Hainbinbw 06'EKTUBHY OLHKY
[aloTb pe3ynbTaT HaTypHux BunpobysaHb. OfHaK
0N OTPUMaHHSA O0CTOBIPHOI OLiHKM HeobxigHO npo-
BeAeHHA BeMKOro ymcna sunpobysaHb no KO pisHo-
MaHITHMX KNaciB, WO HE 3aBXAWN BUABNAETLCA MOXKAN-
BMM i NOTpebye AyKe BEAMKUX YacOBUX 3aTpaT. Tomy
0cob6/MBOro 3Ha4YeHHA HabyBaloTb mMeToAM MaTemMa-
TUYHOro moAentoBaHHsa [2].

MpunycTMmo, Wwo HeobXiAHO 3 TOYHICTIO, AKa 3a6e3-
neunTb cTane ynpas/iHHA OLiHUTM napameTpu opbiT
KO. Hexan ana napametpis opbit KO — u, aki obcayro-
BYIOTbCSA, 3aZ,aHa AeAKa J0BipYa 061acTb 3v , AKa BU3Ha-
YaEe MeXi foNyCTUMMX BiXMIEHb OLHOK BEKTOpa napa-
METpIiB — v Bif, AINCHOrO BeKTopa. TaKMM YMHOM, AKLLO
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(\A»fv)eﬂv , TO BBAXAETbCA, WO TOYHICTb BU3HAYEHHSA
napameTpiB 33J,0BO/IbHAE BUMOraM.

AKLLO rpynyBaHHA 3acobiB CMOCTEPEKEHHA XapaKTe-
PU3YETHCA BEKTOPOM

Y=N127s)

O€ y,— BEKTOP, XapaKTepu3ytunin KinbKicTb i TMNK
3acobis cnocTtepexkeHHs (3C);

y, — BEKTOP, AKMM BKAOYAE TTX KoxkHoro Tuny 3C;

y,— BEKTOP, AKUI BU3HAYAE AMC/IOKaLtO i OpieHTa-
L,it0 30H cnocTepexkeHHa KoxHoro 3C, To ans byab-aKoro
KA 3 napameTpamun ve Q Mmoxe ByTn OLjiHEHa yMOBHa
MMOBIpHiCTb cynpoBogy Ha Ageskomy ¢ikcoBaHOMY
iHTepBasni Yacy T 3 HEOOXiAHOI TOYHICTIO YrpynoBaHHA
3C AAKa XapaKTepU3YETbCA BEKTOPOM Y

P{O(T)=v) €3} = F(0.1.7).
BignosigHoO AocToBipHiCTb 06CNyroByBaHHA BCbOrO

notoKy KO Toro  yrpynosaHHAm 3C 3 3a4aHOK TOYHi-
CTHO MOXKe ByTU BU3HAYEHA fK

P(1.1)= [ 6,00 £ (0,7, T)dv.

AKWO KOoCMiuHi 06’eKTM po3nodineHi Ha Kaacu
i Fv=3v » TO

P,(,T)=Y P, - f,P,(r.T),
J

ae f(y,T) — "moBipHIcTb cynpoBoy 3 3a4aHO TOUHI-
ctio KA j — ro Knacy 3agaHoi yrpynosaHHAm 3C Ha iHTep-
Bani vacy T.

AKLLO 30HA KOHTPOJItO HE A,O3BOJIAE CYyNPOBOAKYBATH
KOCMiuYHi 06'€KTM j-ro Knacy, To BiANoOBiAHA NMOBIPHICTb
JopiBHIOE Hyto. CepegHe Yncao cynpoBogKyBaHux KO
j-TO Kfacy yrpynoBaHHAM 3acobiB CnocTepexeHHsA Ha
iHTepBani T MOXKHA BM3HAUYUTK AK

M,
M, =3 P,/ T).

0N 3a[laH0T CYKYMNHOCTI BY3/1iB | B3aEMO3B's3KIB MiXK
HUMW. 3HAYHO MeHLWe AoCnigXKeHa 3BOPOTHA 3ajaya:
ONA 3agaHoro Habopy GyHKUiM BU3HAYMTM ONTMMASIb-
HUW CKNaZ CUCTEMM Ta B3AEMO3B'A3KM MiXK HUMMU. MMpu-
AiNMMO OCHOBHY yBary MeToAMui po3B'A3aHHA 3azadi
BMbOPY TUNY 3ac06iB cnoCTEPErKEHHA, iX KiNbKOCTi, PO3-
TalyBaHHA | OpieHTALLT 30H cnocTepexeHHs [4].

[Jeska noyaTKoBa CTPYKTypa Moxke 6yTn nobynosaHa
Ha NiacTaBi 4OCBIAY, BUXOAAYM 3 NPU3HAYEHHA CUCTEMU,
abo 3 BMKOpUCTAHHAM 3acobiB crnocTepexeHHs, AKi
BXE BUPILYOTb 3aBAAHHA CNOCTEPEXKEHHA KOCMIYHUX
06'€eKTiB, ane B iHTEepecax CUCTEMU 3 IHLLIMMMU LiIbOBUMMU
byHKUiaMK. Taka CTPYKTypa moke Byt npauesnaTHoto,
ane He byae oNTMManbHO 33 06PAHUMM NOKA3HUKAMMU
AKOCTI.

Cuctema KOHTPOMKO KOCMIYHOTO MpPOCTOPY ABAAE
cob0t0 NPOCTOPOBO-MOHOJITHY CUCTEMY, | MOKa3HUKM
il AKoCTi 6araTo B YoMy BM3HA4YalOTbCA NMPOCTOPOBUMM
XapaKTepUCTUKaMmK 3acobiB crocTepekeHHs, fAKi yTBO-
ptotoTb  AaHy cuctemy. [pu pauioHanbHOMy BMOOPI
uMx Ta iHwWKx xapaktepuctmk CKKI Hagani 6ygemo

CMMPATMCA Ha NOKA3HUKM, BBEAEHI BULLE, TaKi AK — NMO-
BipHicTb 06cnyrosyBaHHA NoTtoky KO P, =(y,7).

Mo isnyni cyTi f(v, y, T) € MMOBIpHICTb Nogaii, AKa
Nnonsarae B TOMy, LLO 33JaHa KpuTepianbHa (Zosipya)
obnactb 3Iv, nobygoBaHa BIAHOCHO OUHKM v (V,T),
«HaAKPWE» iCTUHHE 3HAYeHHA BEKTOpa MapameTpis
op6iTn KO, 3a ymMOBM, WO ULE CMPaBXHE 3HAYEHHSN
[OPiBHIOE v < Qv. OUujiHKa v (y,T) BUXOAMTb HA OCHOBI
360py i 06pobKK Ha iHTepBani T BUMiptOBaHb Napame-
TpiB pyxy KO uyboro yrpynosaHHam 3C 3 napameTtpamu
y. Po3mipu i dpopma aosipyoi obnacti BigobparkatoTb
BMMOTM LWLOAO AKOCTi 06cnyrosyBaHHA BignosigHoro KO
(B ceHci TouHOCTI BU3HaYeHHA NapameTpiB ioro opbiTu)
3T =P{O(.T) -v)ed,} [4].

Mpwn oTpMmaHHi 3HauyeHb OyHKUii f(v,y,T) byaemo
OpPIiEHTYBATUCA HA MOTEHLMHO AOCAXHY TOYHICTb OL-
HIOBAHHA BEKTOpPa V, AKa MoOXe OyTM BM3HayeHa Ha
OCHOBI HepiBHOCTIi Pao-Kpamepa. lMpun ubomy B npu-
NyLWeHHi He3MmileHocTi ouiHoK v (y,T) BClo iHdopma-
Lilo NPO MOTEHLiMHO AOCAXHY TOYHICTb OLiHIOBaHHA
BEKTOpa MapameTpiB opbitn KO, Akuii obcayroByeTbea
yrpynosaHHAm 3C 3 napameTpamu y Ha iHTepBani Yacy
T, MOXKHa OTPMMaATH, AKLLO PO3paxyBaTh iHPopmaLinHy
maTpuuto diwepa (matpuuto TouHocti) 1/G(y, 7/ v ) [3].

BUKOPUCTOBYIOUM BULLE HaBeAEHWUA METOAUYHUM
anapaTt MOKHa BUPILLMTM NPAKTUYHY 33434y onTuMisaL,ii
cknagy, TTX yrpynosaHb 3C CKKI1, a 3HaunTb NigBuwmTH
il ebeKTUBHICTb ANA BUPILLEHHA 3aBAaHb WOAO BU3HA-
YeHHA HaBirauiHMx napameTpis KA.

TaKMM YMHOM, BUXOAAYM 3 y3arabHEHWUX MOKA3HUKIB
CTA€e 3pO3yMifio, WO MMOBIpPHiICTb CynpoBOAYy NEBHOMO
yrpynoBaHHa KA 3 3aaHOM0 TOYHICTIO —fj(y, T) 3anexuTb
Hacamnepepq, Bif pi3HOcnpAMOBaHOCTI BekTopa 3C —
Y=r2Ys) -

Cnip, 3a3HaunTK, WO € 06nacTi NPOCTOPY, AKi KOHTPO-
NIOI0TbCA /IMLIE ONTUYHUMMK 3ac0b6amu | He KOHTPONIO-
HOTbCA PaZIOTEXHIYHUMM. Y TOI }Ke Yac ONTUYHI 3acobu
MaloTb OOMENKEHHA 33 METEOPOJIOTNIYHUMU YMOBAMMU,
yMOBaMW OCBiTAeHOCTi, Yacom pobu. Tobto, maemo
[yXKe «BY3bKMIN» BEKTOP y=(y,7,7,), AKUIA 3HAYHO BNAU-
Ba€ Ha ePeKTUBHICTb cuctemu [6].

CTBOpPEHHSI HOBWX PaAiOTEXHIYHMX, PaAioNoKaLin-
HUX, OMNTMYHUX Ta ONTUKO-ENEKTPOHHMX 3acobis KK
notpebye 3HAYHUX MaTepianbHUX i GiHAHCOBMX BUTPAT,
3HAYHOro 4acy Ha X CTBOPEHHA Ta BBeAEHHA B Jilo.
AKTyaNbHO NOCTA€E 3aBAAHHA PO3PO6KM HOBUX METOLIB
i cnocobiB iaeHTUdIKaLiT KOCMiYHMX 06'€KTIB i iX BUKOPU-
CTaHHA B ICHYIOUYMUX PASIOTEXHIYHMX KOMMIeKcax. Y Tomy
yncni 3 BUKOPUCTaHHAM crnocoby iaeHTUdiKaLil Kocmiy-
Hux anaparis (KA) Ha 6a3i npuiiomy i 06pPOBKN HEKOHTpP-
0/1bOBAHOTO BUMPOMIHIOBaHHA 60pTOBOI amnapaTypwu.
Takui nigxia [03BOAUTbL PO3LWMPUTM MEXKi BeKTopa
3C— y=(1,7,7,) NPV MiHiManbHUX BUTpaTax i 3abe3neyntu
MMOBIpHicTb 06cyroByBaHHA NoToKy KO npmnbansHoO Ha
10-15%.
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BucHoBKu

MpoBepeHUn aHanis ocobnausocTelr nobyaosu
CKAKO Ta nowyK WwasaxiB NigBuLLeHHs aKkocTi i GyHKLio-
HYBaHHA J,03BONAKOTb CTBEPAKYBATU: AN eDEeKTUBHOTO
6anicTMKo-HaBirauiHoro 3abe3neyeHHs HeobXiAHO
4iTKO bopManisyBaTM BUMOIM A0 CUCTEMM NPU B3AEMO-
4ii 3 pagioTexHiYHMMM cucTemamm ynpasniHHa (PTCY).

OCHOBHMMM Fpynamm BUMOT, LLO Npes’ ABAATLCA 40
CKAKO y uboMy KOHTEKCTI, €:

1. Bumorun go BiporigHocTi AaHux: 3abesneyeHHs
MiHIMaNbHO MNPUNYCTUMMX MOXMOOK MpPU BU3HAYEHHI
napameTpiB opbiT, Wo HeobXiaHO ANA PO3PAXYHKY TOu-
HUX LiNIeBKa3iBOK aHTEHHUM CUCTEMAM Ha3eMHUX MyHK-
TiB YyNpaBAiHHA.

2. Bumoru go onepatmBHOCTI 06MiHy: MiHimizauia
YacoBMX 3aTPMMOK Y KOHTYPi «BUABNEHHA — igeHTUdI-
Kauia — nepefayva gaHux Ha PTCY», wo ocob6ameo Kpu-
TUYHO NpKW ynpasaiHHI KA Ha HUM3bKKUX 0pbiTax 3 KOPOT-
KMMMW 30HaMW BUAMMOCTI.

3. Bumoru go 3aBago3axulieHocTi: 34aTHICTb cuUc-
Temun igeHTUdiKyBaTM curHan KA Ta cynpoBOAKyBaTH
MOro TPAEKTOPIlO B YMOBAxX NMPUPOAHUX Ta HAaBMUCHMUX
pagio3aBsag,.

4. Bumorn A0 aBTOHOMHOCTI: MOXAMBICTb aBTO-
MATM30BAHOIrO MNPUMHATTA pilleHb Woao iaeHTUdI-
Kauii KO 6e3 3anyyeHHA onepaTopa y KPUTUYHI dpa3u
yNpaBAiHHA.

[oBeneHo, Wwo noganblumnii po3suTok CKAKO HeMoXK-
nmeuii 6e3 BpaxyBaHHA cneundiuHMX BUMOT pagioTex-
HiYHMX cucTeM ynpaBniHHA. TiNbKM cuHepria 3acobis
KOHTPO/IH0 KOCMIYHOIoO NPOCTOPY Ta CUCTEM YNpPaBAiHHA
KA po3BoanTb 3abe3neumtn HeobXxifHy CTiMKicTb Ta
HAAiMHICTb KOCMIYHOT AisIbHOCTI YKpaiHu.

®iHaHCcyBaHHA
LocnigKeHHA
nNigTPUMKN.
JocTynHicTb AaHux
PyKkonuc He mae NoB’A3aHNX AaHWX.

nposogunoca 6e3  diHaHcoBOI
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RESEARCH OF THE FUNCTIONING OF THE EXISTING
SPACE SITUATION CONTROL AND ANALYSIS SYSTEM

Serhii Rahulin, Oleksandr Sharabaiko

The presented article provides an in-depth systemic
analysis of the architecture and functional capabilities
of the national Space Situation Control and Analysis
System (SSCAS) within the framework of implementing
the tasks of the National Space Program of Ukraine.
The relevance of the study is driven by the rapid
militarization and commercialization of near-Earth
space, which necessitates the state’s possession of
independent and high-precision tools for monitoring the
space environment to guarantee national security and
protect state interests.

The object of the study is the process of ballistic
and navigational support for spacecraft (SC) control
and the maintenance of space object (SO) catalogs. The
work details the role of the SSCAS as a multi-component
information system performing tasks of identification,
tracking, and motion prediction in real-time. Particular
attention is paid to the hierarchical structure of the
system, identifying a specialized subsystem for the
centralized management of all measurement complexes
included in its composition.

The scientific novelty of the study lies in the
formalization of criteria for assessing the quality of
SSCAS functioning through a three-dimensional vector
of indicators: functional result (P), resource costs
(V), and time factor (T). The author substantiates a
specific approach to prioritizing these indicators within
the context of national security. It is proven that when
performing strategic tasks, the cost component (V) is
secondary compared to operational efficiency (T) and
the accuracy of object identification (P), as the cost of
an error in ballistic calculations could lead to the loss
of expensive space assets or threats to national security.

The article provides a detailed analysis of a
group of factors directly correlating with the system's
functioning quality: from geospatial configuration
(territorial distribution of observation points) to the
technical characteristics of communication channels.
A separate point highlights the complexity of the
system's interconnections with the external environment,
including the impact of ionospheric interference and
anthropogenic orbital debris on the accuracy of radio-
technical measurements.

Based on the analysis results, the critical necessity
of establishing stringent requirements for the SSCAS

Copyright © 2026, OTA.



ObuncnioBasibHa TEXHIKA Ta aBToMaTU3aL,inA

T4. No6(38)'2026

during its integration with radio-technical spacecraft
control systems 1is identified. It is established that
further modernization of the system should be aimed
at increasing the automation of identification processes
and reducing the time lag between object detection and
the issuance of target designations to the information
consumer. The conclusions of the article can be utilized
in developing prospective plans for the development of
ground-based space infrastructure and improving the
management algorithms for complex technical systems.

Keywords: SSCAS, National Space Program, space
domain awareness, ballistic and navigational support,
space object, functional efficiency, radio-technical
control systems, national security.
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AHOTALIA

Y pobomi npoananizosano pusuxu, nog’sa3ani 3 KOpPeKmMHICmio ma OOCMOGIPHICMIO HABUANLHO20 KOHMEHMY,
CMBOPEH020 3a O0ONOMO20I0 [HCMPYMEHMIE WmyuHo2o I[Hmenekmy. IHmenexmyanvHi iHCMpyMeHmu Hda OCHO8I
WMYYHO20 THMeENeKmy Cnpusioms asmomamusayii npoyecy po3poOieHHs iHMepaKmueHUX HaA8YAIbHUX MAmepiaiis,
NIOBUWEHHIO DISHS NEPCOHANI3ayil HAGYAHHS Ma ONMuMi3ayii ananizy pe3yromamie 0cimHbol OLIbHOCMI.
Boownouac enposadcennss mexnonoziu wimyuHo2o iHmMeneknmy 6 OC8IMHE cepedosuiye CYRPOBOOIICYEMbCS NOABOIO
HOBUX YUPDPOBUX PUSUKIB, 30KpeMd NOWUPEHHIM 0e3IHGOpMayii ma opmysantam 3a1eHCHOCMI 810 MeXHON02IUHUX
3ac00i8. ¥ ybomy 00Ci0ANCeHHTI NPOAHANI308AHO PUSUKU, NO8'A3AHI 3 NPABUTILHICINIO MA OOCHOBIPHICINIO OCBIMHbO2O
KOHMeHmY, CI8opeHo20 3d 00NOMO20I0 IHCMPYMEHMi8 Wmy4H020 iHmeneKny. 3anponoHo8aHo aleopumm OYiHIBAHH
00cmogipnocmi 6i0Nosioell cucmem Wmy4HO20 IHMeNeKmy, Wo GUKOPUCIMOBYIOMbCS N0 4AC CIMBOPEHHS. HABYATbHO2O
KOHmMeHmy. Aneopumm IpyHmyemvbCs Ha MOOEN08AHKI NPOYecy nepesipku 00CMOGIPHOCHI 8i0N08ioell, 32eHepO8aHUX
WMYYHUM  THMENeKmMOoM, nepedbayac NOemanHuil anaui3 2eHepOSaHux pe3yibmamis, O0OUUCIeHH NOKA3HUKIE
MOYHOCMI MA BU3HAYEHHS PIBHA IX OOCOGIPHOCHI HA OCHOBI NOPIGHAHHS 3 KOHMPOIbHUMU O0dicepenamu. [Iposedeno
eKCNEepUMEHMANbHY OYIHKY KIIbKOX THCMPYMEHMI8 WmyuyHo20 iHmeleKmy 3 6UKOPUCIAHHAM MeCmoux 3a80aHb,
nog'szanux 3 memamu iHgopmayiinoi desnexu. Pezynomamu noxasanu, wjo mouHicms 6i0N0GIOet, 32eHepOBANHUX
ChatGPT, oocseana npubnusno 90-95%, moodi ax inwi incmpymenmu 0eMOHCMPYSANU HUNCHY HAOIUIHICTNG 3ANEHCHO 6i0
CKAAOHOCMI 3a80aHHs. 3aNPONOHOBAHULL ANICOPUMM CAPSIMOBANHULL HA 3MEHUEHHS PUSUKIE nowupents desingopmayii
ma cnpusie ni08UUeHHsl AKOCMI HABUAIbHUX MAMEPIaie, CMEOPEHUX I3 BUKOPUCIAHHAM [HMENeKMY aibHUX CUCTeM.

Kniouogi cnosa: ancopumm oyinioganns 00CMOSIPHOCHI, MOOENOSAHHA, WMYUHUL HMeNeKm, HAGUANbHULL
Koumenm, yughposi oceimui niamgpopmu.

Bctyn

LUTy4HMi iHTenekT (LUI) cTaB HeBia eMHUM enemeH-
TOM Cy4acHOro UMPPOBOro cepesoBULLA Ta AKTUBHO
3aCTOCOBYETbCA B Pi3HMX chepax AianbHocTi. TexHo-
norii WI BuKopucToBytoTbCcA ana ¢inbTpauii cnamy,
BUABNEHHA OILUMHIOBMX aTaK, aHasisy KOpPMCTyBallb-
KUX 3anuTie i 06pobKu npupogHoi mosu. Kpim Toro,
ANrOPUTMM LWITYYHOrO iHTENEKTYy 3aCTOCOBYHOTbCA ANA
aBTOMATUYHOrO CTBOPEHHA cybTuTpiB, aHanisy Biae-
omatepianis, BM3HAYEHHA OMNTUMAZbHUX MapLIPYTIB
i3 ypaxyBaHHAM [OPOXKHbOI CUTyaLil Ta MOKpaLleHHA
AKOCTi MalUMHHOrO nepeknagy LWAAXOM HaBYaHHA Ha
HOBMX MACMBaXx AaHMX.

CTPIMKMIN PO3BUTOK TEXHOJOFIN LUTYYHOTO iHTENEKTY
CNPUAB YAOCKOHANEHHIO LMPPOBUX aCUCTEHTIB Ta iHCTPY-
MEHTIB A/19 CTBOPEHHA HABYa/IbHOrO KOHTEHTY i 3HAYHO
po3wmnpms chepu ix BUKOpUCTaHHA. Y cdepi ocsitn LUI
[OonoMarae BUKAagavam y nigroTosLi HaBYabHUX MaTepi-
anis, aBTOMATM3YyO4M PYTUHHI Npouecu Ta 3abe3nedyoumn
nepcoHanisaLito HaBYaHHA. Taki cUCTeMU MOXKYTb reHe-
pyBaTU TeCTOBi 3aBAaHHA, BMPaBM Ta HABYAJIbHI MJaHW,
a TaKOX afanTyBaTW TEKCTW BigNOBIAHO 4O PiBHA Niaro-
TOBKWM CTyAEHTIB. ABTOMATM30BaHi CMCTEMM OLiHIOBAHHA
34aTHi nepeBipATM NMcbMOBI PoboTH, aHani3yBaT Bigno-
BiZi CTYAEHTIB i OLiHIOBATU piBEHb 3HaHb, WO A03BOJAE
BMKN3aZa4am onepaTMBHille HaaBaTV 3BOPOTHWUIN 3B’A30K.
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3acTocyBaHHA  aZanTMBHWMX  OCBITHIX naatopm
3abe3nevye iHAMBIQyani3aLilo HaBYa/NbHOTO MNPOLECY,
OCKIiZIbKM HaBYa/IbHUIMA KOHTEHT MigNalWTOBYETLCA MNif,
notpebun Ta piBeHb MiArOTOBKM KOXHOIO CTyaeHTa. Cuc-
TeMW pPeKoOMeHAALiM MPOMNOHYTb NepcoHani3oBaHi
TEMW ANA BUMBYEHHA Ta AOLATKOBI BMpasu, a 4YaT-60Tn
MOXYTb HaZaBaTW MOACHEHHA HAaBYa/NbHOrO MmaTtepiany
y 6yab-KNI 3pyYHUt Yac. 3aralom BUKOPUCTAHHSA Tex-
HOJOTiM LUTYYHOrO iHTENEKTY A03BOAE CKOPOTUTM Yac
NigroToBKM HaBYaNbHUX MaTepianiB i NiABUWLUTU edeK-
TUBHICTb OCBITHBOTO NpoLecy.

MUTaHHA BUKOPUCTAHHA Cy4aCHUX UMPPOBUX Tex-
HOJOTiM y cdepi OCBITM BXKe PO3rALaANCA B HAYKOBUX
JocnigKeHHsaX. 3okpema, y poborti [1] pocniaxkeHo
MOXNMBOCTI NiABULLEHHA AKOCTI OCBITU LUAAXOM 3aCcTO-
CYBaHHA iHTEPAKTUBHMX HABYAJIbHUX IHCTPYMEHTIB
i CTBOPEHHA OCBITHbOrO KOHTEHTY Ha OCHOBI UUPpPO-
BUX NNaTPopm AMCTaHLIMHOrO HaBYyaHHA. Y poborTi
[2] npoaHanizoBaHO ponb iHPOPMALINHUX TEXHONOTIN
y HaBYa/sbHOMY Mpoueci, 0co6MBO B YMOBAxX AUCTaH-
LiHOT OCBITH, @ TAKOX NUTaHHA iHbopMaLitHOT be3nekn
B CMCTEMAX YNpPaBAiHHA HaBYaHHAM.

Pa3om 3 TMM, aKTMBHE BMKOPUCTAHHA reHepaTUBHUX
CUCTEM LUTYYHOrO iHTENEKTY B OCBITHbOMY CepeaoBULLi
CYNpPOBO/KYETLCA MOABOK HOBUX LMPPOBUX PU3UKIB,
nos’A3aHuX i3 MoxameicTio GpopmyBaHHA HeLOCTOBIp-
HMX abo 4YaCTKOBO HEKOPEeKTHWUX Bianosigen. Lle cTBo-
PHOE MOTEHUiMHI 3arpo3M nowupeHHs aesiHdopmalii
Yy HaBYa/IbHOMY KOHTEHTI Ta 3yMOBJ/IOE HeobXiaHiCTb
po3pobsieHHA edEeKTUBHUX MEXaHi3MiB  NepeBipKu
[0CTOBipHOCTI iHPopMaLii, cbopmoBaHOI iHTENEKTyaNb-
HUMW CUCTEMAMMU.

He3BakalouM Ha aKTUBHWIA PO3BUTOK IHCTPYMEH-
TiB WUTYYHOrO iHTENEKTY, MUTAaHHA aArOPUTMIYHOIO OLLi-
HIOBAaHHA [OCTOBIpPHOCTI BignoBigen, chopmoBaHUX
TaKMUMKU CUCTEMAMM Nif, Yac CTBOPEHHA HaBYaJIbHOTO
KOHTEHTY, 3a/IMIAETbCA HEeAOCTAaTHbO AOCAIAKEHUM.
IcHytoYi niaxoam 34e6inblioro opiEHTOBAHI Ha 3arasibHe
OUiHIOBaHHA fAKOCTI iHdopMmaLii, ane He 3abesneuytoTb
$opmanisoBaHOro mexaHiaMy NepeBipKu AOCTOBIPHOCTI
Bignosigen LI y HaB4anbHOMY cepeaoBuLLi.

AHani3 nitepaTtypHUX p[aHUX Ta MNOCTAHOBKA
npobnemu

BMKOPUCTAHHA iHCTPYMEHTIB Ha OCHOBI LITYYHOrO
iHTENEKTY B OCBITHbOMY MpoLEecCi CNpUAe aBToMmaTm3auii
HaBYa/IbHOI AiANbHOCTI, NepcoHani3aLlii HaBYaHHA Ta
nigBULLEHHIO edEeKTUBHOCTI OCBITHBOIO CepefoBMLLa.
Taki TexHonorii gatoTb 3MOry CTBOPHOBATM iHTEpakK-
TUBHMIA HABYANbHWUI KOHTEHT, aAanTyBaTWU HaBYa/bHi
maTtepiannM Ao iHAMBiAyanbHUX NOTPeb cTyaeHTiB
i oNTMMI3yBaTU Npoueaypn OUiIHIOBAHHA pe3ynbTaTiB
HaBYaHHA. BoaHOYacC BNPOBAAMKEHHA LTYYHOrO iHTe-
JIEKTY B OCBIiTHIO NPAKTUKY MA€ AK NepeBaru, TakK i NesHi
obmexkeHHs.

[0 OCHOBHMX NepeBar HaNeXMUTb NiABULLEHHA edeK-
TUBHOCTI HABYa/IbHOTO MpOLLeCY 3aBAAKM aBTOMATU3a-
LT HU3KKM 3aBAAHb, 30KPEMA CTBOPEHHA IHTEPAKTUBHMUX
maTepianie, aganTauii KOHTEHTY A0 iHAMBIAYyanbHUX
0c06/MBOCTEN CTYAEHTIB Ta ONEPATUBHOIO OLLiHIOBAHHA
pe3ynbTatiB iXHbOI AiANbHOCTI. Hanpuknag, BipTyasbHi
acucteHTM ChatGPT ta Gemini moxyTb 3abe3neuyBatu
LWBMAKY NIATPMMKY CTYAEHTIB, HajarouuM Bignosigi Ha
3aNUTaHHA Ta MOACHIOKOYM CKAALHI TeMU. [HCTpymeHTH
nigTPMMKM HaBYa/NbHOro npouecy, Taki Ak Redmenta
Ta Amperia, HafalOTb MOMXAMBOCTI ANA po3pobneHHA
CYy4aCHMX HaBYaNbHWX MaTepianis, ToAi AK aAANTUBHI
OCBITHI nnatdpopmu, 30kpema Socratic i Khanmigo, cnpu-
AOTb iHAMBIAYyaNi3auii HaBYaHHA, PEryioYn Temn
i piBeHb CKnagHoCTi 3aBAaHb BiAnoBigHO A0 NoTpeb
KOXHOTO CTyAEeHTa.

Pasom i3 TMM BMKOPWUCTAHHA TEXHONOTIN LUTYYHOTrO
iHTENeKTY  CYNPOBOAMKYETbCA MNEBHUMMU  PU3UKAMWU.
30Kpema, icHYe MMOBIpHICTb PopmyBaHHA HagMipHOI
3aN1eXHOCTI CTYAEHTIB Bif, TEXHONOTIYHMX IHCTPYMEHTIB,
WO MOXe HeraTMBHO BMJIMBATU Ha PO3BUTOK IXHLOIO
CaMOCTIMHOrO MUC/NEHHA Ta HABWYOK KPUTUYHOTO
aHanisy. [lo iHWKX MOTeHUilMHMX npobnem HanexaTb
NUTAHHA 3aXMCTy KOHOIAEHUIMHOCTI AaHUX, OCKiNbKM
3HaYHa KinbKicTb uMdpoBux nnatdopm 3ailicHOe 36ip
i 0bpobKy nepcoHanbHOI iHPOpMmaLii KOpMCTyBauiB,
a TAaKOX PU3UKM BUHWUKHEHHA aNropuTMIYHUX ynepe-
[OKeHb, AKI MOXYTb BNANBATU Ha 06’ EKTUBHICTb pe3ynb-
TaTiB HABYAHHA. HanpuKknag, BUKOPUCTaHHA naathopm
ONA reHepaLii HaBYaIbHOTO KOHTEHTY, Takux AK Quizlet
Al Tutor abo Curipod, moxe Np1U3BOAUTU L0 CTBOPEHHSA
HEToYHOro abo HeAOCTaTHbO AKICHOrO maTepiany y pasi
HEKOPEKTHOro HaNaWTyBaHHA IHCTpyMeHTiB. Kpim Toro,
3aCTOCYBaAHHA CePBICiB 4N1A PO3p0obaAeHHA Npe3eHTau,il,
30Kkpema Gamma Ta Canva, MoXe CNPUYUHATU HAZMIPHY
CTaHAAPTM3aLi0 HAaBYabHUX MaTepianiB, WO 0bMeKye
TBOPUMI NiAxXia Ao iX NiaroToBKu.

Y Tabnuui 1 HaBeaeHo Knacudikauito NowmMpeHmnx
iHCTPYMEHTIB Ha OCHOBI LUTYYHOrO iHTENEKTY, AKi Cnpu-
ATb aBTOMATM3aL,ii OCBITHIX MpoLecis, 3abe3neyyoTb
afanTaLito HAaBYaAHHA A0 PiBHA NiArOTOBKWU CTYAEHTIB Ta
JOoMnomaratoTb BUKNaJa4am CTBOPHOBATM MeEpPCOHasi3o-
BaHWW | TEMATUYHO OPIEHTOBAHWI HaBYa/IbHUI KOHTEHT.

BMKOPUCTAaHHA [HCTPYMEHTIB LUTYYHOrO iHTENEKTYy
(LU1) y HaBYanbHOMY NpoLECi BiAKpMBAE HOBi MOX/IMBO-
CTi 4NA PO3BUTKY OCBITHLOrO CepesoBULLLa, NPOTE OA4HO-
YaCHO CYMPOBOAKYETbCA HU3KO MOTEHLiINHUX PU3KKIB
i BUKAMKIB [3]. Y HayKOBWX A)Kepenax po3rnanatoTbes
Pi3Hi acNeKTN Ta TUMW TaKUX BPA3IMBOCTEN.

3o0Kkpema, y poboTi [4] BUMOKPEMIIEHO TPU OCHOBHI
npo6semu. MNepLiot 3 HUX € 3a/EXKHICTb Bif, TEXHONO-
rin. HagmipHe BMKOpUCTaHHA iHcTpymeHTiB LI moxke
CNPUATU 3HUXKEHHIO PIBHA KPWUTUYHOTO MUCIEHHA Ta
bOopMyBaHHIO 3a71eXKHOCTI CTYAEHTIB Bif, aBTOMATU30Ba-
HUX cucTeM. Y BMNaAKax, Konu iHbopmaLis nogaeTbea
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Ta6n. 1. IHctpymeHTH 3 LI Ans nigTpumKu HaB4YanbHOro npouecy

Tun iHcTpymeHTa

Ha3sea/caifT po3pobHuKa

BipTyanbHuii acucTeHT

ChatGPT (https://chatgpt.com/g/g-jekajgZGe-insight),
Gemini (https://gemini.google.com), Microsoft Copilot (https://copilot.microsoft.com/chats/
A6cUi2FsZvulsZbDWSKg2),
Claude (https://www.anthropic.com )

MOMIYHMKM HaBYaNbHOIO
npovecy

Redmenta (https://redmenta.com), Gios (https://gioschool.com/ua ), Amperia (https://edpro.ua/
amperia),
TWEE(https://app.twee.com/auth/signin?utm_source=chatgpt.com)

3acobu iHTepaKTUBHOIO
HaBYaHHA Ta aganTUBHI
nnathopmum

Socratic (by Google) (https://socratic.org), Khanmigo (by Khan Academy) (https://khanmigo.ai/),
Querium (https://www.querium.com), Carnegie Learning MATHia (https://www.carnegielearning.
com/solutions/math/mathia/), Century Tech (https://www.century.tech/)

IHCTPYMEHTU CTBOPEHHSA
npeseHTaLin

Gamma (https://gamma.app ),
Microsoft Designer (https://designer.microsoft.com ),
Canva (https://www.canva.com ), Kahoot! (https://kahoot.com/

FeHepaTopm HaB4Ya/1bHOro
KOHTEHTY

Quizlet Al Tutor, Q-Chat (https://quizlet.com/qchat ),
Curipod (https://curipod.com ), MagicSchool.ai (https://www.magicschool.ai/ ), Knowji — (https://
www.knowji.com), ScribeSense (https://www.scribesense.com ),

MOMIYHMKM HanMcaHHA Ta
aHani3y TeKcTiB

Reading Coach (https://coach.microsoft.com/uk-ua ),
Grammarly for Education (https://www.grammarly.com),Quillbot (http://quillbot.com ), Writefull
(http://www.writefull.com )

OcBiTHi yaT-60TM Ta

Tutor Al (http://tutorai.me ), Edmentum Exact Path (http://www.edmentum.com/products/exact-

peneTutopu

path ), Cognii (http://www.cognii.com ), Squirrel Al (http://squirrelai.com)

Y CNpPOLEeHOMY BUINALI, KOPUCTYBaYi MOXKYTb MPUAINATH
MEHLLUEe yBarM CamocCTiiHOMY aHanidy Ta po3B’A3aHHI0
CKNagHux 3aBaaHb. Y gocnigxeHHi Stanford University
3a3HayeHo, Wwo 6m3bko 60% CTyAeHTIB Bikom Big 17 ao
25 poKiB CXMAbHI cnpuiimaTy Bignosiai, 3reHepoBaHi LI,
6e3 IXHbOT KPUTUYHOI NepeBipKu.

[pyroto npobaemoto € NUTaHHA KOoHdigeHUiMHOCTI
Ta 6e3nekn AaHux. baraTo 3acTocyHKiB Ha ocHosi LI
34iMcHIOOTL 36ip 3HauHMX o06cAriB iHPpopmauii npo
KOPMCTYBaYiB, i HeAOCTaTHIl piBeHb il 3aXMCTy MoOXKe
npu3BecTU 40 BUTOKIB NEPCOHANbHUX AAHUX Ta NOpPy-
LWeHHA NPMBATHOCTI. 3rigHO 3 gocnigKeHHAM IBM, Ha
AKe nocunaeTbea axepeno [4], y 2023 poui 6an3bKko
12% BuNagKiB KibepsnoumHiB B OCBITHBOMY CEKTOpI
6ynn noB’A3aHi 3 BUTOKAMM NEPCOHANbHUX AAHMX, LLO
NiAKPEC/OE HeObXiAHICTb MOCMNEHHA 3ax0AiB iIHPopMa-
uiiHOi 6be3neku.

TpeTboto Npobiiemoto € ynepearKeHicTb aIropUTMIB.
ANFOPUTMM LUTYYHOTO IHTENEKTY MOXKYTb MiCTUTK BBYLO-
BaHi ynepeayeHHs, Lo 34aTHi NPU3BOAUTH [0 HETOYHMX
abo HecnpaBea/IMBUX pe3ynbTaTie. Hanpuknag, aBToma-
TU30BaHi CUCTEMM OLLiHIOBAHHA MOXYTb AE€MOHCTPYBATH
Heob’eKTMBHICTb Yepe3 0bMeKeHHs moaenelt abo BUKO-
PUCTAHHA Hepenpe3eHTaTUBHUX AaHuX. [locniaKeHHA
MIT Media Lab nokasano, wo LI-cuctemn moxytb dpop-
MYBaTW pi3Hi pe3ynbTaTnm 408 KOPUCTYBadiB i3 pPisHUM
coujanbHUM abo KynbTypHUM BeKrpayHaoM.

Y pocnipgeHHi [5] TakoX HarosoWyeTbCA Ha HepiB-
HOCTi A0CTyny A0 TexHosorii. He BCi CTyAeHTM matoTb
O[IHAKOBi  MOM/IMBOCTI  KOPUCTYBaHHA  CY4aCHUMM

UMOPOBUMM IHCTPYMEHTAMM Ta CTabilbHMM A0CTYyNnom
00 mepexi IHTepHeT. Hanpuknag, CTyAeHTU 3 CiNbCbKUX
abo couianbHO BPA3NMBUX PETIOHIB MOXKYTb HE MaTU
HeobXiAHMX TexHiYHMX 3acobiB abo AKicHoOro iHTep-
HeT-3’elHaHHA, WO cnpuse dopmyBaHHIO LMPOBOro
pPO3pMBY Ta MOCUMNEHHIO OCBITHLOI HEPIBHOCTI.

e ABa BaNMBi BUKAMKM PO3IMSHYTO Yy pobOTi
[6]. Mepwwuit i3 HUX NoOB’A3aHUI 3 BUTPaTamMu Ha
BMNPOBAAMKEHHA Ta MiaTPUMKY TexHonorin LWI. IHTe-
rpauif TakMX CUCTEM Yy HaBYa/ibHUI npouec notTpebye
3HayHMX ¢diHaHcoBMX pecypciB gnsa npuabaHHA npo-
rpamHoro 3abesneyeHHA, MOAEPHI3aLLi TEXHIYHOT iH}-
pPacTpyKTypu Ta MNiAroTOBKM mepcoHany. HepoctaTHin
piBeHb GpiHaHCYBaHHA MOMKe CTaTK CYTTEBOIO NepeLLKo-
8010 ANnA epeKTUBHOIO BNPOBAAKEHHA LLUX TEXHONOTIN
Y 3aKnagax ocBiTu.

Opyrum acnekTom € TpaHchopmalis poni BUKNa-
haya. ABTOMATM3aLiA OKpeMMX NejaroriyHMx 3aBAaHb
33 [0MNOMOrO HTENEKTYaZlbHUX CUCTEM MOXKEe Mpu-
3BECTM A0 3MiHM YHKLiN BMKNaZayiB abo HaBiTb CKO-
POYEHHS iXHbOT KiNbKOCTI, WO NOTEHLiMHO BNAMBAE Ha
AKICTb HaBYa/NbHOrO npouecy Ta piBeHb B3aemoAii 3i
CTyAeHTaMMU.

daKTOpM 3 CbOMOTO MO AEB’'ATUI PO3INAHYTO Y AKe-
peni [7]. NMepwnm i3 HUX € 0OBMENKEHICTb KPeaTUBHOCTI Ta
rHy4KocTi. Ockinbkm cuctemm LI npautotoTb Ha OCHOBI
aNropuUTMIB i MonepeaHbO BM3HAYEHUX MpPaBUA, iXHA
3[aTHICTb afanTyBaTUCA A0 HECTAaHOAPTHUX CUTyaLii
abo nponoHyBaTW HOBI MiAXoAW 4O PO3B’A3aHHA Npo-
6nem moxke 6yTn 0bmerkeHolo.
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BocbMuM HaKTOPOM € aITOPUTMIYHA AUCKPUMIHALLIA,
AIKA MOXe BUHUKATM Yepe3 BUKOPUCTAHHA ynepeaKeHnx
AaHnx abo HeAOCKOHANMX aITOPUTMIB, LLLO NMPU3BOLUTD
[0 HEPiBHOrO CTaB/IeHHA A0 Pi3HMX rPyn KOPUCTYyBaYiB.

[es’aTuM paKTOpOM BM3HAYEHO 3HUMKEHHS PiBHA
couiaNbHUX | eMOLIMHMUX KOMMETEHTHOCTEN, WO MOXKe
6yTM noB’A3aHO 3 HaAMIpHOK [OBIPOO A0 pilleHb,
3anponoHoBaHUX cuctemamm LLI.

Jecatnm acnekTom € npobiema Tak 3BaHWUX «ranto-
LUMHaLiN» WTYYHOTrO iHTENEKTY, po3rnsHyTa y ornagi [8].
ABTOp, aHani3yun 6AU3bKO TPUALATA HAYKOBUX AKe-
pen, 3a3Hayvae, Wwo cyyacHi cuctemu LI moxyTb reHepy-
BaTM HenpasamBy abo HeAoOCTOBipHY iHPopmauto, siKa
npu UbOMY BUMNALAE MNEPEKOHAMBOIK. BUKOpUCTAHHA
TAKUX AaHUX Y HaB4YaZlbHOMY MpPOLLECi MOXKe NPU3BECTU
80 dopmyBaHHA NOMUNKOBUX YABAEHb NPO HaBYaIbHUM
maTepian Ta HeraTMBHO BMNIMHYTU Ha AKICTb 3HAHb.

TakKMM YMHOM, 3aCTOCYBAHHA TEXHONONIM LITYYHOrO
iHTENIeKTY B OCBITI NOPYLUYE HE /iMWe NUTAHHA ETUKW,
KOH®igeHUiMHOCTI Ta iHpopMaLiiHOT 6e3neKkun, a nNos’s-
3aHe 3 npobnemamu HepoOCTAaTHLOrO pPiBHA LMdpo-
BOi KOMMETEHTHOCTi KOpMUCTyBauiB i ¢pparmeHTapHOCTI
HaBYasbHOro 3abe3neyeHHs, WO NiAKPECOETLCA
y AocnigxeHHi [9].

Oxepena [10-13] cnyryBanmn ocHOBOO AN y3arab-
HEeHHA MaTepianiB HAaCTyNHOro po3ainy. 30Kkpema, y 3BiTi
[12] pocnig)eHO NOTEHUiNHI PU3SMKU BUKOPUCTAHHSA
4aT-60TiB HAa OCHOBI LUTYYHOrO iHTE/NIEKTY B OCBITHBOMY
cepefioBuLLi, cepen, AKMX 0CObBAMBO MiAKPECNHOETHCA
Hebe3neka nolwmnpeHHA aesiHbopmalii. ABTopu 3a3Ha-
YaloTb, LLLO HETOYHI abo xMOHI AaHi, 3reHepoBaHi cucte-
mamu LI, MOXKyTb BBOAUTU CTYAEHTIB B OMaHy, CNOTBO-
prOBaTV HaBYa/IbHUIM KOHTEHT i HEFATUBHO BM/IMBATU Ha
pe3ynbTaTu HaB4YaHHA. Y 3B'A3KY 3 UMM MPONOHYETHLCA
3acTocoByBaTM 36a1aHCOBaHWUI Miaxig Ao iHTerpau,ii Tex-
Honoril WI, noeaHytoum ix i3 TpaAULIMHUMKN MeToZaMu
HaBYaHHA.

Y pocnigeHHi [13] npoBefeHO NOPIBHAHHA edek-
TMBHOCTI NiAKa30K, 3reHepoBaHMX cuctemoto ChatGPT, i3
nigKaskamu, CTBOPEHUMMU NIIOACBKMMW peneTuTopamm.
OTpuMaHi pe3ynbTati cBigyaTb, WO Xo4a o0bmasa TMNu
NiAKasoK CrnpuATb MOKPALLEHHIO pe3yabTaTiB HaB-
YaHHA, peKomMeHAaLji, HagaHi BUKIagavyamu, BUABUINUCA
6inblw edekTMBHUMUK. Lle nigKpecntoe HasBHI obme-
YKEHHA HAaBYa/IbHOTO KOHTEHTY, CTBOPEHOTO 33 AOMNOMO-
roto LUI, a TakoX Ba*KNMBICTb NHOACHKOTO KOHTPOAI ANA
3abe3neyeHHs AKOCTI Ta 4OCTOBIPHOCTI iHdopMaLil.

MerTa Ta 3agauyi gocnigKeHHa

MeToto cTatTi € pPo3pOobAEHHA AaNropuUTMy OL,iHIO-
BaHHA AOCTOBIPHOCTI BigNOBiAeN CUCTEM LUTYYHOrO iHTe-
JIEKTY, WO BMKOPUCTOBYIOTLCA MPU CTBOPEHHI HaBYaslb-
HOTO KOHTEHTY.

N5 [OCATHEHHSA MEeTU A0CANIAXKEHHA NOTPIOHO BUKO-
HATU TaKi 3aBAAHHA:

1. [lpoaHanizyBaTM cy4vacHi nigxogm A0 BUKO-
PUCTAaHHA CUCTEM LUTYYHOrO iHTENEKTY Yy CTBOPEHHI
HABYa/IbHOTO KOHTEHTY Ta BU3HA4YMTM OCHOBHI NepeBaru
i PU3MKM iX 3aCTOCYBaHHA B OCBITHBOMY CepeaoBMLL.

2. [Jocnigutn npobnemy A0CTOBIPHOCTI iHPopma-
Lii, cbopmoBaHoOi reHepaTUBHUMM CUCTEMAMM LUTYYHOTO
iHTENEKTY, 30KpPEMaA ABULLE TaK 3BAHWUX «rantoLMHaLin»
moaenen.

3. BuW3HauMTKU KpuTepii OLiHIOBAaHHA AOCTOBIPHOCTI
BianoBigen, cdGopmoBaHUX CUCTEMAMM LUTYYHOTO iHTe-
JIEKTY Nig, Yac NiAroToBKM HaBYa/IbHUX MaTepianis.

4. P03pobUTU aNropuUTM OLLIHIOBAHHA [OCTOBiIpPHO-
CTi BiANOBIAEN CUCTEM LUTYYHOTO IHTENEKTY, AKMIN MOXKe
6yTV BMKOPUCTaHWI Nig Yac CTBOPEHHA Ta MepeBipKu
HABYa/IbHOTO KOHTEHTY.

5. TlpoaHanisyBatm  MOXAMBOCTI  MPAKTUYHOTO
3aCTOCYBAHHA 3aMpPOMNOHOBAHOIO a/NIFOPUTMY Y NPOLECI
NiAroTOBKM HaBYa/ibHUX MaTepianiB Ta OUiHWUTU Horo
ebeKTUBHICTD.

Martepianu Ta meToamu AocCniAXKeEHDb

Ha ocHOBI NpoBeAeHOro aHanisy niTepaTypHUX gxKe-
pen, a TaKoX 3 ypaxyBaHHAM MPAKTUYHOrO AO0CBiAy
aBTOPIB LWOAO0 BUKOPWUCTAHHA IHCTPYMEHTIB LUTYYHOro
iHTENIeKTY ANA CTBOPEHHA HAaBYa/IbHOrO KOHTEHTY 6yno
cbopmoBaHo Tabanuyto 2.

IHCTPpyMeHTW, npeactasneHi B Tabnuui, 6ynn Has-
MWCHO BigibpaHi 3 ypaxyBaHHAM pi3HMX TWMiB, Bigno-
BifiHO A0 paHiwe 3anponoHoBaHoi Knacudikauii. Takuin
niaxig, 403BOAMB OXONUTU Pi3HI KaTeropii iHTeNneKkTyanb-
HUX CEepBICiB Ta MPOaHani3yBaTU XapaKTepHi ANA HWX
PU3UKN.

Ons obrpyHTyBaHHA iHdopmauii, HaBegeHoi y Tpe-
Ti KonoHuUi Tabnuui, po3rnaHEeMO OKpemi MpuKAaau.
30Kpema, wabnoHn naatdopmmn Canva MOXKYTb MICTUTK
e/leMeHTH, L0 OXOPOHSAOTLCSA aBTOPCbKMM MPaBOM, TaKi
AK 306parkeHHs, intocTpauii abo wpudTh. Y pasi BUKO-
PUCTAHHA LMX maTepianiB 6e3 HanexHux MiueHsi un
[,03B0NiB, 0COBANBO NPW CTBOPEHHI KOMEPLLIMHOTO KOH-
TEHTY, ICHYE PU3UK MOPYLIEHHA aBTOPCbKUX MpPaB iXHiX
BNacHuKiB. Tak, y 2021 poui KomnaHia Getty Images
noaana no3oB NpPoTyM KomnaHii Canva, 3BUHYBAaTUBLUN T
y MOpYLIEeHHi aBTOPCbKMX MpPaB LWoA0 YacTUHKU 306pa-
*KeHb, AOCTYNHUX Ha NaaTbopmi.

MopibHo A0 iHWKX OHNAlMH-cepBiciB AN1A CTBOPEHHA
Ta 36epiraHHA uMdpoBoro KoHTeHTy, Canva 3filicHIoE
36ip i 36epiraHHA NepcoHaNbHUX AAHUX KOPUCTYyBauiB.
Jo Taknx JaHuX HanexaTb peecTpauiiHa iHbopmaliis,
NAATIXKHI PEKBI3UTK, @ TAKOXK CTBOPEHMI KOPUCTYBaYaMM
KOHTEHT (306parkeHHn, rpadika Towo). Tomy MUTaHHA
3aXUCTYy NepcoHanbHOi iHPopMmaLii TakoXK po3rnaaa-
€TbCA cepen, NMOTEHLINHUX PU3MKIB BUKOPUCTAHHA L€l
nnatpopmm. Xoya NPOTArOM OCTaHHIX pokKiB Canva He
noBigoMAANa NPO 3HAYHI BUTOKM AaHWUX, AK | Y BUNALKY
3 OyAb-AKMMWN BENNKMMW OHNANH-CUCTEMAMM, PU3UKM,
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Ta6n. 2. Bpa3nuBOCTi iIHCTPYMEHTIB CTBOPEHHA HaBYa/IbHOro KOHTeHTy 3 LI

Tun iHcTpymeHTy HasBa Moxnusi BpasnusocTi
BipTyanbHuMiA acucTeHT ChatGPT HeHagiHa iHpopmauia (rantoumHauii)
MMoMiYHMKKM HaBYaNbHOTO NpoLecy Goodnotes besneka 36eperKeHHs HOTATOK, PU3UK BTPATU AAHUX
CTBOPEHHA Bi3ya/IbHOrO KOHTEHTY Leonardo.ai ABTOpPCbKe NPaBO Ha 3reHepoBaHi 306paKeHHsA, BUKOPU-
CTaQHHSA LWKiA/MBOrO KOHTEHTY, MOPYLWEHHA €TUYHUX HOPM
IHTEepaKTMBHE HaBYaHHA Khanmigo YnepeaKeHicTb afifOPUTMIB, HETOYHICTb aganTauii 40 y4YHA
(cTepeotunu, KOHTEHT abo BigNOBIAi, AKi HE € HEUTPaNbHUMM)
CTBOpEHHSA Npe3eHTaLin Canva BWKOPUCTaHHA WaboHIB i3 NOTEHLiMHUMM aBTOPCbKUMM

obmeKeHHsAMM, Be3neKka 0CoObUCTUX AaHUX

[eHepaLif HaBYaNbHOIO KOHTEHTY Quizlet Al Tutor

HeTouHicTb aBTOMATUYHO CTBOPEHUX TecTiB, PU3UK nnariaTy

MOMIYHMKM ANA HANUCAHHA Ta aHa- Grammarly for

3anexHicTb Big, cTabiNIbHOCTI OHNAMH-A0CTYNY; 3aCTOCYBaHHA

Ni3y TEKCTIiB Education TEKCTOBMX AaHMX KOPUCTYBAYiB A1 MOKPALLEHHA aAropUTMmIB
(3arposa BMTOKY KOHOIAeHUiHOT iHbopMmaLii)
OcBiTHi YaT-60TH Tutor Al BigcyTHiCTb KOHTPOKO AKOCTI BiANOBIAEN, PU3MK NOLIMPEHHSA

nesiHpopmauii

nos’a3aHi 3i 36epiraHHAM nepcoHanbHOi iHdopmaLii,
NOBHICTIO BUK/IIOYUTU HEMOK/IUBO.

LUe ogHum npuknagom € cuctema Quizlet Al Tutor,
AIKa MOXe reHepyBaTW 3anUTaHHA, NOAIOHI A0 TWX, WO
BXE€ BMKOPWCTOBYIOTbCA B IHLIMX HaBYa/ZIbHUX MaTepi-
anax, niapy4HuKkax abo ny6nikauisx. Y xoai ekcnepu-
MeHTa/IbHOi po6oTM Byno BCTaHoBNEHO, WO 3 50 3re-
HEePOBAHMX CUCTEMOLO 3aNnUTaHb ABi Napy Maau 3HaYHy
3MiCTOBY MOAIOHICTb.

MeBHi NUTaHHA LWOAO 3aXWUCTy AaHWUX BUHWUKAAM
TAKOX Y KOHTEKCTi BMKOPUCTAHHA cepsicy Grammarly.
3okpema, y 2017 poui KomnaHia nosigomuna, Wwo 36epi-
ra€ TeKCTOBi AaHi KOPMCTYBAYiB 3 METOO BAOCKOHANEHHA
BNIACHUX a/IrOPUTMIB. Xo4a po3pOBHMKM 3a3Hayvanu, Wwo
nepcoHasbHa iHboOpMmaLis He BUKOPUCTOBYETbCS 6e3
3roay KOPUCTYBaYiB, Taka MNPaKTUKa BUKAWKaNa AUCKYCIi
LLLOAO HAJIEXHOro PiBHA 3aXMCTy AaHuX. Kpim Toro, Kom-
naHin 3a3Hana KPUTUKM Yepes Te, Lo 36epirana BBeaeHi
TEKCTM HaBiTb y BMMaAKax, KOM BOHM He bynn 36epe-
YKEHI KOpUCTyBavem.

Y Tabnunui 3 HaBeZeHO nepenik 3arpos, NoB’A3aHuX i3
BUABNEHUMMW BPA3/IMBOCTAMM, 3a3HAYEHUMN Yy Tabanu, 2.
3anponoHoBaHa cucTemMa 3arpo3 Moxe BbyTn BUKOPU-
CTaHa AK OCHOBa /1A OLiHIOBAaHHA PW3MKIB 3acTocy-
BaHHA IHCTPYMEHTIB LUTYYHOrO iHTENEKTY B OCBITHbOMY
npoueci Ta OTPMMAHHA MNOAANbLUMX NPAKTUYHUX pPe3y/b-
TaTiB 4OCANIAKEHHA.

Cnip, TakoX Big3HAuUMTWM HaykoBy poboty [14], sKa
byna BMKOpWCTaHa nig, 4Yac po3pobneHHA onucaHoi
HUMXKYE METOAMKU 3HUMKEHHA PU3KMKY aesiHdopmallii.
Y 3a3HauyeHOMy [AOCNiIAMKEHHI 3anponoHoBaHo edek-
TUBHUIN Migxia A0 OUIHIOBAHHA [AiaNoroBUX CUCTEM,
Wo Moxke 6yTW afanToBaHWUM ANA aHaNi3y TOYHOCTI Ta
[OCTOBipHOCTI  Bignosigel, chopmoBaHUX BipTyanb-
HUMM aCMCTEHTAMM Ta OCBITHIMW YaT-60Tamu.

Po3BuMBatouM 3a3HauveHy igeto, chopmyntoeMo y3a-
rasibHeHi pekomeHpalil LWoA0 3MEeHLWEeHHA PU3KKIB

i Bpa3nMBOCTEN, SIKI MOXYTb BMHWMKATM Nig, 4Yac CTBO-
PEHHA HAaBYa/IbHOTO KOHTEHTY 3 BUKOPUCTAHHAM iHCTPY-
MEHTIB Ha OCHOBI LUTYYHOrO iHTENEKTY.

1. BipTtyanbHi acucteHtn (ChatGPT, Google Bard
TOLLO):

— 0bmexkyBaTV A0CTyN A0 KoHiaeHUinHoT iHpopma-
Lii, He BBOAUTW NepcoHanbHi abo YyTAuBI AaHi;

— 3iiICHIOBATN NepeBipKy AOCTOBIPHOCTI OTPUMAHMX
BigNOBiAelM, BUKOPUCTOBYIOUM AOAATKOBI AKepena ann
nigreepaeHHa Gakris;

— KOHTPOIOBATU BMKOPUCTAHHA TaKMUX iIHCTPYMEHTIB
Yy HaBYa/IbHOMY NPOLLECi Ta YHMKATM MOBHOI aBTOMaTK3a-
Lii HaNMCcaHHA HaBYaIbHUX POBIT.

2. ToMiYHMKM oOpraHisaLii HaBYa/NbHOro npouecy
(GoodNotes, Notion Al Tow):

— BUKOPUCTOBYBATM XMapHi CepBiCcM Pa3om i3 IoKab-
HUM 36epeXeHHAM JaHUX Ta peryaapHo 34iMCHI0BaTK
pe3epBHe KOMitoBaHHS;

— 3aCTOCOBYBATM 3axMCT AOCTyny 3a LOMNOMOrOH
naponis i 4BodaKTOPHOT aBTeHTUIKALLi;

—  BMWKOPMUCTOBYBATM  MEXaHi3mu
iHbopmau,ii;

— KOHTPO/OBATM piBEHb CNiJIBHOTO A0CTyny A0
OOKYMEHTIB.

3. IHCTpymMeHTM [nAa CTBOPEHHA Bi3yaNbHOrO KOH-
TeHTy (Leonardo.ai Ta iH.):

— NepeBipATU NiLEH3INHI YMOBM BUKOPUCTAHHA 3re-
HepOBaHWUX 306paKeHb;

— 3acTtocoByBaTM 6e3neyHi napameTpu reHepadii Ta
dinbTpyBaTM HEGAXKAHUIA KOHTEHT;

— BCTQHOB/IIOBATU NpPaBWAa BUKOPUCTAHHA TaKMX
iHCTPYMEHTIB i 34iiCHIOBATN KOHTPO/b iX 3aCTOCYBAHHA
B HaBYa/IbHUX 3aKNagax.

4. MNnatdopmu iHTepaKTUBHOro Has4aHHA (Khanmigo,
Duolingo Al Towwo):

— 34iMCHIOBATM NepeBipKy AKOCTI HaBYaZIbHUX MaTe-
pianis BUKNaga4amu;

WwnopyBaHHA
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Ta6n. 3. 3arpo3u iHCTPYMEHTIB CTBOPEHHA HaBYa/IbHOro KOHTeHTY 3 LI

Tun iHCTpyMmeHTy Hassa Moxnusi 3arposu
BipTyanbHuiA acucTeHT ChatGPT [OesiHdopmaliis, BUTIK 0cobUcTMX ab0 KOHbIAEHLINHMUX AaHUX
MomiuHMKM HaBYaNbHOTO Npouecy Goodnotes HecaHKLioHOBaHWMI JOCTYN A0 HOTATOK, BTPaTa AaHWX Yepes
TeXHiYHi 3601
CTBOpPEHHA Bi3ya/JIbHOro KOHTEHTY Leonardo.ai FeHepaLia MaHiny1ATUBHUX abo WKigAMBUX 306paxKeHb, Nopy-
LeHHA aBTOPCbKMX Npas
IHTepaKTMBHE HaBYaHHA Khanmigo HenpasuabHe nepcoHanisoBaHe HaBYaHHA, ynepeaeHicTb y
pekomeHaauiax
CTBOpPEHHA npe3eHTaLii Canva BWKOPWCTaHHA HeNleranbHOrO KOHTEHTY, PU3MK QilLMHTOBMX

aTak Npu cnifibHOMy AocTyni

leHepayia HaBYANIbHOTO KOHTEHTY Quizlet Al Tutor

ABTOMaTUYHa reHepawia nomuakoBoro abo 3actapinoro matepi-

any, WaxpamncTeo CTyAeHTIB

MOMIYHMKM oA HAMUCAHHA Ta
aHani3y TeKCTiB

Grammarly for
Education

BuWTiK TeKCTiB KOPUCTYBaYiB, HaB'A3yBaHHA LWABAOHHOIO CTUIO

OcBiTHi Y4aT-60TM Tutor Al

HeHapgiiHi abo HefOCTOBIpHI BiANOBIAI, MaHinynauina
KOpWCTyBaYamm

— aHani3yBaTU anropuTMM MepcoHanisalii 3 mMeTow
BUABNEHHA MOXKIUBUX YNEPEaKEHD;

— YHUKaTU HagMipHOT 3anexHocTi Big, LI Ta noegHy-
BaTM MOro BMKOPWUCTAHHA 3 TPAAMLIMHMMM MeToZamu
HaBYaHHA.

5. IHCTpyMeHTH ans cTBOpeHHsA npeseHTauiii (Canva,
Prezi Al Tow0):

— MepeBipATU AyKepena BUKOPUCTAHUX MaTepianis
Ta YHMKATU pecypciB i3 HEBU3HAYEHMM aBTOPCbKUM
npaBom;

— obmexkyBaTh NybaiYHUI JOCTYN A0 MaTepianis 6e3
HaA/IeXKHOTO 3aXMUCTy;

— He 3aBaHTaXKyBaTW BHYTPIiWHI abo KoHOIgeHUinHI
OOKYMEHTH.

6. leHepaTopy HaBYanbHOro KoHTeHTy (Quizlet Al
Tutor, Brisk Teaching Tow0):

— 3[iMCHIOBATU PY4YHY MepeBipKy 3reHepoBaHMX
TECTOBMX MaTepianiB Ana 3anobiraHHA NoABi HETOYHMUX
260 HEKOPEKTHUX 3aMUTaHb;

— 0bMeXXyBaT! aBTOMATUYHE OLiHIOBAHHA Ta BUKO-
puctoByBaTth LLI sk AONOMIKHWNIA IHCTPYMEHT;

— KOHTPONHOBATM KOPEKTHICTb pEKOMeHAaL,il | aHani-
3yBaTW OTPMMAHI pe3ynbTaTu.

7. IHCTpyMEHTU ANA NiATPUMKM nrucbma (Grammarly
for Education, QuillBot Towyo):

— KOHTPO/OBATM Nepenayy NepcoHanbHUX AaHUX
i YHMKaTW BBeAEHHA KOHiAeHLiMHOT iHbopMmaLLii;

— 3anobiratT¥  HagMipHOMYy cCrpoweHHIo abo
3MiHi QBTOPCbKOro CTUIO LWAAXOM PYYHOI NepeBipKu
TEeKCTiB;

— He [0nycKaTM aBTOMATUYHOrO pefaryBaHHA CTy-
AEeHTCbKMX pobiT 6e3 yyacTi BUKNagava.

8. OcBiTHi yaT-60TK (Tutor Al, Squirrel Al TowLo):

— 34iiCHIOBATU MepeBipKy AOCTOBIPHOCTI Ta KOpek-
THOCTi 3reHepoBaHuX Bignosigel i npoBoanTH ix pery-
NAPHUIN MOHITOPUHT;

— BMKOpucToBYyBaTM inbTpn AONA  OOMENKeHHA
TOKCMYHOro abo HebaKaHOro KOHTEHTY Ta HanaluToOBY-
BaTK 6e3neyHi napameTpu gianory;

— PEerynspHoO OHOBAOBATW  ANFOPUTMU
cucTem.

3 ornagy Ha BUKIALEHe 3anpornoHOBAHO arOPUTM
OLiHIOBAHHA AOCTOBIPHOCTI BigNOBIAEN CUCTEM LWITYY-
HOTO iHTEeNEeKTy, WO BMKOPUCTOBYETbCA Mif, 4ac CTBO-
PEHHA HaBYa/IbHOTO KOHTEHTY. ANTOPUTM 3aCTOCOBYE
MeTOAM MOoAENoBaHHA M NoeTanHuMin aHani3 Bignosigei
LI, o6YMCNeHHA NMOKa3HMKIB TOYHOCTI Ta BM3HAYEHHS
PiBHA 4OCTOBIPHOCTI OTPUMAHMX Pe3ynbTaTiB.

ANrOpUTM OLHIOBAHHA [OCTOBIPHOCTI Bignosigen
LUl BKAtOYAE N'ATb OCHOBHMX €TaniB.

BxigHi paHni: 3anuT KopuctyBada Q, Bignosigb cuc-
TEMMW LWITYYHOTO iHTENEKTY A, MHOMWHA KOHTPONbHUX
oxepen S.

Kpok 1. OTpumatu BiAnoBiab A CUCTEMM LUTYYHOTO
iHTenekTty Ha 3anuTt Q.

Kpok 2. BUKOHATK NopiBHAHHA Bignosigi A 3 iHdop-
MaLLi€I0 3 MHOXMHU KOHTPONbHUX AxKepen S.

Kpok 3. O64MCANTM NOKA3HMK TOYHOCTI:

pob6oTu

Accuracy = N -100%,
total

Ae N_ . — KilbKiCTb NpaBUIbHUX Bianosigen;

N,,.,,_3aranbHa KinbKicTb NepesipeHux BiAnoBiaen.

AKLLO TOYHICTb HMKYa 33 90%, NOTPIGHO Po3pPobUTH
[OAATKOBI MeXaHi3MK nepeBipKu.

KpoK 4. BU3HAUUTW PENTUHT AOCTOBIPHOCTI BigMnosigi
32 LWKA/I00 OLiHIOBAHHSA.

KorkHa Bignosiab LLUI moxe ouiHoBaTUCA 33 LWWKAN00
O0CTOBIPHOCTI:

1-3 6ann — moxnmBa AesiHpopmauina, noTpebye
peTenbHOi NepeBipKu.

4-6 6aniB — 4acTKOBO npaBwu/bHa iHpopmaLia,
6arkaHO NepeBipuUTM JOAATKOBO.
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7-10 6aniB — BUCOKa AOCTOBIpHICTb, NiATBEPAKEHO
Oxepenamu.
dopmyna cepeaHbOT 4OCTOBIPHOCTI:

N
Z Score,

Score=-"1—

Aie Score, — OUiHKa LOCTOBIPHOCTI KOXHOI Bi4NOBIA;

N — KiNnbKicTb OLiHEHWUX Bignosigei.

Kpok 5. ABToMaTUYHEe NO3HAYeHHA HEHAAIMHUX Bia-
nosigen. Mpu ubomy cnig KnacnoikysaT BiANOBIAb AK:

— HeHagjliHy;

— YaCTKOBO A0CTOBIpHY;

— [LOCTOBIpHY.

AKLLO TOYHICTb Bignosiai < 90% abo cepeaHs focTo-
BipHiCTb < 7, cucTemMa aBTOMaTMYHO NonepesKae Kopuc-
TyBaya Npo MOKNMBY Ae3iHpopmalito Ta NPOMNOHYE ab-
TEPHATMBHI Axepena.

Kpok 6. BnpoBaaKeHHsi KOMbGiHOBaHOT NepeBipKu

3a HeobxigHocTi chopmyBaTM pekomeHAaLii Woao
[00aTKOBOI NepeBipKM iHpopmauii.:

- anropuTmiyHa nepesipka (nepexpecHe nopis-
HAHHA Bignosiai LWI 3 iHWKMK gxRepenamu);

- py4Ha nepesipKa ekcrnepTom;

—  OUHIOBaHHA KOPUCTYBaYamu (penTUHIM BiANOBI-
Oewn y cuctemi).

TakMM YMHOM, 3aNPOMNOHOBAHWUI anropuT™ 3abesne-
Yye KOMM/IEKCHE OLiHIOBAHHA A0CTOBIPHOCTI Bignosigen
CMUCTEM LUTYYHOTO iHTENEKTY LWAAXOM MOEQHAHHA Moae-
NIOBAHHA, aBTOMATMYHOrO aHani3y, eKkcnepTHOi nepe-
BipKM Ta KOPUCTYBAL,bKOrO OL,iHIOBAHHSA.

HaykoBa HOBM3HaA 3anpoOMOHOBAHOr0 aAropuUTMy
nonarae y KombiHoBaHOMYy nigxodi A0 OUiHIOBaHHA
OO0CTOBIPHOCTI, LLLO BK/HOYAE:

- aBTOMATU30BaHE OLiHIOBAHHA TOYHOCTI 33 A0MOo-
MOFOH0 PO3PaXxyHKy BiZlCOTKA NpaBU/IbHUX BigNoBiAel Ta
PENTUHIOBOI WKaAN AOCTOBIPHOCTI (BiNbLUiCTb iCHYHOYMX
niaxo4iB BUKOPWUCTOBYIOTb /IMWIE MOPIBHAHHA 3 pede-
PEHTHMMMU BiANOBIAAMM);

- OMHaMivyHe paH)KyBaHHA HaAiMHOCTI Bianosiaen
LINAXOM aHani3y AOCTOBIPHOCTI 3a WwkKanot 1-10 (6inb-
WicTb MmeToAiB abo OLiHIOOTL TiZIbKM 3arasibHy TOUHICTb,
abo He BMKOPMCTOBYHOTb FHYYKi piBHEBI Niaxoau);

- apanTuBHe OobMeeHHA BMKOPWUCTAHHA HeHagil-
HUX BiANOBIAeN — AKLLO AOCTOBIPHICTb < 7 @60 TOUHICTb <
90%, cMctema aBTOMaTMYHO NMO3HAYaE BignoBiAb AK HEHA-
JilHY Ta NPOMNOHYE aNbTEPHATUBHI AXKepena (B aHanoriy-
HUX AoCniaXKeHHax (Hanpuknag, [14]) ouiHka obmexy-
€TbCA /INLLE MOPIBHAHHAM 3 KOHTPO/JIbHUMM BiAMNOBIAAMM,
6€e3 aKTUBHOTO BN/IMBY Ha KOPUCTYBaLbKMI O0CBIA);

- iHTerpoBaHuii niaxia (KombiHoBaHa nepeBipKa:
ABTOMATUYHA + PyYHA + KOPUCTYBALLbKi OLLiHKM).

Pe3synbratn gocnigxeHb
Llelr meToa, [03BONAE THYYKO aHanisyBaTu pesysib-
TatTn pobotum LI, miHimi3yBaTK 3aCTOCYBaHHA HEBIPHMX

BiAnNoBiAel Ta NiaBULLMTK AKICTb BUKOpUcTaHHA LI npwm
niaAroToBLi HaBYa/IbHMX MaTepianis M B OCBITI B Lisomy,
[,03BOJIAE 3MEHLINTU MNOLWMPEHHA HEAOCTOBIPHOI iIHGOpP-
Mau,ii y HaB4YaNbHOMY MPOLLECI.

Ona npoBeAeHHA MNPAKTUYHOINO EKCMepUMEHTY
byno niaibpaHo 10 Tem 3 NONyASPHOro M Ba*K/AMBOTO
HanpamKy — iHbopmaLuiliHoi 6e3nekn. bynn cdopmy-
NbOBAHI 3aBAAHHA N'ATbOX TUMIB: @) NOACHU MOHATTS;
6) 3p0bM pO3paxyHOK; B) BUKOHAW MOPIBHAHHSA;
r) cTBOpM 3anuTaHHA; 4) Hagal Bignosiab. 3aBoaHHA
nogasanoca cuctemam 5 pasiB 3 BMMOrow nepesi-
PUTK Ta YTOYHUTM pe3ynbrat. Ha ocTaHHbOMy eTani
NopiBHIOBA/INCA BiANOBIAI M pe3ynbTaTM PO3PaxyHKiB,
HaZlaHi PiSHUMM IHCTPYMEHTaMW W KnacuyHi (BipHi)
Bignosiai. MpuKknag «PyHKLif — BUKAUK — pe3ynbTaT»
HaBezeHO Ha puc.l.

MpadiuHe BigoOparkeHHs pes3ynbTaTiB eKcnepumeH-
TiB, 30Kpema, gnsa ChatGPT HaBegeHo Ha puc.2.

O6roBopeHHA pe3ynbraris

Omxe, ana cuctemmn ChatGPT 6yno oTpumaHO Taki
pe3ynbratu:

— cepeaHii piBeHb TOYHOCTI CTAHOBMB MPUBAN3HO
90-95%;

— cepeAHilt NoKa3HUK gocToBipHOCTi — 7-9 6anis;

KiNbKicTb Bignosiaein, Aki 6ynun knacudikosaHi Ak
HaginHi, — 174;

— Ki/IbKiCTb HeHaiHUX Bianosigeln — 326.

[nacuctemun Amperia—Al-acucTeHTa, NPM3HAYEHOro
ANA NiATPUMKW HaBYaHHSA, PO3B’A3aHHA 3a4ad | HagaHHA
NOSICHEHb — CepPefiHA TOYHICTb CTaHOBWMJIA NPUBAN3HO
77,88%, a cepefiHili MOKa3HWUK AOCTOBIPHOCTI — 6113bKO
5,91. 13 500 npoBeaeHWNX eKcnepumeHTiB Byno otpwu-
MaHo 124 HagiiiHi Ta 376 HeHaginMHMX Bignosigen.

MopiBHANBHWI aHani3 TOYHOCTI Ta AOCTOBIPHOCTI
iHcTpymeHTiB Redmenta i Gios, W0 BUKOPUCTOBYIOTLCA
AK nnatopmm ANA TecTyBaHHA Ta OLiHIOBaHHA, MOKa-
3aB, Wo Redmenta geMOHCTPYE BULLY TOYHICTb Mig Yac
nepeBipKM TECTOBMX 3aBAaHb, 0COBMBO 3 BapiaHTamM
3aKpUTMX BiAnoBigeNn. BoaHoyac cuctema He 3aBXAu
KOPEKTHO OLiHIOE pPO3ropHyTi Bignosigi. Mnatdopma
GioS XapaKTepu3yeTbCA HUXKYMM PiBHEM TOYHOCTI, LLO
MoXKe OyTM NOoB’A3aHO 3 HAABHICTIO HEOAHO3HAYHWUX
dopmMynoBaHb Yy TECTOBUX 3aBAAHHAX Ta 3aJIEXKHICTIO
pe3ynbTaTiB OLiHIOBAHHA Bifg, AKOCTI HAaBYaNbHUX KypCiB.
3a pe3ynbTaTaMn NpPOBEAEHUX PO3PAXYHKIB A0LibHO
pekomeHayBaTM Redmenta gnsa aBTOMaTU30BaHOrO OLi-
HIOBaHHA TecTiB, ToAi AK Gios binbl NpuaaTHa ans opra-
Hi3auii FTHYYKOro HaB4Ya/AbHOro Npouecy Ta NPoBeAeHHA
HaBYa/IbHOrO TECTYBAHHA.

MoaibHuit aHanis 6yno BUKOHAHO i Ans naathopm
Quizlet Al Tutor (Q-Chat), Curipod, MagicSchool.ai,
Knowji Ta ScribeSense, AKi BMKOpPUCTOBYHOTbCA ANA
reHepauii HaBYaNbHOro KOHTEHTYy. HaliBuuii nokKas-
HUKM TOYHOCTI nNpoAemoHcTpyBana cuctema Knowji
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Puc. 2. Pe3ynbratM eKcnepmMmeHTis

(npubnmsHo 85-95%), wWo, MMOBIpHO, MOB’A3aHO
3 BMKOPUCTAHHAM CTPYKTYPOBAHMUX AaHWUX Ta PO3LIMU-
peHoro cn1oBHUKoBOro pecypcy. NMnatdopmu Quizlet Al
Tutor i MagicSchool.ai Tako Nnokasanu BUCOKi pe3ysib-
TaTW, NPOTe IXHA TOYHICTb 3HAYHOIO MIPOIO 3aNEXUTb
Bifl KOHTEKCTY NocTaB/ieHnx 3aBgaHb. Cepsicu Curipod
Ta ScribeSense NpogeMOHCTPYBanM HUXKYI NOKA3HUKM,
WO, MMOBIpHO, 0OYMOBNIEHO 3aNEXKHICTIO Bif, AKOCTI
BUXiAHUX AaHWUX Ta CKAagHicTio 06pobKM TeKcToBol
iHbopmauii.

Cnig, 3a3HaunTK, WO METOK NpOoBeAeHUX eKcne-
PUMEHTIB He 6YNI0 BU3HAYEHHA «ifeaNbHOro» iHCTpY-
MeHTy. Llndposi cepsick NOCTIMHO BAOCKOHANIOKOTHCSA,
NpoXoAATb NMPOLLEeCU HaBYAHHA Ta PerynspHoro OHOB-
NeHHA. PO3pO6HMKM TaKMX CUCTEM aKTUMBHO BiacTe-
KYIOTb TEHAEHLUIT PUHKY Ta BNPOBAAXKYHOTb HOBITHI

TEXHONOTi, anropuTMIYHI niaxoaM ¢ apXiTeKTypHi
piweHHA. Ha oTpumaHi pe3ynbTaTM BM/MBAE 3HA4YHA
KiNIbKiCTb YMHHWMKIB, 30Kpema MeTa AOC/iAXKEHHA, TUN
i AKICTb BMKOPUCTAHMX AaHMX, IX 06cAr, a TaKoXK AocC-
Bif, KOPUCTyBaya Ta piBeHb cneuianisayii iHCTpymMeHTy
B MEeBHiN NpegMeTHiIl ranysi.

OTpuMaHi pe3ynbTaTv BigobparkatoTb NOTOYHMIA CTaH
aocnigxysaHoi npobiemu. OCHOBHOK METOH AO0CAi-
OXKEeHHA 6yN0 NpoAeMOoHCTpyBaTh edeKTUBHICTb 3anpo-
NOHOBAHOI METOANKM KOHTPOIO PiBHA AOCTOBIPHOCTI Ta
KOPEeKTHOCTI Bignosiaei, cdopMoBaHUX iHCTPYMEHTamMM
WTY4YHOro iHTENEeKTy. 3anponoHOBaHWIM Nigxiga MoxKe
CNPOCTUTK MpoLec BMbopy BigNOBIAHOIO NPOrPamMHOro
3abe3neyeHHs cepes LUMPOKOTro CNeKTPa CyYacHUX und-
poBMX 3acobiB, WO BUKOPUCTOBYOTHCA ANA MifTOTOBKM
HaBYa/lbHMX MaTepiani..
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BucHoBKMU

CyyacHi iHbopMmaLiiHi TexHonorii Ta uMpPOBI OCBITHI
n1aTGOpPMM 3HAYHO PO3LLNPIOKOTL MOXKINBOCTI HAaBYa/b-
Horo npouecy, 3abesneyyoun AOCTYN A0 iHTEPAKTMB-
HOrO KOHTEHTY Ta NepPCOHanNi30BaHMX OCBITHIX pecypcis.
BoHu cnpwuatoTb 6e3nepepBHOMY A4OCTYyMNy A0 HaBYaib-
HMX MaTepianis, a TAaKOXK MOKPALLYIOTb KOMYHIiKaLito Ta
B3aEMOL,0 MiXK Y4aCHMKAaMM OCBITHbOrO NpoLecy.

BogHoYac BMKOPWUCTAHHA LMGOPOBUX HABYANbHUX
CUCTEM, 30Kpema iHCTPYMEHTIB LITYYHOrO iHTENEKTY,
CYNPOBOAKYETbCA HU3KOK PU3UKIB, MOB’A3aHMX i3 NOWMK-
peHHAM HeaoCTOBipHOI iHGOpMaLi, BUTOKaMKU nepco-
HaNbHUX AaHWUX Ta iHWKUMM 3arpo3amu iHpopmaLinHoi
6esnekn. Le 3ymoBatoe HeobxigHiCTb po3pobieHHsA
edeKTMBHMX Miaxoais A0 NepeBipKM AO0CTOBIPHOCTI
HaBYa/IbHOTO KOHTEHTY, CGOPMOBAHOrO iHTENEeKTya b-
HUMU CUCTEMAMM.

Y pob6oTi 3anponoHOBaHO anropuTM OLHIOBAHHSA
OOCTOBIPHOCTI BiANOBIAEN CUCTEM LUTYYHOrO iHTENEKTY,
IO BUKOPUCTOBYETHCA Mif, Yac CTBOPEHHA HABYA/IbHOTO
KOHTEHTY. ANITOPUTM FPYHTYETbCA HA MOAE/NIOBAHHI Npo-
uecy nepesipku Bignosigen LI, o6umMcneHHi NOKa3HUKIB
TOYHOCTI Ta BM3HAYeHHi piBHA OOCTOBIPHOCTI OTpPMMa-
HUX pesynbTaTis. Moro 3acTocyBaHHA Aa€ 3MOry 3MeH-
LWNTK PU3MNKM NOLIMPEHHA Ae3iHdopmallii Ta NigBULLNTH
AKICTb HaBYa/IbHUX MaTepiasiB, CTBOPEHUX i3 BUKOPUC-
TaHHAM iHCTPYMEHTIB LUTYYHOTO iHTENEKTY.

3anponoHoOBaHWI anroputm Mmoxe ByTu BMKoOpUC-
TaHui ana Bubopy Ta OUiHIOBAHHA LMGOPOBUX OCBIT-
HiX [HCTPYMEHTIB, a TaKOX A/aA NiABULLEHHA HaAilt-
HOCTi HaB4Ya/ZIbHOTO KOHTEHTY B Cy4aCHOMY OCBiTHbOMY
cepenosuL..

KoHdniKT iHTepecis

ABTOpPW AEKNAPYIOTb, WO HE MatoTb KOHMAIKTY iHTe-
PECiB CTOCOBHO LibOro AOCAIAXKEHHSA, Y TOMY Ync/i GiHaH-
COBOTO, OCOBMCTICHOrO XapaKTepy, aBTOPCTBA UM iHLWOro
XapakTepy, WO Mir 6u BNAMHYTU Ha AOCANIAMKEHHA Ta
oro pesynbraTu, NpeacTaB/eHi B Uil CTaTTi.
®iHaHCcyBaHHA

[ocnigxkeHHA
NiATPUMKN.
JAoCTynHicTb gaHux

PyKonuc He ma€ NoB’A3aHNX AaHWX.
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ALGORITHM FOR ASSESSING THE RELIABILITY OF
ARTIFICIAL INTELLIGENCE SYSTEM RESPONSES IN
EDUCATIONAL CONTENT CREATION

Nataliia Maslova, Olena Lyubymenko

The paper analyzes the risks associated with the
correctness and reliability of educational content created
using artificial intelligence tools. Intelligent tools based on
artificial intelligence contribute to the automation of the
process of developing interactive educational materials,
increasing the level of personalization of learning and
optimizing the analysis of educational results. At the same
time, the introduction of artificial intelligence technologies
into the educational environment is accompanied by the
emergence of new digital risks, in particular, the spread
of disinformation and the formation of dependence
on technological means. This study analyzes the risks
associated with the correctness and reliability of
educational content created using artificial intelligence
tools. An algorithm for assessing the reliability of responses
of artificial intelligence systems used in the creation of
educational content is proposed. The algorithm is based
on modeling the process of checking the reliability of
answers generated by artificial intelligence, provides
for a step-by-step analysis of the generated results,
calculation of accuracy indicators and determination of
their reliability level based on comparison with control
sources. An experimental evaluation of several artificial
intelligence tools was carried out using test tasks related
to information security topics. The results showed that
the accuracy of answers generated by ChatGPT reached
approximately 90—-95%, while other tools demonstrated
lower reliability depending on the complexity of the task.
The proposed algorithm is aimed at reducing the risks of
spreading disinformation and contributes to improving the
quality of educational materials created using intelligent
systems.

Keywords:  reliability  assessment  algorithm,
modeling, artificial intelligence, educational content,
digital learning platforms.
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