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Olesia Barkovska

METHOD FOR CONTEXT-AWARE ADAPTATION
OF A VISUAL USER INTERFACE BASED
ON ESTIMATING THE DISTANCE TO THE USER

The relevance of this research topic stems from the need to transition from static interfaces to flexible systems capable of
dynamically adapting to the user’s physical context, particularly to changes in viewing distance, thereby reducing cognitive
load and enhancing the comfort of interaction. The object of the study is the process of context-aware adaptation of the
user visual interface in real time depending on the distance to the user, specifically the typographic parameters of the user
interface. The subject of the study is approaches to determining the distance to the user based on video stream data. The aim
of the study is to develop a method for context-aware adaptation of the user interface based on determining the distance to the user,
which ensures dynamic scaling of the typographic system to reduce cognitive load and enhance interaction comfort in real time.
To achieve the set goal, the following tasks were addressed: existing approaches to determining the distance to an object
were analyzed, and a method for dynamically changing the scale of the user visual interface was developed, based on the
proportional relationship between the distance from the interface to the user and the size of the base typographic unit (point size).
To experimentally verify the high accuracy of determining the distance from the visual interface to the user, the study examined
the impact of various factors (head tilt in the frontal and sagittal planes, rotation in the horizontal plane), as well as the
chosen approach to determining the distance to the object, on the accuracy of distance measurement. The developed method
ensures the adaptation not only of font size but also of related typographic parameters (line spacing, character spacing, and
paragraph indentation). It has been established that the approach based on a depth map with approximation provides the most
balanced results in terms of accuracy and practical applicability, demonstrating an error of 1.83-3.67% in the range of 30-90 cm.
It was also shown that the user’s head orientation is a critical factor affecting measurement accuracy, and the maximum error
at close range reaches 201.3%.
Keywords: interface; distance; computer vision; depth map; model; method.

1. Introduction distance between the user and the screen. Under such

conditions, even a well-designed interface can lose its

Human-computer interaction is a field of study ergonomic effectiveness, as fixed typographic parameters

that examines how people interact with computers do not ensure adequate readability and ease of

and how effective that interaction is. The effectiveness
of a human-computer interaction system is determined
by high levels of system reliability; ensuring that the user
remains productive over the long term; and facilitating
the user’s professional development.

From the user’s perspective, the functional aspects
include control (the wuser’s initiative, actions, and
commands directed at the system), the interface (the point
of contact, which may be graphical, voice-based,
tactile, etc.), and user information (data that the system
collects and receives about the user through the interface.
This may be explicit information or implicit behavioral
data), and evaluation (the stage at which the user
interprets the system’s response received through
the interface).

At the same time, traditional visual user interfaces
largely remain static and do not account for changes

in the physical context of interaction, particularly the

information perception when the user’s position relative
to the device changes. This is particularly relevant for
modern digital systems that operate under variable usage
conditions and involve prolonged visual interaction.
Such adaptation is particularly significant for users
with visual impairments, for whom the ease of perceiving
visual information, the readability of text elements,
and the ability to automatically adjust display settings
directly impact the accessibility of digital services.
In this context, dynamic interface adaptation can be
viewed as a means of enhancing inclusivity and
facilitating the integration of people with visual
impairments into the digital environment.

One promising approach to solving this problem is
the use of computer vision methods to estimate the
distance to the user in real time, followed by dynamic
adaptation of display parameters. This approach enables
a transition from static interface solutions to context-

© Olesia Barkovska, 2026
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aware systems capable of automatically adjusting not
only font size but also related typographic characteristics
in accordance with perceptual conditions. In this context,
the scientific interest lies in selecting a distance
estimation method that ensures sufficient accuracy,
resistance to changes in external conditions, and practical
suitability for integration into adaptive user interfaces.

Based on the above, it is relevant to develop
a method for context-aware adaptation of a visual user
interface, in which the estimation of distance to the user
is used as a contextual trigger for dynamic scaling
of the typographic system.

Previous works dedicated to autonomy and increasing
inclusivity for users with disabilities and various types of
impairments include [1, 2]. The adaptation of visual
interfaces is a logical continuation of these works.

This study focuses on context-aware adaptation of
a visual interface based on estimating the distance to the
user and dynamically scaling typographic parameters.

2. Analysis of the latest research and publications

This confirms the relevance of a dynamic approach,
where, for example, a user may have no vision problems
but be physically far from the screen, which also requires
adapting the information displayed on the screen to the
physical environment in real time.

Also relevant is the visual modeling of the context-
adaptive system to demonstrate the location of the
sensory trigger, as well as to prove that unstable
adaptation is worse than no adaptation at all. Accurately
determining the distance to an object and ensuring
smooth font transitions is a critical task and will reduce
cognitive load.

Thus, developing a method with increased accuracy
in distance determination is not merely a technical task,
but an important step toward transforming existing
theoretical models of user interface adaptation into
practically applicable and reliable tools.

3. Formulation of the research objective

Current scientific works propose various classifications
of adaptive systems, justify the need for personalization —
especially in educational environments — and focus
on the user model (their knowledge, goals, and
preferences) [3, 4]. Adaptation here refers to a response
to the user’s internal state (e.g., their level of knowledge).
A number of articles propose system architectures that
adapt to device characteristics (screen size, memory),
providing a logical framework of rules [5—7]. These works
also identify the primary beneficiaries of adaptation —
people with disabilities (cognitive, visual impairments,
etc.) [7-9]. Adaptation here (e.g., changing fonts,
simplifying the UI) is viewed as a tool for overcoming
The works [2, 7]

adaptation rules but assume that the system already

accessibility barriers. describe
knows the context for activating the rules; however,
no attention is given to the technology that activates
these rules.

In a broad sense, an adaptive interface involves
adjusting information presentation parameters to the user’s
characteristics and interaction conditions. For visual
user interfaces, this specifically means the ability to
dynamically change typographic parameters, whereas in
a more general sense, adaptation may also encompass
auditory, linguistic, or other assistive means of
information presentation aimed at improving accessibility

for various categories of users [10, 11].

The objective of this study is to develop a method
for context-aware user interface adaptation based on
determining the distance to the user, which enables dynamic
scaling of the typographic system to reduce cognitive
load and enhance the comfort of real-time interaction.

Let d be the estimated distance from the user to the

screen, and P(d) be the vector of typographic

parameters of the interface, which includes:
— font size;
— line spacing;
— character spacing;
— paragraph indentation.
Then the adaptation problem consists in constructing

a transformation F :d — P(d), where F is an adaptation

function that establishes a relationship between the
estimated distance d from the user to the screen and

the vector of typographic interface parameters P (d ) .

To achieve this goal, the following tasks must
be solved:

— analyze existing approaches to determining the
distance to an object (user);

— develop a method for dynamically scaling the user
visual interface based on a proportional relationship
between the distance from the interface to the user and
the size of the base typographic unit (font size), from
which all related parameters (line spacing, character
spacing, and paragraph indents) are calculated;
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— experimentally investigate the influence of
variable factors (head tilt in the frontal and sagittal
planes, rotation in the horizontal plane), as well as the
chosen approach to determining the distance to the object,
on the accuracy of distance measurement; analyze the

obtained results.

4. Materials and methods

The mathematical basis of the proposed method
is a linear scaling model, which establishes a directly
proportional relationship between the physical distance to
the user and the final font size (point size) of interface
elements. The target font size S is calculated using the

following formula:

reading at the reference distance; L — the current

current
distance to the user, dynamically measured by the system

(e.g., in centimeters); L, the base (reference)

ase

is calculated.

ase

distance (e.g., 50 cm) for which S,
Let’s introduce a scaling factor K=L,, ./L,..

to determine how much the current distance differs
from the reference distance. If K =1, the user is at the
reference distance, and the font remains the base size.
If K>1, the user is farther away than expected.
The system proportionally enlarges the font to maintain
readability. If K <1, the user is closer. The system
proportionally reduces the font size to avoid excessive
visual strain and fit more information on the screen.

In addition to distance, it is important to consider

S tnat = Shase ¥ ( Lo/ me) , the lighting in the room where the user is located in order

itive 1 Table 1).
— the final (adapted) font size to be displayed to reduce cognitive load (Table 1)

here S
W Jinal The proposed structural-functional diagram of the

to the user; S, the base, or reference, font size

base

method for dynamically scaling the user interface based

(e.g., l6pt). This is the size considered optimal for on the estimated distance to the user is shown in Figure 3.

Table 1. The dependence of sign legibility on distance and lighting

Distance from the eyes Lighting Minimum font size (body text) mm (pt) Font size for important text mm (pt)
Up to 50 cm 200-500 lux 2,5-3 mm (7,1-8,5 pt) 3-5 mm (8,5-14,2 pt)
Up to 50 cm >500 lux 2-3 mm (5,7-8,5 pt) 2,5-5 mm (7,1-14,2 pt)

50-100 cm 200-500 lux 3-5 mm (8,5-14,2 pt) 5-7 mm (14,2-19,8 pt)
50-100 cm >500 lux 2-3 mm (5,7-8,5 pt) 3-5 mm (8,5-14,2 pt)
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Fig. 1. Structural and functional diagram of the method for dynamically scaling a user interface
based on the estimated distance to the user
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The proposed method for dynamically scaling a user
interface is based on estimating the distance to the user
using data from the camera’s video stream.

The input data for the described method consists
of video frames from the camera, the initial configuration
and calibration parameters of the video recorder, and
image preprocessing rules for the subsequent main
stage of the method — determining the distance to the
user. This stage serves as the basis for deciding on further
interface adaptation.

The output is
(Adaptive Ul), in which the scale and display logic of

an Adaptive User Interface
elements change according to the estimated distance
between the user and the system.

The accuracy of the interface’s adaptation to the
distance from the user depends most on the object-of-
interest sizing module, since its result serves as the input
data for the distance estimation module. Errors arising
at this stage lead to incorrect determination of the user’s
location and selection of the interface scaling mode.
Thus, the more accurately the object’s size and,
accordingly, the distance to the user are determined,
the more correctly Adaptive UI’s dynamic scaling
is performed. Therefore, further research focuses on
refining algorithms to compensate for the effects of head
rotations and tilts, particularly by using more accurate
models for estimating a person’s posture.

The introduced scaling factor K characterizes the
deviation of the current user distance from the reference
distance. Then the adapted font size is determined as

Other parameters of the interface’s typographic
system are scaled in the same way:

Ifinal = IbaseXK’

C/Zmzl =Gy XK,

Aﬁnal =4, %K,
where [/ — line spacing, C — character spacing,
A - paragraph indentation; I, ,, C,.., 4, — their
default values, and 7, ,, C, . 4,,, — adapted values

calculated based on the current distance from the user.
This approach ensures consistent scaling of the entire
typographic system of the interface and preserves the
visual integrity of information presentation.

This paper presents an empirical study of various
existing approaches for estimating the user’s distance
from the user interface to assess the accuracy of
these approaches [12]:

— using geometric transformations [13, 14];

— using a depth map and approximation [15];

— using a depth map without approximation [16, 17].

The algorithm for the first approach studied is
described in Figure 2. The simplified geometric approach
determines the distance to an object based on the
relationship between its size in pixels and the actual
distance to the camera. After calibration in the range of
30-120 cm, the obtained data were approximated using
a quadratic polynomial, which allowed for rapid
estimation of the distance in centimeters. Despite its
simplicity and speed, the method has limited accuracy
due to its strong dependence on the stability of shooting

Sy =8, %K . .\ .. . s
Jinal T base conditions: camera position, viewing angle, and lighting.
Model Weight
Coefficients
Confidence List of
Threshold Classes .
Class Identifier
Reference Object
Parameters
M v ¥ List of Detected
Enhanced Classes v
Frame ® » Object Detection List of Class
Selection of the Objects o
* Object of Interest Size in Pixels
Object Size
Ultralytics * Calculation
YOLOvS ®
i i
OpenCV NumPy

Fig. 2. Determining the size of the object of interest in the frame based on geometric transformations
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The algorithm for the second approach studied is
shown in Figure 3. It is based on a combination of object
detection using YOLOv8 and analysis of depth maps
from the Depth Anything V2 model. Unlike the first
geometric method, which estimates distance based on the
object’s size in pixels, this method directly measures the
scene’s depth.

The algorithm includes the following steps:

1. Object detection in the frame (YOLOVS).

2. Selection of the target object of interest.

3. Determining the region of interest (ROI) for it.

4. Calculating the median depth value within this
region from the depth map.

5. Converting relative depth values to absolute
This
approach is independent of the object’s size in the frame

values (centimeters) through pre-calibration.
and is significantly less sensitive to changes in viewing
angle, which potentially improves the accuracy of

distance measurement in real-world conditions.

Polynomial Regression Method

Relative Depth Value v
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Value
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v v
Enhanced ROI Region
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x on the Depth Map
Ultralytics .
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x
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»
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X
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Relating Relative Depth
Values to Actual Distance
ROI Depth

Value
v

Determination of !

» the ROI Median ®
Value Median Relative
& o Depth Value of the
ROI
NumPy

Calibration Data

Fig. 3. Determining the size of the object of interest in the frame based on depth maps and approximations

The algorithm for the third approach studied (using
a depth map without approximation) is similar to the
second, as it is also based on constructing depth maps,
but it includes a simplification: it omits the step of
building a calibration model and does not use a function
to approximate relative depth and actual distance. Instead,
a reference depth is specified at a known distance.

5. Results and discussions

During the research, the influence of the user’s
actual distance from the screen, the lighting level in the
room where the user is located, as well as the angle of
head tilt in the frontal and sagittal planes was evaluated,
corresponding to the real-world conditions of using the
proposed and developed system. Figure 4 demonstrates
the results of the studied methods, which use different

approaches and therefore have different computational
complexity, different execution times, and different
accuracy in distance determination.

The experimental validation of the proposed
approach was conducted in two stages. In the first stage,
a comparison was performed between three methods
for determining the distance to the user: a method using
geometric transformations, a method based on a depth
map with approximation, and a method based on a depth
map without approximation. The comparison was
performed at four reference distances: 30, 60, 90, and
120 cm, corresponding to 12 controlled experimental
configurations. In the second stage, for the method
selected for further analysis, the effect of the user’s head
position was investigated: in the frontal plane, in the
sagittal plane, and during rotation in the horizontal
plane. For each type of orientation, the evaluation was
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performed at three angles of deviation and four reference
distances, resulting in an additional 36 configurations.
Thus, the overall error assessment presented in this work
is based on 48 controlled experimental configurations.

ace 0.81

Fig. 4. Visual demonstration of the experimental results:

The first experiment focuses on determining the
approach that yields the smallest error when measuring
the user’s distance from the screen. The experimental
results are presented in Table 2.

a) display of the calculated distance at 30 and 40 cm using the geometric transformation method;
b) display of the calculated distance at 120 cm using the method based on a depth map and approximation

Table 2. Error estimation for determining the user’s distance from the screen depending on the selected approach and the

actual distance from the screen

Distance Real distance from the screen, cm
Method 30 60 90 120
Method using geometric transformations 2% 0.33% 0.56% 8.92%
Method based on a depth map and approximation 3.67% 1.83% 2.11% 17.08%
Method based on a depth map without approximation 1.33% 1.83 % 13.67% 51.25%

Table 2 presents the results of an experimental
evaluation of the error in determining the user’s distance
from the screen for three approaches: a method using
geometric transformations, a method based on a depth
map with approximation, and a method based on a depth
map without approximation. The comparison was
performed for four reference distances — 30, 60, 90, and
120 cm. The table shows the percentage error values for
each approach at each of the specified distances, allowing
the results of the first stage of experimental verification to
be presented in a comparative format.

The aim of the next experiment is to assess the
effect of head tilt in the frontal plane at various angles
(0°, 15°, 45°), head tilt in the sagittal plane at various
angles (0°, 15°, 30°), as well as head rotation in the

horizontal plane at angles (0°, 15°, 30°) on the accuracy of
determining the distance to the screen (Figure 5). The results
of the second experiment are presented in Table 3.

Table 3 presents the results of an experimental
assessment of the error in determining the user’s distance
from the screen depending on the position of the head in
space. The table shows the error values for three head
orientation scenarios: tilt in the frontal plane, tilt in the
sagittal plane, and rotation in the horizontal plane. For
each option, several angles of deviation were considered,
and the evaluation was performed at four reference
distances — 30, 60, 90, and 120 cm. The percentage error
values presented in the table allow for a general overview
of the results of the second stage of the experimental
study for various spatial positions of the user’s head.
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Fig. 5. Visual demonstration of the results of the experiments:

a) distance measurement at 30 cm with the head tilted 150 in the frontal plane;
b) distance measurement with the head tilted 150 in the sagittal plane

Table 3. Estimation of the error in determining the user’s distance from the screen depending on head position in space

and actual distance from the screen, %

Plane Angle 30 cm 60 cm 90 cm 120 cm

0° 253 % 10.7 % 3.6% 1.1%

Frontal plane, tilt 15° 19.0 % 20.0% 10.8 % 4.9%
45° 40.0 % 8.8% 2.8% 23%

0° 1.67 % 7.0% 4.0% 33%

Sagittal plane, tilt 15° 100.7 % 18.7% 33.1% 31.2%
30° 137.0 % 23% 47.7% 13.1%

0° 7.3% 32% 4.0% 0.4%

Rotation in the horizontal plane 15° 201.3 % 89.2% 21.0% 4.5%
30° 127.7 % 62.2% 26.0 % 10.7 %

6. Discussion of Results

Analysis of the results of the first experiment
(Table 2) demonstrates that for short and medium
distances, all three approaches provide satisfactory
accuracy. However, as the distance increases, the
use of geometric transformations demonstrates
the highest stability. A drawback of this approach
is that it can only determine the distance for specific
objects, for which the previously
calibrated. Changing the focal length also reduces the

system was

reliability of this approach, as it requires a complete

recalibration of the system. The third approach
exhibits the highest error values. The second approach

does not require a complete recalibration of the

system when the user changes, so it is recommended
for subsequent experiments.

Analysis of the results (Table 3) showed a clear
dependence of distance measurement accuracy on
the user’s head position. The most critical factor was
a distance of 30 c¢cm, where extreme error values were
recorded — up to 201.3% with a 15° head rotation
and 137.0% with a 30° sagittal tilt. Head rotations
in the horizontal plane consistently produce the highest
errors among all types of movements.

The lowest error values are generally observed
at zero head angles compared with non-zero tilt and
rotation conditions. At the same time, the results are not
uniformly stable across all distances: for example,
in the frontal plane at 30 cm the error reaches 25.3%,
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while at 60-120 cm it decreases to 10.7%, 3.6%, and
1.1%, respectively. There is also a noticeable positive
trend of decreasing error with increasing distance —
at 120 cm, accuracy improves significantly even at
significant angles of deviation.

Based on the results presented in Table 2 and Table 3,
the second research objective, which was to determine
the effect of the user’s head position on distance
measurement accuracy, was experimentally resolved.

The results obtained indicate the need for additional
correction of measurement algorithms, especially for
through  the
compensation mechanisms that

close distances, implementation of
account for the

orientation of the head in space.

of the

experiments have the potential to be used in the creation

The developed methods and results
of adaptive visual interfaces for information systems of

various purposes, including educational platforms,
medical services, banking and administrative terminals,
mobile and desktop applications, as well as digital services
for users with visual impairments. The development
holds particular value for industry, as it can be integrated
into HMI solutions, operator panels, smart displays, and
systems for monitoring and controlling production
processes, where readability, speed of information
perception, and reduction of cognitive load on the
operator are critical. In this context, the method can be
viewed as a tool for improving the ergonomics,
accessibility, and reliability of digital interaction in

modern industrial and service environments.

7. Conclusions

A critical influence of the user’s head orientation on
measurement accuracy was identified. The largest errors
(up to 201.3%) were recorded at close range (30 cm) when
the head was rotated in the horizontal plane. This indicates
the need to integrate compensation mechanisms that
account for the user’s posture in real time.

The scientific novelty lies in the development
of a method for context-aware adaptation of a visual
user interface, in which the estimation of the distance
to the user is used as a contextual trigger for dynamically
scaling not only the font size but also related typographic
parameters, as well as in establishing the influence
of the user’s head orientation on the accuracy of
distance measurement.

The practical significance lies in the possibility of
applying the proposed method during the development
of adaptive visual interfaces that automatically adjust
display parameters depending on the distance to the user
and can be used to improve readability, ease of information
perception, and the accessibility of digital services.

Further research will focus on refining algorithms to
compensate for the effects of head rotations and tilts,
particularly by using more accurate models for estimating
a person’s posture. The integration of additional
contextual factors, such as more accurate determination
of ambient light levels and their automatic incorporation
into the scaling model in the future, will also ensure
greater system resilience to changing conditions.
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METO/J KOHTEKCTHO-OBI3HAHOI AJTATITAIIII
BI3YAJIBHOI'O KOPUCTYBAIIBKOT'O IHTEP®EVCY
HA OCHOBI OIIIHKH BIJICTAHI 10 KOPUCTYBAYA

AKTyaJIBHICTh TEMH JOCHIIDKCHHS 3yMOBJICHA HEOOXIJHICTIO IIepeXOJy BiJ CTaTUYHHUX IHTEpQEHCIB MO THYYKHX CHCTEM,
3MAaTHUX JWHAMIYHO aJanTyBaTHCA 10 (I3MYHOTO KOHTEKCTYy KOpPHCTyBada, 30KpeMa [0 3MiHH BiJCTaHi Bi eKpaHa,
IO J03BOJISIE 3HM3UTH KOTHITHBHE HABAHTAXKCHHS Ta HIABUIIUTH KOMGOpT B3aeMofil. OO0’€KTOM I0CHiIKEHHSI € TIpolec
KOHTEKCTHO-0013HaHO1 ajanTanii KOPUCTYBAalbKOTO Bi3yaJbHOTro iHTepdelicy B peaJbHOMY uYaci 3ajJeXHO BiI BiJcTaHi
0 KOpHCTyBaya, a caMe — THIOrpadiyHHX IMapaMeTpiB KopHcTyBanbkoro intepdeiicy. Ilpeamerom mpociimkeHHS € Miaxomu
0 BU3HAYCHHS BIJCTaHI JO KOPUCTyBauya HA OCHOBI JaHHX BiJeONOTOKy. MeTOI0 OCTiI:KeHHSI € pO3poOKa MeTomy
KOHTEKCTHO-0013HaHOI amanTaiii KOPHCTYyBalbKOTro iHTepdeiicy Ha OCHOBI BU3HAYEHHs BiJCTaHI 10 KOPHUCTyBadya, IO 3abe3neuye
OUHaMiyHe MacmrtaOyBaHHS —TUHIOrpadiqyHOi CHCTEMH Uil 3HIDKCHHS KOTHITHBHOTO HABaHTAKEHHS Ta  ITiJBHILCHHS
KOoM(OpTy B3a€MOJIl B pealbHOMY dYaci.. JJs JTOCATHEHHs IMOCTaBICHOI METH OyJO BUPINICHO TaKi 3aBIaHHS: IPOaHAII30BaHO
iCHYIOYi MiAXOAW OO BHU3HAYCHHS BINCTaHI JO 00’€KTa, pO3pOOJICHO METOJ IUHAMIYHOI 3MiHM MacmTaldy KOPHCTYBaI[bKOTO
BI3yJNBHOTO iHTEpdelcy, IO IPYHTYETbCS HA MPONOPLIHIA 3aJeKHOCTI MDK BiACTaHHIO iHTepdeiicy a0 KOopHCTyBada
Ta po3MipaMu 0a3oBoi THmorpadiuHoi omuHUII (Kerumo). JIg eKCepUMEHTANbHOTO IMATBEP/KEHHS BHCOKOI TOYHOCTI
BU3HAYEHHs BIJCTaHi BiJ Bi3yanbHOro IiHTepdelicy 10 KopucTyBada Oya0 JOCHI/UKEHO BIUIMB BapiaTHBHUX (DaKTOpiB
(HaxWia TOJNOBM Y (POHTANBHIA Ta CariTalbHIM TUIONIMHAX, MOBOPOT B TOPU3OHTANBHIN IUIOMIMHI), a TaKOK OOPaHOrO MiIXOIy
0 BHM3HAYEHHS BiACTaHi 0 00’€éKTa HA TOYHICTh BHMIPIOBaHHS BifcTaHi. Po3pobiaenmii Meron 3abesmeuye amanTariiio
He juiie po3Mipy mpudTy, a i MoB’s3aHMX i3 HUM TUHOrpadiuyHMX mapaMeTpiB (MDKPSIKOBUIA Ta MDKJIITEpHUI iHTepBaiy,
abzarHi BigcTynn). BetanoBieHo, mo migxix Ha OCHOBI ITTMOMHHOI KapTH 3 ampoKcuMalliero 3abe3rnedye HalOiibIl 30aTaHCcOBaHI
pe3ysNbTaTH 3a TOUYHICTIO Ta NPAKTUYHOIO NPHIATHICTIO, IeMOHCTpyloun moxubky 1.83-3.67% vy miamazoni 30-90 cm.
Takox TOKa3aHO, IO Opi€HTAlis TOJOBH KOPHCTYBada € KPUTHYHAM (DaKTOPOM BIUIMBY Ha TOYHICTH BHMIpIOBAaHHS,
a MakcUMaJbHa NMOXUOKa Ha OymM3bKil quctannii carae 201.3%.
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A CONCEPTUAL MODEL FOR MONITORING PORTFOLIO MANAGEMENT
IN PROJECT OFFICES BASED ON BLOCKCHAIN

The subject of this study is the processes of ensuring transparency, accountability, and data integrity in project portfolio management
systems based on distributed ledger technologies. The objective of this work is to develop a conceptual model, the Blockchain
Portfolio Governance Model (BPGM), to enhance the transparency, integrity, and manageability of strategic portfolio management
processes. Objectives: to develop a multi-level model architecture that combines traditional management cycles with cryptographic
event logging mechanisms; to formalize management decisions as distributed ledger objects using asymmetric cryptography;
to propose a comprehensive management quality assessment metric that accounts for both technical integrity and procedural
discipline; to validate the model through simulation modeling of business processes. Research methods: systems analysis, methods
of mathematical and simulation modeling in the Bizagi Modeler environment, asymmetric encryption, and hashing algorithms
to ensure data integrity in distributed networks. Results. This paper proposes and justifies the architecture of the Blockchain Portfolio
Governance Model, comprising five levels: governance, data aggregation, decision formalization, cryptographic integrity, and audit.
A mathematical framework for event logging has been developed, where each decision is signed using the ECDSA digital signature
algorithm. A new comprehensive metric has been introduced — the Portfolio Governance Compliance Index — which enables the
detection of "shadow" management actions by comparing the number of requests initiated in external systems with the number of
validated transactions on the blockchain. A series of simulation experiments demonstrated that implementing Proof-of-Authority
consensus algorithms in a corporate network introduces negligible time delays (less than 1% of the total cycle), while the majority
of the process time is spent on expert analysis. Conclusions: The application of the BPGM model enables transforming subjective
portfolio management into a transparent, algorithmic process. The proposed solution ensures the creation of a «single source of truth»
for all stakeholders, significantly simplifies audit procedures, and enhances the organization’s institutional reliability without
compromising its operational efficiency.

Keywords: blockchain; project portfolio management (PPM); management transparency; distributed ledger technology (DLT);
business process simulation; portfolio management compliance index (PGCI); data accountability.

Introduction

The rapid increase in the complexity of project
activities, the accelerating pace of change in the business
environment, and the need for more transparent strategic
decision-making are driving the search for new
approaches to project portfolio management. Under these
conditions, traditional management mechanisms do not
always ensure a sufficient level of traceability,
consistency, and auditability of management decisions,
especially when it comes to multi-level approvals,
shifting priorities, and resource reallocation. This creates
a need for models that simultaneously combine process
formalization, data integrity control, and the ability to
quantitatively analyze management effectiveness.

The results of the Project Management Institute
(PMI) study "Step Up: Redefining the Path to Project
Success with M.O.R.E.: Ready to unlock transformative
value for your teams, your organization, and beyond?"
in 2025 confirm that project success depends to a large

extent on the availability of systematic monitoring,

regular reassessment of results, and alignment of projects
with the organization’s strategic goals. This justifies the
need to establish transparent mechanisms for monitoring
the execution of project portfolios, which ensure the
timely identification of deviations, support management
decision-making processes, and enhance trust among
stakeholders. According to the results of a PMI study,
implementing such approaches can increase the project
success rate based on stakeholders’ perception of value
(NPSS) from the current average of 47% to 94% [1].
Traditional centralized management systems, including
ERP solutions and specialized project management tools,
provide advanced planning and monitoring capabilities;
however, they remain vulnerable to data manipulation
and do not guarantee the immutability of decisions made.
This is particularly critical at the portfolio management
level, where strategic decisions regarding budget
reallocation, changes in priorities, and timelines are often
made without formalized validation mechanisms or
a transparent audit trail. As a result, conflicts arise among

stakeholders, trust in management outcomes declines,
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and reconstructing an objective picture of the decisions
made becomes practically impossible.

In this context, blockchain technology becomes
particularly relevant as a tool for ensuring the
immutability, transparency, and traceability of management
events. Unlike traditional approaches, a distributed ledger
ensures that every recorded decision cannot be altered or
deleted without the knowledge of system participants,
creating fundamentally new opportunities for auditing
and verifying the integrity of portfolio management.
The corporate sector’s growing interest in permissioned
blockchain platforms, particularly Hyperledger Fabric,
indicates organizations’ readiness to implement such
solutions in real-world management practice [2]. This creates
a need for models that combine the formalization of
management decisions with cryptographic mechanisms
for recording them, data integrity control, and the ability
to quantitatively analyze management effectiveness.

Literature Review and Problem Definition

As the complexity of distributed project environments
grows, ensuring transparency, accountability, and trust in
project and project portfolio management becomes
a critically important task. Traditional centralized
management systems, including ERP solutions and tools
such as Microsoft Project and Jira, provide advanced
planning and monitoring capabilities; however, they
remain vulnerable to data manipulation, do not ensure
non-repudiation, and do not guarantee a single source of
truth. These limitations are particularly evident at the
project portfolio level, where strategic decisions
regarding budget reallocation, schedule changes, and
priority adjustments are often made without formalized
validation mechanisms or a transparent audit trail,
leading to conflicts among stakeholders and reducing
management effectiveness.

Blockchain technology is viewed as a promising
tool for addressing these issues due to its properties
of immutability, decentralization, and traceability.
At the same time, recent research highlights an important
conceptual distinction between the governance of
blockchain systems and governance through blockchain,
with the latter area remaining under-explored in the
context of project portfolio management.

An analysis of empirical case studies [3, 4] shows
that existing research primarily covers the operational
level of individual projects: management of information,

supply chains, and contractual obligations dominates.

The PMBOK Guide’s [4, 5] classification by knowledge
areas confirms this trend — the highest representation is
observed for communications and stakeholder management,
functions critical

while to portfolio management

(integration, risks, scope of work) are minimally
represented. The strategic level of portfolio management
is virtually absent in these studies, indicating that
blockchain’s potential for ensuring the integrity of
decisions at the portfolio level remains untapped.

An analysis of 95 scientific publications from
2015-2022 [4] noted a lack of research dedicated to
project portfolio management (PPM) via blockchain.
A systematic review [6] confirms that current approaches
focus primarily on the technical aspects of blockchain
stakeholder

accountability, the distribution of decision-making rights,

platform operation, while issues of
and organizational management remain overlooked.
A similar pattern is observed in the construction industry,
where a study [7] covers a wide range of areas — from
smart contracts and BIM to supply chain management
and energy efficiency — but is also limited to the level of
individual projects and does not extend to portfolio
management. The absence of research on project
portfolio governance in several independent reviews
indicates that this is effectively an unexplored niche,
which this study aims to address.

Individual empirical studies [8—10] confirm that
blockchain

traceability at the individual project level, but do not

integration improves data quality and
propose mechanisms for scaling these benefits to the
portfolio level. Works [11-13], dedicated to smart
contracts in infrastructure projects, demonstrate the
effectiveness of automation at the operational level but
create "islands of automation" not linked by a unified
logic of portfolio decisions. The BPGM architecture
proposed in this paper solves this problem through data
aggregation and governance levels that ensure systematic
control and synchronization across portfolio projects.

In the domestic literature [14], blockchain in project
management is considered primarily in the context of
Ukraine’s reconstruction using maturity models (PMMM,
OPM3, CMMI), but without formalized mechanisms for
verifying management decisions through an immutable
digital ledger. The BPGM model can serve as such
a mechanism, complementing existing approaches to
maturity assessment.

Thus,
application of blockchain at the level of individual

most current research focuses on the

projects or the technical aspects of blockchain platforms,
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while formalized portfolio management, ensuring the
integrity of management decisions, and their quantitative
assessment remain unexplored. In parallel, the field of
Al-based project management is developing [15, 16],
confirming the general trend toward the adoption of
digital technologies in project management, particularly
in turbulent environments. At the same time, Al- and
blockchain-based
while Al
blockchain ensures the immutability and auditability

approaches are complementary:

provides adaptability and forecasting,
of management decisions.

In this regard, this paper, as a logical continuation of
the authors’ previous research [1, 17-20], proposes
a blockchain-based project portfolio management
model (BPGM) aimed at formalizing management
events, ensuring their immutability, and developing
quantitative metrics for assessing portfolio integrity.

The proposed model is particularly relevant in the
context of Ukraine’s large-scale reconstruction, where,
as of early 2026, over 8,000 reconstruction projects have
been registered in the DREAM system. Reconstruction
projects are implemented according to the "build back
better" principle with the integration of sustainable
development goals, which requires a multidimensional
assessment of the results of both individual projects and
their portfolios [21, 22]. At the same time, donors and
international partners emphasize the need for a verifiable
audit trail for every management decision.

Regarding research at the portfolio management
level, the PMI standard defines portfolio management
as a discipline that ensures project investments align with
the organization’s strategic goals and involves a clear
distribution of authority and responsibility for decision-
making [23]. At the same time, a study of seven decades
of PPM evolution [24] indicates that despite a significant
accumulation of methodological knowledge, practical
tools for transparency and accountability at the portfolio
management level remain underdeveloped — most of the
proposed methods have proven insufficient or impractical
in real organizational conditions. The authors [25] distinguish
between portfolio management as an operational practice
and portfolio governance as a strategic, continuous oversight
process, emphasizing that studies explicitly focused on
portfolio governance remain rare. This distinction is
fundamental to this work: the BPGM model addresses
specifically the governance level — the formalization and
verification of strategic decisions — rather than the
operational management of individual projects, which
distinguishes it from most existing approaches.

Formulation of the research objective

The objective of this research is to develop
a conceptual Blockchain Portfolio Governance Model
(BPGM) to enhance the transparency, integrity, and
manageability of strategic portfolio management processes.

To achieve this goal, the following research tasks
must be addressed:

1. Develop a multi-level model architecture
that combines traditional management cycles with
cryptographic mechanisms for recording events.

2. Formalize management decisions as objects in
a distributed ledger using asymmetric cryptography.

3. Propose a comprehensive management quality
assessment metric that accounts for both technical
integrity and procedural discipline.

4. Validate the model through simulation modeling
of business processes.

Thus, the study aims to combine process modeling,
simulation analysis, and blockchain mechanisms to create
a tool that supports transparent, controlled, and auditable

portfolio management.

Materials and methods

BPGM is a conceptual multi-level project portfolio
management model in which strategic decisions affecting
the budget, timelines, priorities, and resource allocation
are formalized as events, cryptographically recorded in
a distributed ledger, and made available for independent
verification and audit.

The key idea behind BPGM is the transformation of
subjective management agreements into verifiable digital
facts: every decision made at the governance level
undergoes formalization, cryptographic protection, and
immutable recording in the ledger. This provides a single
source of truth for all portfolio stakeholders and prevents
retroactive changes to recorded events.

A set of methods was used to develop and validate
the model. System analysis methods were applied
to decompose the portfolio management process at
the decision-making level and to define functional
requirements for each level of the BPGM architecture.
BPMN modeling was used to formalize and visualize the
management process — from the initiation of a change
request to the audit verification of the result — taking into
account the interaction between the Portfolio Manager,
PMO, steering committee, and blockchain components.
The ECDSA and SHA-256 cryptographic algorithms
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form the basis of the mechanism for digitally signing
management events and constructing a hash chain,
ensuring the immutability of records and the ability
to independently verify their integrity. The Proof-of-
Authority (PoA) consensus algorithm was chosen as the
basis for the permissioned blockchain network, as it
provides the necessary throughput and organizational
accountability with a limited set of authorized validators —
members of the steering committee or independent
auditors. Simulation modeling was performed in the
Bizagi Modeler environment — a specialized tool for
simulating business processes built in BPMN notation.

It should be noted that the model is not intended
to replace traditional portfolio management systems,
but rather to enhance their trust, traceability, and
accountability through a blockchain infrastructure with
permissioned access.

The goal of BPGM is to ensure:

— the immutability of strategic decisions within
the portfolio;

— transparency of changes to budgets, timelines,
and priorities;

— control over the reallocation of resources between
projects;

— the ability to conduct independent audits
of decisions;

— a reduction in information asymmetry among
stakeholders;

— increased institutional trust in portfolio management.

In this context, "management in project offices"
refers to a set of governance processes implemented
by the PMO at the portfolio level: coordination of
interdependent project initiatives with a shared resource
pool, standardization and validation of decision-making
procedures (changes to budget, timelines, priorities),
monitoring of alignment with the organization’s strategic
stakeholder
sponsors and the steering committee. The class of tasks

goals, and ensuring accountability to

for which the BPGM model is designed involves

situations where multiple projects are executed
simultaneously amid competition for resources, where
every management decision potentially impacts the
entire portfolio and requires permanent documentation
for future audit. It is precisely under such conditions
that the absence of a single verified source of
management events most often leads to systemic failures:
duplication of decisions, data inconsistencies among
stakeholders, and the

chronology of strategic changes.

inability to reconstruct the

Results

BPGM comprises five levels that ensure an end-to-
end process from data collection to audit:

1. Governance Layer

This layer is responsible for the governance context
of decision-making. It is here that strategic actions are
formulated regarding budget changes; schedule changes;
priority changes; resource reallocation; and the approval
or rejection of portfolio initiatives. This layer includes the
portfolio manager; the governance committee; the PMO;
sponsors; and financial and operational stakeholders.

2. Data Aggregation Layer

To minimize the risk of manipulation during the
change initiation phase, this layer provides automated
integration with traditional project
(Microsoft
corporate ERP solutions. Instead of manual entry, which

management

information systems Project, Jira) and
does not guarantee objectivity, the model’s multi-level
architecture allows for the extraction of up-to-date
metrics regarding budgets, resources, and the current
status of tasks via API. This aggregated data serves as
an objective foundation for the operation of the Decision
Formalization Layer.
3. Decision Formalization Layer
translated into

Any management decision is

a formalized event record:

E= {PID, Type, ACost, ATime, DecissionBody, Timestamp, Signature} S

where PID is the project identifier; Type is the decision
type; ACost is the budget change; A7ime is the schedule

change; DecisionBody is the body or entity

that made the decision; Timestamp 1is the time of
recording; Signature is the digital signature.

This layer ensures the standardization of
management events and establishes a unified logic for
all portfolio decisions.

4. Cryptographic Integrity Layer

At this layer, the event is converted into
a cryptographically secured record:
h=H(E),

where H is a hash function, such as SHA-256.

The technological foundation for recording these
entries is a multi-tier smart contract architecture deployed
in a permissioned environment (specifically, using
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frameworks such as Hyperledger Fabric or private
Ethereum networks). To ensure the necessary throughput
and organizational accountability of transactions, the
Proof-of-Authority (PoA) consensus algorithm is used.
In this configuration, the right to validate blocks is
granted exclusively to authorized nodes (e.g., members of
the steering committee or independent auditors), which
guarantees the irreversibility of management actions.

The choice of a permissioned blockchain
(specifically Hyperledger Fabric) for the BPGM model
is justified by the specifics of corporate project
portfolio management (PPM), where the priority is on
confidentiality, access control, and efficiency, rather than
full decentralization.

A permissioned blockchain restricts access to authorized
participants only (PMO, Portfolio Manager, committee),
ensuring role-based permissions and identity verification,
unlike permissionless blockchains (Bitcoin/Ethereum),
where anyone can validate. This is critical for PPM,
where decisions contain confidential information about
budgets and strategies, preventing leaks via a public ledger.

The subsequent chain of events unfolds as follows:

B, =E{, h,h_},

n2 "n-l
where each new entry contains the event itself; its hash;
and the hash of the previous entry.

This creates a sequential chain of events that makes
it impossible to secretly alter decisions that have already
been recorded.

5. Audit Layer

The audit layer
consistency between the document and the registry entry:

V(D,h)={lme’ if H(D):h

f alse,
where D is a document or dataset; 4 is a previously

ensures data integrity and

otherwise,

recorded hash.

This mechanism allows an independent auditor
to verify whether the document has been altered since
it was recorded.

Let the project portfolio be defined as:

P={R.P,....P},
where P, is an individual project within the portfolio.

Then the set of all portfolio events is:
E=JE,
i=1

where E, is the set of project events.

This means that the portfolio is viewed as
a collection of related events, rather than merely as
a set of projects.

The system is considered consistent if the following

holds for every record:
h,=H(E,

hnfl ) 4

where || means data concatenation.
Then the integrity of the entire system is defined as:
1, if all event sare valid

Integritylndex =
griy {0, otherwise.

In practice, this means that any disruption in
the sequence of events is immediately detected
during verification.

A new metric is proposed to assess the quality and
reliability of the portfolio registry:

_ ValidEvents

PEIl = ,
TotalEvents
where ValidEvents is the number of events that remained
unchanged and passed verification; TotalEvents is the
total number of recorded strategic events.
The proposed scale for interpreting PEIl values is

presented in Table 1.

Table 1. Interpretation of PEIl values

PEIl values Interpretation
0,90-1,00 High level of compliance
0,70-0,89 Acceptable level
<0,70 Critical level — audit required

To improve responsiveness to business-critical
decisions, a weighted version of the index is proposed:

W,
PEI[W — ZeeVultdEv@nts XIOO% ,

ecTotalEvents W"
where w, is the event weight (e.g., 3 for BudgetChange,
2 for ScheduleChange, 1 for other types).

To assess the quality and transparency of portfolio
management within the BPGM model, a comprehensive
metric is introduced — the Portfolio Governance Compliance
Index (PGCI). The PGCI allows for a quantitative

assessment of an organization’s management discipline:

N
PGCI = —x PEII ,

init
where N, is the number of management transactions
that have been successfully validated by consensus

algorithms and recorded on the blockchain; N,, is the

init
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total number of initiated requests for changes to the
portfolio (including those that were rejected or deleted
outside the system).

This approach allows for the identification not only
of technical data integrity errors but also of "gray areas"
in governance — cases where decisions are made or
changed in circumvention of formalized BPGM procedures.
A PGCI value close to 1 indicates high process maturity
and full transparency in portfolio management.
PGCl
indicator allows for a distinction between the concepts of

The implementation of the integrated
data integrity and governance compliance. While PEIl
focuses on the immutability of existing records, the
PGCl N,,/N,, identifies "off-system" management

actions that have not been formalized in the distributed
ledger. Thus, the PGCI serves as a tool for detecting
"shadow" project portfolio management.

To demonstrate the advantages of using the PGCI
over traditional technical integrity metrics, let’s consider
two contrasting scenarios for the operation of a portfolio
management system. These scenarios allow us to

distinguish between the technical robustness of
a distributed ledger and actual management discipline

within an organization.

Scenario A: High technological reliability with low
managerial discipline

In this case, the organization uses a perfectly
configured blockchain infrastructure that ensures absolute

data immutability (PEIl =1.0). However, at the

operational management level, protocols are being
ignored: managers enter only 50% of the decisions
actually made into the ledger, leaving the rest of the
changes in the "shadow" zone (outside the BPGM).

PGCI =0.5%x1.0=0.5.
A low index value signals management risks: despite

Under these conditions,

the system’s technical perfection, it does not fulfill the
function of transparent control, since a significant portion
of processes remains informal.

Scenario B: High management discipline despite
technical compromises

In this scenario, the organization’s management
demonstrates a strong commitment to established
procedures, recording every decision made on the

blockchain  (N,,/N,, =1.0). However, due to

insufficient decentralization (for example, a low number
of active nodes in the private network), a technical error

or a targeted attack occurred, resulting in the corruption
of 20% of historical records.

In this case, PGCI =1.0x0.8 =0.8. Here, the index
indicates a breach of technical trust. Although the
organizational culture is strong, the registry data can no
longer be considered an absolutely reliable source
for auditing.

A comparative analysis confirms that the PGCI is
"health" of
a governance system. It allows stakeholders to clearly

an effective tool for diagnosing the
identify the nature of the problems: whether they lie in
the realm of human error and regulatory violations
(Scenario A) or in the realm of technical infrastructure
vulnerabilities (Scenario B). This enables the adoption
of targeted corrective actions to improve the overall
transparency of portfolio management.

Thus, the model can be presented as a sequence of
layers: Governance Layer — Data Aggregation Layer —
Decision Formalization Layer — Cryptographic Integrity
Layer — Permissioned Blockchain Ledger — Audit Layer.

That is, a management decision arises in the
portfolio environment, the decision is formalized as
an event, the event is hashed and included in the chain
of records, the record is stored in a permissioned
blockchain,
an integrity check.

Thus,
management as a system of cryptographically verified

and an independent auditor performs

we propose the concept of portfolio
events, formalize the mechanism for translating strategic
decisions into events suitable for immutable storage,
and introduce the PEIl and PGCI metrics, which allow
for the quantitative assessment of the level of integrity
and trust in the portfolio registry.

BPMN modeling was used to formalize and visualize
the process of management decisions in a portfolio
context. The modeling results are presented in Figure 1.

The process encompasses the interaction between
management, financial, control, and blockchain
components. This structure corresponds to the logic of
BPMN swimlanes, where each lane represents a separate
responsibility or process participant.

The Portfolio Manager initiates a change request:
budget,

The reason for the change, the expected impact on the

timeline, priority, or resource allocation.
portfolio, and the justification for the committee are
described. The request is forwarded to the PMO or
committee for preliminary analysis. This stage creates
an event source, which will subsequently serve as the

basis for formalization and verification.
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Fig. 1. BPMN-based process model of strategic change handling in the Blockchain-Based Portfolio Governance Model (BPGM)

The PMO analyzes the proposal’s impact on the
budget,
projects, and portfolio KPIs. It is verified whether there is

timelines, risks, interdependencies between
sufficient data for review: the presence of calculations,
signatures, financial estimates, and explanations. If the
data is insufficient, the process is returned to the Portfolio
Manager for revision. If the package is complete, it is
forwarded to the committee for review.

Next, the committee reviews the request in terms of
strategic feasibility, priority, and resource constraints.
At this stage, three options are possible: Approve, Reject,
Send Back for Revision. The corresponding gateway is
key to the model, as this is where the management
decision is formed, which then becomes an event at
the blockchain level.

After the decision is approved, a structured record
is generated:

— project ID;

— decision type;

— budget change;

— timeline change;

— decision-making body;

— timestamp;

— digital signature.

The event is transformed into a formal object for
subsequent recording in the registry. It is here that the
management decision is transformed into a blockchain-

ready event. The formalized event is recorded in
a permissioned blockchain. The event’s hash is
calculated. The event is appended to the chain of previous
records. Once the record is saved, the process proceeds
to integrity verification. This ensures the immutability of
strategic decisions and a transparent audit trail. The auditor
verifies whether the recorded hash matches the current
document or event. If everything is correct, the event is
deemed valid. If not, a discrepancy is recorded. The audit
result concludes the process. This stage links the
blockchain mechanism with management accountability,
which is one of the model’s key advantages.

In the first stage, the BPMN model was modeled
using only time parameters and branching probabilities,
without explicit resource constraints. This approach
allowed us to estimate the process duration, rework
cycles, gateway behavior, and the resulting Portfolio

Event Integrity Index (PEI) under various decision-

making scenarios.

Tasks performed by humans were modeled using
triangular distributions defined by minimum, most likely,
and maximum durations, while technical blockchain
operations were assigned a fixed duration due to their
low variability (Table 2). The time parameters for the
blockchain are conservative (intentionally inflated for
simulation purposes), since in real Private Ethereum or
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Hyperledger networks, this time typically does not
exceed a few seconds (this demonstrates that even in the
"worst-case" scenario, the blockchain network does not
"slow down" business). Gateway routing was determined
using branching probabilities for the outcomes of
confirmation, revision, rejection, and integrity.

The initial modeling parameters were derived based
on the process logic, expert estimates of the duration of
individual operations, and assumptions regarding the
probabilities of transition between stages. The time
characteristics reflect the approximate duration of
while the
probabilistic parameters were used to formalize possible

management actions within the model,

process development scenarios at control points.
This approach is appropriate in the absence of a complete
set of empirical data, as it allows for the reproduction
of realistic system behavior, the assessment of its
sensitivity to changing conditions, and the comparability

of results across scenarios.

Table 2. Time characteristics of the process

The characteristics of the scenarios are
presented below.
1. Optimistic. The process proceeds with almost
no returns:
—  approve: 70%.
—  revision: 20%.
- reject: 10%.
—  integrity pass: 99%.
2. Base case. The most realistic:
—  approve: 60%.
—  revision: 25%.
- reject: 15%.
—  integrity pass: 98%.
3. Constrained. More revisions and delays:
—  approve: 45%.
—  revision: 35%.
reject: 20%.
integrity pass: 95%.

Task Distribution Min Mode Max
Prepare Change Justification Triangular 1 2 4
Submit for Review Fixed 0,1 0,1 0,1
Assess Change Impact Triangular 1 3 5
Validate Completeness Triangular 0,5 1 2
Review by Committee Triangular 2 4 7
Resubmit Change Request Fixed 0,1 0,1 0,1
Formalize Decision Triangular 0,5 1 2
Generate Event Object Fixed 0,05 0,05 0,05
Write Event to Ledger Fixed 0,05 0,05 0,05
Hash Event Fixed 0,01 0,01 0,01
Link to Previous Hash Fixed 0,01 0,01 0,01
Verify Integrity Triangular 0,1 0,3 0,6

The simulation was

performed using Bizagi
Modeler. The simulation results for the base case scenario
are shown in Figure 2.

The simulation results for the base case scenario
showed that out of 451 initiated requests, 441 were
completed within the model, and the average process
duration was 17.32 days. The most time was spent on
preparing the justification for changes, impact
assessment, and committee review, while the stages of
recording the decision in the ledger were completed
without delays, confirming their operational ease.

The simulation also showed that some requests
are filtered out during the completeness check or
rejected after review, reflecting the presence of control

points in the process. At the same time, 351 completed

cycles passed integrity verification, and only 6 cases
ended unsuccessfully, indicating the high reliability
of the data recording and verification mechanism
in this scenario.

Simulation modeling confirmed that the proposed
model ensures controlled movement of the request
through all stages of portfolio approval, with the main
time losses concentrated on management analysis rather
This
blockchain integration does not complicate the process

than on blockchain operations. means that
but enhances its transparency and control over the
integrity of management decisions.

Within the scope of the study, the BPGM model
was developed and formalized as a comprehensive
architecture for supporting portfolio governance based
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on a combination of process logic and blockchain
recording mechanisms. The model reflects the sequence
of management actions from the initiation of a change
request to its verification, approval, or rejection, and also

provides for the immutable recording of critical events in
a distributed ledger. This structure ensures the traceability
of a decision at all stages of its processing and creates
a basis for subsequent auditing.
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Fig. 2. Modeling results (Base case scenario)

One of the key outcomes is that the BPGM model
allows for the separation of the actual managerial logic
of decision-making from the technical aspects of
verifying and documenting those decisions. As a result,
every significant action within the process becomes
a controllable event that can be verified based on
temporal, procedural, and informational criteria.
This increases the transparency of portfolio management
and reduces the risks of loss, distortion, or duplication
of critical data.

Simulation modeling of the BPGM BPMN process
was performed for three scenarios: optimistic, base case,
and constrained. In all scenarios, the time characteristics
of tasks, the probabilities of transitions through gates,
and the total duration of the portfolio decision process
from request initiation to verification completion were
analyzed. The shortest lead time was obtained in the
optimistic scenario, while the constrained scenario was
characterized by the longest duration due to a higher
proportion of re-approvals and revisions.

In the base case scenario, the Review by Committee
and Revise Request stages contributed the most to the

total process time, indicating their role as the main time

bottlenecks. The Decision gate provided the main
branching point of the process, with the majority of
trajectories ending in approval, while a smaller portion
proceeded to revision or rejection. The blockchain-
recording stages — Write Event to Ledger, Hash Event,
and Link to Previous Hash — had virtually no impact
on the total duration due to their technical nature and
low variability in execution time.

The PEIl metric remained high in all scenarios,
indicating that the integrity and controllability of
portfolio events were maintained within the model’s
scenarios. The greatest decrease in PEIl was observed
in the constrained scenario, where the proportion of
repeat cycles increased and the probability of a request
being returned for revision rose.

Discussion of Results

BPGM is a conceptual model that combines
portfolio management, event formalization, and blockchain
integrity mechanisms. Its key advantage lies in the fact
that strategic decisions cease to be merely managerial
agreements and are transformed into verified digital facts.
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This creates a foundation for transparent, controllable,
and audit-ready management of project portfolios.

The model can be applied to the management of
IT portfolios; construction and infrastructure programs;
government digital transformation portfolios; cross-
organizational projects; and audits of large programs
where the traceability of decisions is critical. Its practical
value lies in creating a single source of truth for strategic
portfolio decisions.

Scaling the model depending on the complexity of
the tasks being solved can be approached in several ways.

1. Number of projects in the portfolio

An increase in the number of projects increases the
volume of transactions at the blockchain level, but thanks
to PoA consensus, this load scales linearly and does not
affect latency (confirmed by simulation — <1% of
a cycle). However, the load on the governance level
increases: more projects mean more cross-project
dependencies, which requires expanding the pool of
validators and refining the coordination protocols.

2. Number of hierarchy levels and participants

For simple portfolios (one PMO, two to three
stakeholders),

sufficient.

a minimal validator configuration is
For complex portfolios — corporate or
government — multi-level approvals emerge (PMO —
sponsor — regulator), and BPGM adapts by adding
validator nodes without changing the architecture. This is
a structural advantage of a permissioned blockchain.

3. Frequency and diversity of management decisions

The higher the rate of change and frequency of
(typical
environment), the greater the value of a consistent audit
trail — and the higher the sensitivity of PGCI to
deviations. For slow-moving portfolios (infrastructure

decisions for IT portfolios in an Agile

programs), the model remains valid, but the threshold
values for PGCI and PEIl may require calibration
for a specific domain.

4. Degree of project interdependence

With weak interdependence, BPGM operates as
a parallel set of independent decision chains. With strong
interdependence, a data aggregation level is activated that
tracks cross-project events. The complexity of the task
here determines which part of the architecture is
involved, but does not break the model.

The results indicate that the value of the BPGM
model lies not only in the use of blockchain as
a technological component, but primarily in building
a managed portfolio governance model where the
becomes

decision-making process transparent and

Unlike traditional in which

management actions are often scattered among different

verifiable. approaches,
participants and information systems, BPGM forms
a single logical control loop. This allows for increased
confidence in decision-making outcomes and ensures
better portfolio manageability.

From a methodological standpoint, BPGM should
be viewed as a platform for the further development of
digital portfolio management. Its architecture creates the
conditions for integration with analytical tools, decision
support systems, and portfolio performance monitoring
mechanisms. In this context, the model has practical
value as a foundation for building more robust,
transparent, and formalized management processes.

The results confirm that the proposed BPGM model
is sensitive to changes in the logic of approval and the
quality of the initial submission of changes. In practical
terms, this means that even with a stable blockchain
infrastructure, the overall effectiveness of governance
is determined primarily by the organization of the
process, rather than the technical layer of data storage.
Simulation modeling confirmed that the implementation
of blockchain tools does not create new technological
bottlenecks. The main delay remains in the cognitive
sphere — the time required for stakeholders to analyze
the governance situation.

Thus, blockchain in a governance model should not
replace the management process, but rather enhance its
transparency and auditability. At the same time, the
simulation itself shows that technical integrity does not
compensate for poor-quality management input if
requests are frequently returned for revision.

The implementation of BPGM in the real economy
is accompanied by a number of limitations that must be
taken into account:

1. The Oracle Problem: blockchain guarantees
the technical immutability of data after it is recorded
in the ledger, but it cannot automatically verify the
accuracy of information at the stage of its initial entry.
If a project manager intentionally enters false data
about task status into the aggregation system, the
BPGM model will cryptographically record this fact but
will not detect the misinformation without additional
external audit mechanisms.

2. Complexity of integration with existing systems:
The effectiveness of the Data Aggregation Layer directly
depends on the availability of open APIs in corporate
software (ERP, CRM). In organizations with outdated
IT infrastructure, automating data collection may be
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technically challenging, requiring a temporary transition
to semi-automated input methods.

3. Cost-effectiveness and scalability: Although
simulation modeling confirmed low time costs, deploying
blockchain
(validation nodes) requires additional expenses for

and maintaining a private network

infrastructure and energy consumption. For small
businesses with a limited number of projects, the
administrative costs of maintaining the BPGM
may outweigh the benefits of transparency.

4. Digital Asset Management (Key Management):
The model relies on asymmetric cryptography, which
requires stakeholders to possess a high level of digital
literacy in handling private keys. The loss or compromise
of a key could lead to a blockage in the approval process
or legal disputes regarding the authenticity of signatures.

The identified limitations outline avenues for future
research, particularly regarding the development of
algorithms for automatic verification of input data using
artificial intelligence and the optimization of key storage

mechanisms in the corporate sector.

Conclusions

or inconsistency. This is particularly important for
environments where decisions are strategic in nature
and require a high level of accountability.

The results obtained confirm the feasibility of
further developing the BPGM as a foundation for the
digitalization of portfolio management processes.
In future research, it is advisable to expand the model
by integrating analytical monitoring tools, performance
evaluation mechanisms, and

support for adaptive

portfolio management.
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KOHIEIITYAJIBHA MOJEJIb MOHITOPUHI'Y IIOPT®EJIbBHOI'O YIIPABJIIHHA
B TIPOEKTHUX O®ICAX HA OCHOBI BJIOKYEHHY

IIpenrMeToM BHBYEHHSI € TIPOIECH 3a0e3NEYeHHs IMPO30POCTi, MMiA3BITHOCTI Ta IUIICHOCTI JaHUX Y CHCTeMax YIpaBIiHHI
nopTdersIMi TPOEKTIB HA OCHOBI TEXHOJOTIH PO3MOALIEHOrO peecTpy. MeTa AOCHiIMKeHHS — pPO3POOJICHHS KOHIICTITYalIbHOL
mozeni Blockchain Portfolio Governance Model (BPGM) misi mifBHINEHHST MPO30POCTi, IITICHOCTI Ta KEPOBAaHOCTI MPOLECIB
CTpaTerivHoro MOpTQETbHOr0 YNpaBIiHHA. 3aBAaHHMA: PO3poOUTH OaraTOpiBHEBY apXiTeKTypy MOJENI, IO HOEJHY€E TpagulliiiHi
YIPaBITiHCEKI LIUKJIM 3 KpunrorpadidHUMH MexaHi3MaMH Qikcamii mofii; ¢opMaiizyBaTH YIIpaBIIHCBKI pillIeHHSA SK 00’€KTH
PO3MOAIIEHOTO PEECTPY 3 BHKOPHCTAHHAM AaCHMETPUYHOI Kpunrorpadii; 3ampormoHyBaTH KOMIUIGKCHHH ITOKAa3HHK OI[HKA
SIKOCT1 yNpaBNiHHA, IO MICTUTh SK TEXHIYHY LUTICHICTh, TaK 1 NpOUEAypHY AWCHMIUIIHY; 3OIMCHUTH Baligamilo MoIemi
crnoco0oM IMITallifHOTO MOJICTIOBaHHSA Oi3Hec-mporieciB. MeToau MOCTiIMKeHHsI: CHCTCMHUN aHaji3, METOOd MaTeMaTHYHOTO
Ta iMmiTamiiHOrO MoJenroBaHHA B cepemoBuili Bizagi Modeler, anroputMu acUMeTpHYHOrO IIM(PYBaHHS I TeIIyBaHHS
Ui 3a0e3MeueHHs IUTICHOCTI JaHWX Yy PpO3MOAUICHHX Mepexax. Pedyiabratu. Y poOOTi 3ampomoHOBaHO # OOTPYHTOBaHO
apxitektypy Moxeni Blockchain Portfolio Governance Model, sika mepenbauae m’sTh piBHIB: YIpaBIiHHS, arperamilo JaHUX,
(hopmadizaiiiro pimieHb, KpunrorpadiuHy HiTICHICTD 1 ayauT. Po3pobieHo MaTeMaTHYHUH amapart ¢ikcarii moaii, 1e KoKHe pillleHHs
3aCBIIUy€ETHCS 3a JOMOMOTor0 anroputMmy nudposoro miamucy ECDSA. YnpoBampkeHO HOBHH iHTETrpasIbHHI NMOKa3HHK — iHJIEKC
BigmoBimHOCTI mopTdensHoro ympasmiHHS (Portfolio Governance Compliance Index), mo mae 3Mory BHSBISATH "TiHBOBi"
YHOPaBIIHCHKI Iii 3a JOMOMOTOI0 MOPIBHAHHS KUIBKOCTI iHINIHOBAaHMX 3alMTIB Y 30BHILIHIX CHCTEMax i3 KiIBbKICTIO BalliIOBaHUX
TpaH3akuUiil y Giokveiini. [IpoBeneHo cepiro iMiTAliHUX SKCIIEPUMEHTIB, SKi JOBENH, L0 BIIPOBAKCHHS AITOPUTMIB KOHCEHCYCY
Proof-of-Authority B kopnopaTuBHy Mepexy MoJa€ HE3HAa4YHI YacoBi 3aTpUMKH (MeHIIE 1% Bin 3aranbHOTO IHKIY), TOII SIK
OCHOBHHIl dYac Tpolecy TMpUIaja€ Ha eKclepTHuHd aHamiz. BucHoBku. 3actocyBanHs wMogeni BPGM  gomomarae
TpaHchopMyBaTH Cy0’€KTHBHE YIpPAaBIiHHS HOPTQENIeM y Mpo30puil alropuTMiuHKil mpolec. 3anponoHoBaHe pillleHHs 3abe3mnedye
CTBOpPEHHs "€MHOTO JpKepesia iCTHHH" JUId BCIX CTEHKXOJJIepiB, 3HAYHO CHPOIIY€E MPOLEAYPU ayIAMTy W HiIBHILYyE HCTUTYLiHHY
HaJIiHICT opraHizarii 6e3 3HmKeHH: 11 onepaniitHoi eeKTHBHOCTI.

Kurouosi ciioBa: 610k4eiiH; ynpaBmiHHS nopTdersiMu npoekTiB (PPM); mpo3opicTs ynpasninas; po3noninenunit peectp (DLT);
iMiTaniitHe MoJieTIoBaHHS Oi3HEC-TPOIIECiB; 1HAEKC BiAmoBinHOCTI mopTdensHoro ynpasminHsa (PGCI); mia3BiTHICTS TaHUX.
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Lesia Dubchak, Nazar Vivchar, Oleg Savenko, Bohdan Derysh, Oleg Zastavnyy

SOFTWARE TOOL FOR IMPLEMENTING AN INTELLIGENT METHOD
FOR ANALYZING WIND TURBINE BLADE DEFECTS WITH LIMITED DATASET

The subject of the study is methods and software tools for intelligent diagnostics of wind turbine blade defects based on neuro-fuzzy
models capable of operating effectively in conditions of limited, fuzzy, or partially defined input data. The goal of the study
is to develop a software implementation and conduct an experimental study of a neuro-fuzzy Wang—Mendel network for
classifying wind turbine blade defects, and to justify its feasibility as the basis of an intelligent system for monitoring the technical
condition of energy facilities. The main tasks are to analyze modern methods of defect classification, develop the architecture
of a neuro-fuzzy model, create a software package for training and classification, implement an algorithm for automatically
forming a fuzzy rule base, optimize the parameters of membership functions, and conduct experimental studies to assess the
effectiveness of the proposed approach. The study used methods of fuzzy logic, neuro-fuzzy systems, mathematical modeling,
data classification, parameter optimization, and software implementation of intelligent systems in Python using modern data
processing and numerical computing libraries. The Wang—Mendel algorithm provides automatic formation of fuzzy rules based
on training data and adaptation of model parameters to increase classification accuracy. As a result, an intelligent software complex
for classifying wind turbine blade defects was developed, which provides effective data processing and decision-making based
on fuzzy rules. Experimental studies were conducted on a training sample of 160 records and a test sample of 64 records, describing
the probabilities of the presence of various types of defects. Conclusions: according to the training results, an accuracy of 91% was
achieved on the training sample and 94% on the test sample with a low level of mean square error, which confirms
the high efficiency, generalization ability, and practical suitability of the proposed model for use in intelligent systems for
monitoring the technical condition of wind turbines in conditions of limited data and resources.
Keywords: wind turbines; defects; neuro-fuzzy systems; Wang—Mendel; Python.

Introduction energy, and the success of the transition to a low-

carbon economy directly depend on the performance

Over the past 5-10 years, wind power has shown of the equipment.

steady and rapid growth worldwide and in Europe. Global Wind turbine failures have a direct and significant

wind power capacity is expected to increase by 50% impact on both operating costs and performance. Failures

increase maintenance requirements, reduce energy

in the coming years [1, 2]. Europe is a leader in the

development of this sector, with an average annual
growth rate of 15-16% over the past two decades [3, 4].
The largest capacities are concentrated in Germany,
Spain, the United Kingdom and France, which together
provide more than 60% of all wind installations
on the continent [5].

Wind power is expected to remain a key driver of
the global energy transition between 2030 and 2050,
driven by technological innovation, cost reductions and
supportive policies [6, 7]. Mid-term projections also
predict a significant reduction in the cost of wind power:
by 2050, the cost could fall by 37-49%, reaching
$20-30/MWh  for onshore and $40-60/MWh for
offshore wind farms [8, 9].

At the same time, the rapid growth of the industry
places new demands on the reliability and efficiency
of wind turbine operation. The economic performance
of energy companies, the competitiveness of renewable

production, and shorten the life of the equipment, which
together lead to increased costs, reduced -efficiency,
and consequently increased electricity costs [10, 11].
Minor failures, such as blade surface erosion, are
a major cause of unplanned repairs, the cost of which
is much higher than the cost of repairs for major
structural failures [12].

Thus, the development of wind energy requires
increased attention to the condition of turbines and
their maintenance methods. Ensuring the stability
of equipment operation is becoming an important
prerequisite for further growth of the industry, which
emphasizes the relevance of research in the field
of diagnostics of wind turbine blade defects.

The research aims to develop, implement, and
investigate the effectiveness of a Wang—Mendel neuro-
fuzzy network for the task of classifying defects in
wind turbine blades.

© Lesia Dubchak, Nazar Vivchar, Oleg Savenko, Bohdan Derysh, Oleg Zastavnyy, 2026
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To achieve the stated objective, the following
research tasks must be addressed:

1. To analyze modern methods and approaches for
diagnostics and classification of wind turbine blade
defects, including machine learning, deep learning,
and neuro-fuzzy systems, and to identify their advantages
and limitations.

2. To develop the model of an intelligent defect
the Wang—Mendel
neuro-fuzzy network, capable of automatically generating

classification system based on
a fuzzy rule base from training data.

3. To implement a software system for wind turbine
blade defect classification using the Python programming
language, incorporating data preprocessing, fuzzification,
fuzzy inference, and adaptive parameter optimization.

4. To train the
experimental data and determine the optimal parameters

neuro-fuzzy model using
of membership functions and the structure of the fuzzy
rule base.

5. To conduct experimental studies to evaluate the
performance of the developed model using training and
testing datasets, and to assess its classification accuracy,
error rate, and generalization capability.

6. To perform a comparative analysis of the
proposed approach with existing defect classification
methods and to justify the feasibility of applying the
Wang-Mendel
monitoring systems for wind turbine condition assessment.

neuro-fuzzy network in intelligent

Analysis of last achievements and publications

The development of wind energy is accompanied by
increasing requirements for the reliability of wind
turbines, in particular for their key structural elements —
blades. Traditional diagnostic methods based on visual
inspection or classical signal analysis algorithms are
often laborious, expensive and limited in accuracy.

In this regard, machine learning is increasingly
being used to improve the efficiency of blade defect
detection. Current research applies various machine
and deep learning methods using visual and sensory
data for more accurate identification and classification
of damage. Convolutional neural networks, in particular
Xception, ResNet-50, AlexNet, VGG-19, as well as
specialized architectures, have demonstrated high
efficiency in defect classification tasks: the use of
the Xception model with transfer learning provided
accuracy up to 99.92% on small samples and up to 100%

on large ones [13].

The development of real-time object detection
architectures has led to the widespread use of advanced
YOLO models, such as YOLOvS5s, YOLOX, and
YOLOv8n.  Their
mechanisms, feature fusion technologies, and efficient

combination  with  attention
loss functions has significantly increased the average
accuracy and speed of detection [14]. Signal analysis
methods are actively used to detect internal defects,
including cracks and delamination: guided waves,
wavelet transforms, feature extraction algorithms in
combination with k-nearest neighbors’ classifiers, support
vector methods, and random forest. Such approaches
provide classification accuracy of up to 97% [15].
Additionally, adaptive neuro-fuzzy inference systems
(ANFIS) and Gaussian processes are used, which reduce
computational costs and allow for early damage detection
with an accuracy of up to 91% [16].

Key advantages of these methods include high
accuracy and speed of data processing, the ability to
detect a wide range of damage, and the possibility of
integration with unmanned aerial vehicles for remote
monitoring [15, 16]. The use of weakly supervised
learning and drones for image collection can significantly
reduce the need for manual annotation and reduce the risk
of human error. Integration with signal processing
systems and the use of optimized models make it possible
to perform large-scale automated maintenance with
minimal resource costs [17].

At the same time, these approaches have certain
limitations. Deep neural networks require large volumes
which
application in practice. Classical algorithms remain

of well-annotated data, complicates their
vulnerable to the detection of small or hidden defects,
although modern improvements partially solve this
problem. The computational requirements are also
significant, but the use of lightweight models and
effective feature selection methods allows for reducing
the load [18]. A current research direction is to increase
the resistance of models to a decrease in the quality of
input data (low resolution, overlapping objects) and
to develop more effective methods of merging and
supplementing data.

Despite the high performance of modern machine
learning methods mentioned earlier, they have a number
of limitations, including significant data requirements,
the need for careful annotation, and high computational
load. In practical wind energy applications, only limited
or partial data of small volume are often available, which
reduces the effectiveness of classical neural networks
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or deep learning methods. In this context, approaches that
can work with incomplete or fuzzy input data without
losing the accuracy of defect classification are of
particular importance.

Given the successful application of fuzzy logic in
medicine, robotics and other areas [19-21], its use in
wind turbine damage diagnostics is relevant. Neural-
fuzzy networks, which combine the capabilities of fuzzy
inference systems and artificial neural networks,
demonstrate high efficiency in cases where the data
are limited or contain uncertainty. Of particular interest
is the Wang-Mendel

provides flexible formation of inference rules based on

neuro-fuzzy network, which

input data and allows achieving high accuracy even
on small samples [19]. The functioning of such systems
is based on fuzzification — the transformation of clear
input values into fuzzy sets using membership functions
and the reverse process of defuzzification, which allows
obtaining one clear value at the output. This provides
an interpreted representation of knowledge in the form
of a system of fuzzy rules, bringing the decision-making
process closer to the logic of human experts. Adding
a neural component allows for the implementation of
a learning mechanism through which the parameters
of the membership functions can adapt and the fuzzy
inference rules can change to increase the accuracy
of solving the problem.

Modification of the Wang—Mendel
neuro-fuzzy network

Fuzzy inference systems and neural networks have
similar principles of operation. As inference systems,
they require training, the formulation of a certain
representation of the knowledge obtained during training,
and an algorithm for processing new data using certain
rules. The similarity is as follows:

1. Neural networks are trained on input data,
while fuzzy systems mostly rely on an expert who sets
the inference rules.

2. The "knowledge" of a neural network is stored in
the format of weight coefficients, and of a fuzzy system,
in the form of rules represented by membership functions.

3. Both systems process input data based on
acquired knowledge and a predefined algorithm.

Fuzzy systems and neural networks operate as
dynamic systems capable of parallel and distributed
data processing. Both approaches are excellent at
approximating functions without relying on predefined

mathematical models, instead drawing knowledge
directly from sample data. These systems are not only
similar in their adaptive nature but also provide unique
advantages when applied to real-world scenarios [6].

A hybrid model that combines the concepts of fuzzy
logic and artificial neural networks is called a neuro-
fuzzy network. Due to the peculiarity of this combination,
there is a system that is based on the strengths of
both methods and allows you to work effectively with
inaccurate, partial or limited information about complex
systems. A great advantage of such an architecture is the
combination of the interpretability of a fuzzy inference
system with the ability to use training methods familiar
to "classical" neural networks. Due to this, the accuracy
of the hybrid model is better than that of a simple fuzzy
inference system, and such a system is also better
able to handle classification tasks based on large
volumes of data.

One type of neural fuzzy network is the Wang—
Mendel neural fuzzy network, proposed by Jerry Mendel
and Li-Xin Wang in 1992 [8]. The architecture of such
a neural network consists of four layers:

— fuzzification layer;

— aggregation layer;

— linear layer;

— defuzzification layer.

The fuzzification layer, which also acts as an input

layer, takes as input a data vector x,,x,,...,x, of length
N and fuzzified each variable separately to formulate
a fuzzy set A4 calculating the value L of each of the
membership functions g, (x,) (/=1,2,..L; n=1,2,..N).

The generalized Gaussian function is used as the
membership function:

Hy ('xn): (1)

To initialize the fuzzification layer, it is necessary
to determine the number L of membership functions,

and the parameters ¢, and o, (n=12,...,N), which
will be refined during the training process to obtain
a better refinement of the final prediction of the network.

In some cases, the initial values of the parameters ¢, and
o, and the number of membership functions can be

either calculated automatically or statically specified
before the network training begins. We will consider
the case with predefined parameters of the first layer.
At the output of the fuzzification layer, L vectors of
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dimension N are obtained, where each element is
calculated by the formula

1

1 + [ xr - C]r
O,

where x, —the r-th element of the input feature vector,

w,(x,)= - (I=12,..L;r = 1,2,.N), (2)

¢, — the center of the Gaussian membership function,

o, — the width (variance) of the function.

The aggregation layer performs the composition
of the membership function values L calculated by
the previous layer, formulating the inference rules.
The calculation is carried out according to the formula:

H (x):ﬂﬂg(xj) . 3)

The aggregation layer does not contain parameters
that could change during training.

The linear layer is parametric and contains L
synaptic weights w;,w,,...,w, whose values will adapt
during training. The initial value of these weights is

chosen randomly from the interval [—1;1] . This layer is

used to aggregate inference rules according to the
L L

formulas f, =Zw, 4 (x), S, :Zy,(x).
! 1

The fourth
defuzzification and obtaining the system output signal

layer is responsible for data

according to the formula
y(x)=Alts- @)
The value y(x) obtained at the end will be the
prediction of the Wang—Mendel neural fuzzy network.
Thus, the task of the network is that for any pair of
data (x,d), the prediction of the neural network y(x)

corresponds to the expected value d .

Several common algorithms are used to train
a Wang—Mendel neural fuzzy network, the most common
of which is based on the principle of minimizing
the objective function. This method is similar to the
method of training conventional neural networks and

consists in selecting such values of weights w;,w,,...,w,
and parameters ¢, and o, to obtain the most accurate

result. For K training samples, the objective function
can be specified as

E=I2(v(¢)-a). ®

where x* — input training vector, y(xk) — prediction of

the fuzzy neural network for vector x*, d* — expected

value of the network output for vector x* .

Training a Wang—Mendel fuzzy neural network
using the objective function minimization algorithm
occurs through the alternation of two stages:

1. For the fixed parameters ¢, and o, the first
layer of the network, the values w,w,,..,w, of the

synaptic weights of the third layer are calculated.
2. For the fixed values of the synaptic weights of
the third layer, the values of the parameters ¢, and o,

the first layer are calculated.
At the first stage of training a neural network,

training K samples <xk,d"> are selected. Based on

these  samples, a vector D= {d' ,dz,...,d"} ,

(k=1,2,..,K) of expected network responses is formed.

Based on the obtained values, a system of K linear
equations is formulated:

PV-W=D, (6)
where W — the desired vector of values w;,w,,...,w, of

synaptic weights of the third layer, PV — the matrix of
coefficients, where each value of the element of each
row corresponds to the coefficient calculated for
the corresponding value of the input vector of the

corresponding sample, which can be expressed as
N L N
P Tl () [STTm ()
J

=1
In this case, a much larger number of training
samples K is selected than the dimension of the input
vector N, accordingly, the number of rows of the
coefficient matrix PV will be much larger than the
number of its rows.
From equation (6) we can find the value of the
vector W and represent it as an equation
W=PV"-D, ®)
where PV* — pseudo-inverse matrix to the PV matrix.
The pseudo-inverse matrix can be searched for by any of
the corresponding algorithms, but this does not affect the
training of the network. Therefore, by solving the system
of linear equations, the vector W of synaptic weights of
the third layer will be obtained. After this, the stage of
synaptic weight refinement is considered complete.
At the second stage, to calculate the values of the
synaptic weights of the third layer of the neural network,
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the parameters ¢, and o, (i.e., the coefficients of the

Gaussian membership function) of the first layer are
refined. For this, the gradient descent method is used,
for which the wvalues and on the training cycle
can be expressed as

OF (k
6, (k1) =, (k) -, )
! ©9)
OF (k
O'ij(k+l):al.j.(k)—776~ 8;.)’

where 77, and 7, are coefficients that determine the
speed of parameter adaptation ¢, and o,, respectively,
OE (k)/oc; and OE(k)/ooc, are partial derivatives of

network errors.
After refinement ¢, and o,, the learning process is

restarted from the first stage and repeated until either

the desired accuracy is achieved or all parameters
(of the first and third layers are stabilized). When
implementing this learning algorithm in practice, the
first stage (refinement of the weights of the third layer by
solving a system of linear equations) is of the greatest
importance, which is performed in one step, and the
second stage is secondary. The second stage of learning is
repeated a significant number of times with each new
iteration of learning.

Software implementation

The algorithmic logic of the method implementation
in the software system can be formalized in the form of
generalized pseudocode, which reflects the complete
system workflow from data acquisition to obtaining the
classification result, as shown in Figure 1.

Input: Training dataset D_tr, Testing dataset D_te

Output: Predicted class labels for D_te
1: Read D_tr, D_te from CSV files
2: Preprocess data (numeric conversion, NaN removal, shuffling)
: Normalize all input variables to [©,1]
1: Define fuzzy partitions for each input variable
5: Initialize empty rule base RB
for each sample (x, y) in D_tr do
ach input variable x_i do
determine fuzzy term A_i with max membership p(A_i, x_i)

end for
10: compute rule weight w = N p(A_i, x_i)
11: form rule R: IF x_1 is A_1 AND .. AND x_n is A_n THEN class y

f conflict with existing rule in RB then
13: keep rule with larger weight
15:  add R to RB
1 ond 5f

r or

18: for each sample x in D_te do

compute activation of all rules in RB

aggregate activations per class

assign class with maximum aggregated a JI'ation

end for

Fig. 1. Pseudocode of the fuzzy rule processing method implementation

The program code implementing the modified
Wang—Mendel
as separate functional blocks responsible for data

neuro-fuzzy network is structured

input, normalization, dataset diagnostics, fuzzy model
construction, and implementation of the Wang—Mendel
algorithm. In particular, the code includes functions

for loading and analyzing training and testing

datasets, normalizing numerical features, generating

fuzzy partitions, and auxiliary procedures for displaying
about the data, which

statistical  information

allows monitoring the correctness of preprocessing
stages (Fig. 2).

From a data flow perspective, the software
system forms a closed processing pipeline in which the
results of each stage are directly used in the subsequent
stage, and the output decisions are transferred to the
evaluation subsystem for generating the confusion
matrix  and metrics.

The software architecture has a modular structure

quantitative  performance

and includes subsystems for data input and storage,
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preprocessing and normalization, fuzzy model definition,

Wang-Mendel rule generation, fuzzy inference

mechanism, and result evaluation and visualization.
This separation of functional responsibilities ensures

the extensibility of the software system and provides
further
or hardware-based data

the foundation for its integration  with

other intelligent methods

acquisition systems.

Fig. 2. Main modules of the Wang—Mendel network software implementation

Two data sets were used for training: training
(160 records) and test (64 records). Each record was
a vector of five elements: the first four corresponded
to the probabilities of the presence of a certain defect
(from 0 to 1), and the fifth element contained the actual
class, one of four possible states of the blade. Three types
of defects were taken into account: erosion, corrosion

and crack, as well as a class corresponding to the absence
of damage. Accordingly, each record clearly belonged
to one of the four classes that determined the real
state of the wind turbine. Before feeding into the model,
the data were normalized. An example of the initial
(before normalization) records for each of the classes
is given in Table 1.

Table 1. Example of input data sample for training the proposed neuro-fuzzy network

Probability of erosion Corrosion probability Probability of a crack Probability of normal condition
0.889 0.0134 0.0972 0.0005
0.0694 0.4155 0.2806 0.2345
0.1482 0.2308 0.4903 0.1308
0.0009 0.0568 0.055 0.8872
0.889 0.0134 0.0972 0.0005
0.0694 0.4155 0.2806 0.2345

The Wang—Mendel fuzzy neural network was
trained using the objective function minimization
algorithm by alternately optimizing the parameters
of the membership functions of the first layer and the
synaptic weights of the third layer.

The implementation of the Wang—Mendel algorithm
was carried out using the interpreted object-oriented
Python in the PyCharm
development environment. The entire architecture of the

programming language
neural network was created without the use of third-party
libraries. To perform individual mathematical operations,
analyze data and display them, auxiliary libraries were
used: math (simple mathematical operations), time
(measurement of program execution time), pandas
(data manipulation and analysis), numpy (performance

of matrix operations and high-level mathematical

operations), matplotlib (display of data in a graphical
representation), tqdm (display of learning progress).

The optimal number of membership functions
was determined empirically: increasing their number
generally improved accuracy, but after a certain
threshold, the efficiency began to decrease, while the
training time continued to increase. The best results
were obtained with 30 membership functions.
The initial centers of the Gaussian functions were evenly
distributed in the interval [1, 4], and the widths were
fixed at 0.2. Since these parameters were optimized
during the training process, their initial choice did not
have a critical impact on the final result and was based
on expert judgment.

The network was trained for 10 epochs with an early
stop mechanism: if the -classification accuracy and
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the standard deviation remained unchanged for three
consecutive epochs, training was stopped. As a result, the
model achieved an accuracy of 91% with a standard
deviation of 0.0975. The training process was completed
after four full epochs according to the early stop criterion.
The total training time was 20 minutes 39 seconds.

Experimental studies

The program available at the GitHub repository
link [22] implements the Wang—Mendel method, which
combines the principles of fuzzy logic and heuristic
analysis algorithms to create a fuzzy control system,
particularly for data classification and solving
optimization problems. A detailed description of its
main components is provided below.

The program is implemented in Python and its logic
involves sequential data processing, starting with loading
the necessary libraries and data sets, followed by their
preliminary preparation, which includes cleaning from
gaps, normalization and standardization of features to
ensure correct operation of the algorithm and increase
the stability of the learning process. The central element
of the program is the
Wang—Mendel

classification model based on training data, automatically

implementation of the
algorithm, which forms a fuzzy
generating a database of fuzzy rules that reflect the
patterns between the input features and the corresponding
classes. To increase the efficiency of the model,
a parameter optimization mechanism is provided, which
allows you to adapt the membership functions and other
system parameters in order to achieve the optimal ratio
between classification accuracy and computational costs.
The main functions of the software tool provide a full
cycle of model operation, including the training
procedure based on the training sample and the formation
of predictions for new data, which allows using the
developed system as a universal classification tool.

The program is organized in an interactive Jupyter
Notebook environment, which provides the ability to
step-by-step execute the algorithm, monitor intermediate
results, and analyze the model’s effectiveness in real
time. After executing the corresponding code blocks, the
user receives numerical indicators of the classification
quality, in particular, the accuracy and error values,
which allows you to assess the effectiveness of the model
and its generalization ability. In addition to numerical
results, the program generates graphical representations
of the classification results, including error matrices

and scatter plots, which provides a visual representation
of the correspondence between the true and predicted
classes and allows you to assess the nature of the error
distribution. In particular, Fig. 3 shows a scatter plot of
the true and predicted classes for the test sample, which
demonstrates a high level of correspondence between
the classification results and the actual values, which
confirms the effectiveness of the proposed approach.
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Fig. 3. Scatter plot of true and predicted classes for the test sample

The principle of operation of the software tool is
based on the use of fuzzy logic and heuristic learning,
which allows you to work effectively in conditions of
uncertainty and incomplete data. The fuzzy model forms
a system of rules of the "if~then" type, which allows you
to perform classification based on the degree of
belonging of the input data to the corresponding fuzzy
sets, ensuring a smooth transition between classes and
increased resistance to noise. The heuristic nature of the
algorithm allows you to automatically form the optimal
structure of the model based on the analysis of training
data without the need for complex iterative training
procedures, which reduces computational costs and
increases the speed of the system. Thanks to this, the user
has the opportunity to adapt the model parameters in
accordance with the specifics of a particular task, which
ensures the versatility of the software tool and the
possibility of its use for different types of data.

Experimental studies were conducted on a test
sample of 64 records, each record containing four
features corresponding to the estimated probabilities of
erosion, corrosion, crack, or no defect, and belonging
to one of four classes. The results obtained demonstrate
the high efficiency of the developed software tool: the
classification accuracy on the test sample reached 94%
accuracy at RMSE =0.0686. This indicates a good
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generalization ability of the model and its efficiency
when working with new data, and also confirms the
feasibility of using the Wang—Mendel method as the basis
of an intelligent defect classification system in conditions
of limited amounts of training data and the need to ensure
high accuracy and interpretability of the results.

Comparison with analogues

A comparative analysis of modern approaches
to defect classification shows that their effectiveness is
largely determined by the balance between accuracy,
training data volume requirements, computational
resources, and interpretability of the results obtained.
As shown in Fig. 4, the maximum accuracy values are
demonstrated by deep convolutional neural networks,
in particular Xception TL, which provide up to 99.92%
of correct classifications. The main advantage of such
models is the ability to automatically generate
informative features without the need for manual design.
At the

significantly limited by high requirements for the training

same time, their practical application is
sample volume, significant computational costs, and
complexity of implementation, which complicates their

use in embedded or resource-limited monitoring systems.

99.92
100.0
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Accuracy, %
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Fig. 4. Comparison of accuracy with analogues

Signal analysis approaches using classical machine
learning methods demonstrate somewhat lower but
consistently high

accuracy reaching 97%.

Their characteristic feature is lower computational

rates,

costs compared to deep neural networks and the
possibility of effective use with limited resources.
However, the effectiveness of such methods significantly
depends on the quality of sensor data and the correctness
of feature vector formation, which reduces their
versatility and complicates their application in variable

or noisy environments.

Methods
particular ANFIS and Gaussian processes, demonstrate

based on neuro-fuzzy systems, in
increased efficiency when working with small samples
and provide accuracy at the level of about 91%. Their key
advantage is the ability to work under uncertainty and
take into account the fuzzy nature of the input data.
However, the complexity of parameter tuning, the
increase in computational complexity with increasing
dimensionality of the problem, and limited scalability
may limit their use in real monitoring systems with
large data streams.

The proposed approach based on the Wang—Mendel
method demonstrates classification accuracy at the level
of 94%, which exceeds the indicators of classical
neuro-fuzzy systems and is comparable to more
complex machine learning methods, while maintaining
significantly lower requirements for resources and the
amount of training data. The key feature of this method is
the formation of an explicit base of fuzzy rules without
the need for complex iterative training procedures,
which ensures high computational efficiency and
stability of results even with a limited training sample.
Unlike deep neural networks, the proposed approach
does not require large arrays of labeled data and can
function effectively in conditions of limited information,
which is critically important for monitoring tasks of
technical objects, where obtaining large samples is
a difficult or expensive process.

An additional advantage of the Wang—Mendel
method is its interpretability, since the classification
results are formed on the basis of a clearly defined base
of fuzzy rules, which allows for the analysis of the
decision-making logic and ensures the transparency of the
system. This is a fundamental difference from deep
neural networks, which function as a "black box" and
do not allow for a direct explanation of the process
of forming the result.

Thus, the proposed method provides an optimal
compromise between classification accuracy, computational
efficiency, ability to work with small samples, and
interpretability of results. This confirms the feasibility
of its use as the basis of an intelligent defect
classification system in resource-limited and real-world

operating conditions.

Conclusions

This paper analyzes the current state and trends in
wind energy development, demonstrating the need to




Cyuacnuii cman HayKosux 00Caiodcenb ma mexnono2iii 6 npomucnosocmi. 2026. Ne 2 (36)
Innovative technologies and scientific solutions for industries. 2026. No. 2 (36)

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

improve the reliability and efficiency of wind turbines, in
particular their blades. It is shown that defects in
structural elements significantly affect the productivity,
economic performance and duration of equipment operation,
and therefore the competitiveness of the entire industry.

A review of existing diagnostic methods revealed
that traditional approaches are inferior to modern
machine and deep learning algorithms in terms of
accuracy and speed. Still, the latter require large volumes
of qualitatively annotated data and have high
computational costs. In this regard, a promising direction
is the use of neuro-fuzzy systems that can operate
effectively under data incompleteness or uncertainty.

Within the framework of the study, a neuro-fuzzy
network based on the Wang—Mendel method was
implemented for the classification of defects in wind
turbine blades. The developed model combines the
interpretability of fuzzy inference systems with the
adaptability of artificial neural networks, which made
it possible to achieve high classification accuracy with
a relatively small amount of training data. According
to the results of the experiments, the training accuracy
was 91%, and on the test set — 94% with a standard
deviation of 0.0686, which confirms the effectiveness
of the proposed architecture for defect diagnosis tasks.

The obtained results indicate the feasibility of using
Wang-Mendel neuro-fuzzy networks in wind turbine
technical condition monitoring systems, especially in
cases of limited or partially fuzzy data. Further research
should be directed towards expanding the sample size,
optimizing membership functions, and combining neuro-

fuzzy systems with computer vision and deep learning
methods to increase the model’s robustness to noise
and input variability.
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MPOT'PAMHWIA 3ACIB PEAJIZAIII IHTEJEKTYAJIBHOT'O METOY AHAJII3Y
JE®EKTIB JIOMATEM BITPOBUX TYPEIH 3 OBMEXXEHOIO BUBIPKOIO JIAHAX

IIpenMeToM moCTiIKeHHSI € METOAM W TPOrpaMHi 3aco0M IHTENIEKTYaJbHOI JIarHOCTHKH Ae(EKTiB JiomaTeld BITPOBHX TypOiH
Ha OCHOBI HEHPOHEUITKMX MOJeNeH, 3JaTHUX eQEeKTHBHO (YHKIIIOBATH B YMOBaX OOMEXKEHHX, HEUITKHX a00 YacTKOBO
BU3HAYEHHUX BXIJHMX NaHHX. MeTa — po3poOJeHHs NporpamMHOi peamizamii Ta eKCIIepUMEHTAIbHE IOCIIJDKEHHS HEeHPOHEeUiTKOl
Mepexxi Banra—Mengens s wiracudikamii gedekTiB Jomaredl BITpOBHX TypOiH, a TakoX OOIpYyHTYBaHHS JOIUIBHOCTI ii
BUKODUCTaHHA $K OCHOBM IHTENEKTYaJlbHOi CHCTEMH MOHITOPHHIY TEXHIYHOTO CTaHy CHEpPreTHYHUX 00’ €KTiB. 3aBAaHHSA
JDOCTIZKeHHSI: aHAJi3 Cy4acHHX MeEToAiB Kiacudikamii nedekrTiB, po3poOieHHsS apXiTeKTypH HEHpPOHEWIiTKOI MOJENi, CTBOPEHHS
MIPOTrPaMHOT0 KOMIUIEKCY JJIsl HABYAaHHS W Kiacudikaiii, peanizariis aaroputMy aBTOMaTHIHOTO (OpMyBaHHS 0a3u HEUITKHUX MPAaBUIL,
onTUMi3allis mapameTpiB (QYHKIIH HaJIeKHOCTI Ta MPOBEICHHS CKCIEPUMEHTATbHUX JOCHI/PKEHb Ui OLIHIOBaHHS ¢()EKTUBHOCTI
3alPOIIOHOBAHOTO TMiAXoAy. Y pOOOTI BHKOPHCTAaHO METOAM HEUITKOI JIOTIKHM, HEHpPOHEUITKMX CHCTEM, MaTeMaTHYHOTO
MOJICNIIOBaHHsI, Kiacudikauii JaHUX, OonTHMIi3alii mapaMeTpiB i HporpaMHoi peanizamii iHTEJIEKTyaJlbHHUX CHCTeM MoBOK Python
i3 3aCTOCYBaHHSM Cy4YacHUX O0i0mioTek OOpoOJNEHHS JaHWX 1 YUCEIbHHUX OO0uMcIeHb. Anroput™M Banra—Mengens 3a0e3medye
aBTOMaTnyHe (OPMYBaHHS HEWITKUX MPaBWI HAa OCHOBI HABUAIBPHMX MJAaHUX 1 aJalTalliio IapaMeTpiB MoJeNli 3 MEeTOIo
HiBUIIEHHS TOYHOCTI Kinacugikanii. PesyabpraTn. Po3poGiieHo iHTeNneKTyalbHMH NpPOrpaMHUIl KOMILDIEKC MU Kiachgikaril
nedeKTiB JonaTeld BiTpoBUX TypOiH, sSKUi 3abe3nedye epexTrnBHE 0OpOOICHHS HAHUX 1 MATPUMKY MPUHAHSATTS PIlIEHb HA OCHOBL
HEYITKUX NpaBwil. ExcriepuMeHTaNnbHi JOCHiIKEHHs MPOBEJCHO Ha HaBYajbHiil BHOipIi o6csirom 160 3amuciB i TecToBiil BUOIpII
oOcsiroM 64 3ammcH, MO ONKCYIOTH IMOBIPHOCTI HAsBHOCTI DPi3HHX THIIB JedekTiB. BHCHOBKH: 3a pe3yinbraTaMd HaBYaHHS
JOCSITHYTO TouHOCTi 91% Ha HaB4anbHiK BuOipui Ta 94% Ha TecToBii BUOIpILIi 32 HU3BKOTO PIiBHS CEPEIHBOKBAAPATHYHOI MOXUOKH,
IO MIATBEP/PKYE BUCOKY e€(EKTHBHICTH, 3JaTHICTh O Yy3araJlbHEHHs Ta MPAKTHYHY MNPUAATHICTH 3alpONOHOBAHOI MoJeli
IUIS BUKOPUCTAaHHS B IHTENEKTyalbHHX CHCTEMaX MOHITOPUMHTY TEXHIYHOTO CTaHy BITPOBHX TypOiH B yMOBaxX OOMEXKEHHX
JIAHUX 1 pecypciB.
KurouoBi ciioBa: BiTpoBi TypOiHK; AedeKTH; HEHPOHEUITKI cucteMu; anroput™M Banra—Mennens; Python.
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STACKING HYBRID SYSTEM
OF COMPUTATIONAL INTELLIGENCE BASED
ON KERNEL ACTIVATION-MEMBERSHIP FUNCTIONS
AND ITS ONLINE LEARNING IN PATTERN RECOGNITION TASK

Subject of research. The subject of the research is a stacking hybrid computational intelligence system based on a kernel
activation-membership function, which combines the advantages of neural networks and fuzzy models for solving pattern
recognition tasks under conditions of uncertainty, noise, and limited dimensionality of data sets. The goal of the work. The goal of
the work is to develop a stacking hybrid system with a kernel activation-membership function and online learning to improve
the accuracy, stability, and speed of pattern recognition in non-stationary environments in real-time. Task. Develop the architecture
of a stacking hybrid system; propose a kernel activation-membership function and an algorithm for its parameterization; construct
an online learning algorithm with step-by-step parameter updates; investigate the properties of convergence and computational
complexity; conduct an experimental comparison with basic machine learning models and classical neuro-fuzzy approaches.
Methods. Machine learning methods, ensemble and stacking approaches, kernel methods, adaptive optimization in online mode,
statistical analysis of classification quality, modelling and computational experiments on synthetic and real datasets applied to
pattern recognition tasks. Results. The proposed model provides higher classification accuracy and better generalization ability
compared to individual baseline models, demonstrates resistance to noise and changes in data distributions, as well as rapid adaptation
in streaming data conditions thanks to online learning. It is shown to reduce the error and ensure stable operation of the system
in non-stationary environments. Conclusions. The developed stacking hybrid system with a kernel activation-membership function
is an effective tool for real-time pattern recognition tasks. The combination of the stacking approach and online learning increases
the accuracy, stability and adaptability of the system, which makes the proposed approach promising for practical application
in intelligent information systems and cyber-physical environments.

Keywords: computational intelligence; data stream mining; kernel activation-membership function; machine learning;
neuro-neo-fuzzy system; stacking hybrid system.

Introduction

Analysis of modern publications

Computational intelligence (CI) systems have
become popular today for solving various information
processing problems [1-3] and, above all, classification
problems — pattern recognition, mainly images,
which is explained from a formal point of view by their
universal approximating capabilities. Here, the most
widespread are deep convolutional neural networks
(DCNN)  [4-6],

separating multidimensional

which allow restoring nonlinear

hypersurfaces of any
complex shape between an arbitrary number of possible
classes. However, some problems may arise in the
case of overlapping classes when observations can
simultaneously belong to several classes with different
levels of membership. In this case, hybrid systems
of computational intelligence (HSCI) and, above all,

neuro-fuzzy systems are the most effective.

At the
cumbersome with a fixed multilayer architecture,

same time, deep systems are quite
containing a very large number of tuned parameters
and requiring too large volumes of training samples for
their learning, which are not always available when
solving many practical tasks. In addition, the stationarity
of the characteristics of the objects forming this sample
is assumed a priori. One way or another, traditional
DCNNS are quite complex and slow systems.

Essentially faster in terms of the learning process
are systems (primarily neural networks) with kernel
activation functions [7], the most common of which are
Radial Basis Function Networks (RBFNs) [8—11] which
are also characterized by universal approximating
properties, but are able to adjust their synaptic weights
online. This is explained by the fact that the output signal

of these networks linearly depends on the adjusted
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parameters that allows the use of speed-optimized learning
algorithms, including the Gaussian Newtonian ones.

In [12], a convolutional RBFN was proposed, which
demonstrated high speed and quality of learning compared
to DCNNs based on elementary Rosenblatt perceptrons.

At the same time, traditional RBFNs suffer from
so-called "curse of dimensionality" effect when the
number of kernel activation functions ( R -neurons) grows
rapidly with the increase in the dimensionality of the input
signal-image. Finding the required number of R -neurons
in the network could be done using the methods of
evolutionary computational intelligence systems [13—15],
however the gradual addition of kernel functions to the
network [16] slows down the learning process.

In our opinion, some of the noted problems can be
overcome by using the stacking approach [17], when the
system as a whole is formed from separate subsystems,
each of which is either a neural network or a neuro-fuzzy
or neo-fuzzy system [18-19] trained independently
of the other subsystems using different algorithms.
This approach will increase the speed of training and
does not require too large volumes of training samples.

The goal of the work. The goal of the work is to
improve the efficiency of a stacking hybrid system with
a kernel activation-membership function and online
learning to improve the accuracy, stability, and speed
of pattern recognition in non-stationary environments
in real-time.

Methods and Materials

Architecture of a stacking hybrid computational
intelligence system based on kernel
activation-membership functions

The feedforward architecture of the proposed
SHSCI is shown in Fig. 1 and contains two stacks and
an output layer formed by a softmax activation function.
The zero receptive layer receives a vector input

x(k) =(x1 (k),..ox, (k),...x, (k))eR" ,
k=12,...,N,N+1,...

a specific observation in the training sample, or the

signal-image

where either the number of

index of the discrete current time in the case when
the data for processing are received online.

In this case, it is assumed a priori that all data
belong to (or are pre-coded into) limited
Vi=12.n first stack is

some

interval x,,, <x, (k)<x,

i max >

essentially a simplified RBFN and is formed by 4 >n

so-called R-neurons, i.e. multidimensional kernel
activation functions A>n. In this layer the
dimensionality of the input space R" increases

which is formed in space R" by the R -neuron system.
This approach, on which all radial-basis neural networks
are based according to the T.M. Cover theorem [20-21],

allows transforming the initial linearly inseparable

problem of pattern recognition in space R" into linearly-

. . . . )/
separable one in a space of increased dimension R" .

Multidimensional Gaussians are usually used
as activation functions in RBFNs due, first of all,
to the simplicity of their derivatives, which, in turn,
simplifies the learning process

“x(k)-c. B

q”(x(k)):“/ (k) =9, (|| x(k)—c¢, ||22,a,2):e 20°

Here the vector ¢

specifies the coordinates
of the center of the kernel function ¢,, and a scalar

parameter o is its "width". Although theoretically any

kernel (most often bell-shaped) function can be
used as an activation function, it is easy to construct
an RBFN with matrix inputs using Gaussians [22, 23].
This means that the input of such a network can be
supplied with not only a wvector signal but also
a matrix signal, i.e. an image without its prior

transformation using the convolution operation.
In this case, the radial basis activation function can be
written in the form

T
(Sp(x(k)—cl)(x(k)—cl))

(o,(x(k)):ul(k):e 257

where Sp(-) is the matrix trace symbol, is the square

>

of the Frobenius matrix norm, which is consistent with
the Euclidean vector norm and specifies the distance

between the matrix input signal x(k) and the matrix

center of the Gaussian ¢,

(Sp(x(k)—c,)(x(k)—c,))r.

At the output of this stack, a vector signal
of increased dimension is formed which is fed to the
second stack. This vector signal is fed to a generalized
neo-fuzzy neuron (GNFN) [24],
a multidimensional

which, in turn, is
modification of the standard

neo-fuzzy neuron [18, 19, 25].
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Fig. 1. Architecture of stacking hybrid system of computational intelligence based on kernel activation-membership functions

The GNFN in SHSCI contains gh kernel one-

dimensional membership functions

t,(w),p=12,..,q:1=12,...,h;mgh tuned synaptic

weights w_ ,,j=1,2,....m and mh+m

' elementary

adders, at the outputs of which signals
0,(k),..,0,(k),...0, (k) are formed, where m — the

number of classes in the learning set

These signals are fed to the softmax activation
functions at the output of the system, which calculate the
level of fuzzy membership of each classified observation
to a specific class j=1, 2, ...,m in the form

0 (k)
p (k)= e;ﬂ—o(k) :
Z /=1e '

In principle, instead of GNFN, a system of m
ordinary neo-fuzzy neurons could be used, but in this
case the number of membership functions would increase
by m times, which would make the system as a whole

more cumbersome.

As membership functions in NFN and GNFN,
triangular functions that satisfy the Ruspini unity
If these
conditions are not met, then it is necessary to perform

partitioning conditions are usually used.
a defuzzification operation [26], which complicates
the calculation process. Using B -splines instead of
triangular  structures improves the approximation
qualities of the system, but also complicates the
numerical  implementation.  Therefore, it was
proposed [27] to use parabolic membership functions
based on Epanechnikov kernels [28] instead of
triangles, which provides better results compared to
piecewise linear approximation when using triangles.
In this case, the defuzzification operation is not
required, since this procedure is implemented by the
softmax activation function at the output of the system.

of SHSCI are

Membership functions shown

in Fig. 2.
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Fig. 2. Membership functions of SHSCI

The general form of the SHSCI membership
functions is as follows:

2
(u, —cpl)

={1-
'upl (u/) O_z

where [-], = max {0} , which is also shown in Fig. 2.

The use of such membership functions leads to the
fact that at each training cycle of the system not mgh
synaptic weights are adjusted, but only 2m#h weights, which
naturally simplifies the training of the system as a whole.

Each of the membership functions u, (u,) is

associated with m (the number of system outputs)

synaptic weights w,

» » Which are to be adjusted during

v(k)= (y1 (k)sees; (K)ses v, (k))r _

each component of which specifies the level of fuzzy

membership of each observation x(k) to each of the

classes j=1, 2, ..., m.

SHSCI training

Training of the proposed can be

conditionally divided into three relatively independent

system

tasks: tuning of synaptic weights Wi s i=1 2,...m;
p=L 2,..,q; I=1,2,.,h based on the concept of
controlled learning with teacher; tuning of centers of
I=1, 2,...h; based

on self-learning; and tuning of centers of membership

kernel activation functions ¢,

Cq-l,l qu

These
associated with two layers of elementary summation
blocks. The first
the second contains m adders. These adders calculate

the training process. synaptic weights are

layer contains mh adders and

the values

Vit (k) = iwjplﬂpl (MI (k))’

and
h q

h
0, (k)= X0, (k) =23 w4, (1, (K))
=1 I=1 p=I
The signals from the output of the GNFN stack
are fed to the SHSCI output layer, formed by the
softmax activation function, resulting in the formation

of a vector of outputs

(k) RIC )

S Sl S
J=1 Jj=1 Jj=1

>

functions Cprs p=12,....q; I=1 2,.,h also based

on self-learning without a teacher.

The main task here is to tune the synaptic weights,
which
learning criterion.

is related to optimizing the cross-entropy

N m 0 (k)

E=-3 3 (0, (0)=-Y. 3, (H)in <%

m 0.(k) >
k=1 j=1 k=1 j=1 Z e i)
J=1

where the components of the external reference

signal that can take only two values: "1" or "0".
y:. (k),j =12,..m
Considering the (g, x1) vector of membership

function values

4ok = (st (o () ety (2 ()t (s ()bt (t (K)) ety (1, (K)))

and the vector of synaptic weights associated with the
j -th output of SHSCI, we can write the signal value

at the j -th output at the & -th tuning cycle in the form

7
w; =(wj11 ,..qul,wjlz,...,wjpl,...,quh) ,

o, (k)=w; (k=1) u(k),

RACE:

R
Jj=1

A 0
yj (k) = 0 (k) =

m
2"
J=1
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Optimization of the cross-entropy learning criterion
using a gradient procedure leads to an algorithm for
tuning synaptic weights of the form:

w, (k) = w, (k=1)+ 1, (6) (] (£) =, (k)) (k)

where 7 is the learning rate parameter 7, (k).

w. (k)=w. (k-1)+
)= o)

where (-)+ is the pseudoinversion symbol.

This algorithm can be given additional filtering
(following) properties if it is modified in the following
way [27]:

w, (k)= w, (k=1)+ 87 (k) (5] (k) =, (k)) (k).

B(k) =B (k—1)+1 (k)12
where 0<a <1 is the forgetting (smoothing) factor.
It is easy to see that o =0 provides optimal speed,
and a=1 turns the algorithm into a stochastic
approximation procedure.

The installation and adjustment of the centers of the
kernel activation functions of the RBFN stack can be
ensured by the combined use of the principle of
"Neurons of data points" [31-32] and self-learning
according to T. Kohonen [33—34]. The center of the first
activation function ¢, is installed at a point with
coordinates that coincide with the components of the first
observation of the training sample x(1),i.e. ¢, = x(1).

Next, a certain threshold of indistinguishability of
two neighboring centers is introduced and after the
observation x(2) arrives (it does not matter whether
it is a vector or a matrix), the condition is checked.
If this condition is true, then the first center is adjusted

so that |x(2)—¢ <.

¢ (2)= X2 *;(2).

If the inequality is not satisfied, then this center

is adjusted according to the

"Winner Takes More": r < "x(Z) - (1)” <2r

¢ (2)=c(1)+n.(2)y, (2)(x(2) -4 (1))
with neighborhood function
) _ e—Hx(Z)—cl(l)Hz Jor '

self-learning rule

¥ (x

In turn, this algorithm can be optimized for the
rate of convergence by appropriate choice of the step.

So, if we choose 7, (k)

-2

n, (k) =)
we arrive at the optimal adaptive algorithm in terms
of speed by S. Kaczmarz, B. Widrow, M. Hoff [29, 30]:

p(k)=w, (k=1)+(5; (k) =y, (k)) ™ (k)

If the inequality ||x(2)—cl (1)” >2r is not satisfied,
then a second RBF activation function is formed

0, (x) = e el _ bl f25*

The following iterations regarding the formation
of activation functions proceed in a similar way.
Let us suppose that the system has already received

k observations and formed /<#h activation functions,

the last of which has the center ¢, (k). Let us suppose

also that an observation of the image x(k+1) has been

received. Then, among all the already formed

R -neurons, there is a winning neuron whose

distance ||x(k+1)—c7 (k)" is minimal among all !/
formed R -neurons.

The correction of the centers ¢/ is subsequently
carried out as follows:

If [x(k+1)=c (k)| <r,

; 1
then C’(kJrl):M’

if r<|x(k+1)=c (k)| <2r,

then
¢, (k+1)=c; (k)+n, (k+1)y, (k+1)(x(k+1)-c] (k))
l//] (x) = eiuxic’*(/{)H/Zr’

if ”x(k + 1)—0,* (k)" > 2r, the next radial basis function

is formed (a new R-neuron is added with center
c,+1(k+1):x(k+1).

This process continues until the maximum possible
number /& of kernel activation functions is formed
in the first stack. It is easy to see that this approach

is based on the ideas of evolving systems [13-15]
and self-learning according to T. Kohonen [32].
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As for the membership function u, (u,) in the
CNFN stack, the adjustment of their centers c, is

completely similar to the adjustment of the centers

of the radial basis functions c,. The only difference

NLpl

is the choice of the indistinguishable thresholds pu .

Fig. 3 shows the appearance of the membership
functions after k -cycles of their adjustment.

U

C1ik)

C21(k) C31(k)Cal(k) Cs1(k)

Cql-11k) Cql(k)

Fig. 3. Membership functions of CHSCI after k -cycles of their tuning

It is easy to see that these functions become
asymmetric, and in analytical form they take the form

(u, —C, (k))2
u () =1- 2
o (4) { (€ () =c, (k) l
(u, —C, (k))2 :|
¢t (K)=c, (k) .

R mean "left" and '"right"

Hoir (“1 ) = I:l -

where the indices L,

relative to the center ¢, (k).

It should also be noted that this method of self-
learning membership function centers is computationally
much simpler than setting up these same centers based
on learning with a teacher [27], and these advantages
are manifested in multidimensional systems, when the
number of these membership functions can be quite large.

Results of the computational experiment

The objective of the computational experiment
is to evaluate the performance of the proposed stacking
hybrid system of computational intelligence in a pattern
recognition task with online learning, focusing on
classification accuracy, learning speed, and adaptability
to data streams using short training samples.

The system was tested on benchmark datasets
commonly used in pattern recognition:

— Fashion (Modified National Institute of Standards
and Technology database): 28x28 grayscale test images
of Zalando products (clothing, footwear, accessories
that are presented on the Zalando platform), with
60000 training and 10000 test samples.

— CIFAR-10: 32x32 color images in 10 classes,
with 50000 training and 10000 test samples.

Data samples were streamed to the system
one-by-one or in small batches of 10-50 samples
simulating real-time input.

The experimental settings are as follows:

1. Input format: matrix input was used without
preliminary convolution, enabling direct use of image
matrices in the RBF kernel layer.

2. System configuration:

— maximum number of R -neurons in the first
stack is 2 =100;

— number of membership functions per input
channelis g =35;

— learning rate is 77 = 0.01;

forgetting factoris & =0.1;
indistinguishability thresholds for RBF and
membership functions are p, =0.1, p, =0.15;

3. Evaluation metrics:

— classification accuracy (overall and per class);

— number of epochs or time to convergence;

— evolution of the number of R -neurons and
membership functions during online learning;

— memory capacity (total parameters adjusted
during learning).

The procedure of the computational experiment
is as follows.

1. Initialization:

— first R -neuron center ¢, was initialized using
the first training sample;

— membership function centers were initialized
uniformly over the input range.
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2. Online training:

— samples were fed to SHSCI sequentially;

— RBF centers and membership function centers
were updated using T. Kohonen-style self-learning;

— synaptic weights wjpl were updated using
the S. Kaczmarz, B. Widrow, M. Hoff algorithm
with pseudo-inverse and forgetting factor for filtering.

3. Testing:

— After each group of 500 samples, accuracy was
evaluated on a fixed test set.

— The evolution of the network structure (number
of R -neurons, active membership functions) was recorded.

The results of the computational experiment
using Fashion MNIST and CIFAR-10 data samples
are given in Table 1.

Additional results:

1. Training dynamics: the system quickly adapted
to data, with most R -neurons and membership functions
formed in the first 20% of data. Accuracy steadily
improved with each batch.

2. Comparison with CNN:

— comparable accuracy to shallow CNNs but with
faster training and significantly lower memory usage.

— Dbetter adaptation to streaming data and superior
performance with small sample sizes.

Visualization of the computational experiment
is presented below:

— evolution of membership functions (Fig. 4).

— online formation of R -neuron centers visualized
with PCA (Principal Component Analysis) projection
of input data space (Fig. 5).

— accuracy vs. number of processed samples

Table 1. The results of the computational experiment plotted to compare learning speed with standard
i CNN (Fig. 6).
Metric Fashion | /o4 R 10 (Fig. 6) . .
MNIST This figure illustrates how the membership
Accuracy (Final) 96.8% 84.3% . . .
Accuracy after first 1000 samples 91.5% 74.0% functions ) m the. SHSCI. system beC.OTHe asymmetll"lc
Number of R-neurons formed 87 93 over multiple online learning cycles. Initially symmetric,
Total membership functions active 340 365 their shapes adapt based on data distribution,
Time to convergence ~4.8s ~6.1s improving approximation accuracy without requiring
Memory capacity (parameters) ~16K ~18K . .
defuzzification.
After 1st cycle After 2nd cycle After 3rd cycle
1.0t
$os
g \
206
g 0.4
o
£
% 0.2
0.0} ; . e . . h ) y n . . . . ‘ , n =
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Input value Input value Input value
Fig. 4. Evolution of membership functions after & -cycles of tuning
This figure shows a PCA projection of the input This plot shows that SHSCI achieves faster
data from a digit recognition dataset, for example, convergence in accuracy with fewer training

Fashion MNIST, with red cruciform markers representing
the R-neuron centers dynamically formed during the
online learning process of SHSCI. These centers act as
kernels for the radial basis functions in the first stack,
helping to separate overlapping class regions in the
higher-dimensional space.

samples compared to a standard CNN. This highlights
SHSCI’s
and with limited data, making it well-suited for real-time

efficiency in online learning scenarios

tasks and stream-based pattern recognition tasks.
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Fig. 5. PCA projection of data and R -neuron centers

Accuracy vs. Number of Processed Samples

100 | = SHSCI (Online)

== CNN (Batch)

90
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50
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0 2000 4000

6000 8000 10000

Number of Processed Samples

Fig. 6. Accuracy vs. number of processed samples plotted to compare learning speed with standard CNN

Conclusion

A stacking hybrid
intelligence,

system of computational
the stacks of which are formed by
a modified radial-basis-function neural network, which
provides an increase in the dimensionality of the input
space of signals-images and a generalized neo-fuzzy-
neuron, which provides high approximating properties
when restoring separating hypersurfaces between classes
is proposed. The SHSCI is configured based on combined
learning and self-learning, at the same time, not only
synaptic weights are configured, but also the centers of
kernel activation-membership functions. The process of
configuring all parameters is quite simple in numerical
implementation and occurs in the online mode as
information is received for processing. The proposed

SHSCI is intended for solving problems of classification
and recognition of images (pictures), at the same time,
these images can be presented to the system input in both
traditional vector and matrix forms. The advantages
of the proposed system are manifested under conditions
of short deep
convolutional networks become ineffective, or when

training samples, when traditional
solving data stream mining problems, when training
must be performed in real time.

In future work, the proposed stacking hybrid
computational intelligence system can also be applied
to the important practical problem of dynamic resource
management in data networks as a pattern recognition
task. In this
transformation of an input signal (image/feature vector)
into a class/label or output vector [35-36].

context, pattern recognition is the
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30DKHOCTI Ta OOYHMCIIOBAIBHOI CKJIQIHOCTI; HMPOBECTH EKCIIEPUMEHTAIbHE IOPIBHSIHHS 3 0a30BUMHM MOJEISIMH MAaLIMHHOTO
HaBYaHHS Ta KJIACHYHUMH HeHpO-HEeWiTKUMHU minxogaMu. Metoau. 3aCTOCOBaHO METOAM MAIIMHHOTO HaBYaHHS, aHCcaMOleBi
Ta CTEKOBI MIIXOIH, SACpHI METOAW, AJaNTHBHY ONTHUMI3allil0 B OHJAHH-PEKHUMi, CTATHCTHYHHN aHaNi3 SKOCTI Kimacuikarii,
MOJICTIIOBAaHHSA Ta OOYHCIIOBAJbHI EKCIEPHUMEHTH Ha CHHTETHYHHX 1 pealbHHX Habopax MJaHMX Ui 3aJad PO3Ii3HAaBaHHA
obpasiB. PesyapraTnm. 3ampornoHoBaHa Monenb 3a0e3ledye BHILY TOYHICTh Kiacudikalii Ta Kpaily y3araJbHIOBAIBHY
3/IaTHICTh TOPIBHSIHO 3 OKPEMHMH 0a30BHUMH MOJEISIMH, JEMOHCTPYE CTiMKICTh O HIyMiB i 3MIiH pO3NOALTIB JaHMX, a TaKOX
IIBUIKY aJaNTalilo B YMOBaX IIOTOKOBHX JaHHX 3aBISKH OHJIAiH-HaB4YaHHIO. [TOKAa3aHO 3MCHIICHHS MOXHOKM Ta CTaOUIbHY
poOOTy cUcTeMH B HECTALlIOHAPHHUX cepeloBUINaX. BucHoBku. Po3pobieHa cTekoBa TiOpuaHa cucTeMa 3 SAepHOI0 aKTHBAIiIHOIO
¢dyHKIEI0 € eheKTUBHUM IHCTPYMEHTOM JUIsl 3371a4 PO3Ii3HaBaHHS oOpa3iB y peuMi peasbHOro 4dacy. IloeiHaHHS CTEKOBOTO
MiAXOAy Ta OHJIANH-HABYAHHS IMiJBHUIIYE TOYHICThb, CTIHKICTh 1 aJaNTHUBHICTH CHUCTEMH, IO POOUTH 3alpPOITOHOBAHWI MiAXig
MEPCIICKTUBHIM /ISl IPaKTUIHOTO 3aCTOCYBAaHHS B IHTEJICKTyaIbHUX 1HPOPMAIIHUX cucTeMax i Kibepi3smIHUX cepeToBHIIAX.

KarouoBi cioBa: iHTeNeKTyalbHHII aHadi3 MNOTOKOBUX JaHWX; MAIIMHHE HaBYaHHsI, HeWpo-Heo-pa33i cucrema,
00YHCITIOBAIBHUI IHTEIICKT; CTEKOBA IOpUIHA CHCTEMA; siIepHa aKTUBAIliiHA QYHKITS.
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Heorhii Kuchuk, Mykyta Matvieiev, Nataliia Kosenko, Dmytro Lysytsia, Andrii Levchenko

EVALUATING THE PERFORMANCE
OF A WEBAR APPLICATION’S SCENE LOADING ON A MOBILE DEVICE

Subject of the study: the patterns of CPU resource allocation and changes in browser engine timing metrics during the execution of
WebAR scene initialization stages. Object of study: the process of initializing and loading 3D content in a client-side WebAR
application on a mobile device. The aim of the study is to develop an approach for comprehensive performance evaluation and to
identify patterns in the distribution of computational load during the initialization of WebAR applications using deep browser
profiling tools. Objectives. Develop a mathematical model of WebAR application operation during the scene initialization phase and
decompose the loading process into key stages with an assessment of their time costs. Conduct empirical profiling, identify peak CPU
loads and blocking tasks, and formulate well-founded directions for further performance optimization. Methods. Performance was
investigated through empirical performance testing of the WebAR application during its most resource-intensive stage —
the initialization and loading of a 3D scene. Data collection regarding CPU thread load within the context of a web page was
performed using the Chrome DevTools developer tools. A Google Pixel 8 mobile device served as the hardware environment
for the experiments, and the statistical reliability of the results was ensured by a 10-fold iteration of each test scenario.
Research results. The developed mathematical model formalizes the process of loading a WebAR application scene and allows
for the assessment of CPU load at each stage. Based on the analysis of the time profile obtained using the improved mathematical
model and Chrome DevTools, four loading stages were identified: initialization of an empty scene, loading a 3D object from the
server, model parsing, and model rendering. A nonlinear nature of the CPU load was established. The parsing stage proved to be the
most resource-intensive, during which peak CPU load and the longest blocking task were recorded, caused by the synchronous
deserialization of binary data. Conclusions. An approach is proposed to improve the performance of loading a WebAR application
scene on a mobile device by balancing the CPU load. The study confirmed that the critical phase of initialization is the parsing of the
3D model. Given the simulation results and empirical studies conducted, a promising direction is the implementation of incremental
loading and processing of 3D content.
Keywords: web; augmented reality; WebAR application; performance evaluation; parsing; rendering; Angular.

services [6].

1. Introduction and the effectiveness of digital

The growing number of scientific studies and practical

Digital technologies have become an integral part of
modern society, transforming the ways we communicate,
learn, work, and consume information [1]. One of the
most dynamic and promising technologies is augmented
reality (AR), which combines virtual digital content with
the physical environment in real time [2]. The integration
of virtual objects into real space provides a new level of
interactivity and immersion, significantly expanding the

possibilities for user interaction with information
compared to traditional multimedia tools [3].
WebAR  technology has seen  particular

development; it implements AR functionality without the
need to install separate applications, providing access to
augmented reality directly through a web browser [4].
This approach lowers barriers to entry for users and
simplifies the implementation of AR solutions for
businesses [5]. Today, WebAR is actively used in
e-commerce, medicine, education, and the entertainment

industry, contributing to increased user engagement

implementations in this field indicates the emergence
of a trend in which web resources with integrated AR
capabilities may become the standard for user interaction
with digital content [7].

WebAR has a number of significant advantages,
but at the same time is characterized by increased
computational load on the web application and the client
device [8]. The fundamental contradiction lies in the fact
that basic web technologies were created primarily for
working with 2D graphics. In contrast, WebAR requires
continuous execution of resource-intensive operations:
3D graphics processing, rendering, and real-time spatial
tracking [9].
standard  browser

Implementing these processes through

mechanisms leads to reduced
performance, manifested in a drop in frame rate,
increased latency, blocking of the main execution thread,
and overall inefficient use of hardware resources [10].
According to research, such technical and interface

barriers account for 64% of all issues preventing users

© Heorhii Kuchuk, Mykyta Matvieiev, Nataliia Kosenko, Dmytro Lysytsia, Andrii Levchenko, 2026
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from performing their intended actions. As a result,
system responsiveness and the smoothness of interaction
with AR content deteriorate, negatively impacting the
user experience. The implementation of optimization
solutions can significantly reduce these shortcomings;
however, developing effective optimization strategies is
a complex and multifaceted task [11]. A key prerequisite
for solving this problem is an objective and
comprehensive performance evaluation that takes into
account the characteristics of the browser engine, the
limitations of mobile devices, and the specifics of how
3D graphics function in a web environment [12].

Website performance evaluation is based on the
analysis of a set of factors that determine its operational
efficiency, which are commonly summarized under the
concept of web metrics [13]. These include page load
time, interface response speed, content display stability,
and other indicators of user experience quality. One of
the key characteristics is page load time, which
encompasses the processes of fetching, processing, and
rendering HTML, JavaScript, and CSS resources, as well
as graphical elements. Although external factors — such as
network latency and connection bandwidth — influence
the overall loading time, internal computational processes
are of decisive importance for WebAR applications [14].
These include the duration of JavaScript code parsing and
execution, 3D scene initialization, shader compilation,
loading and processing of 3D models, as well as the
efficiency of CPU resource utilization. The most
resource-intensive stage is scene initialization, during
which the browser simultaneously processes significant
amounts of geometric and texture data, configures the
graphics pipeline, and synchronizes the video stream
from the camera. It is at this stage that there is
an increased risk of the main thread blocking and the
interface "freezing", which critically affects the user’s
perception of the service [15]. In this regard, systematic
and objective performance evaluation becomes particularly
relevant as a necessary condition for improving the
efficiency and stability of WebAR applications.

2 Analysis of Recent Studies and Publications

A significant portion of current research focuses
primarily on the network and time-based performance
characteristics of web resources. For example, in [16],
a framework based on machine learning methods is
proposed for predicting the performance of web pages.
Within this model, quality is assessed based on a set

of 16 metrics, dominated by temporal and network
indicators: server response time, load duration, page size,
and the number of HTTP requests. Despite taking into
account indicators such as Start Render Time and Time
to Interactive, the proposed methodology does not
provide for in-depth profiling of computational resource
consumption, particularly CPU load during the active
phase of the application [15]. A similar approach can be
seen in the work of Ghattas and Sartawi (2020),
where the evaluation of web resource quality is based
primarily on loading speed and layout stability metrics,
without accounting for the computational cost of
executing client-side scripts and complex interactive
scenarios [6]. Hussein et al. (2023) investigated the
impact of WebAR on the academic performance of
elementary school students. During the technical
validation of the AR.js and MyWebAR platforms, the
authors used the GTmetrix toolkit, which is primarily
focused on evaluating page load speed and network
parameters. Thus, in this study, performance was
interpreted primarily as a measure of content delivery,
while an aspect critical to mobile learning — the CPU load
during the execution of an AR scene — was overlooked.

A separate group consists of studies dedicated to
functional accuracy. For instance, in [17], an evaluation
of the WebXR Device API’s performance was conducted,
focusing on the accuracy of spatial tracking and the
stability of virtual anchor binding through the analysis
of trajectory errors and image differences. The only
real-time performance metric was frame rate (FPS),
which was used to confirm the smoothness of the
visualization. However, the study lacks data on the
impact on CPU load or device power consumption.

Attempts to quantify hardware costs are presented
in [18], which analyzes CPU and RAM usage for
Although the authors
recorded specific CPU load levels, their methodology

different types of markers.

relied on the use of the adb shell top command.
This approach provides only general aggregated data
about the process, making it difficult to determine the
contribution of individual functions, such as tracking,
rendering, or video processing.

The practical of deploying WebAR

applications under conditions

aspect
of limited hardware
resources is examined in [19]. The authors implemented
a contactless information system for a library based
on the arjs, threejs, and A-Frame libraries.
To quantitatively assess performance on budget

mobile devices supporting WebGL and WebRTC, four
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variables were used: frame rate, animation frame request
execution time, total load time, and the number of entity
objects on the scene. Although this work directly
considers the load time metric and analyzes rendering
smoothness, the evaluation is conducted at the macro
level. The lack of detailed browser profiling tools
prevents an assessment of the load distribution across
the processor’s computational threads during scene
initialization, which significantly limits the possibilities
for targeted application optimization.

An analysis of the current state of research in the
field of web performance evaluation reveals a significant
imbalance in the selection of test objects and methods.
According to systematic reviews, the vast majority of
scientific works focus on the analysis of static content
using basic macro-level metrics — page load speed,
network latency [20]. However, for WebAR applications,
this approach proves incapable of objectively reflecting
the actual state of the system. The specific nature of
WebAR requires continuous interaction with hardware,
video stream processing, and 3D graphics rendering [21].
Existing testing methods do not provide a transparent
assessment of the browser engine’s internal processes:
they do not allow for isolating the computational costs
of JavaScript, graphics rendering, and memory
management [22]. Although there is a wide range of
analytical tools for evaluating web performance, the vast
majority of them focus on network and macro-level
metrics. Since such utilities are unable to detail the load
distribution within the main thread and isolate the
execution of JavaScript logic from rendering processes,
the most appropriate and justified method for solving
this problem is the use of instrumental browser profiling.
This confirms the relevance of developing specialized
approaches to profiling WebAR applications directly
during the scene initialization phase.

3 Problem Statement

value of the study, as it forms a single reliable foundation
for developing effective architectural strategies for
optimizing application performance.

The scientific novelty of the study lies in the
further development of a mathematical model of the
WebAR application scene loading process on a mobile
device. Unlike existing macro-level approaches, this
work is the first to perform a deep decomposition of
browser engine microprocesses. The proposed approach
allows for an isolated assessment of the impact of the
stages of spatial geometry parsing, direct rendering, and
memory management on the blocking of the main
execution thread. The level of detail achieved makes it
possible to scientifically prove the nature of critical
system overloads in a single-threaded environment
and to formulate well-founded architectural strategies
for optimizing the processing of three-dimensional data.
The object of this study is the process of initializing
and loading 3D content in a client-side WebAR
application on a mobile device. The subject of the study
is the patterns of CPU resource allocation and changes
in browser engine timing metrics during the execution
of WebAR scene loading stages.

4 Mathematical Model
of the Scene Loading Process
for a WebAR Application on a Mobile Device

The goal of this work is to develop an approach for
comprehensive performance evaluation and to identify
patterns in the distribution of computational load during
the initialization of WebAR applications using deep
browser profiling tools. The study aims to quantitatively
determine the CPU load on mobile devices, as well as
to identify bottlenecks in the processes of loading,
processing, and initial rendering of AR content. Only this
level of instrumental detail allows for the acquisition of
objective micro-level data, which constitutes the key

4.1 Formalization of the Process

The mathematical formalization of 3D scene
initialization in a WebAR application describes how the
system transitions from camera and sensor data to the
construction of a virtual scene in real-world coordinates.

In WebAR, several coordinate systems are typically
used: the world coordinate system CS-W ; the camera
system CS-C; CS-0; CS-S.
between defined by
corresponding matrices.

coordinate
Transformations them are

When constructing the camera model, the position
of a scene point in the world coordinate system is
defined by a vector

(1

The conversion to the camera system is performed
using the following transformation [23]:
Fo=Tey - By, (2)
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where

t
R ¢ *

Ty = , t=t, |, 3)
0 1 t

where ¢ is the spatial displacement vector, and R is

a 3x3 rotation matrix that satisfies the following

requirements:
1 00
ReSO@3), detR=1, R"-R=1=|0 1 0] (4)
0 0 1

When generating a projection onto the screen plane,
a matrix of the camera’s internal parameters is used:

-fx 0 cX
K=[0 f ¢l (5)
0 0 1

where f.,f, — focal lengths; ¢ ,c

.»C, — lmage center
coordinates.
In that case, the projection is calculated as

follows [24]:
P=(u,v)=K-(Rt)-B,, (6)
where u,v — the coordinates of the corresponding pixel.

During the initialization phase, the following
must be determined: the camera’s position; the scene
plane; the scale; and the initial anchor point — that is,
a point in real space relative to which the AR system
places and tracks virtual objects.

Camera pose refers to the camera’s position and
orientation in space, which are defined by a rotation
matrix and a translation vector

O=(R.1) . (7)

The system estimates this pose by analyzing
images from the camera and tracking distinctive points
or markers in the environment. To do this, it uses
Visual
which
help determine the camera’s motion and coordinates

Simultaneous Localization and Mapping,

Odometry, and marker tracking methods,
in real time.

The model matrix describes how a 3D object is
positioned in the scene: where it is located, how it is
oriented, and what its dimensions are. It is formed as
the product of the corresponding matrices [25]:

M=T-R-S, ®)
where the 7 matrix controls the object’s translation,
the R matrix controls its rotation, and the S matrix
controls its scaling. First, the object is scaled, then
rotated, and finally moved to the desired position in

the scene. The resulting matrix is used by the graphics
engine to correctly render the model in 3D space.

The final scene in 3D graphics is formed by
sequentially applying several matrices to the object’s
vertex coordinates.

The full transformation is described by the central
equation of WebAR visualization:

1)1;11'1) :P.V.M-l)loeul’ (9)

where the M matrix transforms the vertex from the

model’s local coordinates to scene coordinates,
the V matrix accounts for the camera’s position
and orientation, transforming the scene into the
observer’s coordinate system, and the P matrix projects
the 3D scene onto a 2D screen, applying either
a perspective or orthographic projection. After all these
transformations, the screen coordinates of the vertex
are obtained, which are used to render the final image.

Note that in markerless WebAR, the system
first analyzes the surrounding space and attempts
to find flat surfaces, such as a floor, table, or wall [26].
A plane is described by the equation

ax+by+cz+d =0, (10)
where the coefficients determine its position and
orientation in space, and the normal to the surface

n=(a,b,c) (11)
shows the direction perpendicular to this plane.

Thanks to this
understands how to correctly orient the WebAR object

normal vector, the system
relative to the surface. For example, a virtual chair can be
automatically placed flat on the floor rather than at
an angle. This method of surface detection is used in
modern WebAR systems without special markers.

In marker-based WebAR, the process begins with
the device’s camera detecting a special marker [27].
After that, the algorithm finds the marker’s key points or
corners in the image. Based on the correspondence
between the marker’s points and their real-world
geometry, the homography matrix is calculated using
the following formula:

t-n’
H—K-[R+ 7 J, (12)

where d is the distance to the plane.

The resulting homography matrix describes
the transformation between the marker plane and the
camera image plane, allowing the system to determine
the camera’s pose and the marker’s exact position

in space. After calculating the homography, AR objects
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are stably tied to the marker and move correctly
with it in real time.

During the operation of AR systems, object
coordinates may "jitter" slightly due to camera noise and
tracking errors. To make the motion more stable,
temporal filtering or data smoothing is used.

The mathematical model under development uses
the exponential smoothing method [28]:

)Ek:ﬂ-xk+(l—ﬂ)-fck71, (13)
where x, — a new position or angle measurement,
and X, —updated smoothed value. The coefficient S

determines how much the system trusts the new

data compared to previous values. As a result,
AR objects move more smoothly and stably, without
sudden jumps or flickering.

After determining the camera position, constructing
the transformation matrices, and stabilizing the tracking,
the system generates a complete WebAR scene.

Formally, such a scene can be described as a set

8={0,.C,LT,I}. (14)

The component Q, represents all 3D objects

displayed in augmented reality. These can include

furniture models, animations, text, or interactive

elements. The component C describes the user’s camera
and its position in space. It is the camera that defines
the viewpoint from which the scene is rendered.

The element L is responsible for scene lighting and
affects the realism of object rendering. For example,
the system can adjust brightness or shadows according
to the lighting of the real environment. The set T
contains all object transformations, including translation,
These
implemented through the model, view, and projection

rotation, and scaling. transformations are

matrices used during scene rendering. The component 1
describes user interactions with the WebAR environment.
Such interactions include screen touches, gestures, device
movement, or selecting AR objects in real time.

4.2 Performance Analysis
To analyze scene loading performance, it is
advisable to examine the main stages of loading and
preparing a WebAR application, as these stages
determine the startup speed and smoothness of the scene.
Since the maximum load on the application occurs
during initialization and scene loading, the study

focuses exclusively on four key stages: environment

initialization, resource loading, data parsing, and
scene rendering.

The initialization stage includes launching the
WebAR engine, creating the scene, configuring the
camera, and connecting tracking modules. During
loading, the system retrieves 3D models, textures, scripts,
and other necessary resources.

During the parsing stage, the received data is
processed and prepared for use by the graphics engine.
This is followed by rendering, i.e., the construction of the
final image and its display on the user’s screen. For each
of these stages, time characteristics, memory usage, and
the load on the processor or graphics adapter can be
the performance of a WebAR

application can be formalized as a set of key hardware

determined. Thus,

and software parameters:
=(CPU,GPU,NET,MEM ,FPS).  (15)

perf

The CPU component characterizes the processor
load that arises during the execution of computer vision
algorithms, tracking, sensor data processing, and
application logic. It is the central processing unit that

performs most of the operations related to determining

the camera’s position, analyzing frames, finding
keypoints, and calculating scene transformations.
In markerless WebAR, the CPU load increases

significantly due to the constant real-time execution of
Simultaneous Localization and Mapping (SLAM) and
Visual Odometry algorithms. High CPU load can lead to
frame processing delays, overheating of the mobile
device, and reduced stability of the AR scene.

The GPU component describes the load on the
graphics processor during the rendering of 3D objects,
lighting, textures, and animations. This component is
responsible for constructing the final scene image and
ensuring the visual quality of augmented reality.
The more complex the models and effects used in the
scene, the higher the load on the graphics adapter [29].
However, in most WebAR applications, the GPU
primarily performs standard graphics operations,
while the main tracking computations are performed
by the CPU component.

The NET component characterizes the network
overhead associated with loading models, textures,
JavaScript libraries, and multimedia content. The volume
of network traffic directly affects the launch speed
of the WebAR application and the scene initialization
time. This parameter is particularly critical for mobile

devices with unstable Internet connections [30].
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The MEM parameter describes RAM usage
during application operation. Memory is used to store
3D models, textures, frame buffers, tracking results,
and utility data structures. Excessive memory usage can
cause performance degradation or force the WebAR
scene to terminate on mobile devices.

The FPS (Frames Per Second)

characterizes the smoothness of scene rendering and the

component

number of frames the system generates per second.
For a comfortable augmented reality experience, it is
usually necessary to maintain at least 30 FPS, while
60 FPS is considered optimal. A drop in FPS leads to
image stuttering and instability of AR objects.

4.3 Assessing the CPU load
of a WebAR application
Although WebAR performance
a combination of several parameters, the key factor in

depends on

most scenarios is the CPU load, since the main
algorithms for computer vision, camera pose estimation,
environment analysis, and tracking are executed by the
central processor in real time. Furthermore, unlike native
AR applications, WebAR has an additional layer of
browser abstraction, which increases the load specifically
on the CPU. Additionally, even a slight CPU overload
can cause both the accumulation of delays throughout the
entire AR pipeline and disrupt the overall synchronization
of the scene. Furthermore, on mobile devices, the CPU
often becomes the primary source of power consumption
and heat
Under sustained load, the system may automatically

generation during AR operation [31].

reduce the processor frequency (thermal throttling),
which directly reduces FPS and tracking stability.

The CPU load of a WebAR application is
determined by the volume of computations the system
performs during scene analysis and augmented reality
rendering. To estimate the load, the number of operations,
their execution time, the processor clock frequency, the
level of parallelism, and the intensity of data processing
are taken into account. To calculate the load in the
mathematical model, the following formula is used

CPU Noys (16)
stage f;pu . 77 ’

where N, characterizes the number of arithmetic

and logical operations performed at a specific stage
of the WebAR system’s operation, the parameter f,,

determines the processor clock frequency and affects
the speed of computation, while the coefficient

describes the efficiency of CPU resource utilization,
taking into account code optimization, parallel execution,
and performance losses. As the number of operations or
the complexity of computer vision algorithms increases,
the processor load rises significantly [32]. Therefore, to
ensure the stable operation of WebAR applications,
it is important to optimize algorithms, reduce the
computational load, and make effective use of
multithreaded data processing.

Let’s calculate the processor load step by step.

4.3.1 The initialization stage is the first and key
step in preparing a 3D application for operation. At this
stage, a WebGL context is created, which enables
interaction with graphics hardware and sensors. Engine
initialization includes loading the necessary libraries and
settings, as well as preparing internal data structures.
An important component is the creation of the scene
graph — a structure that describes the hierarchy of scene
objects and their relationships. Additionally, sensors are
connected that are responsible for collecting information
from the environment or the user.

The CPU load at this stage can be calculated using
the following formula:

CPUl.m.t _ Nab 'Cab + Ncomp 'Ccomp i (17)
fcpu e
where N, — quantity of stage objects; C

2 ob

— specific

number of computational units (CU) per object; N

comp

number of components; C

comp

— the specific number of

CU for their initialization; coefficient 7,. takes into

init
account additional overhead costs associated with
organizing the process.

This formula allows you to estimate how much
CPU resources will be used during system startup.
It is important for optimizing startup, especially in cases
involving large scenes or complex components.
The initialization phase is often critical in terms of
startup time, so the efficiency of this step directly affects
the overall performance of the application. Proper

organization of this phase helps reduce delays.

4.3.2 The resource loading phase includes several
important processes, such as HTTP request processing,
data decompression, thread management, and caching.
These operations are performed to ensure the correct
loading and processing of information before it is
displayed. involves

HTTP  processing analyzing

incoming requests and responses and generating
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appropriate responses. Decompression is required to
unpack compressed data transmitted over the network to
reduce traffic volume. Thread management allows for the
efficient allocation of CPU resources among different
tasks, ensuring parallelism and speed [33]. Caching helps
reduce the number of repeated requests to the same
resources, which improves performance.

To quantitatively estimate the CPU load during this
stage, the following formula is used:

. N .
CPUload — Sdec Cdata + res Cres , (18)

-f;’pu ’ n]oad
where §,, — the amount of data to be decompressed,

C

data

— he specific amount of decompression CU per
byte; N, — the number of requests; C . — the specific
amount of CU per request; 77,,, — CPU load efficiency.

The formula defines the total load as the sum of the
resources spent on decompressing and processing each
resource, taking into account their quantity and cost.
This helps estimate the CPU power that will be required
to perform all necessary operations during the loading
phase. Balanced CPU utilization at this stage helps avoid
delays and ensures fast content loading [34].

4.3.3 The parsing stage is the most CPU-intensive
when processing 3D scenes. During this stage, structured
data is parsed and interpreted, 3D models are decoded,
shader programs are compiled, and the scene is
constructed for subsequent rendering. JSON parsing
involves converting text data into an internal format that
the system can understand. Decoding 3D models is
necessary to obtain geometry, textures, and animations.
The formation of the scene graph organizes scene objects
into a hierarchical structure, which facilitates the
management of their

positions and properties.

These operations require significant computational
resources, which is why the CPU load is at its peak
at this point. To estimate this load, the following

formula is used:

Vi Coonex T o0 Coot +S. -C
sc vertex pol pol shader shader
CPUpur.se = ’ (1 9)
f;pu : npurse

where V_ — the number of vertices in the scene; C

sc vertex
the specific number of CUs required to process a single

vertex; F — the

pol

— the number of polygons; C

pol
specific number of CUs required for a single polygon;
S — the

e — the number of shader programs; C
specific number of CUs required to compile a single

shader

shader; — the processor utilization efficiency

M purse
at this stage.

Parsing large models with a high number of vertices
and polygons, as well as a large number of shader
programs, significantly increases the demands on
computational resources. This necessitates optimizing
data structures and shader code to reduce processing time.
Effective resource management at this stage allows you
to prepare the scene for smooth and fast rendering.
At the same time, it is important to monitor CPU
utilization to avoid overloading the system. Proper
balancing and optimization of the parsing stage are
critical for WebAR performance.

It should be noted that in WebAR (augmented
reality in a web browser), the time requirements for data
parsing, frame processing, and script execution are
extremely strict. Any delay causes visual stuttering,
desynchronization of 3D objects from the real world, and
can lead to motion sickness in the user. Here are the key
timing requirements and constraints that the entire
process is broken down into [35, 36]:

1. For AR to appear smooth, the frame rate must be
60 FPS (frames per second), so the total time per frame is
16.67 ms, or 1000 ms / 60 frames.

2. Any model parsing that takes longer than 2-3 ms
will cause noticeable jank.

3. Motion-to-Photon Latency — the time from when
the user physically rotates the phone to when the virtual
object on the screen shifts to match the new position —
should not exceed 20-30 ms. If computer vision
algorithms (parsing of facial points, planes, or markers)
run slower than 15 ms per frame, the virtual object will
"lag" behind the real world during rapid movements.

4.3.4 The rendering stage is a key stage in the
graphics process, where the CPU prepares all the
information for transfer to the GPU. Several important
operations are performed at this stage, such as preparing
draw calls, updating transformation matrices, performing
culling (removing unnecessary objects from the scene),
and transferring commands directly to the GPU.
Draw calls are commands that tell the GPU which
objects to render and in what order. Updating matrices
involves changing the transformations of objects or the
camera, which determines how the scene will be rendered
in the current frame. Culling saves resources by
excluding objects that are not visible to the camera
through visibility or collision checks. This reduces the
load on the GPU by decreasing the amount of graphical
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data being processed. The CPU load at this stage is
determined by the following formula:

C 'P U — Ndmw i Cdmw

render

number of draw calls; C

draw

where N

draw

preparing one draw call;, N, — number of matrix

Renewal

— cost of renewal one matrix; N,

cont

updates; Cg,

enewal

number of collision or visibility checks; C

cont

— cost per
check; 7,,,.. — processor efficiency.

The number of draw calls significantly impacts
performance, as each call takes time to process. Matrix
updates are essential for animation and the movement
of objects in the scene. Visibility checks help avoid
unnecessary rendering of invisible elements, which
significantly improves efficiency [8]. This entire process
must be optimized to achieve a high frame rate and
smooth application performance.

4.4 CPU Load Balancing
Let the execution time for each of the considered
stages of loading a WebAR application scene on a mobile

+N, Renewal CRenewal +N, cont Ccont , (20)
-fcpu : 7Ire}'lder
— cost of CPU time were obtained: CPU,,, CPU,,,, CPU,,.,

CPU For each stage (i = 1...4) , we will calculate

render *
the load index using the formula:

CPU, —
Ind; =——=+-100%, i=14, 21

where i corresponds to the sequential number of the
WebAR scene loading stage in the application.
We will define the current CPU load index as

a vector Ind = (Ind,,Ind,,Ind,,Ind,)
Let’s define the CPU load balance metric as

Z; Ind, — z; Ind, /4‘

; Ind,

y(Ind) = 2)

After decomposing the stages, it becomes possible

to relieve the overloaded stages by performing

certain actions on the less-loaded preceding stages.
As a result of this procedure 6., we obtain a new

devicebe T, Tiua> Tpues Tonarr accordingly, and after
performing the calculations using equations (17) load index
through (20), the following values for the required
0, (Ind) = (0. (Ind,).6. (Ind, )0, (Ind,).0. (Ind,)). (23)
In that case, the problem of finding the optimal CPU
load balance can be formulated as follows:
6.(Ind) = arg(y(é@ (Ind))|)/(9§ (Ind)) > y(ﬁg(lnd)) V0.€0,0. %0, ), (24)

where O = {95} — the set of all possible stage-override

procedures that satisfy all the timing requirements and
constraints 1-3 for the parsing stage.

5 Study of the scene loading process
for a WebAR app on a Google Pixel 8 smartphone

5.1 Experimental conditions

This study evaluates the performance of a WebAR
application developed using Angular 19 and the
A-Frame 1.7.1 library. A Location AR scene containing
a single AR object with a size of 16.4 MB was selected
for testing. Since the maximum load on the application
occurs during initialization and scene loading, the study
focuses exclusively on this stage. CPU load in the context

of the web page was selected as the primary metric
for evaluating performance.

Performance metrics were collected using the
Chrome DevTools developer tools. The test mobile
device was connected to the computer via a USB
interface. The Performance tab was used to measure
CPU parameters. It details the activity of the WebAR
application,
Rendering, and other categories. It is important to note
that this tool does not reflect the overall CPU load of the
entire device; therefore, the data obtained should be

showing the time spent on Scripting,

interpreted exclusively as indicators of the web page’s
load. Since the process of using Chrome DevIools
itself creates an additional load, each test scenario
was run 10 times. For further analysis, the run with
the average values was selected.
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Testing was conducted on a Google Pixel 8
smartphone (October 2023 model). The test device is
equipped with a Google Tensor G3 processor, has 8 GB
of RAM, and runs on the Android 16 operating system.

5.2 Experiment Description
To ensure the reproducibility of results and
minimize the

impact of uncontrolled background

processes, a device preparation procedure was
implemented. Before testing began, the mobile device’s
battery was charged to a level above 90%. After that,
a full system reboot was performed to clear the RAM
and force-close background processes. The display
brightness was set to 80%. All third-party apps
were disabled; only the website with the WebAR app
remained active in the web browser.

To ensure consistent lighting conditions and
stabilize the camera angle, the device was securely
mounted in a static

position using a tripod.

G &) Chrome

At the software level, developer mode and USB
debugging were enabled (Fig. 1).
connection to the host computer was established using

The physical

high-speed cables. The connection was verified using
the Chrome DevTools, via the chrome://inspect page,
which confirmed the successful detection of the
remote device and the availability of the target browser

tab for inspection (Fig. 2).

17:26 &

Developer options

Use developer options °

Debugging

USB debugging

«©

Fig. 1. Developer mode and USB debugging enabled

chrome://inspect/#devices

Devices

DevTools

Devices

Discover USB devices

Discover network targets

Open dedicated DevTools for Noede

Remote Target «iocaivos:

Pixel 8 sse0a0001m001es
Chrome (141.0.7390.70)

YourHomeMuseum htips://yol :
inspect focustab reload close inspect fallback

I Port forwarding... ‘

I Configure...

Open tab with url [ Open | trace

r-home-museum.onrender.com/location-ar

Fig. 2. Displaying the mobile tab on a computer

After completing the preparatory phase, the data
collection procedure was implemented. It involved
performing ten consecutive iterations of performance
profiling using the Performance tab in Chrome DevTools.
The experimental scenario covered the full cycle of
loading and initializing a geolocated WebAR scene.

Upon completion of each measurement iteration,
trace files containing detailed performance metrics were
exported. Specifically, the time spent on Scripting,

System processes, Rendering, and Painting was analyzed.

Additionally, the total script execution time (Total),
average frame rate (FPS), and JavaScript heap growth
were recorded.

To select the most representative sample for further
detailed analysis, a comparison was made of the peak
values of JS Heap memory usage and the duration of key
processing stages. It is important to note that the Total
metric also accounts for periods of system idle time.
The resulting quantitative data has been organized
and presented in Table 1.
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Table 1. Test results on the Pixel 8 device

Test JS Heap (mik), mb Scripting, ms System, ms Rendering, ms Painting, ms Total, ms
1 60 2,209 558 186 145 6,743
2 60,3 2,289 573 166 127 6,401
3 41,1 1,649 438 232 153 6,181
4 42,8 2,359 543 260 161 7,238
5 45 1,705 462 214 158 5,929
6 26 2,352 580 183 140 5,898
7 42,1 2,502 568 196 156 6,262
8 42,6 2,534 845 203 180 6,898
9 42,7 2,454 574 140 135 5,904
10 60,1 2,820 668 209 165 6,765

5.3 Choosing a representative sample

To identify a representative test among the ten
results obtained, the normalized deviation method was
applied. This approach makes it possible to objectively
identify the test whose scores are closest to the average
performance conditions, minimizing the impact of
random fluctuations and outliers.

For each test, the normalized deviation was

calculated using the corresponding formula:
X, —Me |
_ ij J
Score, = Zj

—_— (25)
— the value of the

IOR,

where X, j -th metric for the

i
i -th test; Me, — the median of the corresponding metric;
IQR, — the interquartile range of this metric.

The interquartile range 1is calculated as the
difference between the third and first quartiles of the
sample and is determined using the formula:

I0R =0, -0, (26)
where O, — 25th percentile (lower quartile); O, -

75th percentile (upper quartile).

For a sample of size n=10, the calculation was
performed using Tukey’s method: the sorted data set was
divided into two equal parts of 5 elements each. In this
case, (O, is defined as the median of the first half of the

set, the 3rd element in the sorted list, and O, as the

median of the second half, the 8th element.

Based on Tukey’s method, basic statistical
indicators were determined for each metric. The results of
determining the median, Q,, @, and calculating the

interquartile range /QR using equation (26) for each
column are presented in Table 2.

The results of the calculation of the standardized
deviation for each test using Equation (1) are presented
in Table 3.

Table 2. Values of the indicators based on the Tukey method

. . 1 3

Metric | Median 3-rd teement) (8-th 3ement) 10R
JS Heap 42,75 42,1 60,0 17,9
Scripting 2,356 2,209 2,502 0,293
System 570,5 543 580 37,0
Rendering | 199,5 183 214 31,0
Painting 154,5 140 161 21,0
Total 6,332 5,929 6,765 0,836

Table 3. Normalized test deviations on Pixel 8 device

Test Score
1 3,18
2 3,75
3 7,39
4 4,10
5 6,40
6 2,95
7 0,87
8 10,04
9 3,79
10 6,51

The results of the calculations show that Test No. 7
has the lowest normalized value, indicating the smallest
of the
characteristics of the sample. This indicates the greatest

deviation its parameters from median
correspondence of the results obtained in this test
to the typical conditions of the experiment. Thus, the
specified recording was identified as representative
and used for further comparative analysis between

the devices under study.

5.4 Analysis of the representative recording
The representative recording obtained the

Performance tab of the Chrome DevTools toolkit is

in

shown in Fig. 3. The analysis focuses on the application
initialization period; therefore, the intervals at the
beginning and end of the recording are not included.
The main visual metrics are: the CPU activity graph at
the top of the figure; the Main thread, which records
function calls; the JS Heap memory usage graph;
and the Summary section.
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Fig. 3. Representative recording

The Summary section indicates that the total
runtime of the main thread is 4.96 seconds, of which:
2.32 seconds are spent on scripts, 1.91 seconds on idle
time, 0.41 seconds on system overhead, 0.16 seconds on
page rendering, and 0.12 seconds on content rendering.
This data is presented in a chart in Fig. 4. Inter-process
communication (Messaging) and page loading are not
included, as they account for less than 1% of the total
time. Thus, the Scripting process accounts for the largest
share (47%), followed closely by Idle (39%).

The CPU graph is divided into four intervals (Fig. 5),
three of which show high CPU load, as indicated by the
sections filled entirely in yellow. The unhighlighted
intervals are not included because they are not directly
related to the application’s initialization.

Farst intarval

Fig. 5. Division of the recording into intervals

The first interval of the profiling covers the time
range from 0.311 to 0.795 seconds. This stage is
characterized by a high computational load due to the
initialization of the client application. The Scripting

Rendering Painting
3% \ w4 3%
System
8%
Idle
39%
Scripting
47%

Fig. 4. Flowchart of the application loading process

Fourth fnterval

3 | ALl MS E e M3 s =
O M 1A CET MR EATO MO =

process accounts for the dominant share of time, over
50% of the entire interval. This computational activity is
primarily driven by two key operations. The Unattributed
category had the longest duration among them, at
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108 milliseconds. A detailed trace analysis revealed
that this category involves the execution of native code
by the JavaScript engine. Due to the specific nature of
code optimization in the Angular framework, the profiler
was unable to correlate these operations with specific
function calls, which is typical for such architectures.
The second significant component of script execution
was the initialization of the A-Frame library, which
took 89.1 milliseconds. An additional indicator of the
active initialization phase is the rapid increase in JS Heap
memory consumption from 26 to 36 megabytes.
This dynamic indicates the mass creation of virtual DOM
objects and the preparation of a three-dimensional scene.
Overall, during this interval, the system accumulates
resources for processing logic and data structures, and at
the end of the stage, it performs the initial page rendering
process, which takes only 28 milliseconds.

Upon completion of the initialization phase, a period
of moderate computational intensity (0.796-3.62 s) is
observed. During this period, the dominant state of the
main thread is the waiting mode — 1.6 s. The application
requests and waits for the transfer of a 3D model from the
server, which keeps the CPU load low. Computational
activity does not include blocking tasks and is primarily
driven by operations such as reading the input
stream, data transformation, and background processes.
An important characteristic of this stage is memory
optimization: instead of data accumulation, the Garbage
Collector was triggered, reducing the size of the JS Heap
from 37 MB to 7 MB. This
resource release after initialization and before loading
the 3D model.

The third stage (3.62 s — 4.45 s) is the heavy data

processing phase. After the AR object finished loading

indicates effective

from the server, the main thread entered a state of peak
load — scripting took up over 82% of the time.
The longest blocking task, lasting 550 ms, was recorded
during this interval. Analysis shows that this is the

confirmed by a sharp increase in memory usage:
from 8.5 MB at the start of the interval to 42.1 MB.
This spike corresponds to the decompression of the
compressed model file into full-fledged objects in RAM.

The final phase (4.45 s — 5.3 s) is the 3D model
rendering period. In the first half of this time interval,
the browser utilizes a pool of background threads —
Thread Pool Workers — which enables the parallel
execution of decoding operations and the preparation
of graphical resources. In the recorded trace, three
workers are observed, each processing separate fragments
of the model or associated texture data; this activity
can be classified as the preparatory phase of rendering.
While the main thread’s activity is minimal in the first
half of the interval, the CPU load becomes dominant in
the second half. It contains calls to WebGLRenderer.render,
renderScene, renderObjects, renderBufferDirect, as well
as  WebGLUniforms.upload and safeSetTexture2D
operations. This indicates the compilation of shader
programs, the loading of textures, and the direct
rendering of the 3D model in the graphics scene.

The results of the analysis of a representative
recording indicate four distinct stages of application
loading: an intensive initialization phase of the initial
empty scene lasting from 0.311 s to 0.795 s, which took
0.48 s; a moderate period of loading the 3D object from
the server-side from 0.796 s to 3.62 s, which took 2.82 s;
a very resource-intensive period of 3D object parsing
from 3.62 s to 4.45 s, which lasted 0.83 s; and
an intensive phase of 3D object rendering from 4.45 s
to 5.3 s, which lasted 0.85 s.

5.5 Results

To determine the most resource-intensive
stage of the WebAR application’s loading process,
four intervals were considered: initialization, resource
loading, parsing, and rendering. For each interval,

the loading index was calculated using formula (21).

process of parsing the 3D model’s binary data and The results of the -calculations are presented
converting it into Threejs scene structures. This is in Table 4.
Table 4. Processor performance metrics at key stages of 3D application development

Ne Stage Interval, s T;, ms CPU;, ms Dwell time, ms Ind;, %

1 Initialization 0.311-0.795 484 311.9 172.1 64.4

2 Loading 0.796 — 3.62 2824 1318.7 1505.3 46.7

3 Parsing 3.62-4.45 830 732.4 97.6 88.2

4 Rendering 4.45-5.30 850 540.9 309.1 63.6

The most critical stage turned out to be the third
parsing interval, during which the peak CPU load of 88.2%

was recorded (Fig. 6). Despite its relatively short duration
(0.83 s), the density of computational operations during this




ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

Cyuacnuii cman HayKosux 00Caiodcenb ma mexnono2ii 6 npomucnosocmi. 2026. Ne 2 (36)
Innovative technologies and scientific solutions for industries. 2026. No. 2 (36)

interval is the highest. This is due to the synchronous nature
of the 3D model binary data deserialization process and the
massive creation of objects in memory, which leaves the
processor almost no idle time.

The initialization (64.4%) and rendering (63.6%)
stages show similar average load metrics but differ

100
90
80
70
60
50
40
30
20
10

0
Initialization

Loading

Fig. 6. Percentage load graph of intervals

The least loaded stage is resource loading (46.7%),
which is an expected result, since network bandwidth is
the limiting factor in this interval, and the main processor
thread spends more than half the time waiting for data.

Thus, the highest computational load is observed
during the third Parsing interval, while the Loading stage
is the least loaded and has the highest idle time.

Further performance optimization should be based
on resource reallocation: reducing idle time in the
Loading stage by transferring some computational tasks
from the Parsing stage to it. This approach will ensure
the maximum increase in application performance.

6 Practical Significance

The practical significance of the research results
lies in the possibility of their direct implementation
by companies specializing in the development of
commercial augmented reality applications. The modern
e-commerce, interactive marketing, and digital education
industries are actively adopting augmented reality
technologies to improve customer engagement. However,
the success of such solutions critically depends on the
smooth operation of the software on consumers’ end
devices. The approach to deep profiling of browser
engine microprocesses proposed in this work provides
the industry with an effective tool for identifying
hidden technical flaws that cannot be detected using
tools. The
mathematical model of the process and the empirical

standard network analytics refined

in the nature of the operations. While in the first stage
the CPU is primarily occupied with JIT compilation
and executing JavaScript library code, in the fourth
stage interaction with the GPU and frame preparation
play a significant role.

Parsing Rendering

data obtained form a solid scientific foundation for the
transition from intuitive development to engineering-
based design of client application architecture.

The key issue hindering the widespread and
effective implementation of browser-based augmented
reality in a business environment is the loss of control
over the interface during the loading of volumetric
spatial content. When a user initiates the viewing of
a three-dimensional product model, there is intensive
consumption of the mobile device’s computational
resources. The peak load on the central processing unit
during geometry deserialization, as identified in the
study, causes a prolonged blockage of the main execution
thread. For the end user, this appears as a complete
system freeze: the screen does not respond to touch,
animations stop, and overall performance degrades
sharply. Such a negative technical experience destroys
the sense of immersion and leads to disappointment
with the quality of the digital service provided.

The economic efficiency of any digital product is
directly correlated with user experience metrics. In the
highly competitive e-commerce market, companies think
in terms of financial return and customer satisfaction
levels. Technical glitches caused by inefficient allocation
direct  financial

of processor resources have

consequences. Users tend to immediately leave
a webpage if its interface becomes unresponsive, even
for a fraction of a second. Accordingly, eliminating
architectural overloads — the nature of which was

demonstrated in this study — will allow businesses to




Cyuacnuii cman HayKosux 00Caiodcenb ma mexnono2iii 6 npomucnosocmi. 2026. Ne 2 (36)
Innovative technologies and scientific solutions for industries. 2026. No. 2 (36)

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

significantly reduce user drop-off rates. Maintaining
interface responsiveness ensures that a potential buyer
will complete the intended action, whether it is viewing
a product from all angles or placing an order.
Consequently, optimizing the 3D scene initialization
process becomes not merely a technical task but
a strategic tool for increasing conversion rates in
commercial augmented reality services.

To achieve these economic and technical benefits,
developers of commercial platforms must implement
new engineering standards for working with spatial data.
The study’s findings indicate the need to move away
from monolithic synchronous loading of 3D models in
the browser’s main thread. Instead, the industry is
advised to transition to methods of incremental geometry
loading and offloading resource-intensive tasks to
background computing processes. The use of modern 3D
data compression formats combined with asynchronous
logic processing will help balance the load on smartphone
hardware. Implementing such architectural solutions
will ensure a stable frame rate and high system
responsiveness regardless of the cost and technical
specifications of the consumer’s mobile device.

Thus, this work goes beyond purely theoretical
analysis and offers the industry a ready-made analytical
framework. The application of the outlined principles
for evaluating and optimizing performance opens the way
for companies to create high-quality, stable, and
cost-effective products. Meeting technical performance
requirements is inextricably linked to meeting consumer
needs, making the results of this study an integral
part of the process of improving commercial augmented
reality ecosystems.

7 Conclusions

As a result of this study, an approach was
implemented for the comprehensive evaluation of
performance and the identification of patterns in the
distribution  of
initialization of WebAR applications. To this end,

computational load during the
an improved mathematical model of the WebAR
application scene loading process on a mobile device
was applied. Through the use of deep browser
profiling tools, the microprocesses of the browser
engine were decomposed, and the nonlinear nature
of mobile device hardware resource consumption

was empirically confirmed.

Analysis of isolated time profiles of a client
application based on the Angular 19 component architecture
and the A-Frame 1.7.1 declarative framework allowed us
to identify the key phases of scene initialization.
It has been scientifically proven that the critical factor
in performance degradation is not the stage of direct
graphics rendering, which demonstrates a stable load of
63.6 percent, but the process of parsing spatial geometry.
It is during the parsing stage that the peak CPU load of
88.2 percent was recorded, along with the longest
blocking task lasting 550 milliseconds, caused by the
synchronous deserialization of the model’s binary data.
At the
management in the studied stack was confirmed: the

same time, the effectiveness of memory
garbage collection mechanism was observed to function
correctly, ensuring a rapid reduction of the peak JS Heap
size from 40 megabytes to a stable operating level
of 22 megabytes.

The obtained objective micro-level data form

a reliable foundation for developing well-founded
architectural strategies for optimizing the performance
of three-dimensional web applications. Since processing
a monolithic model in the main thread causes critical
blocking of the main execution thread in a single-threaded
environment, traditional approaches to initialization require
a fundamental reevaluation. A promising and practical
approach to eliminating the identified bottlenecks is
the use of asynchronous and incremental geometry loading
methods, as well as the mandatory delegation of resource-
intensive  deserialization  processes to  background
computational threads. Implementing such engineering
solutions will allow developers of commercial WebAR
services to avoid critical interface delays, ensuring high
user retention and improving the overall economic

efficiency of digital products.
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OIIHIOBAHHSA MPOAYKTUBHOCTI 3ABAHTAKEHHSA
CIIEHU WEBAR 3ACTOCYHKY HA MOBLJIBHOMY IPUCTPOI

IIpenMeToM nocaigKeHHS € 3aKOHOMIPHOCTI PO3HOALTY OOYMCIIIOBAJIBHUX PECYpPCIB IEHTPAIBHOTO MpoLecopa Ta 3MIHM YaCOBHX
METpPHUK Opay3epHOro pyIIisl IMiJ 4ac BUKOHaHHs eTamiB iHimiamizanii WebAR-cienn. O0’€KTOM JaHOTO HOCTIIZKEHHSI € TIPOLEC
iHimiamizauii Ta 3aBaHTaxkeHHs 3D-koHTeHTy y KiieHTchbkoMy WebAR-3acTocyHky Ha MoOiLnbHOMY mpuctpoi. MeTo podoTn
€ po3poOKa MiAXOAy JO KOMIUIEKCHOTO OIIHIOBaHHS HPOJYKTHBHOCTI Ta BCTAHOBJICHHS 3aKOHOMIPHOCTEH pO3MOIIITY
OOYHCITIOBAIFHOTO HABaHTAXEHHA Mif dac iHimiamizamii WebAR-3acTOCyHKIB 3 BHKOPHCTaHHSM IHCTPYMEHTIB TJIHOOKOTO
Opaysepaoro mpodaitninry. 3aBaannsi. Po3poOutn matematmyHy Mognens ¢yHkuionyBaHHSI WebAR-3acTocyHky Ha erami
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iHirfiamizamii clueHn Ta JCKOMIIO3yBaTH IPOLEC 3aBAHTAXXCHHS Ha KIIOYOBI eTamu 3 OIIHKOK TXHIX 4acoBHX BHTpar. [IpoBecTu
emmipruaHe npodimoBaHHs, iTeHTH(iKyBaTH MikoBi HaBaHTakeHHs Ha CPU Ta Grokyrodi 3amadi, a TakoXX copMyBaTH 0OIpyHTOBaHI
HanpsIMA TOAAJBIIOI ONTHMi3alii mpomxykTuBHOCTI. Metoamn. Jlocmi/KeHHS MPOAYKTHBHOCTI MPOBEACHO MHIISXOM EMITipHIHOTO
TecTyBaHHS HpoAyKTuBHOCTI WebAR-3acTocyHKy mijg dYac HaiOimbII pecypcoeMHOr0 eTamy — iHimiamizamii Ta 3aBaHTa)KEHHS
TpUBUMIpHOI ciieHHd. 36ip JaHWX MIOA0 HaBaHTakeHHS Ha MOTOKM CPU B KOHTEKCTI BeO-CTOPIHKH 3IiHICHIOBABCS 3a JOMOMOIOIO
iHcTpyMeHTiB po3poOHnka Chrome DevTools. AmapaTHuM cepefoBHINEM Ul EKCIICPHMEHTIB CIyr'yBaB MOOIUTBHHH HpHCTpiit
Google Pixel 8, a cratucTiyHa TOCTOBIPHICTH pe3yNbTaTiB 3abe3neuyBanacs 10-KpaTHOIO iTEpalielo KOXKHOTO TECTOBOTO CLEHAPIIO.
Pesyabtar pocaimkenHs. Po3pobneHa marematnuHa Mozens ¢opmanisdye mpolec 3aBaHTaxeHHs cueHn WebAR-3actocyHky
Ta JJO3BOJISE MPOBECTU OLIHKY 3aBaHTaxkeHocTi CPU Ha ko)kHOMYy eTami. 3a pe3yJbTaToM aHajli3y 4acoBOro MPodiiaro, OTPUMAHOTO
3 BUKOPHCTaHHIM YAOCKOHAJICHOI MaTeMaTHaHOI Mozeni Ta 3aco0iB Chrome DevTools BHOKpeMIICHO YOTHPH €Taly 3aBaHTa)KCHHS:
iHimiami3amis TOpoKHBOI CIIeHH, 3aBaHTakeHHS 3D-00’€kTa i3 cepBepa, MapCHHT MOJENi Ta ii peHIeprHT. BeTaHOBNIEHO HETiHIHHMMA
XapakTep HaBaHTaXeHHs Ha mpouecop. HalOinpll pecypcoeMHHMM BHSIBUBCS €Tall MapCHHIY, MiJ 4Yac SKOro 3adikcoBaHO
mikoBe 3aBaHTaxkeHHs CPU 1 HaiimoBima OnoKyroua 3adada, COPUYMHEHA CHHXPOHHON Jecepiamizailiero OiHApHHUX JaHUX.
BucHoBkH. 3anpornoHOBaHMH MiIXiA 10 MiABUIIEHHS NPOXYKTHBHOCTI 3aBaHTaXeHHS cueHH WebAR-3acTocyHKy Ha MOOITBHOMY
npucTpoi nuisxoMm OanaHcyBanHs HaBaHTakeHHs CPU. Takoxk HOCTIKEHHS MiATBEPAWIO, IO KPUTUYHOK (a30r0 iHimiamizamii
e mapcuHr 3D-mogneni. 3 Oriasay Ha pe3yJlbTaTd MOJCTIOBaHHSA Ta MPOBEICHUX EMIIPUYHHX OOCIHiIKEHb, NEPCIEKTUBHUM
HAIPSIMOM € BIIPOBA/XKCHHSI II0ETAITHOTO 3aBaHTAXKEHHs Ta 00poOKH 3D-KOHTEHTY.
Kurouogi ciioBa: web; augmented reality; WebAR-3acTocyHok; performance evaluation; mapcuHr; peaaepusr; Angular.
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Mykyta Lapin, Yurii Parzhyn, Kostiantyn Bokhan, Kyrylo Perevoznyk, Tetiana Aleksandrova

INVARIANT STRUCTURAL LEARNING:
CONCEPT FORMATION AS HYPERGRAPH ATTRACTOR DYNAMICS

Subject of study. The subject of study is the formation of object-class concepts in machine-learning systems as a process of structural
and parametric reduction of hypergraph representations, rather than as the optimization of a loss function. Objective. To construct
an alternative learning framework for artificial neural networks — without an error functional (back-propagation) — that realizes
invariant structural learning, where a class concept is defined as a structural attractor (the fixed point of a monotone reduction
operator on a partially ordered space of hypergraphs), and to validate this theory on the recognition of handwritten digits.
Objectives. 1) Formalize the framework with axioms of segmentation stability, strict reductivity, positive-only training, and locality
of attention; 2) prove convergence and uniqueness of the attractor; 3) establish order-invariance of learning; 4) decompose the
attractor into structural and parametric levels; 5) evaluate the transfer on a complete-contour subset of MNIST. Methods.
Hypergraphs are obtained by skeletonizing binary contours (Growing Neural Gas + Ramer—Douglas—Peucker); concept attractors
form via graph reduction over critical-point anchors. Classification uses a graph-edit-distance comparator with property costs and a
complexity-adjusted log prior. The training set consists of 76 hand-picked MNIST originals, augmented (rotation £10°, shift +10%)
to 805 instances. Results. The transfer learns 13 concept-attractors with node counts ranging from 3 to 15. Of 8,707 admissible
complete-contour MNIST images, 8,685 yielded valid skeletal graphs; on this valid set, the transfer achieves an accuracy of 85.80%,
weighted precision of 89.31%, recall of 85.80%, and an F1-score of 86.66%. The error structure is interpretable per concept — every
misclassification traces back to a named attractor and feature range. Conclusions. The reported performance, achieved without a loss
function and using three to nine originals per concept-attractor, supports the claim that learning consists of constructing a structural
attractor rather than minimizing an error functional. The framework offers a principled approach to interpretable few-shot
classification and a constructive alternative to gradient-based learning.

Keywords: invariant structural learning; structural attractor; concept formation; graph edit distance; few-shot recognition;
explainable AI; MNIST; hypergraph reduction.

1. Introduction Second, the energy and computational costs of

training large statistical models are growing faster

Modern machine learning methods, and neural
network models in particular, rely heavily on the
optimization of loss functions and statistical
generalization. These approaches involve an external
quality criterion, and the learning process is formalized
as the minimization of the discrepancy between the
prediction and a given target value. Despite the empirical
success of statistical learning, this paradigm has
fundamental limitations: dependence on the choice
of loss function, sensitivity to data distribution,
and the need for large training samples.

The relevance of this issue is heightened by three
concurrent factors.

First, the EU Regulation on Artificial Intelligence
(Regulation 2024/1689) [1], together with Article 22 of
the GDPR [2], establishes a legally binding requirement:
automated decisions in regulated areas must be
accompanied by an explanation that corresponds to the
model’s internal logic — a standard that post-hoc

surrogates fail to meet in practice.

than the volume of available labeled datasets, creating
economic pressure in favor of methods capable of
learning from a handful of examples.

Third, industrial areas with a chronic shortage of
labeled data — medical OCR, defect detection in contour
structures, and low-volume document processing —
remain underserved by gradient-based classifiers.
These three factors motivate the search for a non-
statistical alternative, developed below.

An alternative approach involves viewing learning
as a process of endogenous structural self-organization,
in which the system does not minimize external error but
instead converges to an internally consistent state.
This paper proposes a formalization of this view,
which

approach [3] based on hypergraph representations and

extends the  "information  architecture"
dynamic structural reduction; this approach is called
Invariant-Structural Learning.

The central idea is that each observed object is

represented by a hypergraph, and learning involves

© Mykyta Lapin, Yurii Parzhyn, Kostiantyn Bokhan, Kyrylo Perevoznyk, Tetiana Aleksandrova, 2026
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the sequential accumulation and alignment of such
hypergraphs, followed by reduction. The alignment
procedure maps elements from different hypergraphs
into a common structural space, forming a cumulative
hypergraph in which one can analyze the frequencies
of element occurrence and their stability under the
effect of reduction.

The key concept of the proposed theory is the
structural attractor: an invariant structure toward which
the reduction process converges. Unlike classical
attractors of dynamical systems, this object is defined not
through trajectories in continuous space, but through
the intersection of coordinated structural invariants.
It is shown below that the attractor admits an equivalent
characterization as the set of elements whose frequency
in the cumulative carrier is equal to one — that is, those
that are always present — and this combines a dynamic
interpretation with a combinatorial one.

The proposed approach differs from traditional
learning methods in four fundamental ways:

(i) there is no explicit error function and no
procedure for minimizing it;

(i) learning is interpreted as the reduction and
alignment of structures;

(iii) invariants are formed endogenously, without
external templates;

(iv) invariance with respect to the order of example
presentation is achieved.

Mathematically, the model relies on discrete
structures (hypergraphs), partially ordered sets, and
monotonic  reduction  operators  that  converge
to fixed points.

The main contributions of this work are as follows.

1. A formal hypergraph model of learning via
structural reduction is proposed.

2. The concept of a structural attractor is introduced,
and it is shown that it coincides with the intersection of
class invariants and the single frequency condition.

3. Theorems regarding the convergence of the
reduction process and the uniqueness of the attractor
are proven.

4. The invariance of the learning result with respect
to the order of example presentation is established.

5. It is shown that the attractor naturally decomposes
into topological (structural) and parametric levels.

Overall, the work proposes an alternative theoretical
framework for machine learning, in which structural
invariants and attractor dynamics play a central role,

rather than error optimization. This opens the way to

constructing models focused on stability, interpretability,
and learning with a limited number of examples.
Empirical validation of the proposed framework on
a subset of the MNIST dataset containing closed contours
is presented in Chapter 5. The concept-attractor classifier
based on graph editing distance trains 13 attractors
from 76 selected originals — ranging from three to nine
per concept — expanded by parametric augmentation
(random rotation within £10° and translation within
+10% of the canvas) to 805 training instances. Of the
8,707 valid images, 8,685 formed valid skeleton graphs;
on this valid set, the system achieves 85.80% accuracy,
89.31% weighted precision, 85.80% recall, and 86.66%
Fl-score, demonstrating the low-variance behavior
predicted by the "structure—parameter" decomposition
and the order-invariance

theorems in Section 4.1

consequence from Theorem 2.

2. Literature Review and Problem Statement

Traditional approaches to handwritten digit
recognition on MNIST [4] establish a clear benchmark
against which any new method should be evaluated.
Convolutional neural networks — from the canonical
LeNet-5 architecture [4] to modern residual variants —
consistently exceed 99% test accuracy on the full
of 60,000 images. The
kernel support vector machine method achieves
approximately 98.6% on the standardized MNIST;

on raw pixels without augmentation, the result is more

training  set Gaussian

modest. Multilayer perceptrons with moderately wide
hidden layers achieve 97-98% when trained with
deslanting and affine augmentation [4]. A common
feature of these methods is the need for tens of thousands
of labeled examples and the absence of any built-in
explanation mechanism: the decision of a convolutional
network is based on linear combinations of feature maps,
the interpretation of which by a human is possible only
through post-hoc visualization surrogates.

A separate line of research focuses on the few-shot
setting, where only a small number of labeled examples
per class are available. Prototypical Networks [5]
construct a class prototype as the average embedding
of support examples in a latent space, trained via episodic
optimization. Matching Networks [6] use an attention
mechanism to weight the contribution of each support
while Model-Agnostic Meta-Learning [7]

a parameter

example,
seeks initialization from which the

model adapts to a new task in a few gradient steps.
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These methods are typically evaluated on the episodic
protocol on Omniglot and minilmageNet, rather than on
the open MNIST protocol; therefore, a direct numerical
comparison with the 85.80% accuracy presented here is
best interpreted as a conceptual positioning within the
niche of explainable few-shot classifiers, rather than as
a direct benchmark. A common limitation of this line of
research is that, despite reducing the need for labeled data
during adaptation, these methods do not eliminate the
dependence on a large base corpus during pre-training,
and the prototype in Prototypical Networks remains
an opaque vector in a multidimensional space rather than
an interpretable object suitable for expert verification.
The dominant approach to achieving interpretability
been the
construction of post-hoc surrogates. Minh et al. [8],

for pre-trained black-box models has

Hooshyar and Yang [9], Rajabi and Etminani [10], and
Nawaz et al. [11] survey this landscape and classify
methods by locality, model specificity, and type of
approximation. The most common examples are
LIME [12], which locally approximates a nonlinear
model with a linear surrogate, and SHAP [13], based on
Shapley value attribution. Slack et al. [14] experimentally
demonstrated that LIME and SHAP are vulnerable to
targeted attacks: a classifier with distinctly discriminatory
behavior can be made to appear neutral under both
methods. Post-hoc explanations therefore offer no
guarantee of correspondence to the model’s actual logic,
which motivates interest in models that are explainable
by design — that is, models in which the internal
representation itself is an interpretable description.

Graphs as image representations have a long history
in computer vision: skeleton graphs preserve the topology
and basic geometry of an object while discarding
redundant pixels, and demonstrate the competitiveness of
graph representations in pattern recognition tasks.
The current trend in graph neural networks, particularly
Graph Prototypical Networks [15], extends few-shot
learning to attributed graphs, but reverts to latent-vector
representations and does not preserve a directly
inspectable representation of the concept. In a previous
study by the same team [16], the line of interpretable
graph attractors was tested on a restricted six-class
MNIST dataset (digits 1, 2, 3, 6, 7, 9; 5,467 test images,
8 attractors) and achieved 82.35% accuracy with exact
calculation of graph editing distance under a 60-second
comparison budget. This work extends the methodology
to the full ten-class MNIST alphabet with contour

integrity filtering, expands the alphabet to 13 attractors,

introduces diagnostic feature weighting based on the
width of the reduced range, and transitions to an iterative

upper
refinement under a significantly smaller time budget —

bound for graph editing with progressive

a combination that yields the reported 85.80% accuracy
from Section 5.

The matching of attributed graphs formally boils
down to finding the minimum sequence of editing
operations (insertion, deletion, and replacement of
vertices and edges) that transforms one graph into
another. Sanfeliu and Fu [17] introduced the concept of
edit distance for
established

recognition. Conte et al. [18] summarized three decades

attributed relational graphs and
it as a similarity metric for pattern
of graph matching methods and highlighted the trade-off
between exact and approximate computation; the exact
graph edit distance remains NP-hard. Riesen and
Bunke [19] proposed an efficient binary approximation
with assignment, yielding a suboptimal upper bound in
polynomial time, enabling the use of the metric on graphs
of practically useful sizes at the cost of optimality.
More recent neural variants replace explicit edit costs
with learned embeddings: Piao et al. [20] compute
graph edit distance via neural graph alignment, predicting
the approximate distance from training pairs;
Moscatelli et al. [21] formulate the basic node matching
problem with an explicit emphasis on metric properties
and assignment interpretability; Xie et al. [22] extend the
paradigm to federated few-shot graph classification.
An additional direction within the same class of problems
is the reconstruction of incomplete spatial graphs
using graph neural networks; an example is the recent
work [23] on completing 3D point cloud models in the
same journal. These methods significantly improve
computational efficiency and scalability; however,
most replace interpretable elementary editing costs with
latent embeddings, reducing the readability of decisions
at the level of "which vertex was matched with which
and with what penalty". This

architectures in which the operations themselves remain

leaves room for
interpretable by design — this is the motivation behind
the proposed approach.

The proposed framework is based on four
well-established lines of evidence from cognitive

science. The binding problem — how the brain
distributed

into coherent perceptual wholes — was formalized by

combines representations of attributes
von der Malsburg [24] and remains a central problem in

neural coding, with extensions in the form of neural
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syntax [25]; the structural attractor model solves it
directly by encoding attributive relations as anchor links
(hyperedges) within a single representation. The literature
on active perception, originating with Yarbus [25]
and developed by Bajcsy et al. [26] and Rucci and
Victor [27], shows that the trajectory of a saccade
is determined by the cognitive task no less than
by the image itself, which motivates the selection of
anchors based on attention rather than exhaustive
global alignment. Single-unit recordings [28, 29] have
revealed concept-cell responses invariant to surface
transformations of the stimulus, empirically supporting
the existence of class-level invariant representations
postulated in Definition 3 (concept). The dendritic
computation hypothesis [30, 31, 32, 33, 34] asserts that
a neuron’s dendritic tree performs substantive logical
computation rather than acting as a passive integrator,
providing a biological substrate in which the algebra
of structural reduction can be physically realized.
These four lines of reasoning together justify the
non-statistical orientation of the proposed framework
and motivate the architectural decisions in Section 4.

To summarize this review, three desirable properties
stand out, none of which currently have a satisfactory
joint solution:

a) training without backpropagation and without
a large labeled corpus;

b) operation with a small number of examples
per class;

c) local explainability of each decision at the
model level.

Classical convolutional and support vector models
provide only accuracy; few-shot meta-learning methods
provide adaptation with a small training set but remain
opaque; post-hoc methods of explainable Al provide
an approximation of behavior rather than the logic itself.
The graph attractor architecture proposed in this work,
trained without backpropagation, formally satisfies
all three properties simultaneously — and this defines
the unsolved part of the problem and justifies the
relevance of this research.

3. Purpose and Objectives of the Study

The aim of this study is to empirically validate the
foundation of Invariant-Structural Learning, formalized
in Section 4.1, and in particular Theorems 1-3, by
constructing an end-to-end classifier of concept attractors
and evaluating it on a subset of MNIST with intact digit

contours to demonstrate that few-shot learning of

structural  attractors without backpropagation can
simultaneously achieve competitive accuracy and local
interpretability at the decision level. The empirical task is
intentionally limited to images with intact digit contours,
which corresponds to a psychophysiologically grounded
baseline recognition mode based on a complete structural
description; images with broken or fragmented contours
are excluded from this study, as their recognition requires
an additional associative completion mechanism of
a different mathematical nature, which warrants separate
consideration.

To achieve this goal, this paper addresses the
following five tasks.

1. Formalize the "bitmap — attributed graph"
transformation transfer as a constructive implementation
of the basis representation: transform each MNIST raster
into an attributed graph that preserves the object’s
skeleton along with the coordinates of critical (anchor)
points and the geometric parameters of contour segments.

2. Implement the concept-attractor formation
operator as an iterative reduction of a set of graph
examples to a stable generalized structure that realizes

R=CoSoR p (Section 4.1.3 of the theoretical

framework), and verify the parametric stratification
predicted by augmentation theory through controlled
augmentation by random rotation within +10° and
translation within £10% of the canvas.

3. Implement the classification step as a comparison
based on graph editing distance between the invisible
image and each concept-attractor, with diagnostically
weighted costs for node replacement across fourteen
structural and geometric features and a graded cost scale
for edge editing operations, returning the winning
attractor along with a similarity score and the logarithmic
prior complexity used for its selection.

4. Conduct an experimental evaluation of the
proposed classifier on the MNIST dataset with intact
contours (8,707 valid images, 13 attractor concepts,
10 classes) and report accuracy, weighted precision,
recall, and Fl-score along with per-concept metrics,
top mismatch pairs, and the error structure by attractor
name and feature range.

5. Compare the obtained metrics with published
results from major classes of competing methods —
classical statistical baselines, few-shot meta-learning
methods, and the team’s previous six-class study —
and discuss the position of this work within the niche
of explainable few-shot classifiers.
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4. Materials and Methods

4.1. Theoretical Framework:

Invariant-Structural Learning
Section 4 is divided into two parts. Subsection 4.1
presents the theoretical foundation of invariant-structural
learning over hypergraph representations, defining
the base spaces, the reduction operator, the learning
dynamics, and the central convergence and uniqueness
theorems. Subsection 4.2 describes an experimental
implementation that validates the framework on
a subset of MNIST with connected contours, including
a "bitmap — graph" transformation transfer, a concept-
attractor formation operator, a graph editing distance
comparator, diagnostic feature weighting, and an example

of attractor formation for the digit 7.

4.1.1. Basis Spaces and Structures

The input data space X consists of original objects
(e.g., MNIST images, geometric shapes, contours, 2D and
3D models). The space P of atomic structural primitives
contains the basic building blocks of each representation;
for MNIST, these are line segments approximating the
contour and contour branching points: endpoints, corner
points, intersection points, and convergence points of line
segments. The hypergraph space Z formalizes the
representation of a single detector neuron. An element
of Z is a hypergraph H defined by relation (1), where
V is a finite set of vertices — structural primitives, E are

spatiotemporal
and E,

edges encoding basic connectivity,

are parametric hyperedges encoding the

relationships between sets of parameters of different
vertices. The hypergraph is constructed as a layer over
the underlying spatial graph; each vertex carries its own
set of parameters, so the parametric space is stratified
over the structure.

H=(V.E,.E,) (1)

4.1.2. Extraction and measurement
The primitive detector D simulates the operation of
a sensory system: it takes the original input and generates
structural primitives. Its implementation is not the subject
of this study — D is considered to be given [34].

Each measurement function m, returns the i-th

parameter of a structural element, and m collects all the
parameters of the graph. Measurement induces parametric
modes for each vertex; each vertex is associated with its
modal group — a set of parameters measured for it.

The resulting multidimensional parametric space is
defined
measurement scales; the segmentation of these parametric

exogenously via coordinate systems and

spaces during training induces a metric. Examples for
MNIST skeletonized contours include segment length,
segment orientation, the angle between segments, and
point coordinates.

4.1.3. Reduction

R, is an ordering/compression operator on metrics.
It does not alter the spatial structure of the hypergraph
but acts on the space of parametric relations: continuous
values are replaced by discrete classes (segments).
The clustering/quantization operator Q with stability
parameter £ partitions the parametric space into stable
segments o, . Parameters may be reduced to qualitative
categories or disappear entirely from the hypergraph.
The metricd, in the parametric space determines the
segmentation structure. Axiom 1 (segmentation stability)
states that the segmentation is idempotent: Q°0 =0 on
the parametric space for a chosen &. The structural

reduction R_ is performed in three stages.

First, the frequency measure f. of an element x is

X

defined as the proportion of class examples in which x is
present after alignment, where f, €[0,1] and N are the

number of accumulated class examples.

Second, the structural selection operator S retains
only those elements that are reduction-invariant — those
that appear (almost) in all class examples. The set 4 of
such elements (anchors) is dynamically updated with
each new instance. If the training set contains instances
with an incomplete attractor structure, the strict equality

f.=1 is relaxed to f, >0 withd — a hyperparameter
(0.7,1];

presentation, the theory below assumes 6=1.

that typically belongs to for clarity of

Third, the closure/connectivity restoration operator
C reconstructs a single hypergraph from the surviving
elements (anchors), preserving spatial connectivity.

ﬂ:%lﬁl[xe/li] (2)

Definition 1 (anchor). An element x €} is called
fo=1

(equivalent to f, =26 for the weakened regime). An anchor

an anchor if its frequency measure satisfies

is a structural element (or parameter value) that is
consistently present in (almost) every instance of the
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class. It serves as a fixed point around which hypergraphs
are aligned; anchors are not removed by reduction and
are restored by the operator C to preserve the global
structure after removing non-critical vertices ("attractor
noise"). For MNIST, anchors are critical branching points
of the contour: endpoints and corner points.

The complete reduction operator R, defined by
relation (3), is applied first parametrically, then
structurally. Axiom 2 (strict reductivity and minimality)
states that under the action of R, the size of the
hypergraph (in terms of the number of elements and
parameters) does not increase, and the resulting attractor

is minimal: it contains no elements from f, <1.

R=C°S°R, 3)

4.1.4. Learning dynamics —
cumulative, invariant with respect to order
For a new positive example x', the system
constructs the following objects. The anchor alignment
4 is a partial mapping #: A4’ — 4, between the anchors

of the new example and the accumulated anchors.
The family x is consistent if the sequential alignment of

anchors between examples is order-independent, i.e.,
there are no conflicting identifications of the same
anchor. For cumulative aggregation, given a preserved
hypergraph H, and a new instance H', vertex

aggregation identifies vertices via u; spatial and

parametric edges are transferred by the operator u .
The merged hypergraph H, ®, H' merges the identified

anchors and adds the remaining elements. The training
iteration is defined by relation (4): the operator @
Given

expands the structure, while R reduces it.

a consistent x and a fixed selection rule u, the result

of the cumulative process is associative and commutative
up to structural equivalence E: two hypergraphs are
equivalent if their segmented parameters -coincide,
and the minimal structures are locally isomorphic
around common anchors. Class-detector neurons
are not required to construct hypersurfaces separating
different classes; instead, an invariant hypergraph is
constructed independently for each class. The algebraic
reduction of hypergraphs allows for an interpretation
as the structural plasticity of active dendrites,
where patterns of synaptic inputs on dendritic branches
form complex logical elements encoding structural

invariants [35, 36]
H,=R(H®,H). 4)

Axiom 3 (learning from positive examples). A class

detector neuron is trained only on positive examples
of its class. When an input arrives, the system
does not "compute" a response but evolves until it
reaches a stable state; its dynamics depend on the
measurement of its own structural components, modeling
internal consistency without an external criterion of
optimality. All subsequent statements are derived from
the axioms above.

4.1.5. The Principle of Invariant Reduction

The system evolves toward reducing structural
redundancy while preserving invariants until it reaches
a minimal fixed structure. This principle does not rely on
gradient optimization or classical variational principles.
Instead, the learning is guided by a monotonic reduction
operator on a partially ordered space of structures,
which converges to minimal invariant fixed points.
of coordinate

A unified hierarchy system and

measurement scale segmentations is introduced, o ,
which is specified exogenously (modeling the self-
organization of segments in biological neural structures);
a higher k£ denotes coarser ("more general") segments.

The transition operators between levels are quantization
operators at each level. A partial order | is defined on this
space (Davey, Priestley, 2002): it is reflexive and
transitive from the
and the

The invariance functional Inv

(transitivity ~ follows nesting

order on the segmentation hierarchy).
induces a closure
analogous to that in Formal Concept Analysis [37].
Reduction operators are expressed in terms of segments:
parametric reduction moves to a coarser level; structural

reduction is the composition C°S°R, . Classical neural

networks lose the topological structure of the image,
whereas the proposed framework solves the classical
neurobiological problem of binding by preserving anchor
connections (hyperedges) within the attractor [24].
The discrete invariance gradient — geometrically a vector
in the segmentation hierarchy — specifies the direction of
generalization growth. Invariants can be added or
removed (false), but true invariants are preserved:
the dynamics are not monotonic, but the sequence of
invariant sets converges to a stable structural core E .
Extremality is induced by the operator and the order
themselves, rather than by an external optimality
functional — unlike loss functions in statistical neural
networks (Buzséki, 2010).
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4.1.6. Structural Attractor and Concept
The central object is the structural attractor: an
invariant structure that is a fixed point of the reduction
operator and defines the internal model of the class.

Definition 2 (structural attractor). Let K be
a class of objects, Z be a hypergraph space, and R be
a reduction operator.

A structural attractor of the class K is a hypergraph
Cy that satisfies:

(i) invariance — R(Cy )= Cy ;

(i) structural minimality — for everyCeZ in
R(C)=C,C, |C holds;

(iii) attraction — for every representation H e€Z of
the class K , there exists a finite ¢ such that R’ (H )= Cy .

R(Cy)=Cy,Cp = C whenever R(C)=C, It<w:R (H)=Cy (6)

The attractor C, is a fixed point R, the minimal

carrier of the invariant structure, the boundary of the
training process, and the canonical form of the class’s
objects. Therefore, training is the reduction of various
representations of an object to a single structural
normal form.

Definition 3 (concept). A concept is a structural

attractor of a perceived holistic image, that is, its internal
model. Therefore, a concept is an endogenous ontological
object for the system. Models with memory of structural
attractors form a separate class of self-organized dynamic
systems [38, 39]; biological neurons and neural structures
are one example. The proposed model suggests
a neurobiological interpretation in which

a) the attractor corresponds to a stable activation
pattern;

b) anchor elements are realized as stable synaptic
configurations;

¢) reduction reflects the selection of stable structures
in dendritic trees.

This interpretation is illustrative, not a direct
biological statement. Self-organization here refers to
a modeled process, not a physical one; in particular,
feature detectors, coordinate systems, and scales are
specified exogenously, whereas reduction operators

model the energy dynamics of natural self-organization.

Theorem 1 (Convergence of R)

Conditions:

1) Z is a partially ordered hypergraph space;

2) R:Z—Z satisfies Axioms 1-2 (segmentation
stability, strict reductibility, and minimality);
@, defined by
relation (5), takes integer values and is bounded

3) the complexity functional

from below by O .
Proof outline.
Step 1 (decreasing complexity): at every non-

stationary iteration, ® ( R(H )) <®(H) by Axiom 2.

Step 2 (finiteness): a strictly decreasing sequence
of natural numbers is finite.

Step 3 (stabilization): the sequence (R’H )

120
reaches a fixed point in a finite number of steps.

exists an C such that

©

C,=R(C,), where ¢ <®(H,) limits the number

Conclusion: there

of steps to convergence by the initial complexity.
Corollary 1 (convergence to a class attractor). If a unique

structural attractor Cy is induced by the class K, then
for every H €Z of the class K there exists a finite ¢
such that R (H)=Cy .

O(H)=|V|+A|E| 5)

Theorem 2 (Uniqueness of the C, ).
Conditions:
1) all examples of the class are anchor-connected,

i.e., for any pair (Hl.,Hj) of examples of the class,

there exists a chain of common anchors connecting
them u -consistent mappings;

2) R is monotonic and minimal (Axioms 1-2);

3) the dynamics of cumulative composition is
order-independent.

Proof outline.

Step 1 (convergence): by Theorem 1, R'(H)
converges to a fixed point.

Step 2 (order independence): the frequency function
f. depends only on the set of accumulated examples,
not on the order of their presentation; therefore, the
set x: f_ =1 is order-independent.

Step 3 (formalization of the fixed point): by
the selection axiom, the set of vertices of the fixed
point coincides with the set of elements from f, =1;

the complete attractor is the closure of this set
of vertices.
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Step 4 (uniqueness): anchor connectivity guarantees
the consistency of the x# mapping across the entire class

(analogous to local-global consistency in bundle theory

[40]), so the resulting structure C, is unique up to E.

Conclusion: there exists
that C, =R(Cy) and C; are independent of the
order of presentation.

31C, 1 C =R(Cy) (7)

a unique C, such

4.1.7. Few-shot learning

Consider the subset 7 K . The coverage condition
requires that every element of the attractor be present in
at least one instance of 7 . Definition 4 (sufficient
covering set): 7 is a sufficient covering set if (1) the
coverage condition holds and (2) anchor connectivity is
preserved on 7 — the hypergraph of the intersection of
anchors 7 is connected, so all examples from 7 can be
matched via common anchors. Corollary 2: If 7 is
a sufficient covering set, then all elements of the attractor
survive reduction to 7, and the attractor obtained

from 7 coincides with C,. From this follows the

property of embeddability: for every x € K there exists
a mapping 1:C, > H (x) that preserves structural

relations — the attractor is embedded in every instance.
Thus, an attractor can be defined not by the entire class,
but by a small subset of its carriers, which corresponds
to the psychology of human perception and opens the
way to unsupervised learning. A sufficient covering set
ensures the reconstructability of the attractor’s structure,
but, in general, does not guarantee its uniqueness.
Therefore, the
set is introduced. Definition 5 (identifying set): 7 is

stronger concept of an identifying
an identifying set if (i) it covers all elements of the
attractor; (ii) it covers all anchor relations (edges);
(iii) anchor connectivity holds. 7 is then a minimal
cover: it induces a unique fixed point of the operator R .
Every identifying set is a sufficient cover; the converse
generally does not hold. Corollary 3 (Reconstruction):
If an attractor is embedded in every instance of the class
and there exists an identifying set 7", then the attractor
obtained from 7T~ is equal to C, up to E. It is not the

cardinality 7
Two or three examples may be sufficient, whereas

that matters, but its covering power.

a hundred may not. Given a finite number of anchors and
finite connectivity, there exists a finite minimal subset of
examples that reconstructs the attractor of the class.

4.1.8. The Role of Augmentation
Augmentation is interpreted as an operator for
parametric analysis of structure. Given the example

H, :(V,E‘_,Ep), augmentation generates the family

Hii). with structures that

i

are equivalent up to
isomorphism and with continuously varying parameters.

Augmentation constructs the segmentation o, from

observed values: it is assumed that parametric variations
do not depend on the structure — variations obtained
from a single example are representative of the entire
class in terms of parameters. Therefore, training
is divided into two levels.

1. Structural level: from a small subset 7, the
structural skeleton is reconstructed — anchors and
their relationships.

2. Parametric level:

augmentation generates

parametric  stratification — for each  anchor,
an interval/segment of valid values. The full attractor
7) and

parametric coverage (augmentation). Unlike classical

combines structural coverage (the small
models, where augmentation increases the sample size to

reduce overfitting, here augmentation constructs

the parametric structure (and thus the metric)
through segmentation. Structural examples define the
topology; augmentation defines the geometry (metric).
Thus, augmentation acts as a metrization operator.
The induced metric on the attractor is defined locally for
each parameter via its segmentation o;, and globally

via aggregation by anchors.

Properties of this metric:

1) it is induced by segmentation;

2) it respects invariance — invariants contribute zero
to the variation;

3) it is consistent — defined only on anchors and
consistent via g .

Therefore, this metric is not external (exogenous)
but arises endogenously: structure — segmentation —
metric. This is the opposite of metric learning, contrastive
learning, and kernel methods.

4.1.9. The Attention Mechanism and Anchors
The most challenging practical problem in structural
learning is the alignment of hypergraphs. Here, it is solved
using an attention operator over anchor structural points.

Definition 6 (attention operator). The attention
operator F is a local selector that chooses a subset

F(H)cV to construct a matching based on local
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information — for example, the '"capture" points
of the MNIST contour. A typical example is given
by equation (8), where [/ is a measure of local
information, and 7z is a threshold. The operator selects
elements with extreme parameter values for a given
structure or with rarity/contrast (points of maximum
informativeness). Instead of solving the global
hypergraph isomorphism problem (which is based on

graph editing distance [20]), the attention operator
restricts the alignment to the set F (H ) , transforming

the problem from a global combinatorial optimization

problem into a local alignment problem and
circumventing the NP-hardness of the exact graph

edit distance [18]. The alignment
defined only on F(H).

u is therefore

F(H)={xeV:I(x)z7| (8)

Axiom 4 (locality of attention and consistency
anchors)
1. The attention operator F is local — it depends

only on H , restricted to F (H ) .

2. Anchors are invariant under reduction:

F(R (H)) = R(F(H)) up to structural equivalence.

The attention operator depends on task-induced
top-down modulation; it models the brain’s active
perception process [26, 27, 28]. Yarbus experimentally
demonstrated that the trajectory of saccades is determined
not only by image properties but also by the cognitive
task; in our context, this confirms that the selection of
anchor points is a goal-directed action F that minimizes
perceptual redundancy.

4.1.10. Neural Map
The class " K " is represented by a self-organizing
attractor map (9) — a finite set of structural attractors
(detector neurons) — corresponding to subclasses or
stable variations within the class. Each attractor of

a subclass CY) satisfies C, |C\): the class attractor is

embedded in
every subclass attractor. The pseudo-distance d on the

a minimal invariant substructure

structural space is bounded from below between
different attractors — see (10) — ensuring structural
distinguishability. The class map has a strict hierarchy:
the central neuron is the conceptual class detector;
d measures the edit distance between this central

hypergraph and the hypergraphs of subclass detectors or

memorized individual examples. Subclass attractors are

formed wunder specific novelty conditions (their
formulation is beyond the scope of this work [41]).

Me=CY . n<o ©

d(cQ.c)z5>0(i#)) (10)

Theorem 3 (Self-organization of the attractor map)

Conditions:

1) The reduction operator R satisfies the axioms
(monotonicity, invariant selection, and connectedness
closure);

2) the

H,. =R(H®,x

ot

learning  dynamics is given by

) and for each class K , according to

Theorem 2, there exists a structural attractor C ;

3) a pseudometric d is defined on the structural
space, distinguishing structures with accuracy up to E ;

4) a separability threshold 6 >0 is fixed.

Conclusions: During the learning process, a finite
map M, =C,(<‘f) ... 1s endogenously formed with the
following properties:

(1) structural embeddability ( Cy | C,({) for every j);

(ii) separability(d(C}?,C,@)z S5 fori# j);

(iii) attraction (every example of the class converges
under the action of R to some C,((j ) ); (iv) self-
organization (M, is not specified a priori, but arises
as a set of stable fixed points); (v) finiteness (n < oo) .

Proof outline.

Step 1 (convergence to fixed points): By Theorem 1,

every learning trajectory stabilizes at a fixed point R.
Step 2 (nature of fixed points): by the selection axiom,
every limit structure is equal to a closure x:f =1 on its
trajectory; different subsets of examples can induce
different attractors.

Step 3 (emergence of new attractors): a new
example x' with an anchor system A4’, compatible with

the current attractor CV ), yields the same attractor;

otherwise R generates a new fixed poin t clU 2 V),
Step 4 (endogenous map formation): iterating over
the sequence of examples yields a set of fixed points;
no attractor is specified exogenously.
Step 5 (structural nesting): by Theorem 2, C, | CY) for
every ; (an attractor of the class is a common substructure).
Step 6 (separability): by the threshold condition
d > 6 , attractors do not merge under the action of R .
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Step 7 (finiteness): the structural space is finite due
to the finiteness of the number of vertices and parameter
segmentations; therefore, n<oo.

Conclusion: the attractor map M, = C,((j) arises as
a set of stable fixed points (R,@ ud ), and its structure

is determined endogenously by these three operators,
rather than by an external function. Therefore, the map is
the result of a dynamic partition of the example space
into basins of attraction.

4.1.11. Competition between attractors
The distance between attractors enables "winner-
take-all" competition both within a single-class map and
between maps of different classes. To achieve this, the
response of each detector neuron must aggregate
about the
composition of its attractor. This view, in our opinion,

information structural and parametric

sheds light on the question of the neural code —
in particular, on the problem of binding [24] and the
formation of invariant conceptual representations [29, 30] —
assuming that the basic element of the neural code is not
the temporal frequency of spikes, but the topology of
connections in the dendritic tree [33]. For a finite set of
attractors, the distance d is a mixed pseudometric (11)
that combines discrete structures and parameters, where
dg is the structural editing distance, and d, is the
parametric distance after alignment. The weights «,f
are determined empirically and play a decisive role.
According to Riesen [42], the structural distance is

defined via partial alignment 4 € I1(C,C’) as the sum of

three terms — unaligned elements C, unaligned elements
C’, and the size of the aligned substructure — which

yields the number of elements that could not be
matched. The

after matching — either directly or via segments o,.

parametric  distance is computed
The function d satisfies non-negativity, symmetry, and
identity (d(C,C)=0);d(C,,C,)=0 implies C =C,
(a pseudometric, since the identification is up to E).
Together, these properties formally define a metric

between attractors that supports competition on
a "winner-takes-all" basis.
d=ad;+pd, (11)

4.2. Experimental Implementation
Section 4.2 describes how each abstract construct
from Section 4.1 — the dictionary of structural primitives,

the reduction operator "R ", parametric augmentation
stratification, and attention-guided anchor selection — is
implemented in code and empirically validated. The
theoretical foundation of Section 4.1 is formulated over

hypergraphs H = (V,ES,E p) with parametric hyperedges
E, that connect parametric sets of different vertices. In

this implementation, the parametric layer is reduced to a
set of attributes per vertex rather than to an explicit
hyperedge: each vertex v el carries a vector of fourteen
continuous and categorical attributes (Table 1) instead of
participating in a separately stored relation E,. The base

graph (V,E,) is therefore a directed attribute graph in

NetworkX, and the hyperedge layer emerges implicitly
through the diagnostically weighted cost of node
substitution, described later in this subsection, which
links attributes between matched pairs of vertices at
the time of comparison. This is a representative
simplification of Section 4.1, not a theoretical deviation:
hypergraph terminology is retained in the general
formalism of Section 4.1, and thereafter, starting
with Section 4.2, the term "graph" is used where this
simplification is made.

The conversion of a raster image into an attributed
graph is implemented as a three-stage transfer.

First, the image is binarized using a fixed intensity
threshold  that

the background.

separates foreground pixels from

Second, the Growing Neural Gas algorithm [43]
adaptively places vertices along the object’s median
line, forming a topologically correct skeleton that
respects the local distribution of foreground pixels.

Third, the Ramer—Douglas—Peucker algorithm [44]
removes intermediate vertices whose deviation from the
chord between neighbors does not exceed a specified
tolerance, leaving only structurally significant points:
endpoints, corner points, and convergence (branching) points.

The resulting representation is a simple directed
attributed graph. Vertices of the first type — Point nodes —
represent critical points of the skeleton and implement
the 7,

"nehor from Definition 1. Vertices of the second
kind — Vector nodes — represent oriented segments
between adjacent Point nodes and implement structural

edges E_, elevated to first-class objects (so that each

5o
segment can carry its own set of parameters, as required
by the stratification of the parametric space over the
structure from Section 4.1). The spatial coordinates of all
vertices are normalized relative to the center of mass of
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the foreground mask within a symmetric range, ensuring a branching point. (iv) Topological (per neighborhood):
invariance under parallel translation in the image plane. length ratio to max — the Ilength of a segment

Each vertex carries a 14-element feature vector. normalized by the longest segment in the graph;
The features are divided into four conceptual categories. eccentricity — graph-theoretical eccentricity of a node
(i) Spatial-geometric: normalized _x , normalized y —  (maximum distance in edges to any other node);
horizontal and vertical coordinates relative to the avg_neighbor_vector_length — average normalized length
centroid; distance to centroid — radial distance. of incident edges; neighbor_endpoint_count,
(i) Orientational, defined only for Vector nodes: neighbor_junction_count — number of neighboring

horizontal direction, vertical direction — categorical ~ Point nodes by role. The complete set is summarized

orientation along the two coordinate axes; angle with ox — 10 Table 1. Attributes defined only on one node type —

orientation angle in degrees (also defined on Point nodes for example, the orientation triplet on Vector or the

as the angle of convergence of incident segments). structural-functional triplet on Point — are implicitly

(iii) Structural-functional, defined only for Point nodes: omitted during comparison when matching with

is_endpoint, is_corner — Boolean flags indicating whether a node of a different type, so the decomposition of values

the node terminates a single segment or marks a change presented later in this subsection always operates

in direction exceeding a fixed threshold, respectively; on the intersection of features actually present on both

junction_angle min — the smallest internal angle at sides of the candidate substitution.

Table 1. Feature vector of a node in the graph representation of an image, grouped by conceptual categories

Name Description

The horizontal coordinate of the node, normalized relative to the center of mass of
Normalized x -coordinate the foreground mask; localizes the critical point of the skeleton along the horizontal
axis of the image plane.

The vertical coordinate of the node, normalized relative to the center of mass;

Normalized y -coordinate X o . . X
localizes the critical point along the vertical axis.

The normalized radial distance of the node from the center of mass; distinguishes

Distance to the centroid between central and peripheral skeleton points.

The orientation angle of the segment in degrees for Vector nodes; the angle of
Angle with the OX axis convergence of incident segments for Point nodes; an invariant shape descriptor
of the segment.

Boolean attribute; set to true if the node has degree 1 and terminates a single skeleton

Endpoint flag segment

Boolean attribute; positive when the node marks a change in direction exceeding

Corner point flag a fixed angular threshold.

The smallest internal angle at a branching point between converging segments;

Minimum branching angle distinguishes between acute and obtuse convergence points in the skeleton.

The number of neighboring Point nodes marked as endpoints; characterizes the local

Number of neighboring terminal points density of dead-end branches near the node.

The number of neighboring Point nodes marked as convergence points; indicates

Number of neighboring branching points proximity to complex structural connections.

The average normalized length of segments incident to a Point node; characterizes

Average length of neighboring vectors the local geometric scale around the point.

A categorical attribute for Vector nodes; the orientation of the segment along the OX

Horizontal direction axis (left or right).

A categorical attribute for Vector nodes; the orientation of the segment along the OY

Vertical direction .
axis (up or down).

The ratio of a Vector node’s length to the longest segment in the graph; distinguishes

Length-to-maximum ratio . .
g between main segments and short connecting segments.

The maximum distance in the edges from a vertex to any other vertex in the graph;
endpoints have high eccentricity, while central vertices have low eccentricity.

Eccentricity in a graph

A concept attractor is formed by inductively and graphs of the same class. At each step, the operator takes
iteratively applying the reduction operator " R = C°S°R, " the current state of the concept and a fresh example graph
from Section 4.1 to a small set of skeleton example and returns an updated concept that generalizes both
inputs. The schematic operation of the operator is given
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by the equation below: the new state of the concept is the

result of the reduction of the pair (current state of the

concept, new example).
C

il T R(Ci’GH]) (12)

Generalization is performed on a per-component
basis. For continuous attributes, a valid interval is
constructed, bounded by the minimum and maximum
values observed among the absorbed instances, and the
typical value is stored at the center — this implements

the parametric segmentation o, from Section 4.1.3.

For categorical attributes, the intersection of valid values
is stored. For list attributes (where present), set
intersection is applied. Structural alignment of nodes
between the current concept and the new example uses
the same graph edit distance comparator as during
classification, ensuring a common core of similarity for
the training and classification procedures. After several
examples, the iteration stops adding new vertices and
only expands the intervals of existing ones, signaling the
attainment of a fixed point of the operatorR -
a structural attractor C,; of the class K (Definition 2).

The role of augmentation in this work is to provide
a practical implementation of Section 4.1.8 of the
theoretical framework, rather than to address the classic

issue of overfitting. Each selected original example H,
is expanded into a family Hii),- of variants that are

structurally equivalent up to anchor alignment and
with continuously varying parameters. Variants are
generated by an internal helper that rotates each original

by an angle uniformly distributed over [—10°,+100] and

shifts
[—10%,+10%] of the canvas dimensions, with black

it by an offset uniformly distributed over

fill outside the rotated mask. The number of variants
per original ranges from five to ten depending on the
concept; the total number of augmentations per concept
is listed in Table 2.

This gives rise to three theoretical effects described
in Section 4.1.8. First, the augmented family tightens the
bounds of the admissible coordinate intervals at each
anchor and narrows the estimates of the diagnostic
weights (see below); without augmentation, the interval
estimated from three to nine selected originals reduces to
an almost degenerate width at most coordinates, and the
diagnostic weight is uniformly saturated across all

features. Second, the segmentation o; of each parameter

is forced to refer to a stable interval rather than a single

point, which directly implements the metric-from-
segmentation principle (structure — segmentation —
metric): the width of the post-reduction interval governs
each feature’s contribution to the substitution cost, and
a narrower width receives a higher weight during
comparison. Third, the augmented family empirically
ensures order invariance in training (Theorem 2): after
merging the originals in any order with their variants,
the resulting attractor is invariant under permutation
of the merge order with accuracy up to E, since the set
of elements with frequency one on the cumulative
carrier does not depend on the order. Therefore, the
augmentation contract is not to "increase the training set",
but to "make the metric measurable from the data".
Classifying an unseen image boils down to
calculating the upper bound of the graph edit distance
between the skeleton graph of the test image and each
concept-attractor in the alphabet. The implementation
upper
"optimize graph edit distance" from NetworkX [45],

uses the iterative bound  generator
which is initialized with a polynomial approximation
via the Biedel assignment [19] and monotonically refines
the upper bound by iterating over alternative vertex
mappings. After a fixed time budget — 15 seconds per
concept comparison in our campaign — the procedure
stops and returns the best upper bound obtained.
Therefore, the returned value is a time-limited estimate:
it does not guarantee the global minimum of the edit
distance, but on graphs with the size and structure
of the trained alphabet (3 to 15 anchor nodes), it stabilizes
near the optimum within the time budget for over 99%
Edge processing is
simplified: any pair of edges is considered compatible,

of comparisons. deliberately
edge removal costs MINOR, edge insertion is free,
and explicit attribute substitution at the edge level is not
computed. Therefore, the entire structural penalty
is concentrated at the vertex level via the cost scale
below and the diagnostic weighting below.

Editing operations are evaluated on a six-level
monotonically increasing scale that assigns a single
cost class to each quality category of correspondence:
NO_COST = 0.00 — exact attribute match, MINOR = 0.65 —
missing vertex or edge (deletion/insertion on one side),
GENERAL = 0.75 — moderate attribute deviation,
SEVERE = 1.00 - severe attribute deviation,
NO MATCH = 1.50 — when the attribute is present on
only one node, IMPOSSIBLE = 10.00 — label mismatch
or prohibited insertion. The scale values are round

numbers selected by the engineer within the range
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MINOR < GENERAL < SEVERE < NO MATCH <
IMPOSSIBLE; only MINOR = 0.65 is empirically
established as a key finding of the preliminary tuning
study. The ratio NO_MATCH: MINOR = 2.3 makes the
presence of a feature on one side and its absence on the
other cost more than two structural removals, motivating
the comparator to prefer like-to-like matches over forced
cross-type IMPOSSIBLE  guard
condition acts as a strict barrier, completely eliminating

substitutions. The

Point <> Vector substitutions from the optimization.
Within each candidate vertex substitution, the

comparator must aggregate the feature-wise contributions

into a single substitution score. Uniform aggregation

(/N s per feature), as previous ablations have

shown, dilutes the contribution of highly diagnostic
features as soon as the list of features exceeds
five elements. A mitigation is diagnostic feature
weighting based on interval width — calculated concept-

by-feature from the post-reduction width
(defined below). Here, "SCALE STRENGTH(f)"

interval

is a fixed per-feature multiplier (default 1.0; reduced
to 0.3 for redundant features such as "cycle count"),
"\[range\ width\left( {{f} {c}} \right)\]" is the post-
reduction interval width of the feature "/ " on the

" "

concept "c", and "¢&" is a stabilization parameter
("1.0" in the current series) that prevents division by zero
on features with degenerate widths. Categorical features
are assigned a constant weight, independent of width.
The final value of a node’s substitution is the weighted
sum of the feature-specific attribute values, as defined by
the value scale. A narrow interval — that is, a feature
whose value is stable across all absorbed originals and
their augmented variants — yields a high weight, causing
the comparator to focus on those features that the
reduction operator has already identified as diagnostic.

w(fc)= SCALE_STRENGTH(f)’ S w(fic)=1 (13)

range_width(f,c)+£ 7

The final similarity metric is constructed by
bounded normalization of the upper bound of the edit
distance relative to the size of the larger of the
two compared graphs (the formula is given below),
where n is equal to the sum of the number of vertices
and edges of the corresponding graph. The denominator

GED

wper FMAX (7,1 ) ensures that the mapping is

bounded in "[0,1]" foranynon — negativecost,with
\mathrm{sim}=1" for exact matches, andsim —0 for

graphs with incompatible sizes or label structures.

This mapping partially compensates for the asymmetry in
graph size, but does not eliminate the bias in favor of
structurally minimal concepts — a phenomenon that was
empirically observed in the excessive activation of the
alphabet (Section 5).
The predicted class is the concept with the maximum of

compact attractor of the

the scoring function (formula at the end), where " ® (C ) "

is the structural complexity of the concept (the sum of the
number of vertices and edges), and "A" is a small
positive constant. This is a Bayesian prior in the spirit of
the principle of minimal description length: a more
complex concept is treated as a priori more specific,
partially compensating for the bias of the raw similarity
metric in favor of small attractors. Along with the
predicted class, the classifier returns an explanatory
artifact with four fields: the winning concept’s identifier,

the similarity score, and two complexities: CD(C ) and

®(H,, ). These four fields constitute a complete local

explanation of the decision: any subsequent audit
of the prediction boils down to determining why the
winning concept outperformed its closest competitor,
without the need for a post-hoc surrogate model.

GED H,.C
sim(H,,,C)=1- e (Fles-C) (14)
GEDupper (Htest > C) + max (ntest > nC )
score(C) =sim(H,,C)+ Alogd(C) (15)

To illustrate the operation of the reduction operator,
the formation of attractor 7 1 (the only class-7 attractor
in the alphabet) is traced step by step. The initial
state consists of nine selected originals of the digit 7
from the MNIST training set following Growing Neural
Gas  skeletonization and Ramer—Douglas—Peucker
simplification. Due to handwriting variability, the graph
examples differ in the presence of intermediate corner
points along the horizontal segment, slight bends in the
diagonal segment, and variations in the upper corner
angle. The same graph editing distance kernel used
during classification identifies an invariant kernel of three
critical points in each example: the starting endpoint of
the horizontal segment in the upper-left part of the field,
the upper corner point in the upper-right part where the
horizontal segment transitions into the diagonal segment,
and the endpoint of the diagonal segment in the lower
part of the field. These three Point vertices are connected
by two Vector vertices: one for the horizontal segment
between the starting point and the upper corner point, and
one for the diagonal segment between the upper corner
point and the end point. All other vertices found only in
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the subset of originals — additional intermediate corners
on the horizontal segment, micro-bends along the
diagonal — are removed in the next step as elements with
frequency " f. <1", in accordance with Definition 1.

For each remaining vertex of the invariant core, the
reduction operator determines the range of valid values
for each coordinate feature among the absorbed originals.
The intervals reflect the expected topology of the digit:
the initial point is located in the upper-left part, the upper
corner point in the upper-right, and the final point in the
lower half with a relatively wide horizontal spread.
Vector nodes inherit similar intervals: the horizontal
segment is consistently located in the upper band with a
small positional spread, while the diagonal segment
crosses the field from the upper-right section to the lower
band. The width of the resulting interval directly
determines the diagnostic weight: coordinates whose
values consistently repeat between originals carry greater
weight during classification. After several iterations, the
structure stabilizes into a linear bidirectional chain
alternating between Point and Vector vertices: initial
Point — horizontal Vector — upper corner Point — diagonal
Vector — final Point. Subsequent iterations expand the
intervals but do not introduce new vertices — this is a sign
of reaching an attractor. The resulting compact attractor
7 1 has 5 Point + Vector vertices and a complexity

of d)(C) =5+4=9, making it one of the smallest

non-trivial attractors in the alphabet. The compact
structure encodes the topological invariant of the digit 7,
yet that very compactness is the source of the
overactivation pattern described in Chapter 5: a small,
highly segmented attractor wins many ambiguous

matches against larger concepts.

5. Research results

The experiment was conducted on a subset of
MNIST images with intact contours. The original images,
which were 28x28 pixels in size, were scaled to
100x100 using the Lanczos method so that the skeleton
representation would have sufficient resolution to detect
endpoints and convergence points. From the initial test
set of 10,000 images, the manifest contour integrity filter
(structure = complete) retained 8,707 images; the class-
wise counts of valid images are shown in Table 3
(the "Volume" column). Images with discontinuous
or fragmented contours were deliberately excluded from
the scope of this study, as their recognition requires

an additional associative completion mechanism of
a different mathematical nature, as already noted in
Section 3 (Objective). The training set was formed from
76 selected originals, distributed across 13 concepts;
each original was

augmented using parametric

augmentation (random rotation within [—10°,+10°J and

translation by[—lO%,+10%] of the canvas dimensions)

with a per-concept multiplier ranging from five to ten
(the full per-concept count is given in Table 2), resulting
in 729 augmented instances and 805 training instances in
total. No test images were used during concept formation.

The classification parameters are specified in the
experiment configuration: threshold for skeletonization
110, simplification &=4.55; a 14-dimensional feature
vector, as shown in Table 1; a graph edit distance
comparator with iterative refinement of the upper
bound, a time limit of 15 seconds per concept
comparison; value scale NO COST / MINOR /
GENERAL / SEVERE / NO MATCH / IMPOSSIBLE =
0/0.65/0.75/1.0/1.5/10; diagnostic weighting with
c=1.0;

logarithmic a priori coefficient A on the logarithm

stabilization = parameter small  positive
of complexity. The full transfer was run end-to-end in
batch mode on a multi-instance Nuclio deployment
(8 classification consumers, 2 skeletonization consumers,
2 contour analysis consumers) with shared Katka
producers and concept-based graph caching (concept
graphs are loaded once during function initialization and
reused across messages). The campaign yielded 8,685
successfully classified images and 22 entries in the queue

of unresolved messages (~0.25%) from images where

the skeletonization stage was unable to construct
a connected graph at the selected threshold. Failed images
were excluded from metric calculations.

The trained alphabet contains 13 attractor concepts
covering ten classes of digits; classes 1, 2, and 4 each
have two attractors that capture different stylistic
variants, while the remaining seven classes have one
each. The sizes of the concepts (the number of preserved
structural primitives) range from three nodes for the
simplest variant of the digit 1 to fifteen nodes for the
digit 8: the latter is the only digit in the alphabet with
a closed-loop topology and a double connection, which is
reflected in the largest number of preserved primitives.
(5 nodes,

(D(C ) =9), one of the smallest non-trivial attractors, is

The compact attractor 7 1 complexity

structurally a linear chain of two segments meeting
at a single corner point. The largest — 8 1 (15 nodes,
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complexity ~29) — encodes the topology of a double
loop of the number 8. The discrepancy in sizes is
a property of the number shapes themselves; it is not
a tuning artifact, and it forms the structural background
of the
The total number of originals, augmented variants,

overactivation pattern described below.
and training sets is shown in Table 2.

Of the 8,707 images fed into the transfer, 8,685
formed a valid skeleton graph and were included in the

metric calculations; the remaining 22 images (=~ 0.25%)

did not form a connected graph at the binarization stage
and were excluded from the per-class average metrics
without a significant impact on the overall accuracy
estimate. Accuracy on the valid set is 85.80%, weighted
precision is 89.31%, recall is 85.80%, and F1 score is
86.66%.
weighted precision and recall is informative: it indicates

The 3.51 percentage point gap between

uneven coverage of individual classes — primarily class 2
with a coverage of 60.0% and class 8 with a coverage
of 74.7%; both classes are characterized by high
precision and low coverage, which is a typical marker
of an under-covering attractor alphabet. Class-specific
precision, completeness, Fl-score, and volume are
presented in Table 3.

The highest F1 scores belong to classes 0, 9, and 1 —
the digits with the most stable skeletal topology in
handwritten form. Moderate F1 scores are observed for
classes 3, 4, 5, 6, and 8. Two classes clearly deviate from
the trend and account for the residual error budget of the
alphabet: class 2 with an F1 of 71.1% (due to
a completeness of 60.0% with high precision) and class 7
with an F1 of 78.8% (due to a precision of 66.2% with
very high completeness). The excessive activation in
class 7 as a complementary counterpart to the coverage
deficit in class 2 is not a coincidence — it has a single
common structural cause, which is explained below.

Residual errors are dominated by two mismatch
patterns, which together account for the majority of the
14.20% class error budget. The complete mismatch
matrix is shown in Figure 4; Table 4 lists the ten largest
mismatch pairs by absolute count. The dominant pattern —
mismatch 2 — 7 (252 instances, 66.0% of class 2 errors)
— and the secondary patterns 3 — 7,4 — 7, and 1 — 7
share a single structural cause. The compact attractor 7 1
with five Point + Vector vertices and a complexity
of 9 encodes a linear topology consisting of two segments
and a single angular bend. This topology is locally
consistent with the stylistic variant of the digit 2 with
an open tail (a corner in the upper-left part, followed by

an endpoint with an open loop and a diagonal segment to
the lower endpoint), with elongated forms of the digit 3
without a closing arc, with segments of the digit 4
converging at a single branching point, and with
thin variants of the digit 1 with a slanted upper stroke.
None of these classes has a competing attractor in the
alphabet that would favor an angle in the upper-left zone
with a narrower coordinate interval, so the comparator
selects 7 1 as the highest-similarity match for these
images. The advantage of a small attractor in mapping
is a direct empirical consequence of the "structure—
parameter” decomposition from Section 4.1.8: when only
the structural skeleton matches and the parametric
mapping is broad, a small and widely segmented attractor
wins many ambiguous matches against larger concepts.
The second pattern — Class 2 under-coverage —
is the dual aspect of the same problem from the
perspective of Class 2. The two attractors, 2 1 and 2 2,
cover the closed-loop variant and the variant with a wide
base of the digit 2, respectively; however, the stylistic
variant with an open tail — common among left-handed
people and in fast writing — falls outside the convex
envelope of the intervals of both attractors but remains
within the interval envelope of 7 1. This can be corrected
by extending the alphabet with a third stylistic attractor,
2 3 (Section 6, correction (i); Section 7, prospective
point (i)). The proportion of unclassified images in class
8 (127 out of 580 class 8 images, ~21.9% of class 8 and
86.4% of class 8 errors according to Table 4) — a separate
phenomenon: 8 1 has the largest concept size in the
alphabet and requires significant structural matching
possible. When the
binarization threshold breaks the closed loops of the

before evaluation becomes
number 8, the resulting graph either fails the connectivity
check during the skeletonization stage (and is placed in
the queue of unsolved messages, calculated as 22 entries
for the entire corpus), or it passes this stage as
a fragmented graph that no residual concept can align
above the comparator threshold — in this case, the image
is rejected before a class label is assigned. This is a pre-
classification rejection mode, not a comparator rejection,
and it can be mitigated either by adjusting the threshold
for class 8 candidates (correction at the extraction stage)
or by introducing a fragment completion stage at the
graph level (a promising direction beyond the scope
of the current study).

Direct numerical comparisons between architectures
should be made with caution, as the leading candidate
baseline models

were evaluated under conditions
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different from the current ones. Convolutional neural
networks from the LeNet-5 family [4] and modern
residual variants achieve over 99% accuracy on the
standard MNIST test split, but they require thousands of
labeled examples per class, a full training cycle with
backpropagation, and do not offer built-in explanations —
the network’s decision is based on linear combinations of
feature maps, which can only be interpreted by humans
through post-hoc visualization surrogates, the fragility of
which is documented by Slack et al. [14]. Support vector
machines with Gaussian kernels and invariance-aware
preprocessing achieve approximately 98.6% accuracy on
the standard MNIST dataset; on raw pixels without
invariance augmentation, the result is more modest.
Multilayer affine

perceptrons with skewing and

augmentation achieve 97-98% [4]. The prototype
networks by Snell et al. [5], following the canonical
5-way 5-shot protocol on Omniglot or minilmageNet,
achieve approximately 95-97% within the protocol
benchmark; this figure is not directly comparable to the
current 85.80% under the open MNIST test protocol.
A previous study by the graph attractors team on
six classes [16] on the restricted MNIST alphabet
(digits 1, 2, 3, 6, 7, 9; 5,467 test images, 8 attractors,
60-second comparison budget,
distance) achieved 85.42%

study extends the methodology to the full ten-class

exact graph editing
accuracy. The current

alphabet wusing contour integrity filtering,
the alphabet to 13 attractors, introduces diagnostic

expands

feature weighting based on post-reduction interval
width, and transitions to an iterative upper bound

1. Input 2. Skeletonisation

Growing Neural Gas
{GNG) +~RDP
simplification

Raster image
100100 px

/
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J

3. Contour analysis

Adds geometric
features, writes - l
graph toNeodj

of the graph editing distance with progressive refinement
budget -
a combination of which yields the 85.80% accuracy

within a significantly smaller time
reported here.

Therefore, the proposed architecture does not
compete with deep convolutional networks in terms of
absolute accuracy on the standard MNIST benchmark. Its
niche lies in the simultaneous fulfillment of three
properties, which in Chapter 2 are described as having
been solved separately but not together: training without
backpropagation, operation with a small number of
examples per class, and local interpretability of each
decision at the model level. The result of 85.80%,
achieved by thirteen attractor concepts trained on 76
selected originals (from three to nine per concept),
demonstrates that this trio is achievable in practice
on a non-trivial recognition task — this is empirical
confirmation of Tasks (4) and (5) of Section 3 and closes
the gap stated in Section 2.

Figures 14 provide visual support. Figure 1 shows
the complete transfer for a single image: the raw raster,
the binary mask, the skeleton after algorithmic
approximation of the medial line, the simplified graph,
and the selected concept attractor. Figure 2 shows a graph
representation of a typical handwritten digit 7 with
annotations of critical points. Figure 3 shows the
resulting attractor 7_1 after reduction with superimposed
valid coordinate intervals. Figure 4 shows the mismatch
matrix; the wvisual distinctiveness of column 7
quantitatively corresponds to the excessive activation

of attractor 7_1, documented in Table 4.

4. Concept attractor 5. Classification

Class prototype
after CRO cedustion

(stored in Neodj) .
z : GED + Boria similarify,

e complexity-adjusted
o —@
b
[

'S
o)
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Fig 1. End-to-end transfer from a raster image to classification by a concept-attractor based on graph editing distance
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Fig 2. Graph representation of the digit 7: on the left — the original MNIST raster; on the right —
the corresponding skeleton graph with Point and Vector nodes

Fig 3. Concept attractor 7_1 after structural reduction: a linear chain consisting of three Point nodes and two Vector nodes —
one of the smallest non-trivial attractors in the alphabet
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Fig 4. Mismatch matrix on a subset of MNIST with closed contours (8,685 successfully classified images across 10 classes).
The "not classified" column contains images that did not match any concept

Table 2. Concept alphabet: number of originals per concept, number of augmented variants, training set size
after augmentation, number of concept nodes, and class membership

Concept Class Originals Augmented Training instances Number of concept nodes
01 0 3 30 33 12
11 1 3 30 33 7
12 1 4 40 44 3
21 2 6 60 66 7
22 2 3 30 33 10
31 3 6 30 36 11
41 4 7 70 77 8
42 4 6 59 65 9
51 5 6 60 66 9
61 6 7 70 77 10
71 7 9 90 99 5
81 8 8 80 88 15
91 9 8 80 88 8
Total 76 729 805 —

Table 3. Class-wise classifier metrics on the MNIST subset with connected contours: precision, recall, F1, and volume

Class Precision, % Recall, % F1, % Volume
0 100.0 88.7 94.0 830
1 90.2 94.6 92.4 1121
2 87.2 60.0 71.1 955
3 91.8 85.4 88.5 968
4 96.0 82.6 88.8 951
5 93.7 83.7 88.4 796
6 83.2 93.0 87.8 741
7 66.2 97.3 78.8 1011
8 99.8 74.7 85.4 580
9 91.7 95.2 93.4 732
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Table 4. Top 10 pairs of discrepancies (true — predicted): absolute count and proportion of class errors

True class Predicted class Count % of class errors
2 7 252 66.0
8 unclassified 127 86.4
3 7 99 70.2
4 1 76 46.1
2 6 71 18.6
4 7 68 41.2
1 7 55 91.7
5 3 44 33.8
0 6 43 45.7
5 2 42 323

6. Discussion of results

This work is conceptual in nature and requires
further research. The following discussion addresses
six points that arose during the theoretical exposition,
followed by the experimental section on the failure
modes observed in Chapter 5 and the areas of
application where the proposed approach offers
a competitive advantage.

First, exogenous primitives detectors. Although the
work focuses on self-organizing systems, primitives
detectors are specified exogenously rather than learned.
This is a model-specific limitation; in the brain, the
formation of corresponding sensory areas is genetically
programmed rather than learned. Future research should
include a model of endogenous formation of primitives —
for example, through hierarchical autoencoders
or self-organizing maps.

Second, exogenous coordinates and scales.
Coordinate systems and measurement scales are also
specified exogenously. Endogenous scales and coordinates
are likely formed in the brain based on both genetics and
experience; a full exploration of this lies beyond the
scope of the current study. In the experiment, the spatial
coordinate system is fixed on the MNIST dataset, and the
feature scales (e.g., normalized coordinates in [-1, +1])
are specified by deterministic normalizers.

Third, the selection of anchors. The central problem
of the theory is the search for critical (anchor) structural
points that constitute the attractor. The theory assumes
that these points are determined by frequency with
respect to a hypergraph representation; the efficient
search among many candidates is a separate subfield.
The current implementation uses a deterministic heuristic
for identifying critical points (endpoints, corner points,
merge points) as post-hoc preprocessing — this choice is
convenient but does not model the endogenous nature
of anchor selection.

Fourth, attention as a heuristic. The formal theory of
the attention operator is critical, as it is the main
mechanism for circumventing the NP-hardness of global
hypergraph matching. This work uses only heuristic
anchor attention.

Fifth, endogenous ontology and scaling. A key
strength of this approach is the natural formation of
an endogenous ontology — the system’s internal model
of the external world. This ontology is formed both by
the maps of neurons of individual classes and by
their hierarchy [41]. The
solved automatically: detector neurons

scalability problem is
are trained
independently, and their hierarchy generates a hierarchy
of concepts that has neurobiological support [28].

Sixth, the dendritic computation hypothesis. The key
idea is that a neuron’s dendritic tree is the primary
"computational" system that constructs a structural
attractor; the neuron’s response is its aggregated
characteristic. This is consistent with neurobiological
evidence that individual dendritic branches act as
independent computational units and that a neuron’s
firing is determined by the activity of a limited subset
of synapses [30, 31, 32].

From an experimental perspective, three failure
modes warrant discussion. First, the completeness
for class 2 is 60.0%, indicating insufficient coverage
by concepts 2 1 and 2 2: the stylistic variability of
handwritten 2 (forms with a closed loop versus forms
with an open tail) is not captured by the two attractors
and would require a third stylistic attractor. This is
consistent with the statement in Section 4.1 that intraclass
variation should be expressed by additional subclass
attractors when the conditions of separability are met.
Second, the accuracy on class 7 is 66.2%, reflecting the
overfitting of the compact attractor 7 1 (5 nodes,
complexity 9), one of the smallest non-trivial attractors in
the trained alphabet. The advantage of small attractors in

terms of dimension-dependent coverage is a direct
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consequence of the "structure—parameter" decomposition:
when the structural skeleton coincides and the parametric
coverage is broad, a small, widely segmented attractor
wins many ambiguous matches. Third, the proportion of
unclassified items in class 8 is non-trivial, because
attractor 8 1 has the highest complexity (15 nodes) in the
alphabet,
before classification becomes possible. These three

requiring significant structural matching
patterns confirm that the structure of classification errors
based on attractors is interpreted conceptually and
across a range of features, satisfying the requirement
for explainability set forth in Section 1.

Areas of application. The framework’s traceability —
where each classification decision points to a named
concept attractor and specific ranges of anchor features —
makes it a candidate for high-confidence optical symbol
recognition (medical forms, legal documents), for
industrial defect detection in contour structures (welds,
stampings, printed circuit boards), where the number of
defect classes is small and labeled examples are scarce,
and for educational analytics, where pedagogical
explanations are required. Since training requires only
a handful of positive examples per class, the approach is
also relevant for rapid re-targeting in engineering
applications — adapting an existing alphabet to
a new font, a new sensor configuration, or a new
manufacturing operation — without retraining a large
optimization model. In regulated areas covered
by the EU AI Act (EU AI Act) [1] and the General Data
Protection Regulation (GDPR) [2]

transparency of automated decisions, the

regarding the
ability
to automatically generate an interpretable decision
log for auditing is a decisive advantage — this aligns
with the journal’s priority regarding the industrial
application of results.

7. Conclusions

This paper proposes a formal learning model based
on the structural reduction of hypergraphs and the
identification of invariants during the process of aligning
a set of observations. Unlike traditional statistical
approaches, in which learning is formulated as the
minimization of an error functional, the proposed model
views learning as convergence to a structural attractor.

The main result is the introduction and
formalization of the concept of a structural attractor as
a fixed point of a reduction operator acting on the space

of coordinated hypergraphs.

It is shown that the attractor has the following
properties:

(i) it is the result of a finite reduction process;

(ii) it is unique for a given class of objects;

(iii) it admits an equivalent characterization as the
intersection of structural invariants and as the set of
single elements of frequency in the cumulative carrier;

(iv) it is invariant with respect to the order of
data presentation.

Furthermore, the attractor naturally decomposes into
two levels: the structural level (topology of relations) and
the parametric level (segments and metrics), which
separates the tasks of identifying structural invariants
and their parameterization. An alternative formulation
based on energy minimization for related neural network
models was developed in [46].

The fundamental difference from classical machine
learning models lies in the contrast between operators:
while statistical neural network models wuse the
minimization operator of the error/divergence functional,
the proposed approach employs the algebra of structural
invariants — specifically,

the fixed-point equation

R(C)=C on a partially ordered set of hypergraphs.

Learning is interpreted not as a search for the minimum
of a functional, but as the computation of the fixed point
of the operator on the space of structures. This change
in formalism has several consequences.

First, there is no longer a need to specify an error
functional or an external optimality criterion.

Second, learning becomes

determined by the data structure.

endogenous: it is

Third, a natural mechanism for robustness to
variations in input representations arises from the
identification of invariants.

The model opens up prospects for further research:
conditions for the existence and stability of attractors,
the design of efficient hypergraph matching algorithms,
and the systematic study of learning with a limited
number of examples (few-shot and zero-shot modes)
without statistical optimization procedures. In summary,
this work lays the foundations for an alternative
theoretical paradigm of learning, in which structural
invariants, reduction, and the dynamics of attractors
play a central role.

The empirically proposed transfer achieved 85.80%
accuracy (89.31% weighted precision, 85.80% recall,
86.66% F1-score) on the MNIST subset with complete
contours (8,707 valid images), having been trained on
76 selected originals — ranging from three to nine
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per concept — expanded to 805 instances via using

parametric rotation (+10°) and translation (£10%).

The trained alphabet of 13 attractors had a conceptual
number of nodes ranging from 3 to 15. These metrics
confirm the 'structure—parameter" decomposition
from Sections 4.1.7-4.1.8: a

skeleton extracted from a small sample is sufficient to

hypothesis structural

cover the class, whereas the metric is induced
endogenously through augmentation-driven segmentation
rather than learned through statistical regularization.

Three directions for further work emerge from
the experimental analysis.

(i) Restore the incompleteness of class 2 by
introducing a third stylistic attractor, 2 3 — so that open-
tail and closed-loop forms become two distinct subclass
detectors rather than sharing a single common attractor.

(il) Replace heuristic attention based on anchors
with an endogenous attention operator that searches
for anchors dynamically rather than computing them
via  deterministic  post-hoc  preprocessing;  this
directly addresses the fourth point of Section 6
and operationalizes Definition 6 / Axiom 4 in the
implementation.

(i) Extend the framework to EMNIST and
Omniglot to verify whether trained concept-attractors
transfer across alphabets — this verifies the claim made in
Section 6 that the framework forms a hierarchy

of endogenous concepts.
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IHBAPIAHTHO-CTPYKTYPHE HABYAHHA:
®OPMYBAHHSA KOHIEIITIB AK ITMHAMIKA I'lNIEPTPA®OBUX ATPAKTOPIB

I[Ipeamerom pocaimkeHHss € QOpMyBaHHS KOHILENTIB KJIAaciB O0’€KTIB y CHCTEMaX MAIIMHHOTO HABYaHHS K MPOLECY
CTPYKTYpHOI Ta mapaMeTpuyHoi pedykiii rimeprpaoBoro momaHHs, a He sIK onTuMizamii ¢yHKmioHama BrpaT. Mera poGorn —
noOynyBaTH QJIbTEPHATUBHUM MiAXiJ CTATHCTUYHOTO HABYaHHS INTYYHMX HEHPOHHUX Mepex Oe3 BHKOpUCTaHHS (yHKIIT
MOMWIKH (3BOPOTHE TIONMIMPEHHS), Y SKOMY pealli3yeThCsl iHBapiaHTHE CTPYKTypHE HABUAHHS, Jie KOHIENT KJIacy BH3HAYAETHCS
K CTPYKTypHHH aTpakTop (HepyxoMa TO4YKa MOHOTOHHOTO OMNEpaTopa peayKuil Ha YacTKOBO BIIOPSAKOBAaHOMY IIPOCTOPI
rimeprpadis), i miATBEpAUTH IO TEOPir0 Ha MPHUKJIAIl PO3Mi3HABAHHS PYKOMUCHUX HUdp. 3aBaanHs: 1) dopmamizyBaTu OCHOBY
3 aKkcioMaMH CTaOiIIBHOCTI CerMeHTalii, cTpOroi PeayKTHBHOCTI, HAaBYaHHsS 3a TO3UTHBHUMH INPHKIAZaMH M JIOKAJIBHOCTI yBaru;
2) pmoBecTH 30DKHICTE 1 €QWHICTH arpakTopa; 3) BCTAHOBHTH IHBAapiaHTHICTh INOJO TIOPSJIKY HOTJMHAHHS IPHUKIANIB;
4) PO3KIACTH aTPaKTOp Ha CTPYKTYPHUH 1 MapaMeTpUYHUN piBHI; 5) owiHuTH KoHBeep Ha miaMHOkuHI MNIST i3 mimicHuMEI
KOHTypamu. MeToau JocaiaKeHHsI: Tineprpadu OTpUMaHO 3a JOMIOMOTOI0 CKeneTH3allii 6inapHux KOHTYpiB (Growing Neural Gas +
Pamep — Jlyrmac — Tlekep); KOHICNITH-aTPAaKTOPU C(HOPMOBAHO PEAYKINEID 3a aHKOPAMHU — KPUTHYHAMH TOYKAMU KOHTYDY.
Kracudikamis BUKOPHCTOBYe IIOpiBHIOBAdY 3a BIJCTaHHIO pelaryBaHHS rpada 3 BapTOCTSIMH O3HAaK 1 JOTapu(MIYHHM ampiopi
3a CKIafgHicTIO. TpeHyBanbHa MHOXHWHA — 76 opurinamiB MNIST, momoBHeHmx ayrmenTamiero (poramis +10°, 3cyB +10%)
1o 805 mpumipHukiB. PesynabTaTu. KoHBeep HaBuae 13 KOHIENTIB-aTpaKTOPiB i3 KUIBKICTIO By3MiB Bix 3 1o 15. 3 8 707 momyctumux
300paxkens MNIST 3 nimicHumu koHTypamu 8 685 yTBOpWIIM BailiiHi ckeneTHI rpady; Ha Wil BamifHI MiIMHOXHHI TOCATHYTO
TouHicTh 85,80%, 3BaxeHy Biy4HicTh 89,31%, moBHOoTy 85,80% 1 Fl-mipy 86,66%. CTpykTypa IOMHIOK IHTEpIpEeTOBaHA
MOKOHIETITHO: KOXKHA IIOMHJIKAa IPOCTE)KyBaHa JO KOHKPETHOTO aTpakTopa i jiama3oHy o3Hak. BucHoBku. 3adikcoBaHa
MPOLYKTUBHICTh, AOCATHYTa 0Oe3 (yHKIiOHaja BTpaT 1 3 TPhOX [0 [EB’ATH YHIKAJIbHUX OpUTiHANIB Ha KOHIIENIT-aTPaKTOp,
HiATBEP/DKY€E TEOPETHYHE TBEPKCHHS, L0 HABYAHHS € MOOYIOBOIO CTPYKTYpHOTO aTpakTopa, a He MiHiMizaliclo (yHKIiOHaIa
nomwikd. OcHOBa Ja€ TPHHOMIOBHH MIIIX JO IIOSCHIOBANBHOI MajoBHOIpKOBOi KiacHdikamii Ta KOHCTPYKTHBHY
AIbTEPHATUBY I'PaJIilEHTHOMY HABYaHHIO.

KarouoBi cioBa: iHBapiaHTHO-CTPYKTypHE HABYaHHS; CTPYKTYPHHH artpakTtop; (GOpMyBaHHS KOHIICNTY;, BIJCTaHb
penaryBanHs rpada; MaJoBHOIpKOBe pO3Mi3HaBaHHs; NOsCHIOBATIbHUI mTyuHnil iHTenekT; MNIST; penykuis rineprpada.
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Denys Nevinskyi, Yaroslav Vyklyuk

PROJECT-ORIENTED METHODOLOGY FOR PROACTIVE EPIDEMIC
MANAGEMENT BASED ON ARTIFICIAL INTELLIGENCE AND SEIRS MODELS

The subject of the research presented in the article is the processes of proactive epidemic management as complex socio-medical
systems under conditions of high uncertainty, limited resources, and dynamic external influences, including the use of mathematical
epidemiological modeling and intelligent digital technologies. The purpose of the study is to develop a project-oriented methodology
for epidemic management based on the integration of the classical SEIRS model with artificial intelligence, machine learning, and
digital decision-support systems, enabling a transition from reactive response to proactive forecasting and prevention of infectious
disease outbreaks. The following tasks are addressed in the article: the formation of a conceptual and process-based model of
proactive epidemic management within a project-oriented approach; the development of an integrated architecture for the collection,
analysis, and interpretation of epidemiological data; the adaptation of the SEIRS compartmental model to dynamic parameterization
using machine learning methods; the justification of geospatial and multi-agent approaches for capturing heterogeneity in disease
spread; and the identification of the role of intelligent optimization methods in managing interventions throughout the epidemic
project lifecycle. The following methods are used: mathematical modeling of epidemiological processes based on systems
of SEIRS differential equations; machine learning and ensemble forecasting methods for dynamic estimation of model parameters;
geospatial analysis and multi-agent modeling to represent population mobility and spatial risk patterns; reinforcement learning
methods for optimizing management decisions; and project-oriented management approaches for organizing and adapting
epidemic response processes. The following results are obtained: principles of proactive epidemic management based on the
integration of epidemiological modeling and artificial intelligence are formulated; a project-oriented methodology that aligns
the project management cycle with the phases of the SEIRS model is proposed; a generalized structure of a hybrid intelligent
model capable of adapting to different types of infectious diseases, including tuberculosis and COVID-19, is developed;
and the potential for improving early risk detection and rational resource allocation under crisis conditions is substantiated.
Conclusions: the application of the proposed project-oriented methodology and the integrated SEIRS model enhanced with
artificial intelligence provides a foundation for the transition to proactive epidemic management, increases the adaptability
of public health systems, and can be used as a universal methodological framework for the development of intelligent
epidemic forecasting and prevention systems in complex and unstable environments.
Keywords: proactive epidemic management; project-oriented methodology; artificial intelligence; SEIRS model; machine
learning; digital health; epidemiological forecasting; decision support systems.
1. Introduction

external population displacement, fragmentation of

epidemiological data, and limited access to medical

Infectious diseases remain one of the key threats to
global public health security, despite significant advances
in medical technology and epidemiological surveillance
systems. The COVID-19 pandemic has demonstrated the
limitations of traditional reactive approaches to epidemic
management, which are largely focused on responding
after outbreaks have been identified, rather than on
preventing them. Additional challenges are posed by
increasing population mobility, urbanization, socioeconomic
inequality, and climate change, which complicate the
prediction of the spread of infectious diseases.

For Ukraine, these problems are particularly acute
amid prolonged military aggression, which has led to the
disruption of the healthcare infrastructure, internal and

services in a number of regions. Under such conditions,
maintaining the effectiveness of traditional surveillance
systems and planning anti-epidemic measures is
extremely difficult, necessitating the implementation
of adaptive, intelligently managed, and proactive
approaches to epidemic management.

Traditional epidemic management models are based
on retrospective analysis of statistical data and are
primarily used to describe existing disease trends.
This approach is insufficiently effective in conditions of
rapidly changing epidemiological situations, high uncertainty,
and incomplete data. Reactive strategies lead to delayed
implementation of management interventions, inefficient

use of resources, and increased socioeconomic losses.

© Denys Nevinskyi, Yaroslav Vyklyuk, 2026
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Proactive epidemic management involves shifting
the focus from response to prediction, based on risk
forecasting, early detection of potential outbreaks,

and advance planning of containment measures.
This approach requires the use of mathematical models
capable of accounting for the complex dynamics of
infectious processes, as well as tools for analyzing large
volumes of heterogeneous data in real time.

Artificial intelligence and machine learning methods
open up new possibilities for epidemiological forecasting
and management. Unlike classical deterministic models,
intelligent approaches allow for the adaptive assessment
of key parameters of infection spread, taking into account
socioeconomic, demographic, spatial, and behavioral
factors. The integration of digital medical records,
geospatial data, population mobility indicators, and
clinical trial results forms the basis for building
comprehensive management decision-support systems.

Of particular importance in this context are
extended compartmental models, notably the SEIRS
model, which accounts for latent stages of infection and
the possibility of recovered individuals reverting to the
susceptible group. Combining such models with artificial
intelligence methods allows for a shift from static
parameterization to a dynamic, context-dependent
description of epidemiological processes.

Despite active research in the application of
artificial intelligence in epidemiology, most existing
studies focus on specific aspects of disease incidence
forecasting or diagnostic automation. The integration of
epidemiological modeling with project-oriented approaches
to management — which allow for the systematic
organization of decision-making, the implementation of
and their

environment — has been studied to a much lesser extent.

interventions, adaptation in a dynamic
Thus, there is a research gap between mathematical
models of infection spread and practices for managing
epidemics as complex, multi-stage projects implemented
under conditions of limited resources and high uncertainty.
The aim of this article is to develop and justify
a project-oriented methodology for proactive epidemic
management based on the integration of the SEIRS
artificial
digital technologies.

model  with intelligence methods and
To achieve this goal, the following tasks are
addressed in this work:
— formalize the concept of proactive epidemic

management within a project-based approach;

— develop an integrated methodological framework
combining epidemiological modeling and intelligent
data analysis methods;

— justify the use of dynamic parameterization of the
SEIRS model using machine learning; demonstrate the
adaptability of the proposed methodology to various
types of infectious diseases and crisis conditions.

2 Analysis of recent studies and publications

2.1. Compartmental models
and the development of SEIR/SEIRS approaches

Mathematical modeling of epidemics has its origins
in the classical theory proposed by W. Kermack and
A. McKendrick, which laid the foundations for the
compartmentalization  of  populations and the
formalization of infection and recovery processes [1].
Further development of these ideas led to the emergence
of SEIR-type models, which account for the latent
(incubation) period of the disease [2].

The SEIRS model, which additionally describes the
loss of immunity and the return of recovered individuals
to the susceptible group, is widely used for infectious
disecases with a long-lasting or inconsistent immune
response, particularly tuberculosis and COVID-19 [3].
Studies show that SEIRS models better reproduce the
wave dynamics of epidemics and can describe endemic
disease states [4].

Further modifications of SEIR/SEIRS models aim to
account for time lags, spatial heterogeneity, and various
intervention scenarios [5]. Such approaches improve
forecasting accuracy but simultaneously complicate
parameter calibration and require integration with
additional data sources [6].

2.2. Artificial intelligence, geospatial,
and multi-agent approaches in epidemiology
The growing availability of large datasets on
epidemiological, socioeconomic, and mobility data has
facilitated the
intelligence and machine learning methods in infectious

active implementation of artificial

disecase forecasting [7]. Review studies indicate
that ML approaches are capable of identifying hidden
nonlinear dependencies inaccessible to classical
statistical methods and adapting to changing conditions
of infection spread [8].

At the same time, numerous authors highlight the
limitations of purely data-driven models, which, without

mechanistic interpretation, may lose their generalization
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ability and be sensitive to changes in context [9]. In this
regard, hybrid approaches are being actively developed
that combine compartmental models with neural
networks, ensemble algorithms, and graph models [10].
Particular attention is paid to the use of graph neural
networks and recurrent architectures to account for
spatiotemporal
mobility [11].

accuracy in short-term forecasting and can be used to

dependencies and population

Such models demonstrate increased
assess the impact of policy interventions [12].

Geospatial models are a key tool for analyzing
regional epidemic dynamics, as they allow for the
consideration of population migration, transportation
links, and local environmental characteristics [13].
Studies show that spatially explicit SEIR models provide
a more realistic representation of infection spread
compared to aggregated approaches [14].

Multi-agent systems (MAS) complement geospatial
models by allowing the description of individual
agents’ behavior, their contacts, and individual
characteristics [15]. Such approaches are particularly
effective for modeling infections with long incubation
periods and complex social determinants, notably
tuberculosis [16].

In previous work, the authors developed geospatial
multi-agent models to analyze the transmission of
tuberculosis and COVID-19, allowing for the integration
of demographic, medical, and spatial factors within

a single modeling environment [17-20].

2.3. Optimization of management interventions
and decision support systems
Proactive epidemic management involves not only
intervention

forecasting but also selecting optimal

strategies under conditions of limited resources.
In this context, reinforcement learning methods are
being actively researched, enabling the formulation of
management policies based on an assessment of the
long-term consequences of decisions [21].

Studies

approaches  for

of RL
non-pharmaceutical

demonstrate the effectiveness
optimizing
interventions, testing planning, and the allocation of
healthcare resources [22]. Other works combine RL
with compartmental models and real-world data
for adaptive control of the intensity of restrictions
at the regional level [23].

Decision support systems integrated with
epidemiological models and analytical dashboards are

viewed as a key tool for translating forecasts into

practical management actions [24]. In previous studies,
the authors demonstrated the potential of using intelligent
agents to support the management of global threats and
complex crisis processes [25].

2.4. Summary of the literature review

The conducted literature review indicates that
current research covers a wide range of approaches —
from classical SEIRS models to hybrid systems based
on artificial intelligence, geospatial analysis, and
reinforcement learning [26-28]. At the same time,
most studies focus on individual components of
epidemiological analysis and do not form a comprehensive
methodology for managing epidemics as complex
projects. Thus, a research gap remains regarding the
integration of SEIRS models, intelligent data analysis
methods, multi-agent systems, and optimization
approaches within a single project-oriented management

cycle, which justifies the conduct of this study.

3. Purpose and objectives of the study

The aim of this work is to develop a project-oriented
methodology for epidemic management based on the
integration of the classical SEIRS model with artificial
intelligence, machine learning, and digital decision
support systems, thereby facilitating a shift from reactive
response to proactive forecasting and prevention of
infectious disease outbreaks.

The article addresses the following tasks: forming
a conceptual and process model of proactive epidemic
management within a project-based approach; developing
an integrated architecture for the collection, analysis,
and interpretation of epidemiological data; adapting
the SEIRS compartmental model to the conditions of
dynamic parameterization using machine learning
methods; justifying the use of geospatial and multi-agent
approaches to account for the heterogeneity of infection
spread; determining the role of intelligent methods
for optimizing management interventions in the project

cycle of epidemic response.

4. Project-oriented methodology
for proactive epidemic management

4.1. General architecture of the proposed methodology
The proposed methodology represents a systematic
and cyclical

approach to project

of processes for forecasting and minimizing epidemic

management
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risks (Fig. 1). It integrates project management principles
(particularly agile and hybrid methodologies) with
artificial intelligence and machine learning methods to
form an adaptive, data-driven decision support system.

The main goal of the methodology is to transform

reactive responses to infectious disease outbreaks

into proactive risk management based on predictive
analytical models.

Principles and Architectural Elements of a Project-Oriented Methodology
for Proactive Epidemic Management

1. METHODOLOGICAL PRINCIPLES
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Fig. 1. Principles and Architectural Elements of Proactive Epidemic Management Based on SEIRS and Al

In Fig. 1, the proposed methodology is presented
in the form of two interrelated levels: the level of
methodological principles and the level of architectural
elements. The principles level defines the conceptual
requirements for building a proactive epidemic
management system: anticipatory nature, cyclicality,
adaptability, interpretability, expert involvement in the
decision-making loop, and ethical use of data and
artificial intelligence algorithms. The architectural level
reflects the functional structure of the system, which
ensures the implementation of these principles.
It includes sources of epidemiological, demographic,
geospatial, mobile, and medical data; a centralized data
repository; modules for information collection and
integration; analytics and modeling; interpretation and
visualization of results; monitoring and adaptation;
as well as a module for supporting management decision-
making. Feedback between the modules ensures the
cyclical updating of models, the adaptation of forecasts,
and the adjustment of management interventions in

accordance with changes in the epidemiological situation.

4.2. Formalization of the management methodology
Management methodology is defined as a system of
principles, models, methods, mechanisms, procedures,
and tools that determine the sequence and content of
actions for the effective achievement of project or
organizational goals.

Formally, the management methodology is
presented as a tuple:
My, =(P,M,T,R,C), (1)

where M, project-oriented methodology for

proactive epidemic management, P — principles and
approaches (Principles), M — models, methods, and
mechanisms (Methods), T
(Tools), R -
C —cycles and processes (Cycles).

— tools and techniques

roles and responsibilities (Roles),

Key characteristics define the internal structure of
the methodology and the specifics of its practical
implementation. structural

and functional.

They are divided into
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Structural characteristics

Structural characteristics include:

Conceptual framework — management philosophy,
principles, and strategic guidelines.

Process model — stages, phases, and sequences
of management actions.

Toolkit — methods, techniques, and software tools.

Success metrics

criteria — and performance

evaluation indicators.

The functional characteristics of the methodology
include:

Normativity — the definition of formalized rules
for performing activities.

Systematic approach — ensuring the integrity
and consistency of the approach.

Adaptability — the ability to adjust depending
on conditions.

Reproducibility — ensuring the stability of results.

M, Ml C

feasible — { resource

where B — budget constraints; 7 — time constraints;

R_.—acceptable risk level.

Within the scope of this study, the components of
management methodology are viewed not as a general
classification of management approaches, but as
functionally interrelated elements of proactive epidemic
management. The conceptual level is defined by the
principles of anticipatory action, adaptability, cyclicality,
interpretability, expert involvement in the decision-
making loop, and ethicality. The process level is
implemented through an iterative cycle of data collection,
modeling, interpretation, decision-making, monitoring,
and adaptation. The instrumental level encompasses
SEIRS models, machine learning methods, geospatial
analysis, multi-agent modeling, and digital decision
support systems. The organizational level is related to
defining the roles of public health specialists, data
analysts, managers, and stakeholders in the process
of implementing anti-epidemic measures.

4.3. Iterative phases
of predictive epidemic management
The conceptual framework of the methodology is
implemented through four main iterative phases that form
the "Predictive Epidemic Management Cycle".

(M)<B,

Project management methodologies are classified as:
— strategic (high-level);

— tactical (operational);

— integrated (comprehensive).

Based on the degree of flexibility, the following
are distinguished:

—rigid (waterfall, cascade);

— flexible (agile, adaptive);

— hybrid methodologies.

The effectiveness of a methodology is evaluated
using an integral function:

E(M)=Yw-f(PM.T.RC.E), ()

where E (M ) — methodology effectiveness; w, — factor
weighting coefficients; f; — influence functions of

individual components; £ — external environment.
The methodology must satisfy a set of constraints:

Ctime (M) < T’|Rrisk (M) < Rmax }’ (3)

Phase 1. Data preparation and integration

Objective. Collection, cleaning, harmonization, and
consolidation of heterogeneous data from distributed
sources into a centralized repository.

Actions. Identification of sources, automated
collection of streaming and static data, NLP text
processing, geocoding.

Result. Creation of a consolidated, analysis-ready

dataset.

Phase 2. Analysis, modeling, and forecasting

Objective. Identification of patterns, construction
and training of predictive models, generation of
development scenarios.

Actions. Feature engineering, exploratory data
analysis (EDA), training and validation of machine
learning model ensembles (time series, graph networks),
simulation (e.g., agent-based modeling).

Result. Predictive indicators (R-number, incidence
forecast, assessment), heat

spread  risk maps,

"what-if" scenarios.

Phase 3. Interpretation and decision support

Objective. To transform technical forecasts into
concrete, interpretable recommendations for management
decision-making.
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Actions. Visualization of results (dashboards, GIS
maps), ranking and explanation of forecasts (SHAP,
LIME), development of intervention options with an
assessment of their potential impact.

Result. Reports for management, early warning
signals, proposals for resource allocation (medicines,

Actions. Integration with chain and

supply

HR management systems, continuous monitoring
of key performance indicators (KPIs), feedback from
practitioners, retraining of models. Result. Implemented
anti-epidemic measures, updated and improved predictive

models, closing the cycle.

doctors, beds).

Phase 4. Implementation, monitoring, and adaptation
Goal. Implementation of selected measures, real-
time assessment of their effectiveness,

adjustment based on new data.

and model

4.4. Modular architecture and interconnections
The architecture is implemented as five key
modules, each of which is responsible for a specific

function and interacts with the others through clearly
defined APIs and data flows (Table 1).

Table 1. Modular structure of the methodology and interaction between stages

Module

Main functions

Technologies/Approaches

Interaction with other modules

1. Data collection and
integration module

Aggregation, cleansing,
storage

Apache NiFi/Kafka, Airflow,
ETL processes, NLP, APIs

Data source for Module 2. Receives
quality feedback from Module 4

2. Analytics and
modeling module

Generation of forecasts
and analytical insights

Python (Scikit-learn,
TensorFlow/PyTorch, Prophet,
libraries for geospatial analysis),
graph databases

Consumes data from Module 1.
Provides forecasts and insights to
Module 3. Receives retraining signals
from Module 4

3. Interpretation and
visualization module

Dash/Streamlit, Tableau, Power BI,
GIS platforms (QGIS, ArcGIS),
interpretation libraries (SHAP, ELI5)

Receives results from Module 2.
Provides an interface and
recommendations for users (Module 5)

4. Monitoring and
adaptation module

Presenting results,
explaining models

MLflow, Evidently Al, automated
retraining pipelines, A/B testing

Monitors the productivity of Module 2.
Provides quality metrics and data for
adaptation. Interacts with Module 5
to assess the impact of decisions

5. Decision-making and
project management
module

Model validation,
performance monitoring,
model lifecycle
management (MLOps)

Project management systems
(Jira, Asana), collaboration and
document management platforms

Uses insights from Module 3.
Initiates actions, the results of which
are returned as data to Module 1

The flow is cyclical. For example, a decision made
in Module 5 (e.g., quarantine) generates new data
(population mobility, reduced incidence), which enters
the system via Module 1, is verified by Module 4, and

may lead to the recalibration of models in Module 2 and

the updating of recommendations in Module 3.
Information flows: the data types, sources, and

formats used in the methodology are presented in Table 2.

Table 2. Data types, sources, and presentation formats

Data type Examples of sources Nature Output formats Use in models
Epidemiological Official reports from the Ministry of Structured CSV, JSON, Direct training of
Health, global statistics (WHO, ECDC) | time series databases (SQL) forecasting models
Demographic and | Census data, State Statistics Service Structured, CSV, JSON, geo- Influencing factors,

socioeconomic

data, social indices

semi-structured

JSON

risk segmentation

Mobility data

Anonymous aggregated data
from telecommunications providers,
Google Mobility, Apple Mobility

Structured time
series

CSV, JSON,
geospatial formats

Climatic and
environmental

Weather services, satellite data

Structured time
series, images

NetCDF, GRIB,
CSV

Key predictor of spread
dynamics

Text and news Unstructured texts | Text, HTML, PDF Accounting for seasonal
and weather factors

Healthcare News, social media, scientific preprints | Structured Databases (SQL), Early warning detection,

resource data (medRxiv), official announcements API infodemic monitoring,
semantic analysis

Genomic data Registers of hospitals, drug stocks, Structured FASTA, specific Resource allocation

vaccines, and personnel biological bioinformatics optimization, workload
sequences formats forecasting




Cyuacnuii cman HayKosux 00Caiodcenb ma mexnono2iii 6 npomucnosocmi. 2026. Ne 2 (36)
Innovative technologies and scientific solutions for industries. 2026. No. 2 (36)

101

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

4.5. The methodology’s adaptability
to different types of infectious diseases

The proposed methodology serves as a universal
framework whose parameters can be adapted to
specific disease categories at the level of data, models,
and management processes, enabling the rapid
development of an effective forecasting system for
new epidemic threats.

1. Adaptation at the data level

For airborne infections (COVID-19, influenza),
data on mobility and indoor population density take
center stage.

For zoonoses (Ebola, West Nile fever) — climate
data and the ranges of animal carriers.

For infections transmitted through water or food —

data on water quality and sanitation.

2. Adaptation at the model level

R-number and time series. These are universal, but
model parameters (lag, seasonality) are adjusted to the
incubation period and dynamics of a specific disease.

Graph neural networks (GNN). The graph topology
changes: for airborne epidemics — a graph of transportation
links between cities; for STIs — a contact graph.

Agent-based modeling. Agent behavior rules,
infection probability, and immunity parameters are
customized to the transmission mechanism and

pathogenesis of the disease.

3. Adaptation at the project management level

Response speed. For highly contagious diseases
with a short incubation period, the "Monitoring-
Adaptation" phase cycle is accelerated to a daily basis.

Critical resources. For some diseases, the key
resources are respirators and mechanical ventilation; for
others, they are antidotes or specific vaccines. The
decision support module adapts its recommendations
accordingly.

Communication strategy. The selection of channels
and content for informing the public depends on the mode
of transmission and the target risk groups.

Thus, the proposed methodology is not a rigid
framework but a toolkit that allows for the rapid assembly
of an effective predictive management system for any
new infectious disease threat, minimizing the time
required to develop one from scratch.

Integrating the SEIRS epidemiological model
with Al and digitalization can enable proactive
forecasting of tuberculosis outbreaks, potentially

reducing morbidity by predicting risks in high-burden
regions, such as central and southeastern Ukraine.

Principles emphasizing data-driven forecasting,
multi-stakeholder collaboration, and the ethical use of Al
will help overcome war-related obstacles, although
challenges such as access to data in occupied territories
may limit effectiveness.

The use of Al for early detection and digital
tools for real-time monitoring facilitates sustainable
project management in the context of protracted crises,
taking into account discussions regarding the accuracy
of Al across diverse populations.

The methodology is based on proactive prediction,
using Al to forecast and mitigate the spread of
tuberculosis before it escalates. Key principles include.

— adaptability to the context of war-torn Ukraine;

— integration of digital health records for
a continuous data flow;

— ethical considerations for wvulnerable groups,
such as displaced persons. Engaging stakeholders —
from government health agencies to NGOs — ensures
inclusive decision-making with a focus on equity to
avoid exacerbating inequalities in regions such as
Dnipro and Odesa.

5. An extended mathematical SEIRS—AI model:
the case of tuberculosis control in Ukraine

5.1. Prerequisites for applying
the model for tuberculosis in Ukraine

The proposed methodology conceptually aligns
the compartments of the SEIRS epidemiological model
with the phases of project management. This approach
allows for the integration of mathematical modeling of
the spread of infectious diseases with management
decision-making processes in a digital environment.

Specifically, the correspondence between the
SEIRS compartments and the project phases is defined
as follows:

Susceptible — the planning and risk assessment
phase, utilizing artificial intelligence tools for spatial
mapping and analysis of risk factors.

Exposed — the prevention phase, implemented
through digital tools for contact tracing, vaccination, and
preventive interventions.

Infectious — the rapid response phase using
intelligent triage, including CAD systems for medical
image analysis.
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Recovered — the monitoring, reintegration, and
relapse prediction phase using Al

Return to Susceptible - the
which

measures, revaccination, and strategic planning.

long-term
sustainability  phase, includes  educational
Within this framework, artificial intelligence and
digitalization serve as the instrumental foundation of the
methodology, enabling the analysis of large volumes of
data, decision support, and secure information exchange,
particularly through the use of blockchain technologies.
Given the current public health challenges in
Ukraine — exacerbated by the war since 2022 and
prior disruptions to the healthcare system due to the
COVID-19 pandemic — the
management of tuberculosis (TB) control projects is

need for proactive
extremely urgent.

The SEIRS epidemiological model is particularly
well-suited  for analyzing tuberculosis  because
it accounts for:

— the presence of latent infection;

— temporary immunity;

— the possibility of reinfection after recovery.

Tuberculosis is characterized by a prolonged latent
phase, during which individuals may remain infected
for years before the disease becomes active. Integrating
the SEIRS model into a digital environment supported
by artificial intelligence methods enables a shift from
reactive to anticipatory management strategies, ensuring
early intervention in high-risk scenarios, particularly
during mass population displacement and damage
to medical infrastructure.

Ukraine remains a country with a high tuberculosis
(MDR)
forms. Statistical data indicate a complex and unstable
COVID-19
pandemic, TB incidence temporarily declined
(for example, by 31% in 2020), but since 2021,

an increase in rates has been observed — by 26% in 2022

burden, particularly of multidrug-resistant

epidemiological landscape. During the

and by 7% in 2023.
Central regions of Ukraine, particularly the
Dnipropetrovsk  and  Kirovohrad regions, have

experienced a sharp rise in incidence, linked to internal
population displacement. Southeastern regions, including
the Odesa and Donetsk regions, show consistently
high rates, complicated by limited data availability
from temporarily occupied territories. A significant
increase in cases of MDR-TB has also been recorded
among Ukrainian migrants abroad.

Within the proposed methodology, the principles of
proactive epidemic management are considered as
universal conceptual provisions that can be adapted
to a specific infectious disease. For tuberculosis in
Ukraine, their application is linked to the disease’s
prolonged latent phase, the risk of reinfection, regional
heterogeneity of the epidemic process, the impact of
internal migration, and limitations of the healthcare
system under martial law.

In the
in Ukraine, these principles are applied as follows:

context of tuberculosis management

1. Anticipation and forecasting — the use of
SEIRS models and artificial intelligence methods to
predict the risks of tuberculosis spread before a sharp
increase in incidence, particularly in regions with a high
disease burden and a significant number of internally
displaced persons.

2. Cyclicality and
management as a continuous cycle of data collection,

learning — organizing
modeling, interpretation of results, decision-making,
monitoring, and model adjustment based on new
information.

3. Adaptability — the ability to adjust model
parameters and management interventions in response to
changes in the epidemiological situation, availability of
medical resources, migration processes, and crisis
conditions, particularly martial law.

4. Interpretability and transparency — ensuring
that forecasts, scenarios, and recommendations are

understandable  to  physicians, epidemiologists,
policymakers, and other stakeholders, which is essential
for building trust in decisions made using Al.

5. Humans in the Decision-Making Loop — using
artificial intelligence as a support tool, not a replacement
for expert judgment. Final risk assessments and the
selection of interventions must involve public health
specialists, clinicians, and policymakers.

6. Ethics and inclusivity — ensuring the protection
of personal health data, preventing algorithmic bias, and
addressing the needs of vulnerable populations, including
displaced persons, patients with multidrug-resistant
tuberculosis, and populations in regions with limited
access to healthcare services. The integration of
electronic health records, digital platforms, and geospatial
data, as well as collaboration among government agencies,
international organizations, NGOs, and local communities,
and the monitoring of KPIs, are considered in this

work not as separate principles but as organizational
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and technological mechanisms for implementing the
aforementioned methodological principles.

5.2. The Mathematical Basis of the SEIRS Model
The mathematical
SEIRS
Susceptible) model, which is an extension of the basic

basis is the classical

(Susceptible—Exposed—Infectious—Recovered—

SIR model and accounts for the latent period and
loss of immunity.
The transition diagram between states is as follows:
S—>E—>I—>R->S. 4)
The system of differential equations for the SEIRS
model is described as follows:

B _sp Pl
dt N

A (%)
—=0cE-yl,

dt 4

dR

—=yI-0R.

dt 4

Key model parameters: f — infection rate; o —

rate of transition from the latent state to the infectious
state; y — recovery rate; 0 — rate of immunity loss;

R, = 8]y — basic reproduction number.

Typical dynamics and possibilities for modeling
interventions
The presence of the immunity loss parameter

(5 >O) leads to cyclical waves of morbidity and the

potential establishment of an endemic state. The SEIRS
model allows for the assessment of the impact of various
management interventions, including quarantine measures
(reduction of /), vaccination, and social distancing.

5.3. Formalization of the hybrid SEIRS-AI model

Summarizing the results of previous studies
presented in publications by the author and co-authors, it
is advisable to extend the classical SEIRS compartmental
model into a hybrid multiscale intelligent model that
combines differential equations, geospatial representation,
multi-agent systems, and machine learning methods.

Let the epidemiological state of the population

attimet be described by the vector:

X(0)={S().E@).L0).RW} . (©)

where the components correspond to the classical
SEIRS compartments.

Unlike the traditional formulation, the model

parameters are treated as dynamic functions

determined by artificial intelligence methods:
O(rr)={p(t.r),o(t),7(t.r).5(t)} (7)

where r are geospatial coordinates.
Then the system of equations takes the form:

das 1

E: 5(t)R—ﬂ([,r)NS,

dE 1
Ezﬁ(l,r)ﬁS—a(t)E, 5
e ®)
E:O'(t)E—j/(t,r)I,

dR

E— 7(1,1')[—5([)]2

Intelligent model parameterization

Estimation of parameters based on machine learning

The infection and recovery parameters are determined
not by constants, but by the results of ML models:

B(t.r)=f,(Z(s.r)) )
where Z is a vector of socioeconomic, demographic,
medical, and mobility features, and f s is an ensemble of

models (Random Forest, XGBoost, neural networks)
tested in studies analyzing tuberculosis and COVID-19
[17-20, 22, 23].

Similarly, the recovery parameter — or the efficiency
with which infected individuals transition to the R
compartment — is not defined as a constant value, but
rather as the output of a machine learning model:

y(t.x)=F" (X (t.x),H (t.x)), (10)
where 7/(t,x) is the dynamic recovery parameter at time
¢t for spatial unit x; FyML is a machine learning function

that estimates the parameter y; X (t,x) is a vector of

socioeconomic, demographic, medical, and mobility

features; H (t,x) — a vector of healthcare system

characteristics, including access to medical services,
staffing, diagnostic capacity, hospital workload, and
access to treatment. This notation allows for formally
accounting for the degradation or recovery of the
healthcare system under conditions of war or other
prolonged crises.

5.4. Geospatial, multi-agent,
and RL extensions of the model
The population is divided into a set of agents:

A:{al,az,...,an} s (11)
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where each agent is described by a state:
a,(t)={x,(£),5,(t).c, (t).1,()) (12)

(geolocation,  epidemiological  status,  behavioral
characteristics, access to medical care).

Agent interactions occur in a geospatial environment
such as GeoCity, which allows for the modeling of:

— local clusters of infection;

— the migration effect;

— various mobility restriction scenarios;

— as demonstrated in studies using GeoSEIR(D) and

multi-agent modeling [21].

Integration of reinforcement learning

Control interventions are formalized as

a reinforcement learning problem:

F=(S,A,P,R) , (13)
where & — current epidemiological situation;
A — actions (screening, mobile clinics, quarantine);

R —reward function:
R=-al(t)-BC(1) (14)
(minimizing morbidity and intervention costs).

The optimal strategy 7 is determined via
Q-learning or deep RL, which generalizes the approach

presented in previous and submitted works

Generalized model structure
Finally, the methodology is described as a tuple:

M, ses = (SEIRS,GeoCity, MAS,ML,RL) ,  (15)

SEIRS

where basic epidemiological dynamics;

GeoCity — spatial environment; MAS — multi-agent

interaction; ML — estimation of parameters and factors;
RL — optimization of management decisions.

5.5. A comparison of reactive
and proactive approaches

In regions with high epidemiological risk, the
methodology calls for the implementation of pilot
projects using mobile intelligent diagnostic units.
The main challenges remain the limited availability of
data from temporarily occupied territories and the
need to use proxy sources, particularly satellite data.
The expected outcome is a 20-30% reduction in
morbidity through early detection and optimization
of interventions (Table 3).

The comparative assessment of traditional and
proactive approaches presented in Table 3 is of a general
nature and is based on a combination of several data
sets: results of an analysis of current literature on
SEIRS/SEIR modeling, the application of artificial
intelligence, geospatial, and multi-agent modeling in
epidemiology [7—-16, 21-28]; the results of the authors’
previous studies on modeling the spread of tuberculosis
and COVID-19 in a geospatial environment [17-23];
as well as a conceptual comparison of reactive and
proactive management scenarios based on criteria such as
management focus, tools, adaptability, effectiveness, and
cost. Thus, Table 3 reflects not the results of a single
clinical or field experiment, but a systematic comparison
of expected management effects derived from literature
analysis, preliminary modeling, and the logic of the
proposed SEIRS-AI hybrid model.

The quantitative ranges of expected reductions in
morbidity and costs are scenario-based and require
further
implementation of the methodology in regions with

empirical ~ validation during the pilot

elevated epidemiological risk.

Table 3. Comparison of traditional (reactive) and proactive approaches to epidemic management

Aspect Traditional (reactive) approach A proactive approach based on SEIRS with Al
Focus Response to detected cases Prediction and prevention
Tools Manual monitoring, paper records Al-based analytics, digital platforms
Effectiveness Delays in diagnosis and response Reduction in R 0 through forecasting
Adaptability Low, especially in crisis situations High, with real-time updates
Cost High due to late interventions Reduced by 19-37% thanks to proactive measures

6. Discussion

6.1. Interpretation of the proposed methodology
in the context of contemporary approaches
The proposed project-oriented methodology
for proactive epidemic management expands upon
traditional epidemiological approaches by integrating
artificial

project management principles. Unlike classic reactive

mathematical modeling, intelligence, and

strategies, which focus primarily on recording and
processing already identified cases of disease, the
proposed approach focuses on risk prediction and the
formulation of management decisions before critical
scenarios occur.

Integrating the SEIRS model into the project cycle
allows the epidemiological process to be viewed not
merely as biological dynamics, but as a managed process
with clearly defined phases of planning, prevention,
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response, monitoring, and adaptation. This interpretation
creates a common language among public health
specialists, data analysts, and managers.

Advantages of the SEIRS-AI-Project Management
Hybrid Approach

One of the key advantages of the proposed
methodology is the shift from static parameters of
epidemiological models to dynamically controlled
parameters estimated using machine learning methods.
This allows for the consideration of the influence of
socioeconomic, demographic, spatial, and behavioral
factors, which are traditionally difficult to formalize
in classical models.

Combining SEIRS with geospatial and multi-agent
approaches increases the model’s sensitivity to local
characteristics of infection spread, particularly migration
patterns and uneven access to medical resources.
The additional integration of reinforcement learning
creates a basis for optimizing management interventions,
taking into account the trade-off between epidemiological

effectiveness and resource constraints.

6.2. Practical implications for public health systems

The study results indicate that the proposed
methodology has significant potential for practical
implementation in public health systems, particularly
during prolonged crises. For Ukraine, this means
the possibility of:

— early identification of high-risk regions;

— more rational allocation of limited resources
(medical personnel, diagnostic tools, hospital beds);

— reducing delays in diagnosis and response;

— increasing the resilience of the healthcare system
to external shocks.

The project-oriented nature of the methodology
facilitates its integration into existing management
structures, as it allows for the formalization of processes,
roles, and responsibilities without the need for a complete
overhaul of the organizational architecture.

A comparative analysis of traditional reactive and
proactive approaches (table in Section 4) demonstrates
a fundamental difference in management focus.
Reactive approaches are typically characterized by long
time delays, low adaptability, and rising costs during
crises. In contrast, a proactive approach based on SEIRS
and Al allows for a reduction in the basic reproduction
number through early forecasting and preventive

interventions, potentially reducing total costs by 19-37%.

These results are consistent with recent studies
indicating the effectiveness of forecast-oriented strategies
compared to late response, particularly for infections
with long latent phases, such as tuberculosis.

6.3. Study limitations

Despite its advantages, the proposed methodology
has a number of limitations. First, the quality of
predictions depends heavily on the availability and
completeness of data, which is problematic in conditions
of military operations and the temporary occupation of
certain territories. Second, the use of complex machine
learning models increases demands on computational
resources and staff qualifications.

In addition, there are ethical and legal challenges
related to the processing of personal medical data and
potential algorithmic biases, which require additional
control and validation mechanisms.

Areas for further research

Further research could focus on expanding the
methodology by integrating new data sources
(e.g., satellite or social media signals), deepening the
explainability mechanisms of models, and conducting
large-scale pilot implementations in various regions.
Particular attention should be paid to validating models
in a cross-national context and adapting the methodology

to other infectious diseases.

7. Conclusions and Recommendations

This article develops and justifies a project-oriented
proactive  epidemic
SEIRS

modeling with methods of artificial intelligence, machine

methodology  for management

that combines classical epidemiological
learning, geospatial analysis, and reinforcement learning.
The proposed approach allows for a shift from reactive
responses to infectious disease outbreaks to anticipatory
risk management based on predictive analytical models.

It is shown that integrating the SEIRS model
into the management project cycle formalizes the
epidemiological process as a controlled system with
clearly defined phases of planning, prevention, response,
monitoring, and adaptation.

The use of dynamic model parameterization based
on artificial intelligence allows for the consideration of
the influence of socioeconomic, demographic, and spatial
factors, as well as the degradation or recovery of the
healthcare system under crisis conditions.
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Extending the classical SEIRS model to a hybrid
multilevel intelligent structure, which includes geospatial
representation, multi-agent systems, and optimization
of management interventions, forms a universal
methodological framework for forecasting and preventing
infectious diseases. The comparative analysis conducted
indicates that a proactive approach based on SEIRS
and Al has greater adaptability, potentially reduces
the basic reproduction number, and allows for cost
reduction through early and targeted interventions.

The methodology has particular practical value for
Ukraine,

operations, and limited data availability significantly

where prolonged crisis factors, military

complicate traditional epidemiological surveillance.

The proposed approach creates a foundation for
enhancing the resilience of the public health system

and more effective use of limited resources.

Practical Recommendations

Based on the results obtained, the following
recommendations are appropriate:

1. Implementation of a project-oriented approach
to epidemic management at the level of national and
regional public health programs, with a clear definition
of phases, roles, and performance indicators.

2. Integration of digital platforms and Al-based
analytics with existing epidemiological surveillance
systems to ensure continuous real-time data collection,
analysis, and interpretation.

3. Use of the SEIRS model with dynamic
parameterization to forecast infections with long latent
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MMPOEKTHO-OPIEHTOBAHA METOJAOJIOTI'TA
INPOAKTUBHOI'O YIIPABJIIHHSA ENIIJIEMISAMUA
HA OCHOBI HITYYHOI'O IHTEJIEKTY 1 MOJEJIEH SEIRS

IIpenmeToM gOCTiIKeHHSI B CTAaTTi € HPOLECH IIPOAKTHBHOTO YINPABIIHHA CMiEMIIMH SIK CKIAIHUMH COLiabHO-MEIHMIHIMUI
CHCTEMaMHd B YMOBaX BHCOKOI HEBU3HAYCHOCTI, OOMEKEHOCTI pecypcCiB 1 TMHAMIYHUX 30BHIIIHIX BIUIMBIB, 30KpeMa i3 3aCTOCYBaHHIM
MaTEeMaTHYHOTO eIliZIeMiOJIOriYHOr0 MOJICTIOBAaHHS Ta IHTEJICKTYaIbHUX HU(POBUX TeXHOJOTiH. MeTa po6oTH ToJsirac B CTBOPEHHI
MIPOEKTHO-OPIEHTOBAHOT METOMOJIOTIl YIpaBIiHHS eMmiIeMisMH Ha OCHOBI iHTerpamii kimacuuHoi moneni SEIRS 3i mrydnnm
IHTEIEeKTOM, MAIIMHHUM HaBYaHHIM 1 HU(POBUMH CHCTEMaMH MiATPUMKH HPHUHATTS YIPABIIHCBKHX pillleHb, L0 3a0e3neuye
HepexiJ BiJ peakTHBHOTO pearyBaHHS IO HPOAKTHBHOTO IIPOTHO3YBaHHSA U 3amoOiraHHs crajgaxaM iH(EKIIHHHX 3aXBOPIOBAHb.
V craTTi HEoOXiTHO BHKOHATH Taki 3aBAaHHA: cCHOPMyBAaTH KOHLENTYalbHy il HPOLECHY MOAENb HMPOAKTHBHOTO YIPABIIHHI
eMieMisIMU B MeXaX IMPOEKTHOTO IMiAX01Y; PO3pOOHTH IHTErpoBaHy apXiTeKTypy 300py, aHali3y Ta iHTeprpeTaLil emiIeMioIoriYHIux
MOKA3HMKIB; aJanTyBaTH KommapTMeHTHy Mozenb SEIRS no ymoB munHamidHOi mapamerpmsamii 3 BHKOPHCTAHHSM METOJIB
MAIIMHHOTO HaBYaHH:; OOTPYHTYBATH 3aCTOCYBAaHHS T'€ONPOCTOPOBHX 1 MyJIbTHATEHTHUX MiJAXOIB IS BpaxyBaHHS HEOTHOPITHOCTI
MOIIMPEeHHs H(EKIIH; BU3HAYMTH POJIb IHTEIEKTYaJbHUX METOMIB ONTHMI3alil YNpaBIiHCBKUX BTPYYaHb Yy HMPOEKTHOMY LHKJII
npoTumii emizemisiM. YIPOBaDKEHO TakKi MeTOAM: MaTeMaTHYHE MOCIIOBAHHS EIiJeMiOJIOTiYHHX IPOIECiB Ha OCHOBI CHCTEM
nudepennianbaux piBHaHb SEIRS; mammHHe HaBuaHHS ¥ aHcaMmOiieBe MPOTrHO3YBaHHS /IS AMHAMIYHOTO OLIHIOBAHHS HapaMeTpiB
MOJIENTi; TEONPOCTOPOBHIA aHANI3 i MyJIbTHAr€HTHE MOJACTIOBAHHS /IS BIATBOPESHHS MOOUTHHOCTI HACEJICHHS i MPOCTOPOBHUX PU3HUKIB,
HAaBYaHHS 3 MiAKPIIUICHHSAM Ul ONTHMI3allil YIPaBIiHCHKHUX PillleHb; MPOEKTHO-OPIEHTOBaHI MiAXOAM 10 OpraHizalii Ta aganTarii
YIPaBIIHCHKUX TporeciB. JOCATHYTO TakuxX pe3yJbTaTiB: c(HOpPMYIbOBAHO NPHHIMIH NPOAKTUBHOIO YIIPABIIHHS eMiIeMisIMU Ha
OCHOBI iHTerpaii emieMioIOTi9HOT0 MOJICIIOBAHHS i MITYYHOTO iHTEJIEKTY; 3alPOIIOHOBAHO MPOEKTHO-OPIEHTOBAHY METOAOJIOTIIO,
10 TTO€JIHY€ LUK yNpaBIiHHA NPoeKToM i3 asamu mozaeni SEIRS; po3pobneHo y3araabHeHy CTPYKTYpy IiOpHAHOT iHTENEKTYalbHOT
MOJeNi, 3/aTHOI aJanTyBaTUCS IO Pi3HUX TUMIB iHQEKIIHHIX 3aXBOPIOBaHb, 30kpeMa Tybepkynso3y Ta COVID-19; ob6rpyHTOBaHO
MOJKJIUBICTB TiJBHIIEHHS €(EKTHBHOCTI PAaHHBOTO BUSIBJICHHS PHU3UKIB 1 PalliOHANBHOTO PO3IOALTY PECypCiB y KPH30BHX YMOBaX.
BuCHOBKH: 3aCTOCYBaHHS 3alpOIOHOBAHOI MPOEKTHO-OPIEHTOBAaHOI MeTozaouiorii Ta iHTerpoBanoi moxaeni SEIRS 3i mrydnum
IHTETIEKTOM CTBOPIOE MIAIPYHTSA A IMEPeXoAy OO NPOAKTUBHOTO YIPABIiHHS EHifEMisMH, MiABHILY€E aJanTHBHICTH CHCTEM
IPOMAJICEKOTO 3/I10POB’sl Ta MOXke OyTH BUKOPHCTaHE SIK YHiBepCaIbHUI METOOIOTIYHMI KapKac JUIsl PO3pOOIEHHS iHTENeKTyaaIbHUX
CHCTEM MPOTHO3YBaHHS i 3aM00iraHHs eMmieMisM Y CKIIQJIHUX 1 HeCTaOUTbHUX CepeIOBHIIAX.
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Vladimir Pevnev, Oles Yudin

CLASSIFICATION AND EXPERIMENTAL STUDIES
OF THE FACTORIZATION ALGORITHMS EFFICIENCY

The subject of the study is factorization algorithms, namely experimental testing of the efficiency of modern algorithms
for integer factorization, identifying patterns between factorization algorithms and the size of the numbers being factorized
in terms of the time required to perform the factorization operation. The purpose of the article is to analyze the performance
of factorization algorithms using various composite numbers, in particular medium-sized numbers (~ 20 digits), which
allows evaluating their efficiency and execution time. In the course of the research, the following tasks must be performed: classify

modern factorization algorithms, experimentally verify the efficiency of modern Pollard factorization algorithms ( p and p—1),

the elliptic curve method, the Dixon algorithm, and the quadratic sieve. To achieve the goal, general scientific methods
were used: analysis of the subject area and mathematical apparatus, set theory, numbers and fields, planning, and experimental
research. Results achieved. Experimental studies have shown that Pollard’s algorithms are effective for numbers with small divisors,
but lose performance as the size of the numbers increases. The elliptic curve method has proven its usefulness in finding
medium-sized divisors and has shown better scalability compared to classical stochastic methods. The Dixon algorithm,
despite its relative simplicity of implementation, has demonstrated stochastic fluctuations in execution time, which limits its practical
value in scenarios with strict time constraints. The most stable and predictable results were achieved for the quadratic sieve,
which confirmed its suitability for factoring medium-sized numbers and provided the smallest spread of time values under conditions
of multiple runs on identical data sets. Conclusions. The experiments fully confirm the theoretical expectations regarding
the performance of the methods under study. The results indicate that simple algorithms (Pollard, elliptic curve method)
are appropriate for preprocessing and detecting weak keys, while the quadratic sieve is the optimal choice for factoring
medium-sized numbers. For large RSA modules, it is practical to use more complex algorithms, such as the general number
field sieve. Further development of factorization algorithms involves parallelizing the factorization process and developing
algorithms that use screening of impossible solutions.

Keywords: integer factorization; cryptography; Pollard method; elliptic curve method; quadratic sieve; Dixon’s algorithm;
algorithm efficiency.

Introduction rapid transfer of documents between executors and

real-time coordination, but at the same time, the

The qualitative leap in information technology that
we have witnessed over the past decade has significantly
changed approaches to the organization of technical
and technological processes in industry. First of all, it is
worth noting the use of artificial intelligence in the
organization of production processes. This includes the
creation of enterprises in which most of the processes
are performed by robotic platforms, research and creation
of new materials with specified properties, product
control, ranging from food and medicines to spacecraft
and nuclear power plants, etc.

Along with the introduction of new technologies,
the number of accompanying documents is also growing,
including new technologies, technological maps, reports
on research work, accounting documentation, and
information about individuals involved in various
projects. All this data is stored both on hard media and
in electronic form. The electronic form allows for the

confidentiality of the information being transferred
and stored must be ensured. The most common way to
ensure confidentiality is encryption. This method allows
information to be transmitted over open communication
channels, stored in cloud storage, and read only
with a key.

The encryption process itself is based on the use of
cryptographic systems. There are two large groups of
these systems: symmetric and asymmetric. While the
cryptographic strength of symmetric encryption systems
is based on key secrecy, asymmetric systems rely on
solving problems that are difficult to solve. In the first
case, a single key is used for encryption and decryption,
while in the second, two keys are used, one for
encryption and the other for decryption. One such
problem is the factorization of large numbers.

Factorization, or the decomposition of integers into
prime factors, is one of the fundamental problems of

© Vladimir Pevnev, Oles Yudin, 2026
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number theory and cryptography. It underlies the
security of modern cryptographic protocols, in particular
the RSA system. The security of RSA is based
on the computational complexity of factoring large
composite numbers, which are the product of two
large prime numbers.

In modern research, factoring is considered a key
element of cryptanalysis, as well as a training and
research platform for testing the algorithmic efficiency of
various calculation methods. There is a wide range of
factorization algorithms. These include classical methods
such as Fermat’s method, Pollard’s method, and Dixon’s
algorithm, as well as modern lattice methods and
algorithms based on elliptic curves. Each of these
algorithms has its own limitations and areas of
application, which determine their practical suitability
for factoring numbers of different sizes.

The aim of this study is to investigate algorithms in
terms of their suitability for RSA systems. For each
algorithm, the execution time is evaluated and
a comparison of efficiency is performed on a set of

composite numbers of different sizes.

Relevance of the study

Number factorization, i.e., the decomposition of
integers into prime factors, is one of the oldest
mathematical problems that has attracted the attention of
many mathematicians over the centuries. Eratosthenes
(276-194 BC) was the first known mathematician to
develop a simple algorithm for finding prime factors.
It is called Eratosthenes’ sieve and enumerates all prime
numbers smaller than a given integer N. Other prominent
mathematicians who have made various contributions
to factorization are Fermat (1607-1665) and
Euler (1707-1783) [1].

The development of computer technology in the
mid-20th century allowed mathematicians to create
new and effective factorization algorithms. Significant
improvements in the theory and practice of factorization
were driven by the development of the well-known RSA
public-key encryption algorithm.

The basic concept of asymmetric cryptographic
algorithms is the use of two different keys: one
for encrypting a message and the other for
decrypting it [2, 3].

A key feature of such algorithms is the
irreversibility of the encryption procedure, even with

the public key available [4]. That is, knowing the

public encryption key and the encrypted text, it is
impossible to recover the original message. Decryption
is only possible with the use of the corresponding
private key. Thus, the public key can be publicly
available — its disclosure does not pose a security threat,
since it does not allow the encrypted information to be
read. The security of the algorithm is ensured by the
complexity of the inverse operation — determining
the original prime numbers by their product [5].
As a result, factorization of numbers is the mathematical
basis of modern asymmetric cryptography.

As information

security becomes increasingly

important, cryptographic mechanisms have become
an integral component of every information system.
The use of cryptographic mechanisms and protocols can
solve many security problems (confidentiality, integrity
control, authenticity, and non-repudiation of information).
The development of cryptographic technologies has
a direct impact on the economic, sociological, and
political aspects of society as a whole. The development
and use of factorization algorithms, analysis, and
evaluation of their effectiveness allow new requirements
to be developed for future versions of the RSA system,
in particular for the size of the system module and
the keys involved in the process of encrypting and
decrypting information.

Thus, the widespread use of cryptography today
increases the importance of developing cryptographic
algorithms, and research into the features of applying

number factorization algorithms for RSA is relevant.

Literature review

The operation of factorization algorithms is
considered in the works of contemporary Ukrainian
and foreign authors [6-8].

In [9], the dependence of the factorization of
composite numbers on the time required to decompose
this composite number using trial division, Fermat’s

algorithm, Pollard’s p -method, Pollard’s (p—1) -method,

and Brent’s method is compared. However, the authors
do not take into account the conditions for using
algorithms to solve cryptography problems.

In [10], a modification of Fermat’s algorithm using
Euler’s function is considered. However, the author
does not investigate the effectiveness of applying the
proposed algorithm specifically for the implementation
of encryption algorithms.
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In [11], the authors investigated three factorization
algorithms: the divisor search algorithm, Fermat’s

algorithm, Pollard’s p-method, and Shor’s algorithm.

The research is interesting in that emulating a quantum
algorithm on a classical computer does not provide
significant advantages. At the same time, the authors did
not consider other algorithms used for the RSA system.

In [7, 12], the authors investigated the effect
of the number of threads on the speed of execution
of the division verification algorithm and their energy
efficiency. However, the authors also did not take
into account the peculiarities of the RSA system in
their research.

Thus,
factorization algorithms. However, in most cases, such

modern  research  considers  various
studies do not analyze the possibility of using them
for the RSA system.

The purpose of this study is to analyze the
performance of factorization algorithms on a home
computer using various composite numbers, including
medium-sized numbers (~20 digits), to evaluate their
efficiency and execution time. Particular attention is paid
to algorithms that can be used to analyze the security of
RSA systems with weak keys, as well as their educational

value for demonstrating the principles of factorization.

Presentation of the main material

The factorization of natural numbers is a basic
operation in arithmetic, which consists of representing
anumber n €N as a product of prime factors. According
to the fundamental theorem of arithmetic, every natural
number n>1 can be represented uniquely (up to the
order of the factors) as a product of prime numbers.

The formalized formulation of the problem is
as follows.

Let there be a given natural number

neN,n>1
The general problem of factorization is to find a set

of prime numbers { Di>Daseees pk} c P and corresponding
exponents { p,, p,,.... p, } © P such that the following
equality holds

n=p'-py-..-p¥, where p,<p,,,Vi
p;, are prime numbers, ¢, =21, k>1 and the layout

is unique with precision down to the rearrangement
of factors [6, 7, 9].

The development of effective factorization
algorithms allows for the improvement of both protection
and cryptanalysis tools.

There are a large number of factorization algorithms.

1. Classical methods (based on quadratic
congruences) [1, 9, 11].

These methods are based on finding numbers a, b,

such that a” =b> modn .
a is not equal £b by the module 7 .
Then the expression can be rewritten as

(a2 —bz)EOmodn
or
(a—b)(a+b)=0modn.

It is possible to find a non-trivial divisor of the
number n by calculating the greatest common divisor

(GCD): GCD(a-b,n) and GCD(a+b,n). At least

one of these GCDs will be a non-trivial divisor of #,
which is the goal of factorization.

2. Stochastic and probabilistic methods [13].

Stochastic, or probabilistic, factorization methods
do not guarantee finding a divisor within a specified time,
but they have a high probability of success.
Their effectiveness depends on the properties of the
number itself or its unknown divisors. The basic idea
is to use randomness to "stumble upon" a divisor.
Unlike deterministic methods, they do not try all possible
options, but make "lucky guesses".

3. Sieve methods [1, 6, 10, 11, 13].

Sieve methods are the most powerful known
algorithms for factoring large integers. Their name comes
from the main stage, which resembles the famous
Sieve of Eratosthenes for finding prime numbers.

The general principle of these methods is to reduce
the factorization problem to two basic steps:

— Sieving stage — efficient search for special
"smooth" numbers (i.e., numbers that can be factored
into small prime numbers).

— Linear algebra stage — combining the numbers
found to construct a congruence of squares.

The ultimate goal, as in many other algebraic
methods, is to find two different numbers a and b

such that:

a> =b>modn
where 7 is a number that needs to be factored. If such
a pair is found, the divisors can be easily calculated

using GCD(a—b,n) and GCD(a+b,n).
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The key idea that makes these methods so fast
is that instead of checking millions of numbers one
by one for "smoothness", the sieve allows you to do
this en masse.

4. Algebraic methods [4, 6, 7, 13].

Algebraic factorization methods are based on using
the properties of numerical structures, equations, and
forms to find non-trivial divisors of composite numbers.
Unlike classical or stochastic algorithms, which work
mainly through brute force or random iterations,
algebraic methods apply strict mathematical patterns
that reduce the search space for factors.

Classical methods

Stochastic methods

(Factorization algorithms

Algebraic methods

Quantum
algorithms

Fig. 1. Classification of factorization algorithms

Despite the significant variety of factorization
algorithms, their use in RSA systems is somewhat
limited.

Algorithms of a special structure, which include

Fermat’s method, Euler’s method, Pollard’s (p—1)

method, Williams’ ( p+1) method, Bent’s method,

The basic idea of such methods is to represent
a given number nnn in the form of algebraic relations,
such as equations or quadratic forms, and find solutions
that lead to a non-degenerate divisor of the number.

5. Quantum algorithms [10].

Shore’s algorithm is the most efficient theoretically
known method for factorization on quantum computers.
It performs decomposition in polynomial time, which
threatens modern cryptography.

The most well-known algorithms of different classes
are shown in Fig. 1.

Fermat's method )

Euler's method )

Legendre's method )

Kraitchik's method )

Congruence of Squares )

p-Method Pollard's )

Pollard's (p-1) method )

Pollard's (p+1) method )

ECM (Elliptic curve) )

Dixon’s algorithm )

Quadratic Sieve (QS) )

Multiple Polynomial QS (MPQSD

GNFS (General Number Field Sieve) )

SNFS (Special Number Field Sieve) )

SQUFOF )

Pell's equation )

Coppersmith’s method )

Shor's quantum aIgorithm)

Pell’s equation, SQUFOF, Legendre’s method, Legendre-
Gauss’s method, and Kraitchik’s method, are only
effective in cases where the divisors have a special
form (for example, p—1 or p+1 are easily factorized,
or the numbers are close to each other). As a result,
they are not applicable to RSA systems, since prime
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numbers for RSA are chosen randomly and specifically
checked for the absence of weak structures.

Stochastic and probabilistic methods are suitable
for finding "small" prime divisors. ECM, in particular,
is the most effective method for finding small prime
factors in large numbers. For RSA systems, such methods
can only be effective in the case of incorrect key
generation (for example, when one of the prime factors
is significantly smaller than the other). In correctly
generated RSA keys, prime numbers have the same
length, so these methods are ineffective.

Lattice-type algorithms are among the most
powerful classical algorithms. QS 1is effective for
medium-sized numbers (up to ~110 digits). For very
large numbers, such as RSA-1024, the only known
practical method is GNFS. All successful attacks on RSA
keys with a length of 768 bits and less are based
on GNFS. Algebraic methods are used to construct
a factor base at an auxiliary stage in the implementation
of lattice methods (QS, GNFS).

The only known algorithm that makes RSA
fundamentally vulnerable is Shor’s quantum algorithm.
However, its practical application requires a high-
powered quantum computer, while emulation of this
algorithm on a classical computer does not demonstrate
high efficiency.

Therefore, lattice methods remain the most relevant
methods for systems [14].

To compare factorization algorithms, this study
chose methods that can find RSA module divisors in
cases of poor key generation or demonstrate the principle
of RSA key
implemented in Python, and Google Colab cloud

construction. All algorithms were
platform was chosen as the execution environment.
The experimental study was conducted on a sequence of
numbers in the range from 4 to 1,000,000 with an interval
of 10,000. This approach ensured equal execution
conditions for each of the algorithms and enabled
a correct comparison of their effectiveness.

Pollard’s Rho method (Pollard’s p -method) was

chosen as the first algorithm for the study. It is usually
used to find small divisors. If the RSA module was built
with a "bad" prime number (for example, not a random
number, but a number that has a certain structure),
this method can quickly find it. Therefore, it is used
to check RSA keys for weakness.

The idea of the algorithm is based on the birthday
paradox and the idea of cycles in pseudo-random number
sequences. First, a sequence of numbers is generated.

To do this, an arbitrary initial number x, is selected.
The sequence of numbers x;,X,,Xx,,... is generated using
a pseudorandom function x,,Xx,,Xx;,..., where N is the
number to be decomposed, and ¢ is a small constant
(for example, c=1) [8, 15].

Since the sequence is generated modulo N, it is
cyclic. The algorithm searches for repetitions not
in the sequence modulo N itself, but in the sequence
modulo p, where p is a prime factor of N . Due to the
birthday paradox, the probability that two numbers in the
sequence will be equal modulo p is significantly
higher than modulo N . For an efficient search for
a match, Floyd’s cycle detection algorithm, also known
as the "tortoise and hare method", is used.

The formalized algorithm can be written as follows:

1. Select random initial values x, and y, = x, .

2. Select constant ¢ =0 .

3. Repeat:

— x, =(x2,+c)mod N
— y=(»,+c)modN, and then again
y, =(3] +c)mod N (ie. y, =x,)

— Calculate d =GCD(|y, —x,|,N).

— If d>1 and d#N, then d
multiplier of the number N . The algorithm is complete.

is a simple

— If d =N, this means that we have "jumped"
over the multiplier. In this case, we need to start over

with different initial values x, or c.

— If d =1, continue iteration.

The complexity of this algorithm is

approximately O(N v 4) .

The results of applying the algorithm are shown
in Fig. 2.

Analysis of the results shows that the execution time
of Pollard’s p -method is on the order of microseconds,

varying from approximately 5.8x107 to 4.9x107
seconds. Most measurements are concentrated near the
lower limit, indicating the stability and relatively high
efficiency of the method for the selected input data.
At the same time, there are isolated peak values that
exceed the average level by more than an order of
magnitude. This may be due to the specifics of the
random component of the algorithm, which sometimes
leads to longer searches for non-trivial divisors.
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Fig. 2. Results of testing the Pollard’s p -method algorithm

Thus,

performance for

Pollard’s  p-method demonstrates high

factorization problems on small
and medium-sized numbers, but is characterized
by uneven execution time due to its probabilistic nature.
This

in conditions where execution time fluctuation is

makes it suitable for practical application

acceptable, but requires caution when estimating
guaranteed computational costs.
The second algorithm considered is Pollard’s

( p—l) method. This is a specialized factorization
method that is effective for decomposing a number N
if N has a prime factor p for which the number p—1
is smooth. A smooth number is a number whose prime
factors are all less than a certain specified limit.

The algorithm is based on Fermat’s little theorem,
which states that if p is a prime number and a is
an integer not divisible by p , then a”~' =1(mod p) .[8, 16]

If p—1 is a smooth number, it can be decomposed

into small prime factors. The algorithm uses this fact

to find a multiple of p—1 (or k(p—1)).

The formalized algorithm can be written as follows:

1. Choose any initial number a, for
example, a=2.
2. Select the smoothness  threshold B.

This number determines how "smooth" p—1 should be.

3. Calculate K as the product of all powers
of prime numbers less than or equal to B .

! I
0.6 0.8 1.0
le6

4. Calculate a* (mod N ) using the algorithm
for rapid exponentiation by modulus.

5. Calculate d = GCD(aK —l,N) .

6. If d>1 and d#N, then d
N . The algorithm has been

is a simple
factor of the number
successfully completed.

7. If d =1, then the chosen boundary B is too
small, and p—-1 is not smooth with respect to B.

It is necessary to increase B and repeat.

8. If d =N, then the chosen number a is not
suitable. This can also happen if N has several
factors p, with smooth p,—1. You need to start again

with another « .

The time complexity of this algorithm for factoring
a sequence of numbers is shown in Fig. 3.

The results show that the execution time of

Pollard’s ( p—l) method varies widely: from values

of the order of 10° —107 seconds to individual peaks
reaching 0.015-0.020 seconds. Most of the results
are concentrated in the microsecond range, confirming
the high efficiency of the algorithm for most of the
numbers processed. At the same time, the presence of
significant deviations from the average level indicates
a substantial dependence of the execution time on the
structure of the factorized number, in particular on the
properties of its prime divisors and the order of elements
in the multiplicative group modulo.
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asymmetric performance.

The Pollard method  demonstrates

In most cases, it works
very quickly, but for some numbers it may require
significantly more time.

The next algorithm under consideration is the
Elliptic Curve Method (ECM). This algorithm is used to
find non-trivial factors of integers. It is particularly
effective for finding relatively small prime factors of
large numbers, and its performance depends on the size
of the smallest prime factor, not the size of the number
itself, making it one of the most powerful modern
methods for finding medium-sized factors.

ECM combines the ideas of Pollard’s (p—1) method

and the group structure of points on an elliptic curve.
Instead of performing calculations with numbers modulo
N, ECM performs addition operations on points on
an elliptic curve modulo N [11].

The algorithm selects a random elliptic curve E
and a point P on it. An elliptic curve is generally
described by the equation y* = x* +ax+bmod N .

The operation of "addition" can be defined on the
points of an elliptic curve. This operation is associative,
and the points form an Abelian group. Similar to
the ( p—l) method in ECM, point P is "added" to itself

K times, and K:-P
of K- P is performed modulo N .

The main advantage of ECM is that the order
of the group of points on an elliptic curve modulo p

is calculated. The -calculation

(where p is a prime factor of N ) can be different
for different curves.

0.4

0.8 1.0
le6

0.6

The formalized algorithm can be written as follows:
1. Select the smoothness limit B, .

2. Select a random elliptical curve FE and
apoint P onit.

3. Calculate Q=K-P(modN), where K

the product of all prime numbers less than or equal to B, ,

in the appropriate degrees.
4. When calculating O, each step checks whether

an error occurs when dividing by 0 (modN).

If the GCD of the denominator and N is greater than 1,
the factor is found.

5. If no multiplier is found, you can increase
the limit B, or try another curve and point P .

6. The computational complexity of ECM
depends on the size of the smallest prime factor p

of the number N and is approximately equal to

O(e“m” Peler og® N ) . The complexity is sub-exponential

with respect to p, not N . This means that the smaller
the prime factor, the faster ECM will find it.

The probability of successfully finding a factor
increases with the number of attempts (i.e., with the
number of elliptic curves used).

The time required for factorization using this
algorithm is shown in Fig. 4.

The
variability in the execution time of the ECM method.

results obtained demonstrate significant

The values range from about 10~ seconds to tens
of seconds, with both relatively fast factorizations
(e.g., in the millisecond range) and significant peak
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loads recorded — in particular, 6.58 seconds and even
14.26 seconds. This uneven performance is explained
by the mathematical nature of ECM. Its effectiveness
depends significantly on the choice of random elliptic
curves and the properties of the desired prime divisor.

If the parameters are "favorable", the algorithm
quickly finds the factor, but in unfavorable conditions,
a large number of iterations are required, resulting

in exponential peaks in execution time.

Time expenditure

Factorization time (s)
Y

— ECM

T T
0.0 0.2 0.4

T
0.6 0.8 1.0

Ratio of composite numbers le6

Fig. 4. Results of testing the ECM algorithm

Quadratic Sieve (QS) is one of the most efficient

classical algorithms for factoring large

It belongs to the class of algorithms based on the idea

integers.

of finding congruence of squares and is the best choice
for factoring numbers up to 100-120 digits.

The algorithm is based on the idea of finding
two numbers x and y such that x=Z  and
x*=y*(modN). If such a pair is found so
x*—y* =(modN), then x*—y* =(modN) is divisible
by N . In this case, with high probability GCD(x—y,N)

or GCD(x+ N ) will give a non-trivial factor
of the number N [16].

The method for finding such a congruence consists
in searching for a set of numbers 2z, such that

z; (mod N) is a smooth number (i.e., it can be factorized

from a small "factor base").
The computational complexity of the quadratic
sieve is sub-exponential and is expressed by the

formula Ly [1/2,c] = TNV Y. - here ¢=1 for

the basic algorithm.
The time
this algorithm is shown in Fig.5.

required for factorization using
The results of experiments with a quadratic

lattice (QS) demonstrate high stability of execution

time. Most values are concentrated in the range of
5.0x107° —=7.0x107 seconds, which indicates relatively

predictable computational behavior of the algorithm.
Only a few experiments showed deviations, in particular

peak values of about 1.0x10™ seconds, but such
cases are rare. Unlike stochastic methods, such as ECM,
the quadratic sieve manifests itself as a more
deterministic algorithm with uniform load. This is due to
its structured construction based on the factor base
and the method of linear algebra. It is thanks to this
that QS is considered one of the most effective universal
methods for factoring medium-sized numbers.

Thus, the

theoretical estimates — the quadratic sieve ensures

experimental results confirm the
consistency and stability of execution time when
calculating the factors of numbers in the studied range.
This makes it practically suitable for factorization
attacks on small and medium-sized RSA modules.

The last algorithm studied is the Dixon algorithm.
It is a probabilistic method for factoring integers.
The algorithm belongs to a class of algorithms based
on finding congruences of squares and is the theoretical
basis for more practical and faster algorithms, such as

the Quadratic Sieve (QS).
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Fig. 5. Results of testing the Quadratic Sieve method

The basic principle of Dixon’s algorithm is to find

two numbers x and y such that x = Zy(modN)
and x’=)’(modN). If such a pair is found,

then x’—y’=(modN), which means is divisible

by N [17,18].

The method for finding such a pair is based
on the system of smooth numbers.

The time required for factorization using this
algorithm is shown in Fig.6.

For small composite numbers, the algorithm takes

about 3.5x107° seconds to run. These values are quite

close to QS, which shows the effectiveness of the
method for small numbers.

With an increase in composite numbers, there
is a gradual increase in the duration of calculations,
in some cases up to 0.0015-0.0023 s. This is because
Dixon requires more iterations to find dependencies
in the factor base as the size of the number increases.
There is a strong variability of values between
neighboring numbers (values can jump from 0.0006
to 0.0017 s). This indicates the stochasticity of the
algorithm, i.e., the efficiency depends on the random
selection of squares and the solution of linear systems.

Time expenditure

—— Dixon’s algorithm
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Fig. 6. Results of testing the Dixon algorithm
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The upper peaks during the experiment are isolated,
but significantly exceed the average values, which
confirms low stability compared to QS. The Dixon
algorithm  demonstrates average efficiency for

the numbers studied. It is faster than Pollard’s
methods (p, p—1) on large numbers, but inferior
to the quadratic sieve in terms of stability and
predictability of running time. This confirms its status
as a transitional method between simpler factorization

algorithms and more advanced ones (QS, NFS).

Conclusions

The experimental study allows wus to draw
the following conclusions regarding the effectiveness
of factorization methods.

Pollard’s

in their performance, which makes them suitable

algorithms showed some variability
for practical application in conditions where execution
time fluctuations are acceptable, but requires caution
when estimating guaranteed computational costs.
As a result, it is advisable to use these methods in
combination with other factorization algorithms, which
allows compensating for their uneven performance.

The elliptic curve method (ECM) showed higher
efficiency compared to Pollard’s algorithms when
searching for divisors of average size. The results of the
experiments confirm the theoretical position on the
advisability of its use in the initial stages of factorization
of large numbers.

The Dixon algorithm demonstrated stochastic

behavior and significant fluctuations in execution
time, which corresponds to its probabilistic nature.
The results confirmed its limited practical value
compared to more modern methods.

The quadratic sieve (QS) showed the best results
among all implemented algorithms, ensuring stability
and relatively predictable execution time. This confirmed
the theoretical complexity estimates and proved
the feasibility of using this method for factoring

medium-sized numbers.
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KIIACU®PIKALIA TA EKCIIEPUMEHTAJIBHI JOCJIIIKEHHSA
E®EKTUBHOCTI AJITOPUTMIB ®AKTOPU3ALIIL

IIpenmeToM pocaimkeHHsI € aIropuTMH (aKkTopH3alii, a came eKCIepUMEeHTalbHA TIIepeBipka e(eKTUBHOCTI CydYacHHX
ITOPUTMIB IIJIOYHACENBHOT  (paKTOpU3aIlii, BHSABICHHS 3aKOHOMIPHOCTEH MiX anroputMamu (akTopu3alii Ta po3MipoMm
qucel, o (GpakTOpU3yIOThCs, 3 MOTIIAAY Yacy, HEOOXiTHOTo Al BUKOHAHHA (akTopu3aiii. Mera podoTu — aHami3 IpOIyKTUBHOCTL
ITOPUTMIB (akTopu3alii 3 BUKOPUCTAHHSIM pI3HMX CKIAJCHHX YHCEJ, 30KpeMa YHCell CepeaHboro posmipy (~20 po3psuis),
0 Jla€ 3MOTY OIIHHTH iX e(EeKTHUBHICTh i Yac BHKOHAHHS. Y TIPOIECi JOCTI/KCHHS HEOOXINHO BHKOHATH Taki 3aBJaHHS:
CHCTEMaTU3yBaTH Cy4acHI anropuTMH (akTopmsaiii, eKCICPHIMEHTAIbHO TEPeBIpUTH e(EeKTUBHICTh CyYacHHX AJITOPUTMIB
thaxropuzauii [loanapaa (p ta p—1), MeToQy eNNTHYHOI KpHBOi, anroputMy JlikcoHa i kBaapatuuHoro peurera. [ljis qocsrHeHHS
METH BHKOPHCTOBYBAJIHCSI 3aralbHOHAYKOBI METONM: aHANi3 IPeJMETHOI ramys3i Ta MaTeMaTH4HOTO amapary, Teopiss MHOXHH,
gpcna W IO, IUIAHYBAHHS Ta EKCIIEpUMEHTalbHE JociipkeHHs. JlocsirHyTi pe3yasTatn. ExcneprMeHTandbHI JOCIIKEHHS
MpoJeMOHCTpyBany, Imo ainroput™u Ilommapaa edexTuBHI A7 WHcen 3 MalNMHU AiTBHUKAMH, ajle BTPAYalOTh IMPOIYKTHBHICTH
31 30UIBLICHHSAM PO3Mipy uuced. MeTon eminTU4YHOi KPHBOiI JOBIB CBOIO JOLIIBHICTH y IMOIIYKY AIIBHUKIB CEPEIHBOTO PO3MIpY
Ta Kpally MacliTabOBaHICTh IIOPIBHSHO 3 KIACHYHHMH CTOXAaCTHYHMMH MeTogaMu. Anroput™ JlikcoHa, He3Bakardn
Ha BIJHOCHY IIPOCTOTY peai3allii, MpoJeMOHCTPYBaB CTOXACTHYHI KOJHMBAHHS Yacy BHUKOHAHHS, IO OOMEXye HOro IpakTHIHY
LIHHICTB Yy CIICHAPIsAX 31 CTPOTUMHE YaCOBUMHU OOMex)eHHsIMH. HaifOimpIn cTablIbHIX 1 Tepe0adyBaHuX pe3yabTaTiB OyJI0 JOCSITHYTO
IUIS KBaJpaTHYHOTO peIIeTa, sSKe JOBEeN0 HOro MPHUIATHICTh Ui (aKTOpU3aIlii YHcelT CepefHBOro po3Mipy U 3abe3medmio
HalMEHIINH PO3KH/] 3HAYEeHb Yacy 3a YMOB 0araTopa3oBOro BUKOHAHHS Ha iIeHTHYHUX Habopax naHux. BucHoBku. Excrniepumentn
MOBHICTIO MiATBEP/UKYIOTh TEOPETHYHI OYIKYBaHHS IIOAO IPOJYKTHBHOCTI JOCITIDKYBAaHMX METOJIB. Pesymbraté cBigdaTh
mpo Te, 1o npocTi amroputMmu (Mertox I[lommapma W MeTon eNiNTHYHOI KPHBOI) €(PEKTUBHI Ui IOMEPETHBOTO OOpOOJICHHS
Ta BHABJICHHS CIAOKMX KIIOYIB, TOMAI SK KBAJAPATUYHE PEHIETO € ONTHUMAJIbHUM BHOOpOM Ui (hakTopH3alii 4rMcen cepeaHbOro
posmipy. [dust Bemukux MoayidiB RSA mpakTH4HO BHKOPHCTOBYBATH OUNBII CKJIAAHI alrOPUTMH, HAMPHKIAJ 3aralbHe pelieTo
gucioBoro mois. [lomampmmii  po3BHTOK anropuTMiB  (axropusamii mnependadae mapaiemizaiio mpouecy (akropusaril
Ta pO3pOOJICHHS AITOPUTMIB, IO 3aCTOCOBYIOTH CKPHHIHT HEMOXIIMBUX PO3B’SI3KiB.
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Natalia Pyrih, Serhii Udovenko, Olena Grinyova, Larysa Chala

AUTOMATED SYSTEM FOR DAMAGE ANALYSIS
OF URBAN INFRASTRUCTURE OBJECTS USING COMPUTER VISION MODELS

The current problem is to ensure the integration of multi-level data for effective monitoring and analysis of damage to buildings
resulting from military operations in Ukraine, and to determine restoration priorities. The purpose of this work is to develop
an intelligent system for automated analysis of damage to urban infrastructure objects, enabling effective processing of large volumes
of images obtained using computer vision tools for further assessment of the level of destruction and decision-making regarding
the priority of their restoration. The detailed reports generated by the system on each building’s condition significantly simplify
the expert evaluation process, eliminating the need for specialists to be physically present on-site. Ranking damaged objects
by their impact on the country’s vital activities ensures a more rational, well-balanced allocation of the resources required
for infrastructure restoration. In addition, the system actively interacts with relevant state structures, local governments and
specialists responsible for planning and organizing restoration work. Within the framework of such interaction, it is envisaged to
obtain access to comprehensive databases with information on the architectural features of buildings, their historical and cultural
value, as well as the use of existing technical documentation, which makes it possible to take into account all aspects when assessing
the severity of damage and forming building restoration plans. Analysis of data obtained from specialised engineering surveys
and studies using high-precision instrumental methods enables additional refinement of damage parameters and the creation
of extended datasets for further training and validation of computer vision models. The paper investigates and justifies the
feasibility of using instance segmentation with YOLOv11 and Mask R-CNN models, enabling not only damage detection but also
accurate boundary and quantity determination, which is important for a comprehensive assessment of the scale of destruction and
planning restoration measures. The results show that the proposed system works effectively when approaches to combat class
imbalance are used. An important stage of the system is the automated formation of optimized restoration plans based on
a comprehensive analysis of the identified damage. Such plans should take into account not only the technical parameters
of the destruction, but also financial, material and personnel limitations. The proposed system is an effective tool for supporting
decision-making at the state and regional levels on the restoration of damaged structures, contributing to the acceleration of the
restoration processes of critical infrastructure and minimizing socio-economic losses associated with military destruction.

Keywords: damage analysis; urban infrastructure; deep learning; computer vision models; instance segmentation;
image set; intelligent system.
Given the

1. Introduction labor-intensive and typically subjective.

significant number of damaged structures across the

As a result of the armed aggression launched by the ~ country, it is advisable to improve approaches to

armed forces of the Russian Federation in 2022, the
infrastructure of many settlements in Ukraine has
suffered significant damage. This has disrupted the
normal functioning of residential infrastructure, reduced
the quality of life for residents, and led to the loss of
cultural and historical heritage. There is an urgent need
for the effective restoration of damaged structures, and
the issue of prioritizing such restoration becomes
particularly important given the limited availability of
necessary resources.

To determine the order of restoration, it is necessary
to consider the extent of physical damage to the facilities,
structural features, social role, and cultural and historical
value of the destroyed buildings. Traditional methods
of damage assessment, based on expert inspections, are

analyzing the extent of infrastructure damage and
planning the corresponding restoration work. In doing so,
the task of restoring destroyed and damaged structures
must be considered both during the war and in the post-
conflict period. It should be noted that, given the ongoing
hostilities, there is a threat to workers performing
restoration work, as well as the risk of new destruction.
Currently, Ukraine lacks information systems capable
of automating the processes of obtaining the information
on the extent of destruction necessary for making
operational decisions and of proposing a comprehensive
approach to prioritizing the restoration of damaged
facilities, taking into account their physical condition,
social significance, and historical and cultural value.
Most existing solutions are limited to assessing only
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external signs of damage and are unable to provide
recommendations on the order of restoration based on
a multifactorial analysis.

In light of this, it is particularly important to create
an intelligent system that, based on architectural and
technical documentation data, building metadata, and
using computer vision methods, is capable of determining
priorities for the restoration of urban infrastructure
facilities. The development and implementation of such
a system will not only improve the efficiency of
existing resources but also ensure a socially equitable
restoration strategy that takes into account community
needs, the importance of the facility’s functions, and the
preservation of national memory.

This work explores the subject area related to the
analysis of damage to urban infrastructure and identifies
the main problems and challenges that arise during damage
assessment and restoration planning. Particular attention
is paid to the innovative aspects of the system under
development, which is based on the use of computer
vision models and deep machine learning for the automated
detection of building damage using image data.

Deep learning can, in particular, be effectively used
to solve complex tasks: classification, segmentation, and
identification of damaged fragments of destroyed
building infrastructure. Modern deep learning models are
based primarily on the use of convolutional neural
networks (CNNs), which allow for improved quality
of damage analysis based on the results of computer
vision methods and tools. Detecting building damage
during military operations and assessing the extent of
such damage using intelligent models can ensure
effective analysis of the condition of damaged structures
and enable prioritized planning for the restoration
of these buildings.

The principle of traditional computer vision
methods lies in extracting object features from images for
subsequent classification. Convolutional neural networks
complement the capabilities of computer vision methods
through deep learning principles, which ensure the
flexibility of neural network models that can be retrained
tasks
identification of defects in damaged buildings [1].

The objective of this
an intelligent system for the automated detection of

for any possible dataset in involving the

work is to develop
damage to buildings based on images, the assessment
of the extent of damage, and the prioritization
of their restoration, taking into account their cultural

and social significance.

2. Literature Review and Problem Statement

The development of systems for the automated
detection of building damage in the context of military
conflicts, as well as the prioritization of their restoration
based on the extent of damage and the cultural and
historical significance of the sites, is accompanied by
a number of significant challenges. One of the key
limitations is the shortage of high-quality annotated data
required for effective training of machine learning
models. Currently, there is a limited number of publicly
available datasets illustrating building damage,
particularly as a result of natural disasters. Among these,
the xBD dataset [1] is worth highlighting; it contains over
850,000 annotations of buildings on satellite images
acquired before and after events (such as hurricanes or
earthquakes), with a detailed classification of damage
levels. However, the lack of specialized datasets focused
on war damage significantly complicates the adaptation
of existing methods to the specifics of combat operations
and their consequences.

Fig. 1 shows examples of image pairs from the
aforementioned dataset.

Models trained on such datasets require paired
(before and after destruction) to

effectively analyze damaged objects. This results in

satellite images
significant costs for collecting such data, as well as
a reliance on external imaging sources. Moreover,
the application of these models may be limited
due to the lack of pre-damage historical imagery,
which is particularly relevant in the context of military
conflicts. The accuracy of models trained on xBD-type
datasets is often insufficient when analyzing buildings
damaged by combat operations. This is because satellite
images do not always capture minor defects (e.g., cracks,
localized potholes), and the nature of damage from
shelling differs significantly from the effects of natural
disasters, which are predominantly represented in
existing datasets. The latter focus on global landscape
changes, whereas in wartime conditions such changes
may be absent or may not correlate with the actual
condition of buildings [2]. The overall accuracy of
damage assessment depends largely on the quality of the
input data. The complexity of analyzing satellite imagery
lies in the presence of obstacles, such as neighboring
buildings, the surrounding environment, and clouds,
which partially or completely obscure the image [3].
Additional factors —
weather conditions, smoke, and suboptimal shooting

shadows, vegetation, adverse




Cyuachutl cman HAyKo8ux 00CAiOHCeHb ma mexHonoziu 6 npomuciosocmi. 2026. Ne 2 (36)
Innovative technologies and scientific solutions for industries. 2026. No. 2 (36)

123

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

angles — also distort visual information, making it
difficult to identify key features of objects. Furthermore,
the inability to safely collect additional data on-site

(due to the threat to experts’ lives) limits the ability
to expand training datasets to the sizes required for

effective model training.

Fig. 1. Landscape samples before (top row) and after (bottom row) the disaster from the xBD dataset

One of the key challenges in developing building
damage analysis systems is the need to account for the
variety of building materials, such as concrete, brick, or
precast concrete, which significantly affect the stability of
structures and the feasibility of their restoration [4].
For example, concrete structures are capable of
withstanding significant dynamic loads, whereas brick
walls demonstrate greater vulnerability to blast waves.
Furthermore, the nature of damage in brick and concrete
buildings can differ significantly: cracks in brick masonry
are often less critical for operational safety than similar
defects in concrete structures.

This heterogeneity complicates the creation of
unified damage assessment models, as it requires
a differentiated approach to analyzing each type of
material. An important aspect is the assessment of the
condition of load-bearing floors, since damage to them
directly affects the overall stability and safety of the
building. To detect hidden defects and accurately
determine the extent of damage, specialized equipment —
such as ultrasonic scanners, laser rangefinders, or ground-
penetrating radar — is often required [5]. However, their
use is limited due to high costs and the complexity of
deployment in wartime conditions. Economic and
organizational constraints also play a significant role.
Countries affected by armed conflicts often face
a shortage of the financial and human resources needed
for large-scale infrastructure restoration. In Ukraine,
in particular, investment in reconstruction is limited

due to the prolonged war [6], which complicates the

implementation of high-tech damage assessment methods.
Another challenge is the lack of systematic criteria
for assessing the cultural and historical value of sites.
Uncertainty regarding restoration priorities, stemming
from a lack of standardized methodologies and objective
indicators, significantly complicates the decision-making
process regarding the order of building reconstruction.

Below, we examine existing platforms and software
solutions currently used for the automated detection and
classification of damage to civil infrastructure objects.

At the start of the full-scale war in 2022, the UN
funded the "Infrastructure Semantic Damage Detector"
(ISDD) project for Ukraine [7], under which a model was
created that uses machine learning algorithms and big
data processing methods to analyze infrastructure damage
by processing reports. The model uses the open-source
ACLED database, which contains global real-world data
on the consequences of destruction, as its data source.
The system based on this model was developed to
determine the location of infrastructure damage and
the scale of the resulting losses to enable rapid response.
It was also intended to use this system to generate ready-
made reports for the purpose of submitting requests
for assistance to international humanitarian organizations
and calculating the amount of aid required. By analyzing
the text of the reports, data on the date, time, location,
cause, and type of damage are recorded. One of the
challenges addressed by the system’s developers is
determining the type of damaged infrastructure in the
required format. Nine categories were proposed for
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classification: industrial facilities, logistics, energy/power

supply,
education,

telecommunications, agriculture, healthcare,

housing, and business. By identifying
keywords for each of these categories and using the
cosine similarity measure to establish a semantic link
between the text of the reports and the infrastructure
categories, the system can automatically classify the
types of damaged infrastructure.

The final stage of the system’s operation is the
visualization of the results on an interactive map of
Ukraine. The ability to filter the buildings identified and
displayed on the map by region and settlement, as well as
by their function, allows users to examine the geographic
distribution of damage across various types of infrastructure.
The ability to generate bar and pie charts allows users to
examine the results in greater detail. Figure 2 shows
an example of an interactive dashboard built on the
ISDD platform. The advantages of the described system
include: speed and efficiency; scalability; and the ability
to analyze various types of infrastructure.

The disadvantages of this system include:
limitations caused by processing only text data without
analyzing visual materials; dependence on the quality of
text data without the ability to verify the accuracy
of the obtained data against data from other sources;
the system’s focus solely on determining the type of
damaged infrastructure and its location, while ignoring
the severity of the damage and the assessment of losses.

In 2022, the Kyiv School of Economics, in

collaboration with Ukrainian government agencies,

initiated the "Russia Will Pay" project, aimed at
a comprehensive analysis and assessment of the
damage inflicted on the country’s infrastructure as
a result of military aggression [8]. The project involves
collecting and systematizing data from various sources,
including official reports from government agencies,
business associations, verified media materials, as well as
satellite imagery and the results of drone surveys of
liberated territories. This approach allows for the
assessment of damage not only to buildings but
also to critical infrastructure, major roadways, and
agricultural land. A key partner in the project is
which

provides satellite imagery of sites free of charge and

the Polish-American company Tensorflight,

uses machine learning and artificial intelligence
tools to analyze them. The innovation of the method
lies in the use of imagery captured at different angles
(0° and 30-50° relative to the axis), which makes
it possible to assess damage to both roofs and
building facades — even if the roof remains intact.
After preprocessing the images, they are segmented
into undamaged and damaged objects, and the degree
of damage is classified — from partial (repairable)
to total. Based on historical data on damaged buildings,
Tensorflight also provides a preliminary estimate of
reconstruction costs. To date, the system has been used
to analyze damage in cities such as Bucha, Irpin, and
Mariupol. Additionally, the project helps prioritize
sites for restoration by providing analytical support

for decision-making.

Zaponzhia Knarkiv
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Fig. 2. Example of an interactive board built using the "Infrastructure Semantic Damage Detector" platform
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The system offers the following advantages:
a multimodal approach to gathering information about
damage; detection of damage to building facades with
intact roofs using the proposed satellite imaging approach.
The disadvantages of the system under consideration
include: the dependence of users (government agencies)
on a commercial company from another country;
the possibility of confidential information about
infrastructure facilities being leaked; and the high cost
of collecting and processing satellite data.

One of the
specializing in assessing damage to buildings caused by
external factors is FlyPix Al [9].
developed a geospatial analytics platform (Geospatial Al

leading commercial companies

The company has

platform) that integrates pre-trained machine learning and
deep learning models, as well as artificial intelligence
tools for processing drone imagery, aerial photography,
and high-quality satellite images. The platform provides
automated detection, segmentation, and classification of
building damage in real time. Initially, FlyPix AI’s
models were focused on analyzing damage caused by
natural disasters and were successfully used to assess
damage to settlements following earthquakes in Turkey
and Japan. In 2025, the company adapted its solutions to
analyze building damage resulting from military
operations in Ukraine. The official website notes that
previously developed models, trained on natural disaster
data, did not provide sufficient accuracy for military
damage. Therefore, new models were created, trained on
specialized custom datasets containing information about
destruction in combat conditions. To improve accuracy,
multimodal data fusion was also implemented.

The Geospatial Al Platform features machine
learning and deep learning models with various
architectures for the segmentation and classification of
images of damaged buildings (specifically, U-Net and
Mask R-CNN deep learning models combined with
trained ResNet34, SeResNext50, Inception v3, and
EfficientNet B4 models). The highest accuracy was
achieved by using an ensemble of Mask R-CNN models
(for detecting damaged structures) and Inception v3
models (for assessing the degree of damage). After the
selected deep learning models have completed their tasks,
the system allows users to work with dashboards and

interactive maps to examine the results in greater detail.

The advantages of the described system include: a wide
selection of models with different architectural types,
with the ability to fine-tune them on user-provided datasets
to solve a wide range of diverse tasks; convenient tools
for automated image annotation in the user dataset;
multifunctionality; no requirement for users to possess
knowledge or skills in machine learning and artificial
intelligence to use the system; integration of the configured
model into cloud environments; real-time analysis of
satellite and drone imagery. The system’s drawbacks
include: limited capacity for building monitoring and free
usage based on the number of requests; the inability for
users to view detailed information about detected damage;
lack of information regarding the type of structure being
and the
restoration based on their cultural and social value.

inspected; inability to prioritize building

Another platform for analyzing building damage is
the "Al Damage Detector" platform from T2D2 [10].
This cloud-based platform allows for the detection and
classification of damage to buildings using computer
vision algorithms (Fig. 3). It should be noted that T2D2
did not aim to assess damage to structures caused by military
actions, but rather focused on detecting various types of
damage on facades during building condition monitoring,
which may partially relate to the topic of this study.

Platform users can use images and videos captured
from mobile devices, cameras, or drones as input data for
the models they build. The system built on this platform
allows users to track the deterioration of buildings over
time by comparing images and videos taken at different
intervals. The "Inspection Cloud" cloud environment
developed by T2D2 allows users to store necessary
materials and integrates with Google Drive, OneDrive,
and Box. Advantages of this system: the ability to
generate detailed reports describing various types of
damage found; high classification accuracy due to large
proprietary training datasets used to train the proposed
models. The system’s drawbacks include: the lack of
a free plan (with the exception of a two-week trial
period); a lack of focus on identifying specific damage
sustained by buildings during military operations; lack of
assessment of the socio-cultural significance of buildings;
lack of assistance in making decisions regarding the
restoration of structures as well as determining the
order of building restoration.
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Fig. 3. Interface of the "AI Damage Detector" platform

At the various volunteer

organizations

start of the war,

launched several projects aimed at
documenting building damage by creating 3D models.
These projects cover both simple structures and those of
cultural or historical value. Drones and aerial photography
are typically used to survey structures, and 3D models are
created using photogrammetry. The results obtained

allow not only for documenting damage but also for
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specialists to use them for further analysis and planning
of restoration work. Among the most well-known
projects in this field is the "War up Close" project, which
uses 360° panoramic photographs, drone footage, and
3D modeling to document the criminal destruction of
Ukraine’s infrastructure for subsequent presentation to
the global community [11]. Fig. 4 shows one of the pages
of the War in 3D project featuring constructed 3D models.

CONTACTS
UA

—_—
ABOUT NEWS (\ Help the project \)

\ Z’a” %

Monument to Taras
Shevchenko in Borodyanka

Fig. 4. Example of a page from the "War in 3D" section of the "War up Close" project

The project team is actively collaborating with
various government agencies and helping rescue workers
clear debris and assess the true extent of the damage.

The global initiative for Ukraine’s recovery,
UNITED24, has launched a joint project with the IT
company LUN, using an app with patented technology
that builds 3D models of structures based on drone

imagery [12]. This initiative allows for tracking the
progress of the reconstruction of damaged buildings and
raises funds for infrastructure restoration. Currently, the
program is limited to Kyiv and covers 17 sites. Figure 5
shows an interactive map of Kyiv with the locations of
damaged buildings.
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Fig. 5. Example of an interactive map showing the locations of damaged buildings, provided by UNITED24

Unlike previous initiatives, which have focused
more on ordinary residential buildings, the volunteer
initiative Scan UA works with Ukrainian heritage
sites that have been damaged or are at risk of
disappearing [13]. The goal of this initiative is to create
a digital archive of Ukrainian heritage to preserve the
memory of cultural heritage, as well as to provide
information about the damage inflicted on the country’s
architecture. Figure 6 shows a 3D model of the damaged
Fire Station No. 4 in Kharkiv.

Go back

r Fire department in Kharkiv est.1886
| 9 by Serhii Revenko

The advantages of all the initiatives described are
that the 3D models produced as a result of their work
allow specialists to examine the damage present on the
buildings in greater detail and plan restoration work more
thoroughly. At the same time, a significant drawback is
the lack of an automated mechanism for detecting damage
and determining the level of destruction of buildings.
These initiatives do not propose an objective mechanism
for selecting buildings for structural damage assessment
or for determining the order of restoration work.

Fire Department No4

In the XIX century fire stations were designed with watchtowers (called 'kalancha’ in
Ukrainian) to counteract large-scale fires in all Ukrainian lands in the XIX century.
The building had 3-4 floors so that the guards could detect fires and give a signal to
firefighters in time. This kind of fire department was common in many cities in

Europe, the United States and Russia of that time.

This is how Kharkiv fire department No4 with the watchtower worked. It was also

called the fire station ‘on Zaikivka' according to the district name it was located in.

The building was constructed according to the project of the architect Hryhorii

Stryzhevskyi between 1884 and 1886 in Kvitkynska Street.

On March 28, 2022, the building helping save the city and its residents from fires for
more than 130 years, came under fire from the Russian artillery, damaging the

facades, windows, and roof of the architectural monument of Kharkiv.

Fig. 6. Interface page showing a 3D model of the damaged Fire Station No. 4 in Kharkiv

Below we present the results of scientific studies
most relevant to the topic of this paper.

n [14], the authors proposed an approach to the
automated detection of damaged buildings in satellite and
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aerial imagery, based on unsupervised machine learning
methods. Images of Ukrainian cities from Google Earth,
obtained before and after the start of the war, were used
as input data. Before applying machine learning algorithms,
the images underwent preprocessing, which included
georeferencing, orthorectification, contrast enhancement,
and brightness equalization. The algorithm consisted of
three main stages. In the first stage, Principal Component
Analysis (PCA) was applied to determine the principal
components describing the directions of maximum data
variance. In the second stage, the K-means algorithm was
used to partition the image into clusters by grouping
similar areas of change. In the final stage, the DBSCAN
(Density-Based Spatial Clustering of Applications with
Noise) clustering method was applied to identify dense
regions corresponding to damage. The result of the
algorithm’s operation was a binary damage mask, where
damaged areas were highlighted for further analysis.
The advantages of the proposed method lie in its high
damage detection accuracy (Accuracy = 98.13%,
F1 Score = 70.90%), as well as its ability to work with
data of varying quality and spatial resolution without the
need for pre-training complex deep learning models.
However, the algorithm has certain limitations. First, it
does not accurately define the boundaries of different
types of damage. Second, the presence of visual artifacts,
such as shadows, glare, or uneven lighting, can significantly
reduce the accuracy of the results. Furthermore, the
effective application of the method requires the
availability of satellite or aerial images taken before and
after the damage, which are not always obtainable.
Additionally, not all types of damage are clearly visible
from above, which limits its scope of application.

In [15], an innovative approach to determining the
degree of building damage was proposed, based on the
construction of a Damage Detection Map (DDM) model.
Photographs of damaged buildings obtained after the
earthquakes in Nepal and Ecuador, Typhoon Rui, and
Hurricane Matthew were used to train the model.
A distinctive feature of this approach is that the images
were captured at ground level, which allows the model
to be used in the future to analyze photographs posted
on social media by ordinary users without the need for
specialized equipment.

The model’s architecture is based on a convolutional
neural network (CNN), specifically a modified VGG19
model, whose outer layers were fine-tuned on collected
and labeled datasets. To visualize and interpret the
results, the Grad-CAM method is applied in the final

convolutional layer, which calculates weights based on
gradients for each object map, highlighting the most
significant areas. This allows for the generation of
a DDM heatmap,
correspond to detected damage. To classify the severity

where areas of high intensity

of damage (minor, moderate, severe), the authors
proposed the DAV (Damage Assessment Value) metric,
which is calculated as the average of the intensities on the
heatmap. The higher the DAV value, the more severe the
damage. Using DAV thresholds allows the model to be
adapted to different types of damage, providing
flexibility in determining their severity. The model’s
output is a thermal map highlighting the damage,
as well as a classification of the building by damage
severity. This approach opens up possibilities for
automated analysis of photographs taken by non-specialists,
significantly expanding the capabilities for documenting
and assessing damage in real time.

The main advantages of the proposed approach [15]
are its cost-effectiveness and ability to be deployed
immediately following the occurrence of emergencies.
This is particularly relevant in situations where large
volumes of data can be rapidly collected from social
media, enabling a prompt response to damage without
the need for specialized equipment. Another important
advantage is the clarity and comprehensibility of the results,
which helps build trust in automated systems for detecting
and classifying the extent of damage to buildings.

In a subsequent study [16], the authors expand
on this approach, emphasizing the advantages of the
Grad-CAM and Grad-CAM++ methods, which provide
improved interpretability of results. Additionally, the
application of the model for classifying damage to
various types of infrastructure — including roads, bridges,
and buildings — is demonstrated, broadening its scope
of practical use. However, the method has certain
limitations. First, small-scale damage may not be visible
on heatmaps, creating a risk that it will be overlooked
during the planning of restoration work. Second, although
the method effectively visualizes large-scale damage, its
capabilities are limited when it comes to detecting minor
defects. At the same time, the algorithm for automatically
assessing the severity of damage allows buildings to be
classified by degree of damage, which is an important
advantage for prioritizing restoration efforts.

In [17], a method was proposed that allows for the
assessment of the degree of building damage on a scale
from 0 to 1 based solely on aerial imagery, without the
need for before-and-after photographs of the structures.
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To train the model, a custom dataset was created,
comprising 250 images of buildings damaged by natural
disasters, collected from open sources and pre-annotated
by experts. The method’s architecture involves three
parallel feature processing streams, whose results are
combined for the final damage severity prediction.
The first stream processes unprocessed color images
using a VGG-based convolutional neural network to
extract deep features. The second stream first applies
semantic segmentation using DilatedNet to remove
extraneous objects and extract only relevant elements
(e.g., building walls), and then processes the resulting
color mask in a manner similar to the first stream.
The third pipeline converts the segmented image into
a binary mask representing the building’s contours with
damaged areas and analyzes it using a simplified LeNet
architecture. The features obtained from all three streams
are combined into a single vector, which is processed by
a fully connected layer with a sigmoid activation function
to determine the building’s damage level as a continuous
value. The advantages of the proposed approach lie in the
absence of a need for data on the condition of objects
prior to destruction, as well as in the ability to obtain
a continuous assessment of the degree of damage, which
allows for the flexible prioritization of the restoration of
structures with different types of damage. However, the
method also has significant limitations. First, the high
computational complexity requires substantial resources
for model training. Second, the quality of the results
depends on the training dataset, which must be
pre-annotated by experts. Discrepancies in assessments
by different groups of experts or changes in the criteria
for determining the severity of damage may necessitate
the preparation of a new dataset and retraining of the
model, which complicates its practical application.

In [18], an approach was proposed aimed at
reducing the computational complexity of models by
utilizing computer vision methods that account for the
building materials used during construction. The data
source for the experimental studies was a custom Google
My Maps map created in April 2022, which contains
images of damaged buildings in Mariupol taken from
both ground-level and drone perspectives. Image
annotation was performed on the Roboflow platform
using four damage severity classes adapted from the
EMS-98 classification. Various augmentation methods
were applied to expand the training dataset and improve
model robustness. A pre-trained YOLOv8 model was
used to automatically determine the damage level; its

training lasted 50 epochs and yielded the following
results: mean average precision (mAP) was 58.4%,
precision was 64.1%, and recall was 52.5%. The same
architecture was used to determine the type of
development project. The main advantage of this approach
is the use of open data collected by eyewitnesses to the
events. The images used to train the model vary in
quality, distance to the object, and shooting angles, which
contributes to the model’s stability when working with
new data. In addition, the use of the modern universal
YOLOvVS8 model allows for a balance between prediction
accuracy and productivity. However, the method has
certain limitations. First, the classification of damage
severity is based on a five-point scale for assessing post-
earthquake damage, which may not fully correspond to
the nature of damage caused by military actions,
potentially affecting the model’s accuracy. Second, the
subjectivity of assigning structures to different classes
can lead to ambiguities in classification results,
complicating the interpretation of the obtained data.

In [19], an approach was proposed that addresses
these issues using a simplified version of the YOLOVS
model, optimized for real-time operation with minimal
computational cost while maintaining high accuracy.
To train and test the model, a specialized dataset titled
"Ground-level Detection in Building Damage Assessment”
was created, comprising ground-level photographs of
damaged buildings with detailed annotations of various
types of damage. The model was trained to recognize
damage types such as collapses, cracks, material
delamination, and debris accumulation. The modification
of the base YOLOVS5 architecture, named LA-YOLOVS,
involved the introduction of Ghost Bottleneck elements
and the CBAM (Convolutional Block Attention Module),
as well as improvements in handling objects of different
scales. These changes allowed the model to maintain high
accuracy while significantly reducing the memory
requirements for its deployment. The main advantage of
the proposed approach is its high processing speed,
making the model suitable for use in situations that
require rapid damage detection and quick response.
In addition, the model’s ability to recognize different
types of damage allows for a more in-depth analysis of
the damage, which facilitates informed decision-making
regarding the priorities of restoration work.

However, the method has a significant limitation —
the lack of a formalized algorithm for assessing the
degree of building damage, which complicates the

automated determination of the level of damage and
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may require additional expert assessment for accurate
classification of objects.

The main drawback of the methods discussed above
is the lack of an objective approach to assessing the
degree of building damage and the ability to adapt this
method to various situations requiring the application of
the developed models. Recently, a number of studies
have appeared dedicated to solving the problem of
determining the priority of restoring one structure over
Article [20] describes the
application of the Multi-Criteria Decision Analysis

another. For example,
(MCDA) method to determine priority infrastructure
objects for construction or reconstruction under limited
financial resources, consisting of a combination of the
two-phase AHP method and the TOPSIS method.
To determine the weights of the selected criteria,
the AHP method was used, which in the first phase
assigns weights to the criteria taking into account the
opinions of all stakeholders, and in the second phase
adjusts the determined weights based on the decision of
the lead expert (key person). Next, the priority for each
object is calculated using the TOPSIS method by ranking
the objects according to their proximity to the ideal
object. The advantages of this approach include the
transparency of the ranking process and the ability to
account for different perspectives on the task at hand.
Its disadvantages include both the time and computational
complexity of configuring the AHP method when
considering multiple criteria with the participation of
a large number of experts.

In [21], a comprehensive approach was implemented
to determine the order of implementation for proposed
disaster recovery projects, where a set of comparison
criteria was selected for each project. The Best Worst
Method (BWM) was used to determine the importance of
each criterion, allowing experts to select the most and
least important criteria for the projects and, based on their
comparisons, calculate weights for the entire evaluation
system. The TOPSIS, ELECTRE III, VIKOR, and
PROMETHEE methods were applied for ranking.
The final result (a ranked list of projects) was obtained by
linearly combining the results provided by each of the
ranking methods into a single priority vector while
minimizing discrepancies. To verify the reliability of the
results, an ANN neural network trained on historical data
about completed projects was used. The results obtained
using the MCDA method coincide with the neural
network’s predictions. The advantages of the described
approach include the hybrid use of four ranking methods,

which allowed for more accurate results, and the BWM
method for determining criterion weights, which is less
labor-intensive compared to the AHP method but also
ensures high consistency of decisions.

Let us now consider the problem of applying
computer vision tools, which are to be used in
conjunction with deep learning methods to implement the
tasks set in this study. In the context of the task of
detecting damage to buildings during wartime and
assessing the extent of such damage, it is necessary to
select a computer vision method capable of effectively
detecting and analyzing damage in input images. To solve
this problem, approaches such as image classification,
object detection, semantic segmentation, and instance
segmentation can be applied [22, 23]. One of the
fundamental areas of computer vision is image
classification, which involves assigning an image to one
or more categories based on its visual characteristics [24].
Classification models are trained on a dataset of
pre-labeled images, where each image must correspond
to a specific class. In the context of this work, these may
be images with text labels ("damaged building", "partially
damaged", or "undamaged") or numerical values (degrees
of building damage). There are a number of pre-trained
classification models (e.g., ResNet or VGG) that require
minimal fine-tuning to achieve high accuracy and image
processing speed [25]. At the same time, these models are
typically unable to determine the location or boundaries
of damage, which significantly limits their usefulness for
tasks requiring the localization of urban infrastructure
objects. Furthermore, they require the involvement of
experts for data annotation, which can lead to subjectivity
in assessments, as different specialists may interpret the
extent of building damage differently during visual
analysis. This creates a risk of label inconsistency, which
negatively impacts the model’s reliability. It is advisable
to focus on computer vision methods that enable the
localization and detailed analysis of damage, allowing
the process of assessing the extent of destruction
to be separated from the model and carried over to
the next stage.

An important area of computer vision is object
detection, which focuses on identifying and localizing
objects in an image by creating bounding boxes around
them, followed by classification. During the detection
process, the model learns to recognize objects based on
their visual characteristics, such as shape, texture, or
color, and to create rectangular bounding boxes that
enclose these objects, along with labels indicating their
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class [26]. In this process, detection identifies objects as
separate units but does not provide information about
their exact boundaries. The main advantage of this
approach is that it allows for the precise determination of
an object’s location within an image, which represents
significant progress compared to image classification.
However, its drawbacks are that the bounding boxes do
not reflect the exact shape or boundaries of the objects,
which reduces the accuracy of analysis in tasks requiring
detailed information about the structure of damage.
In cases where objects overlap, have blurred boundaries,
or are closely spaced, this approach may lose accuracy,
as the bounding boxes may incorrectly enclose objects
or miss them [27].

To achieve the highest efficiency in detecting
building damage, it is worth considering the field of
image segmentation, which allows not only determining
the location of objects but also their exact contours.
There are two main types of image segmentation:
semantic segmentation and instance segmentation [28].

Semantic segmentation involves classifying each
pixel in an image, determining its membership in
a specific class. A distinctive feature of this approach is
that individual instances of the same class are not
distinguished but are treated as a single category. Because
the method provides a detailed analysis of the image at
the pixel level, it becomes possible to accurately estimate
the area and distribution of objects in the image.
Additionally, semantic segmentation performs well when
analyzing images with a large number of objects or
complex structures, where segmentation of the entire
scene is required. At the same time, the fact that semantic
segmentation yields detailed information about objects
and their clear boundaries is a drawback of this approach,
as it does not allow for distinguishing individual
instances of the same class, which limits its use in tasks
requiring the identification of individual objects. For the
task at hand, using semantic segmentation allows us to
estimate the total area of damage, but it cannot provide
information about the number or shape of individual
instances of a single type of damage.

This limitation can be addressed by instance
segmentation, which combines the capabilities of object
detection and semantic segmentation, enabling the
identification, localization, and pixel-level classification
of individual object instances in an image. This method
not only determines the category of objects but also
creates separate pixel masks for each instance, allowing
for the clear separation of different objects within the

same class. The advantages of this approach include the
ability to perform a comprehensive, detailed analysis of
images containing a large number of objects or complex
detected
elements. A drawback of this approach is the need for

structures, providing information on all
significant computational resources.

Therefore, for the task of detecting damage to
buildings, the best approach is

segmentation, which allows not only for the detection

to use instance
of damage but also for the precise determination of its

boundaries and quantity, which is important for
a comprehensive assessment of the scale of destruction

and the planning of restoration measures.

3. Purpose and Objectives of the Study

Based on the results of the analysis presented above,
we formulate the purpose and objectives of this work.

The objective is to develop an intelligent system for
the automated analysis of damage to urban infrastructure
objects, which would enable the effective processing
of large volumes of images obtained using computer
vision techniques, for the subsequent assessment of
the level of damage and decision-making regarding
the priority of their restoration.

To achieve this goal, the following must be carried out:

— selection of computer vision models for
segmenting instances of the analyzed image sets of
damaged objects;

— balanced formation of datasets containing images
of buildings with various types of damage;

— ranking of damaged urban infrastructure objects
to determine the priority of their restoration;

— definition of the structure and functions of the
proposed intelligent system for automated damage analysis;

— software implementation of the main modules
of the proposed system;

— implementation of the server-side and system
interface;

— experimental research and testing of the system.

4. Materials and Methods

4.1. Selection of computer vision models
for segmenting instances in the analyzed image sets
Instance segmentation is an effective approach for
solving the problem of detecting war-induced damage
to buildings, where a single image may contain 10
to 100 small instances of damage with a significant
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class imbalance. After determining the field of computer
vision, it becomes important to correctly select a model
from this field that is capable of accurately identifying all
damage and operating at high speed. This section is
devoted to a review of modern computer vision models
for instance segmentation, with an explanation of their
suitability for solving the given task.

Currently, there is no consensus on the best object
segmentation model, given the variety of comparison
criteria:

segmentation accuracy, processing speed,

computational efficiency, and adaptability to class
imbalance [29]. It is advisable to compare segmentation
models based on mAP scores for bounding boxes, masks,
and ease of configuration. In terms of speed, models from
the YOLO family have a significant advantage; their
latest versions have the following mAP values: 54.7 for
bounding boxes and 43.8 for masks [30]. Among the
models that are slower but provide high object detection
accuracy and attention to small details, the modern
architectures of BEiT3, Mask2Former, MaskDINO, and
OneFormer are worth noting. However, a significant
drawback of these models, which complicates their
practical use, is their high computational complexity.
In addition, these models require large amounts of
finely annotated data for fine-tuning.

Other relevant segmentation models include Mask
R-CNN, Panoptic FPN, and YOLACT++. Mask R-CNN
provides accurate pixel-level segmentation and is
suitable for tasks requiring maximum accuracy, such as
visualizing sections of damaged buildings. Panoptic
FPN combines instance segmentation and semantic
segmentation, providing a comprehensive understanding
of the scene. YOLACT++ is designed for fast, real-time
object segmentation, which is useful for video analysis,
action recognition, and object counting. The advantages
of each model should be considered based on the
challenges encountered in each specific application
of computer vision for segmentation.

In particular, for the task of detecting building damage
among the models considered, special attention should be
paid to the latest models in the YOLO and Mask R-CNN
families, as the former are capable of combining high
image processing speed with good accuracy, while the
latter remain leaders in tasks where maximum pixel
segmentation accuracy and detail are critical.

The YOLOvI11 and Mask R-CNN models represent
two different approaches to solving the object
segmentation problem, each with its own architectural

features, advantages, and limitations.

The YOLOv11
single-stage algorithm for object segmentation tasks, built

model implements a modern
on the YOLO family architecture, which was originally
developed for fast and efficient object detection in images
and later adapted for segmentation tasks [31]. The basic
principle of such models is to divide the image into a grid
and simultaneously predict bounding boxes, object
classes, and segmentation masks for each region within
a single pass through the image [31]. The YOLOv1I
architecture features an improved backbone based on
Darknet-53, which ensures effective feature extraction
using convolutional layers. The model employs a modified
C2F module, which improves the quality of fine-scale
feature extraction and reduces the size of convolutional
filters from 6x6 to 3x3, thereby lowering computational
costs. A significant feature is the use of a decoupled head
(decoupled head), which separates the tasks of coordinate
regression and classification, improving segmentation
productivity and accuracy.

To improve the stability and quality of predictions
during segmentation, the Pseudo Ensemble method is
often used, allowing the results of several models to be
combined for a more stable outcome. These architectural
solutions make YOLOV11 a very fast and efficient model
capable of processing up to 128 frames per second, which
is particularly important for real-time applications and
systems with limited resources.

The main advantages of YOLOv11 are its high data
processing speed and balanced accuracy. However,
despite its improved architecture, this model may exhibit
reduced accuracy compared to two-stage methods,
especially when dealing with complex or small objects.

In contrast to YOLOv11, Mask R-CNN is a two-stage
model that has gained widespread recognition due to its
high object segmentation accuracy [32]. The Mask R-CNN
architecture includes a backbone network (typically
ResNet-50 or ResNet-101 with FPN), which extracts
multi-level features from the image. Next, the Region
Proposal Network (RPN) generates region proposals,
which are precisely aligned using the Rol Align layer to
extract features of specific regions of interest.

The scaled features are fed into the model’s head,
which
bounding box regression, and the generation of pixel-

concurrently performs object classification,
level segmentation masks for each object. Model training
is based on a combined loss function that accounts for all
three of these tasks. A key feature of Mask R-CNN is its
high-quality pixel-level segmentation and robustness to

challenging image conditions, making it highly sought
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after for applications that require precise object detection.
The main drawback of Mask R-CNN is its relatively high
computational complexity and slow inference time, which
limits the model’s use under strict time constraints.

Thus, the YOLOvI1l and Mask R-CNN models
implement different approaches to image segmentation
and are effective for use in automated defect analysis
systems for damaged urban
YOLOv11
generally better accuracy compared to Mask R-CNN.
At the same time, Mask R-CNN remains the leader
in tasks requiring the most accurate and detailed

infrastructure objects.

provides higher processing speed and

object segmentation, despite its significant computational
load. The choice of model should be based on the
requirements of the specific task and the available
computational resources.

4.2. Addressing the Issue of Class Imbalance
in the Training Image Dataset

In the process of developing an automated system
for detecting damage to buildings during military
operations in Ukraine, a significant problem arises due to
the uneven distribution of classes in the training dataset.
The class
heterogeneity of the types of damage observed in the

imbalance is caused by the natural

images. In particular, some categories of damage
(e.g., broken windows) are significantly more common
due to their high frequency of occurrence. For example,
even in the absence of a direct hit on a building, the blast
which

significantly increases the proportion of such objects in

wave often causes damage to windows,
the dataset. At the same time, buildings with critical
damage, such as collapsed structures, usually also have
broken windows, which further increases the number of
instances in this class. Since there are numerous windows
in every building, the number of instances in this class
significantly exceeds other damage categories, such as
cracks or collapsed walls.

This uneven distribution of data creates conditions
for the model to be biased toward the dominant class.
When using standard training approaches, the model will
demonstrate high overall accuracy, since most
annotations in the dataset belong to the dominant class,
and their correct classification ensures a high accuracy
score. However, when the model is used in practice, its
effectiveness will be significantly reduced, as such
a model will be unable to detect underrepresented but
critically important classes that are crucial for assessing

the extent of damage and planning reconstruction.

Thus, in this case, high overall accuracy does not reflect
the model’s actual ability to solve the given task, which
reduces its practical value. Class imbalance issues should
be taken into account both for preprocessing the dataset
and for tuning computer vision methods. One of the basic
and effective methods for addressing class imbalance
through preprocessing of image datasets in computer
vision tasks is data augmentation, which allows not only
for increasing the total size of the training sample but also
for balancing the representation of minority classes by
varying the structure and appearance of images.

All image augmentation methods can be broadly
divided into basic and advanced [33]. The basic approach
combines methods of geometric and non-geometric
image manipulation, as well as image erasure techniques.
Geometric transformations, whose main operations are
rotation, translation, scaling, axis translation, and angle
translation, change the spatial position of objects,
allowing for increased model invariance to the orientation
and position of objects. On the one hand, such
transformations allow for increased model robustness,
given that in reality, damage may be captured from
different camera angles or in different positions. On the
other hand, transformations that radically alter the spatial
arrangement of objects in the frame can lead to the
creation of training images that do not occur in reality
and may negatively impact the model, resulting not
merely in a lack of improvement in accuracy but in
a significant deterioration in quality. In general, the
selection and use of each geometric transformation
method requires a comprehensive preliminary check to
ensure that the resulting images correspond to reality.
Non-geometric transformation methods include changes
in color space, brightness, and contrast, as well as noise
injection and filtering, which improve the model’s
robustness to variations in lighting and textural noise.
Unlike geometric transformations, this approach is safer
to use and does not have such a strong impact on
reducing the model’s prediction accuracy. Using this
approach to data augmentation makes the model
more robust to cases where images were captured
under different shooting conditions (using different
devices and with varying image quality). However, it is
important not to overuse these methods, as this can lead
to a significant deterioration in image quality and the
model’s inability to distinguish between the desired
classes during training. Erasing methods (specifically
CutOut, and GridMask)
the deliberate removal of random or regular sections

Random Erasing, involve
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of the image, which forces the model to pay more
attention to different parts of the object rather than just
the most prominent features, thereby facilitating better
recognition of rare or inconspicuous objects.

Advanced image augmentation techniques include
CutMix,
SaliencyMix, and PuzzleMix), which create synthetic

image mixing methods (such as Mixup,

images by combining regions from two or more images,
while proportionally combining labels, as well as self-
learning-based methods (in particular, AutoAugment and
Fast AutoAugment), which are capable of automatically
selecting optimal augmentation strategies.

In the analyzed images of buildings with severe
damage sustained during combat operations, significant
destruction of building parts and minor damage
(e.g., broken or destroyed window frames) are typically
present. It turns out that minor classes (collapsed
structures, cracks, plaster debris) and major classes
(broken windows) are neighbors in the same frames, and
simply multiplying the number of input images only
proportionally increases the proportion of both types
of objects without changing their relative balance.
With limited tools, for example, when using the basic
Roboflow plan, this problem can be solved through
region-selective transformations [33]. First, targeted
cropping allows us to extract individual fragments from
the input images that are concentrated on minor classes.
In this case, the cropped areas containing cracks or debris
become independent instances, which increases their
frequency in the training sample and enhances the
contribution of the corresponding gradients during
optimization. Given the presence of both minor and major
classes in a single image, as well as certain limitations of
augmentation approaches on Roboflow, it is advisable to
consider addressing the class imbalance problem using
other approaches. To this end, one can use a Weighted
Dataloader [34], which works by adjusting the probability
of selecting samples when forming training batches:
elements of rare classes are assigned higher w
eights, increasing their frequency of appearance during
training. The key advantages of this approach are its ease
of use and versatility, as it requires no modification
of the model architecture and affects only the data
selection strategy. A more complex but more effective
approach to addressing class imbalance is the two-phase
learning approach, in which the model is first trained
on a balanced subsample and then fine-tuned on the full,
unbalanced dataset. In the first stage, methods such as
Random  Under

Sampling and minority class

augmentation are used to create a more balanced
sample, allowing the model to effectively learn to
recognize rare objects. Afterward, the model is fine-tuned
on the full dataset with the natural class distribution to
adjust predictions based on real-world statistics and
improve generalization ability. The advantage of this
approach is the ability to focus on rare classes without
about the actual
The method is versatile and easily combines with

losing information distribution.
techniques for addressing class imbalance that use
specialized loss functions. The main drawbacks of this
approach are its increased computational time and
resource requirements, which stem from training the
model twice on different subsets. Overall, despite this
limitation, two-phase training remains an effective and
widely used approach for improving model quality in

tasks with significant class imbalance.

4.3. Ranking Damaged Urban Infrastructure Objects

to Determine the Priority of Their Restoration

Determining the priority of restoring damaged urban
infrastructure objects requires the use of ranking methods
that ensure an objective ordering of structures based on
various multiple criteria. In modern research, MCDM and
LTR methods are used to solve such problems, as they
allow for the integration of heterogeneous data and
the optimization of the decision-making process.
Both approaches are applied in practical planning tasks
but differ in terms of input data, implementation
complexity, scalability, and the level of transparency of
the results. To analyze them, we will consider the most
commonly used MCDM and LTR algorithms.

MCDM  methods

infrastructure planning, environmental science, and strategic

are widely used in wurban
analysis. Their main advantage is the ability to formally
account for heterogeneous evaluations (quantitative and
qualitative), as well as ease of implementation without
the need for prior model training [35]. One of the most
common methods in this group of algorithms is the
TOPSIS algorithm [36]. This method involves selecting
the alternative that is closest to the hypothetically best
solution and, at the same time, farthest from the
hypothetically worst solution. If the input data consists
of m alternatives and n criteria, then the first step is to
construct a decision matrix containing the value of each
criterion j for each alternative i .

x=[x,], (1)




Cyuacnuii cman HayKosux 00Caiodcenb ma mexnono2iii 6 npomucnosocmi. 2026. Ne 2 (36)
Innovative technologies and scientific solutions for industries. 2026. No. 2 (36)

135

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

The next step in the algorithm involves creating

a matrix of normalized values R=[rl.j] by normalizing

the decision matrix constructed in the previous step,
in order to eliminate the influence of different units of
measurement on the prioritization process:

T :xu/\] o 2)

To account for the relative importance of each
criterion for the elements of the normalized matrix

obtained in the previous step, criterion weights w;,

are applied. In the current step, a weighted normalized
matrix is formed:

v=[v]. 3)
where v, =w; xr,; w, — the weight value of the j-th
criterion; 7, — the normalized value of the ; -th criterion

for the i -th alternative.
Next, the best and worst decisions are identified by
determining the corresponding value for each criterion.

A" :{vf,...,v*}, “4)

n

A ={. v, (5)

where vj =maxv; — the best value of the criterion;

1

v, =minv, — the worst value of the criterion.
1

At this stage, the preparatory steps are completed

and the ranking process itself begins. For each
alternative, the Euclidean distances to the predefined

ideal and anti-ideal points are calculated.

D' = i(v,j—vj)z, (6)
D = > (vij —v;)z, (7

where D] — the distance from alternative i to the

optimal solution; D, — the distance from alternative 7 to

the anti-ideal solution.

The algorithm concludes by calculating, for each
alternative, the relative proximity coefficient to the
optimal solution C;:

Ci=#,OSC,.Sl. ®)
D/ +D,

It is generally accepted that the higher the value
obtained, the closer the alternative is to the ideal.
Therefore, the best alternative is the one with the highest
relative proximity coefficient. The result of this algorithm

is a priority list containing alternatives ranked in
descending order of their relative proximity coefficients.
Another widely used MCDM method is the
AHP algorithm, which is used to structure complex
problems and rank alternatives based on multiple criteria.
The AHP method is based on decomposing the decision-
making problem into a hierarchical structure consisting
of an objective, criteria, subcriteria, and alternatives [35].
The basic algorithm of this method is implemented
sequentially in several steps. In the first step, a pairwise
comparison matrix is formed based on the results of

expert surveys 4 = [ay} , in which each element reflects

the relative importance of criterion i compared to

criterion /. When constructing such a matrix, the
principles of reciprocity and self-comparison are taken
into account. The next step involves forming a vector

of normalized weights as the principal eigenvector

of matrix 4.
Aw= 24, W, 9
A 2 1, (10)
where A, — is the largest eigenvalue of the matrix 4 ;
w — normalized main eigenvector; n — number
of criteria.

To determine the normalized weight vector, it is

important to first calculate the largest eigenvalue 4_, :

gmax:m _ (11)

w;

To calculate the vector w it is also possible to

use the method of power products:
k

where e:(l,l,...,l)T. (12)

w=lim
k—o eTAke,

To verify the algorithm’s results and the consistency
of pairwise comparisons, the consistency index C/ and
the consistency ratio CR are calculated:

Ccl :M, (13)
n—1
CR=CI/RI , (14)

where Rl — the average consistency index of a random
matrix of size nxn.

The AHP method yields a vector of criterion
weights that reflects the relative importance of each
criterion in the decision-making process, the values
of the alternatives’ global priorities, and a ranked list of
alternatives in order of priority from highest to lowest,
based on the calculated global priorities.
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The AHP method has
disadvantages [35]. Its advantages include: flexibility,

both advantages and

stemming from the AHP method’s ability to easily adapt
to multi-criteria analysis tasks, taking into account both
quantitative and qualitative criteria; support for collective
expert participation in decision-making by calculating the
geometric mean of individual pairwise comparisons;
resilience to uncertainty and risk, due to the ability to
form a rating scale in cases where standard measurements
are insufficient or incomplete and scattered data are
present; transparency of the process of calculating ranks
and obtaining results. The disadvantages of this method
include: the need to perform numerous pairwise
comparisons in cases with a large number of criteria or
alternatives; the problem of disrupting the priority of
objects when adding very similar alternatives or copies of
their existing variants to the set of alternatives. Due to the
additive method of aggregating scores, high scores on
some criteria can offset low scores on others, which can
lead to excessive smoothing of results and the loss of
important details.

In cases where historical information on object
rankings is available or expert evaluations exist, it is
advisable to use LTR approaches. These methods are
widely used in information retrieval, recommendation
systems, and application sorting, and can be adapted to
the task of planning the priority restoration of damaged
urban infrastructure objects [37]. The RankNet,
LambdaRank, and LambdaMART algorithms are important
representatives of this field, actively used to build models
that sort or rank documents or alternatives according to
their relevance or significance [38]. These methods have
evolved from simple pairwise document comparisons to
more complex approaches that optimize list metrics such
as NDCG. An important aspect of the development of
these algorithms is their ability to optimize ranking via
gradient descent using various loss functions that account
for the specifics of ranking.

The RankNet algorithm, proposed by Microsoft
Research, is the first method in the LTR family and is
based on a pairwise approach. The basic idea is that the
model compares pairs of documents and determines
which one is more relevant. For each pair of documents

(d[,d /), where d, is supposed to rank higher than d,,

RankNet uses a sigmoid function to predict the
probability that d, will be better than d,

F; Z; (15)
14+l

where s, and s; are the scores generated by the model
for documents d, and d,, respectively; o is a model

parameter.

The loss function is based on cross-entropy, which
is minimized to train the model to make accurate
predictions. However, this approach focuses on
minimizing the error for each document pair rather than
directly on the ranking metric, which is the main
limitation of this method.

LambdaRank is an improvement over RankNet —
it introduces lambda gradients that allow for the
optimization not just of pairwise accuracy, but
specifically of list-based quality metrics such as NDCG.
The idea behind LambdaRank is that, instead of adjusting
the model solely based on errors in pairwise comparisons,
the gradients are adjusted to minimize changes in the list
quality metric caused by reordering document pairs.
This allows for direct optimization of the ranking,
reducing the likelihood that relevant documents will end
up at the bottom of the list. LambdaMART is a further
development of LambdaRank and combines the ideas
of A -gradients with gradient boosting on MART trees.
This algorithm uses an ensemble of decision trees, where
each tree corrects the errors of the previous one. Each tree
is trained on the residual errors made by the previous
trees, thereby optimizing the ranking metric while
accounting for the values of the A -gradients. As a result,
LambdaMART optimizes list metrics such as NDCG
and provides more accurate results with large amounts
of data (both categorical and numerical). However,
this algorithm is computationally complex, requiring
extensive parameter tuning and retraining.

The RankNet, LambdaRank, and LambdaMART
algorithms successively improve the approach to
Learning to Rank: from simple models that work with
document pairs to more complex methods that can
optimize ranking quality using boosting techniques.
LambdaMART is

the most powerful, as it combines the strength of

Compared to previous methods,

A -gradients and gradient boosting on trees, which allows
for a significant improvement in ranking accuracy with
large datasets and high variability. However, all these
methods require significant computational resources
and careful tuning to avoid overfitting.

For prioritizing building restoration, MCDM
methods (TOPSIS, AHP) are a good choice when there
are multiple criteria but no labeled data, as they offer
simplicity and transparency. RankNet, LambdaRank,
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and LambdaMART are suitable for large datasets with
prior estimates, as they are focused on optimizing ranking
metrics such as NDCG. For tasks with limited data or
MCDM  methods
convenient. The TOPSIS method is simple to implement

expert estimates, will be more
and provides a clear and intuitive ranking of alternatives
based on their distance from ideal and anti-ideal
solutions. It also works well when there is a limited
amount of data and no need for in-depth modeling
of dependencies between criteria.

4.4. Structure of the Proposed Intelligent System
for Automated Analysis

of Damage to Urban Infrastructure Objects

The intelligent system for automated detection of
damage to buildings based on images is primarily
designed to assess the extent of damage and prioritize
their restoration, taking into account cultural and social
significance. This system must be effective, scalable, and
transparent, and be based on the integration of artificial
intelligence principles, image analysis methods using
computer vision, and contextual information to support
decision-making regarding the order of reconstruction of
damaged infrastructure objects in Ukraine

The system under development aims to address the
aforementioned shortcomings of existing solutions by
proposing an innovative approach to assessing damage
and prioritizing the restoration of buildings in Ukraine.

The system’s operation involves the sequential
implementation of the following key stages: identification
of damaged buildings; analysis of damage and assessment
of its severity; and determination of restoration
priorities, taking into account the social and cultural
value of each building.

Among the advantages of the system under
development is, first and foremost, the ability to obtain
data on building damage from multiple sources, including
satellite imagery, reports from municipal authorities and
emergency services, and information from volunteers.
This approach allows for gathering more information
about the presence of structural damage and accounting
for damage to structures that may have been overlooked
during the analysis of satellite imagery. Although
working with satellite imagery plays an important
role in identifying damaged structures — as it allows
for the rapid detection of a larger number of damaged
structures — it is not mandatory.

Another advantage of this system is the ability to
conduct on-site surveys, which allows for a more detailed

examination of existing damage. Importantly, the system
will provide not only a general assessment of the extent
of damage but also a list of identified damages, enabling
preliminary cost estimates for restoration work and planning
for partial reconstruction of buildings in the event of
insufficient funds. The system uses 3D models of buildings,
which allow reconstruction specialists to examine the
scope of work and the extent of damage in greater detail.

When calculating restoration priorities, the system
balances a building’s functionality, the extent of its
damage, and its cultural value, using UNESCO standards
and local registries. This ensures objectivity in the rating
process, unlike similar systems from FlyPix Al and T2D2,
which do not account for cultural and social aspects.

Finally, the system is transparent, giving ordinary
citizens the ability to track where allocated funds are
directed, thereby eliminating corruption risks. In the
context of the ongoing martial law in Ukraine, where
resources are limited, this advantage will ensure support
from the community and donors, facilitating the rapid
restoration of critical infrastructure and cultural sites.

Figure 7 shows a general diagram of the proposed
system’s functionality. According to the diagram in
Figure 7, the process of analyzing building damage and
determining the priority of their restoration proceeds as
follows: first, data sources are analyzed to identify all
damaged buildings and compile a corresponding list of
their addresses; next, detailed information on each
structure from the list is collected and analyzed; and in
the final stage, a list of all surveyed buildings is created,
sorted by the priority of their planned restoration, and
a report is generated that includes the system’s results.

To obtain information about all damaged buildings,
the system is designed to interact with three different,
independent primary sources. Rapid monitoring and
subsequent analysis of potential damage across large
areas is carried out (where possible) using satellite
imagery, which enables the task of identifying and
classifying damaged objects by assigning them a damage
class (level). After the computer vision method completes
its work, the system proceeds to the next step, which
involves linking the identified building to its address and
generating a list of addresses marked with the building’s
level of damage. Given that, in such aerial surveys,
buildings are typically surveyed only from above, there is
a possibility of missing buildings that have an intact roof
but damaged walls and facades. To account for this type
of building, the system is designed to work with two
additional data sources.
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Fig. 7. General block diagram of the proposed system’s functions

Typically, emergency response teams are
immediately deployed to the sites of attacks to document
damage to buildings. By collaborating with government
agencies — such as the prosecutor’s office — based on
reports from these teams, it is possible to obtain
addresses, photos of the damage taken from various
angles, or even an approximate assessment of the extent
of damage to a structure. Using these reports within the
system allows for a significant refinement of the list of
destroyed buildings identified through satellite imagery
analysis. However, for de-occupied territories that are
extensive in area and have a high level of destruction,
there is often an insufficient number of such reports
available. In such cases, the final information resource
plays a crucial role: collaboration with volunteers and
concerned citizens who can report, through established
communication channels, the location of a damaged
building at a specific address, subjectively assess the
severity of the damage, or send photo reports. Thus, the
result of the first module’s work is a list of addresses
generated after analyzing satellite imagery, sorted by
damage severity ratings, and supplemented with information
received from operational services and volunteers.

After generating this list, the system proceeds to the
second stage. At this stage, all available information is
searched for and collected for each building on the
generated list. This stage can be divided into two
independent blocks, which can therefore be executed in
parallel. The first block involves working with archives
and databases to obtain complete information about the
building’s construction history, its architectural style, the
architect, significant historical events that may be
associated with it, information about the building’s
importance to society, and its current functional role.
The final step is to search for data on the type of

structure. Most buildings are constructed according to
typically, the
information characteristic of a standard type and

standard designs, and construction
series of buildings applies to the structure itself.
Next, following specific guidelines, the building’s socio-
cultural value and its social significance are determined.
Both assessments are rated on a scale from 1 to 10.

The second part of this stage involves deploying
mobile teams that visit all addresses and conduct on-site
inspections, during which they photograph the building
from all angles to obtain the most comprehensive
information about its condition. It is also permissible at
this stage to record a video of a full walk-through of the
building, if possible. After the collected information is
entered into the system, the stage of automated visual
analysis begins using computer vision methods to detect
various types of damage. The next step involves determining
the extent of the building’s damage by correlating
the identified types of damage with a ten-point scale,
ranging from minor to critical damage. The video footage
obtained during the survey is processed separately
that
Motion (SfM) reconstruction, resulting in a detailed

using  algorithms implement  Structure-from-
3D model of the structure. This allows specialists
to conduct a more detailed preliminary assessment
of the scope of repair work without the need for
a physical site visit.

In the final stage, the ranking method implemented
in the system integrates the previously obtained indicators
(level of damage, cultural and historical value, and social
significance) into a single priority metric.

The result of the entire system is a priority-sorted
list of damaged sites and detailed reports on each of them,
containing information on defect types, a 3D model, and

an assessment of sociocultural value.
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4.5. Software Implementation of Project Modules

The system for prioritizing building restoration,
taking into account automatically detected damage, the
calculated damage severity score, its social significance,
and cultural value, was created as a client-server web
application, with the server-side implemented using
Flask. When building this project, the principle of
separation of concerns was followed; that is, the project
structure is organized in such a way as to ensure its
modularity, ease of maintenance, and the ability to
expand functionality in the future. Figure 8 shows the
structure of the project’s software components in the
development environment.

 [J dictionaries

{} saved_buildings.json

{} street_translations.json
- I files
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@ Sights of national interest.xIsx
[ models
[ static
> [ output
> [ uploads
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@ street.py

Fig. 8. Structure of the project’s software components

The project consists of the following components:

— the "dictionaries" directory, which contains files
with reference information required for data processing.
The saved buildings.json file stores records with data on
damaged buildings for ranking purposes. This file serves
as a database that is accessed when there is a need to
display a list of all damaged addresses on a web page and
to add a record after inspecting a new damaged building.
The street_translations.json file is a user dictionary and
contains the correspondence between old and new street
names in the city, enabling the correct translation of street
names from various languages into Ukrainian. This file is
used in the application to retrieve all necessary
information about a building, which comes from various
sources where it is stored in different formats and has
different street name conventions;

— the files directory, which contains xIsx files
downloaded from the official website of the Ministry
Communications  of

of Culture and Strategic

Ukraine, as well as from the State Register of Immovable

Monuments of Ukraine. This directory contains
the files Sights_of local interest.xlsx and
Sights of national interest.xIsx, which contain

information about sites of local and national cultural
significance, respectively. These files are used as a data
source for assessing the cultural and historical
significance of buildings;

— the models directory, which contains the weights
of pre-trained deep learning models that can be used to
detect damage in images of buildings. This directory is
critical for automating the image analysis process
and generating a vocabulary that reflects damage
classes and the number of instances of each class
detected in an image;

— the static directory, which stores the web
application’s static resources. It contains the output and
uploads subdirectories, used to store the results of image
processing by the computer vision model and user-
uploaded images, respectively. In addition, the script.js
and style.css files implement the dynamic behavior and
styling of the client-side application interface;

— the templates directory, which contains HTML
templates for rendering the web interface. In particular,
the files index.html, info.html, and list.html display the
home page, detailed information about buildings, and
a list of results, respectively;

— the venv library root directory, which represents
a Python virtual environment used to isolate project
dependencies;

The project’s root directory contains scripts that
form the core of the project. All project functionalities are
implemented in various Python files, namely:

— app.py, which is the main application file that
initializes the Flask server and contains defined routes
for server-client interaction as well as the general logic
of the web interface;

— model.py, which is the module responsible
for loading and using a pre-trained deep learning model
to detect damage in images;

— monuments.py, which contains the logic for
working with data on historical and cultural sites and
the results of processing the corresponding Excel files;

— ranger.py, which
for multi-criteria ranking
TOPSIS method;

implements a mechanism

of objects using the
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— scores.py, which is a module for calculating three
key building assessments: damage level, functional
significance, and cultural value;

— street.py, which contains functions for processing
addresses, including street name translations, dictionary
lookups, and queries to various databases and archives
to obtain all necessary information about the building.

The performance of computer vision models used to
detect damage in building images depends significantly
on the quality of the training dataset. Therefore, the task
is to prepare such a dataset with a sufficient number of
images that are correctly annotated. Given that there is
a limited number of high-quality images available for
the tasks of implementing the proposed system, it is
advisable to combine several relevant datasets. However,
this raises issues regarding the quality and detail of
annotations in such image sets. In the selected combined
dataset for analyzing the condition of damaged buildings,
a general "damage" class was defined, which is used to
assess damage of all levels. To provide the model with
greater flexibility in detecting different types of damage,
the system performs autonomous image annotation.

Work with the dataset was conducted on the
Roboflow platform using semi-automated annotation
tools. Figure 9 shows the interface window for image
annotation, where the annotated image is displayed
on the right and information about the labels of the

Annotations
Group: damaged-ouilding
Classes Layers
Broken Windos
Broken balcony
® Collapsed building part  :

Danaged roof

Unused Classes

Tags

5

defined classes is shown on the left. Image annotation
requires the development of a comprehensive list of
damage types to most accurately identify different classes
of damage, which vary in severity. After conducting
a detailed analysis of various survey reports on damaged
buildings, as well as a visual inspection of the available
dataset, it was decided to define the following basic
Big-Crack, Medium-Crack, Small-Crack,
Collapsed wall, collapsed building part, damaged roof,

classes:

burn marks, damaged facade, broken balcony, broken
door, and broken window. Note that the datasets
subsequently used for training and testing the system’s
computer vision models contain a greater number
of different damage classes.

The defined list of classes allows for the coverage of
a wide range of damages, thereby eliminating the issue
of subjectivity in determining which class a particular
damage belongs to. To definitively avoid errors during
dataset annotation, it was appropriate to define a damaged
facade as a breach in the building’s outer layer
(e.g., cladding), a destroyed wall as a breach in the wall’s
integrity, and a destroyed part of the building as a breach
involving two or more adjacent walls. A burned facade
is a type of damaged facade defined to distinguish
damage caused specifically by fire, which has no direct
impact on the structure’s stability but may indicate

the presence of internal damage.

Fig. 9. The interface window of the Roboflow visualization environment

Figure 10 shows, for comparison, images with the
initial annotations (left) and those resulting from the
automated annotation process (right). After annotating the
base test dataset, the final version contained 383 images
across 11 annotation classes. A total of 12,973 annotation

masks were applied. Most of the annotations were created
for the broken windows class (10,234) and the damaged
facades class (1,629). All other classes have a total of
between 100 and 600 annotations. The class with the fewest
annotations is the class of small cracks — 114 annotations.
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Fig. 10. Comparison of the original and annotated images of damaged buildings

The significant class imbalance is due to the varying
nature of the damage and the different frequencies at
which it occurs. This imbalance can significantly affect
the accuracy of damage detection models, causing them
to analyze the most prevalent classes more thoroughly
than other classes. This issue was addressed later, during
the model training phase. After annotating the image set
is complete, the analytical information automatically
generated on the Roboflow platform is analyzed.
Selecting the optimal features for the dataset allows us to
subsequently determine which model to prioritize and
plan the preparation of the dataset for its training.
To address the issue of varying image dimensions during
the dataset creation phase, it is necessary to standardize
the size for all images. Typically, images are resized to
640x640, but given the large number of small-sized
defects, it was decided to resize the images to
1024x1024 , which will slow down model training
but improve the quality of defect detection. Figure 11
shows an Annotation Heat Map, which visualizes
the distribution of annotations across the entire image
space in the dataset.

As can be seen, the central region (red and orange
zones) contains the highest concentration of annotations,
while the periphery (blue zone) contains virtually no
objects. This pattern indicates a spatial bias — most
detected objects are located in the center of the images.
This can lead to overfitting, where the model expects
the objects needed for detection to be in the center
of the image and may fail to detect them in other
areas. To address this spatial bias issue, geometric
transformations are typically used. However, since all
images contain buildings with a fixed spatial location,
the most effective approaches that can be used in our

case during the augmentation stage remain the Crop
method, which will force the model to see objects in
different parts of the image, and the Shear method,
which allows the data to be made more geometrically
diverse without distorting orientation. Using only these
augmentation processes to address the previously
described dataset issues, a version of the image set
comprising 696 photographs was created, which can now
be used to train computer vision models. To further
increase the number of images, augmentation procedures
such as brightness adjustment, image blurring, and noise
addition can be used. This not only increases the number
of images in the dataset to 4,048 but also makes the
model more robust to varying shooting conditions and
the quality of the input images. Thus, at this stage,
image datasets were created for training models to
recognize building damage.

Legend (# of Annotations Per Grid) @

fan i U102 wlecian e w3057 REREREN]

|/ Grid Sive 50X 50 - [ S Borcs

Fig. 11. Annotation density map
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Let’s take a closer look at the implementation
details of the main modules of the proposed system:
the damage detection module, the building assessment
calculation module, and the object ranking module.

The main function of the damage detection module
is the predict and visualize return_data function, which
is responsible for applying the weights of a pre-trained
damage detection model to the required images and
preparing the output data for further analysis and
visualization. At the initial stage of the function’s
operation, the model weights are loaded as a dictionary,
where each key corresponds to a specific model from
several available options. Next, the original image in
BGR format is read using the OpenCV library. The image
is processed by the selected model with a specified
confidence threshold of 0.5 on a CPU device. The result
of this processing is an object containing information
about detected bounding boxes, masks, and damage
classes. In the next step, the number of objects in each
class and the total area of the segmented regions are
calculated. For this, a counter is used, which is
incremented for each detected frame, and the pixel areas
of the
"total area pixels". After obtaining all necessary statistics,

masks are accumulated in the variable
the "plot" method is called to generate an annotated
image with overlaid masks, which is returned in RGB
format by default. Since the subsequent saving is
performed using OpenCV in BGR format, a function is
used that reverses the color order (RGB—BGR) when the
input array has three channels. After completing all
previous steps, the resulting image is saved. The save
function creates and returns a dictionary with three keys:
the path to the saved image, statistics on counted objects
by class, and the total area of the segments in pixels.
Thus, the module provides a convenient way to obtain
an image with analysis results and detailed information
about the number and size of detected damages.

The building assessment calculation module consists
of three interconnected submodules that sequentially
determine the cultural and functional values and the
degree of damage to the building. Each submodule is
implemented as a separate function that takes the object’s
metadata as input and returns a numerical score ranging
from 1 to 10. As a result, these ratings are stored in
a single scores dictionary, which is subsequently used by
the ranking module. The cultural value assessment
function analyzes information about the protected site’s
status, date of construction, architectural style, and the
building’s architect. First, the system checks whether the

building is listed on the UNESCO, national, or local
heritage lists, with the highest score given to World
Heritage sites, the middle score to sites of national
significance, and the lowest to those with local or
undetermined status. Next, the year of construction is
analyzed, allowing for additional points to be awarded
based on the structure’s age: the oldest sites are given
of cultural
The architectural style is checked for inclusion in the

higher priority in terms significance.
list of rare schools, which allows for the identification

of structures representing architectural movements
important for preservation. After that, information about
the architect is processed: mention of the participation
of famous architects in the building’s construction adds
extra points to the score. After analyzing all available
information, a final result is generated, which is adjusted
depending on the type of building — cultural sites receive
additional points, while ordinary residential buildings
constructed according to standard designs, conversely,
lower the final score. The resulting value is normalized
relative to the maximum possible score and rounded to
a whole number, with a range limited to between one and
ten. The functional assessment is based on an analysis of
the building’s purpose and its current condition. First, the
key "purpose/name" field of the building is analyzed to
determine its type: residential, hospital, educational,
commercial, or industrial. Each type corresponds to
a base number of points, and the presence of a secondary
commercial function (e.g., a residence with a store)
provides a slight advantage over a standard residential
building. Next, the current technical condition of the
structure is taken into account — a building in use receives
additional points, while neglected or abandoned
structures, on the contrary, lower the score because they
are not a priority for restoration. In the case of residential
complexes and private homes, if data on the number of
apartments is available, the scale of the property is taken
into account: large complexes receive additional points,
given that they are used by a significant number of
people. Finally, a final adjustment based on the type of
structure is added to the total score, after which the result
is normalized to a scale of 1 to 10. The damage
assessment function relies on the results of the computer
vision module, which determines the number of objects
in each damage class, and on construction information
obtained from open sources. When calculating the
assessment for each type of damage, a specific weight is
assigned, reflecting the danger such damage poses to the

building’s stability. Next, a correction is added to the
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base contribution for each type of damage, taking into
account the number of objects of that class found.
For large numbers, multipliers are applied, even if the
damage is not severe. If additional data on the building’s
structural features is available (e.g., the material of
exterior or load-bearing walls, the presence of a technical
floor, etc.), these parameters adjust the weight of each
type of damage according to its impact on the structural
integrity. After accumulating the total damage score, the
entire indicator is normalized and scaled to a general
scale, and the resulting value is limited to a range from 1
to 10. Thus, the assessment calculation module provides
a multidimensional qualitative analysis of each building,
taking into account historical-cultural, socio-functional,
and technical characteristics, and generates input
parameters for the multi-criteria ranking model.

The object critical ~for
determining the

For ranking in this module, the TOPSIS algorithm is

ranking module is
priority of building restoration.
used, with the implementation of the main function
topsis_rank and the auxiliary function _to number.
The auxiliary function to number is needed only to
correctly convert the input rating value to an integer,
preventing the program from crashing due to incorrect or
missing data. The main ranking function topsis rank
takes as input a list of buildings, each of which is
represented by a dictionary with a nested sub-dictionary
scores containing the values of three criteria: degree of
damage, social significance, and cultural-historical value.
Additionally, two parameters are passed — vectors of
criteria for the ideal and anti-ideal examples, containing
the values of the criteria considered the best and worst
in terms of the priority of the object’s restoration.
At the start of the system’s use, the criterion values
for the best and worst cases were defined as follows:
a building that should be restored in the near future
must have the highest social significance (10 out of
10 possible), while its cultural significance must be
average (5 out of 10), because a low value would not
reflect its cultural value, while a high value would likely
impose restrictions on restoration and require special
techniques for rebuilding the building, which is costly
and not always feasible in practice. The most acceptable
level of building damage should be 3, because a value
that is too low may indicate only damage to windows and
minor damage to the facade, which does not threaten the
building’s stability and therefore the building can still be
used for some time without restrictions; A high damage
rating indicates a possible need to demolish the building,

and therefore does not require restoration work. A building
that can be restored last is a socially insignificant
structure with no cultural significance. If the damage
level of such a building is 9, this indicates significant
damage to the building. If such a building is not a cultural
monument, it is advisable to demolish it rather than
restore it. During the execution of the topsis rank
function, the following steps are performed for each
object individually: retrieving the values of the three
scores from the scores sub-dictionary; processing each
criterion value using the to number helper function to
ensure algorithm stability and prevent errors caused by
missing or incorrectly formatted data; forming a score
vector. Next, the distance between the current building’s
vector and the ideal vector is calculated, as well as between
that vector and the anti-ideal vector. This determines how
close or far the object under consideration is from the
ideal or, conversely, from the worst possible option.
Based on the values of these two distances, an aggregated
proximity index to the ideal solution is calculated.
This index takes a value between 0 and 1, where a value
close to 1 means that the building is closer to the ideal
scenario and, accordingly, has a higher priority in the
ranking. After calculating the index for each building, the
list of all building records is sorted in descending order of
this index, meaning that the highest-priority buildings
appear at the top of the list. Additionally, each object is
assigned a priority rank field, which determines its order
number in the sorted list, starting with 1 for the object
with the highest index. Thus, as a result of executing the
specified function, two additional values are added for
each building in the input list: topsis score, which
contains a numerical indicator of proximity to the optimal
solution, and priority rank, which indicates the building’s
position in the overall priority ranking. The function
returns an updated list of buildings, sorted by importance,
which is then displayed to the user. This approach, using
the topsis rank function, allows for more informed
decisions regarding the order of building restoration,
taking into account not only their technical condition
but also their social and cultural significance.

4.6. Server-side component of the system
The server-side component of the application is
implemented as a Flask application and serves as the
single entry point for all client requests. It handles HTTP
request routing, coordinates calls to all necessary
functions for retrieving and preparing data from external
services, calculating scores, and saving them.
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The main route at the path "/" is required to process
the GET request and read the saved buildings.json file,
which contains saved records of buildings with
preliminary analysis results. If such a file exists, its
contents are deserialized into a list of objects; otherwise,
an empty array is created. In the next step, this list is
passed to the list.html template, which is responsible for
displaying a tabular list of buildings with their addresses
and previously calculated ratings. A GET request to
the /add route returns an empty form implemented in the
index.html template, where the user can upload a photo
and enter the building’s address.

After submitting the form, a POST request is sent to
the /upload route. The image file and a string containing
the building’s full address are sent to the server, after
which the function handling this route checks for the
image’s existence and saves it to the static/uploads folder.
Next, the predict and visualize return data function is
called, which is responsible for running the pre-trained
damage detection model on the user-uploaded image, and
then returns the path to the saved annotated image, the count
of detected damage classes, and the total area of the masks.

In the next step, the house number and street name
are extracted from the received string containing
the building address, after which a request to an external
(web  scraping) s
get_building_info function, which returns a dictionary of

source initiated via  the
keys containing basic and additional information about
the building obtained from open sources. Fields for both
types of information are filtered according to a predefined
list, retaining only relevant attributes. If the external
search yields information about the building’s series and
design, the get project info function is called, which
searches for the necessary information about standard
building series and designs and returns a dictionary with
the retrieved data, which is also stored in the session.
The find monument info function is used to search for
data regarding the status of the historical and cultural
monument. After all necessary data has been prepared,
the user is redirected to the /info route, where the info.html
template displays: an annotated photo, a damage counter,
and basic and additional information about the building.
The /scores route is implemented as an API method
that returns the results of three evaluation functions —
estimate_damage severity,  estimate functional value,
and estimate cultural value. It passes the necessary data
previously stored in the session to the corresponding
submodules, returning a JSON object with three numeric
fields: damage, functional, and cultural. This route

implements asynchronous updates of building assessment
values on the client side without reloading the web page.
To save the retrieved building information and calculated
assessments, the user makes a POST request to the /save
route. After that, the server reads the address and damage
statistics from the session, and the final values of the
three ratings from the request body, then sends a new
record to the saved buildings.json file and confirms
successful saving. The GET route /list, which replicates
the functionality of the main page, is designed to display
only records that have already been saved. The /topsis
route triggers a re-ranking of all records when a new
building record is received from the user. After the
re-ranking is complete, the session rewrites the
saved buildings.json file according to the new restoration
order and redirects the user back to /list, where the
updated ranking is displayed.

Thus, the server-side component of the Flask-based
application provides a complete data lifecycle: from
image loading and analysis (through external data
processing and score calculation) to their storage and
multi-criteria ranking. This architecture allows for scaling
functionality and integrating new services or modules
without significant code refactoring.

4.7. System User Interface

Upon launching the application, the wuser
immediately receives a list of buildings that were
damaged during military operations and require
restoration, presented as a pre-sorted list (from buildings
requiring the most urgent intervention to those that can
wait for new investments). Figure 12 shows the
appearance of the application’s main page.

After reviewing the list of damaged buildings, the
user can add a new entry — register a new damaged
"Add Entry"

After clicking this button, the user is redirected to a page

building — by clicking the button.
for adding a record to enter the building’s address
and upload one or more photos of the building from
different angles. After the user clicks the "Submit" button,
the uploaded information is processed and sent to the
server. A search is conducted at the specified address for
general information about the building, information about
the standard design according to which it was built, and
a check for the address’s presence in the registers of
local and national heritage sites. At the same time, the
uploaded images are processed for automatic damage
detection. The status of these processes is displayed on
a separate page to allow users to track the progress.
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List of saved buildings

Priority Address Number of damages Destructian Func. value Hist.-cult. value

e Srckezn Window: 71
1 Constitutsii Square, 1 D ot e 4 7 6

z Rymarska Streat, 20 Sreken Windous 33 2 7 5

3 Rymmiarska Street, 19 arclen Window: 17 1 7 5

Sroken Winduw: 77
5 | esia Serdiuka Street. 54 S T 3 7 ]
8rchkan bzlcony: 2

Sroken Windows !
& Heraiv Khatkovas Avenue, 94 S 2 5 5

Damage facad: 1

7 Sumska Street, 25 Areken Windiaw: 14 1 5 3
Srolen Doar 1
8 Yaroslave Mudroho Street. 15 arcken Window: 12 2 5 1

Camaned fachde: 1

- ken\Windaw: 18
0 Yaroelava budroho Street, 13 3r.\: fon e 3 5 1
Damaged faeade: 1

1 Sumska Streat. 61 Srckan Window: 11 i 1 7

Fig. 12. The app’s home page

Figures 13 and 14 show what this page looks window (Fig. 15) displays the automatically calculated
like after the user has uploaded all the necessary data and ratings and comments, which the user can save.
sent it to the server. After reviewing the building The pop-up window (Fig. 14) displays automatically
information, the user can calculate the ratings needed for calculated estimates and comments, which the user
ranking by clicking the "Get Ratings" button. A pop-up can save.

; A "}
Visual Analysis Mode — -
it i \ s

Building information

Balcony/loggia balcanies
Ceiling height 248 m
Internal walls concrete multi-hollow panels (0.22 m), gypsum-concrete

partitions (0.08 m)

Additionally —

External walls brick, silicate brick (thickness 0.35-0.45 m)

Facade exterior sometimes ceramic tiles

Apartments in bldg. 1-, 2-, 3-room apartments

Number of entrances 2-8

Floor slabs material oval-hollow or hipped reinforced concrete panels
Disadvantages small kitchens, moral and physical aging of the building

series, cracking of the external brick load-bearing walls
due to poorly burnt brick

Fig. 13. The first section of the page containing information about the building
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Detected damages Basic information Cultural and historical value
¢ Broken Window: 16 Name/purpose:: residential building Monument of local importance: —
Current status:: in use Monument of national importance: —
Series:: 163 UNESCO heritage: —

List of damages

Get estimates

Fig. 14. The second part of the page containing information about the building

Building estimates

Degree of destruction: 1/10 (minor)
Functional value: 6/10 (medium)

Historical and cultural value: 1/10 (minor)

Fig. 15. Pop-up window displaying the estimates calculated for the building after the information has been saved

After saving the building record — including its but that a restoration priority has not yet been assigned
address and ratings — the user can navigate to the page to it. An example of the page listing buildings in this
listing all buildings to verify that the building has been state is shown in Fig. 16.
added to the list of buildings registered for restoration,

f T el Windows 72
5 Lesia Serdiuka Street, 54 ke dimdosn 3 7
Broken bizlcony, 7

¢ Broken Windoe: 7
G Heroiv Kharkova Avenus, 94 T - 2 5
Dafrages| facade: 1

7 Sumska Street, 25 Hroken Windows 14 1 5
Broken Do 1
8 Yarostava Mudroho Street, 15 Araken Window: 17 2 5

Damaged fcade: |

droken Windows 18

10 Yaroslava Mudroho Street, 13 Demaged facads: 1

[}
w

l " - B - B a ¢ - -

1 Sumska Street, 61 Bicken Windows 11 1 1

Bioken Windows 25
12 Metrobudivnykiv Street, & Bioken belcony 2 8 7
Cellapsed building part. |

13 Rymarska Street, 21 firaken Window: 15 1 1
14 Pushkinska Street, 46 froken Windows & 1 1
Metrobudivnykiv Street, 29 Broken Window: 16

Fig. 16. Example of a page displaying a list of buildings after creating a record for the added building
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To include the added building in the restoration
priority list, the user must click the "Rank" button, after
which the list of buildings will be updated to reflect
the newly added entry.

5. Research Results

To evaluate the effectiveness of object detection and
segmentation models under conditions of severe class
imbalance in the dataset, two architectures — YOLOvI11
and Mask R-CNN (implemented via the Detectron2
framework) — were trained and investigated. Model
training was conducted using several strategies aimed
at improving the recognition quality of objects from
rare classes, namely: the baseline approach, data
augmentation, the use of a weighted dataloader, and
a combination of augmentation with a weighted
dataloader. We will

of training and tuning the selected instance segmentation

now examine the specifics
models, as well as perform a comparative analysis
of the detection quality for different types of damage
using the applied architectures, taking into account
the class imbalance.

Images were loaded via the Roboflow API in the
format required by the models, and model training was
conducted in the Colab Notebook cloud environment.

The first model considered in the experiment was
one of the latest models in the YOLO family — YOLOv11
with segmentation weights. This model was trained using
a standard configuration adapted to the tasks at hand,
employing loss functions characteristic of this
architecture (including box loss, classification loss,
objectness loss, and dfl loss), which are already built into
the model for faster and more accurate training on image

datasets with complex scenes.

To implement the second model selected for the
study, Mask R-CNN, the Detectron2 library was used,
which provides a convenient interface for training and
evaluating various computer vision models. This model
was also loaded and configured with default parameters.

Various approaches were considered to address class
imbalance. The first approach was data augmentation,
which included both transformations aimed at increasing
data diversity (adding noise, altering brightness and
contrast, random scaling) and random cropping of
images. This allowed us to diversify the input images,
increasing their number in the dataset and forcing the
models to adapt to varying image quality and different
shooting formats. The second approach allowed the
model to account for small objects and minority objects,
which occupied too little area in the original large images
for effective recognition. This approach did not require
additional tuning of the model training processes but was
implemented by loading a different version of the dataset
with the changes incorporated into it.

The third approach to solving this problem involves
using a weighted dataloader, which selects training examples
based on class weights and increases the probability of
images containing rare objects being included in a batch.
This approach was implemented on the first version of
the dataset, which was not augmented, requiring the
addition of the YOLOWeightedDataset and CustomTrainer
datasets to the main training process for the YOLOv11
and Mask R-CNN models, respectively [39].

The final approach used a combination of data
augmentation and the weighted dataloader. To implement
it, the models were trained on an augmented dataset using
the aforementioned classes to load images with weights.
The resulting mAP@0.5, and mAP@0.5:0.95 scores for
each combination of model

and class imbalance

mitigation method are shown in Table 1.

Table 1. Evaluations of the effectiveness of damage detection in models using different approaches to reducing class imbalance

Model An approach to addressing the issue of class imbalance
0
¢ No configuration | Data augmentation | Weighted dataloader| Combination of approaches

mAP@0.5 0.65 0.74 0.89 0.89
'YOLOv11

mAP@0.5:0.95 0.31 0.37 0.43 0.43

mAP@0.5 0.61 0.73 0.90 0.91
Mask-R-CNN

mAP@0.5:0.95 0.29 0.35 0.44 0.45

An analysis of the results for the metrics mAP@0.5
and mAP@0.5:0.95 shows that the use of methods to
address class imbalance significantly improves the quality of
predictions for both models. Data augmentation provides
a noticeable improvement compared to baseline training,

which is explained by the improvement in the models’
generalization ability and the increased diversity of training
examples. The use of a weighted dataloader demonstrates
further improvement in metrics, driven by more balanced
training, where models pay more attention to rare classes.
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For Mask R-CNN, the combination of augmentation
and a weighted dataloader yielded the best results, both
for this model and among all experiments conducted.
In the case of YOLOv11, combining these methods did
not lead to a significant improvement in the mAP metric
compared to using only the weighted dataloader.

Overall, the results presented in Table 1 confirm
that the proposed solutions to the class imbalance
problem are effective tools and help significantly improve
the damage detection accuracy of both models.

To illustrate the damage detection results of the
models, collages with four images are provided below,
where the top section shows the results for the YOLOv11
model, and the bottom section shows the results for the
Mask-R-CNN model. The images on the left represent the
worst results obtained (for the approach without class
imbalance mitigation methods), while those on the right
show the best model performance (for the combination of
data augmentation approaches and the use of a weighted
dataloader). Images that were problematic to process
were selected for the experiment (Fig. 17).

According to Fig. 17, the YOLO v11 model was
able to detect a crack even without the necessary
configuration, while the Mask-R-CNN model did not
detect it. After completing training using a combination
of approaches to address the class imbalance issue, the
accuracy of damage detection by the models changed.
Both models were able to detect all damage, but Mask-R-
CNN showed better results (it detected the boundaries of
the damage more clearly and with greater probability).

Fig. 17. Results of crack detection by the YOLOvV11 (top row)
and Mask-R-CNN (bottom row) models before
and after applying a combined approach to address
class imbalance

Figure 18 shows the results of the models on
an image of a distant building containing a large number
of major-class instances and a single minor-class

instance. After training with default settings, the
YOLOv11 model detected only the damaged windows
in the building, i.e., it detected major-class instances.
The Mask-R-CNN

boundaries for the minor class but misclassified the

model correctly detected the
damage type and failed to detect instances of the minor
class that had fewer pixels in the image. After training the
models to account for class imbalance, both models
significantly improved their performance. The YOLOv11
model was able to detect the minor class and correctly
define its boundaries, while the Mask-R-CNN model
correctly identified the minor class and began detecting
the most obvious window damage.

Although the YOLO model was able to recognize
smaller damage instances and detect a total of more
instances in this case, it is difficult to declare it the clear
winner. It is worth noting that failing to detect a damaged
window is less serious than identifying, with lower
confidence, a more severe class of damage that is actually
minor. The Mask-R-CNN model identified the damage
with greater confidence in both cases.

Fig. 18. Damage detection results using the YOLOv11
and Mask-R-CNN models on complex scenes
before and after applying a combined approach
to address class imbalance

6. Discussion of the results

After conducting a visual comparison of the models’
results and analyzing the metrics obtained, we can
conclude that the use of methods to address class
imbalance has a positive impact, particularly on images
of buildings with damage that is difficult for models to
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detect. Overall, both the YOLOv11 and Mask R-CNN

models demonstrated high performance metrics,
confirming their suitability for practical application in
damage detection tasks provided that class imbalance
mitigation methods are employed. Given the differences
in architecture and the specifics of image processing, it is
advisable to allow the user to select a model depending
on the type of damage and analysis conditions.
This approach will enable the system to be adapted to
specific scenarios and improve the accuracy of results

under real-world operating conditions.

7. Conclusions

As part of this work, a concept was developed and
a prototype system was implemented for the automated
detection of damage to buildings in urban infrastructure
based on computer vision methods to determine the
priority of building restoration, taking into account social
significance, the degree of damage, and cultural and
historical value. The system’s performance was tested on
real images of damaged buildings in the city of Kharkiv,
resulting in a prioritized list of buildings registered in the
system for restoration. These results can be utilized
within the university’s current projects, as well as in
collaboration with government agencies and research
institutions working on the restoration of damaged areas.

The proposed system is a development and
adaptation of modern international solutions in the field
of automatic analysis of infrastructure damage and multi-
criteria decision-making, taking into account the specifics
of the military conflict in Ukraine. Unlike existing
analogues, the proposed system allows for the integration
of processes for collecting available information on
damaged buildings, automatically detecting damage, and
prioritizing their restoration. The uniqueness of this
system lies in the proposed approach to determining the
priority of a building’s restoration, taking into account
criteria such as its social significance, historical and
cultural value, and degree of damage. Experimental
studies of the YOLOv1l and Mask R-CNN computer

vision models and analysis of the obtained metrics allow
us to conclude that the use of methods to address class
imbalance has a positive effect, especially for images
of buildings with damage that is difficult to detect.
Overall, both models demonstrated high quality metrics,
confirming their suitability for practical application in
damage detection tasks. The results show that the
proposed system works effectively when class imbalance
mitigation approaches are applied. Given the differences
in architecture and the specifics of image processing,
it is advisable to allow the user to select a model
depending on the type of damage and analysis conditions.

Future research is planned to further improve the
functionality and performance of the proposed system.
In the long term, the system could become an effective
tool for supporting decision-making at the national
and regional levels regarding the restoration of damaged
structures, helping to accelerate the restoration of
critical infrastructure and minimize the socioeconomic
losses associated with significant destruction resulting
from hostilities.
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ABTOMATHU30BAHA CUCTEMA AHAJII3Y ITIOIKOIKEHb
OB’EKTIB MICHKOI IHOPACTPYKTYPH
3 BAKOPUCTAHHSIM MO/JIEJEA KOMIT'IOTEPHOI'O 30PY

Huni akTyanpHUM € TUTaHHS 3a0e3ledeHHs iHTerpamii OaraTOpiBHEBHX HOaHUX IS C¢()EKTHBHOIO MOHITOPUHTY ¥ aHami3y
MOIIKO/PKeHb OyiBeNb YHACIIIOK BOEHHHUX Ail Ha TepHTOpii YKpaiHW, a TaKoXX BH3HAUCHHS NMPIOPUTETIB BiTHOBIIOBAIBHHUX POOIT.
MeTo10 I0CTIT:KEHHSI € PO3POOJICHHS IHTENEKTYalbHOI CHCTEMH aBTOMAaTH30BAHOTO AaHANi3y NOIIKOMKEHb 00’ €KTIB MiCHKOL
1HOPACTPYKTYpH, siKa O dajma 3MOry e(eKTHBHO OOpOOJIATH BeluKi 00cATH 300pa)keHb, OTPUMAHHMX 3 BUKOPHCTaHHSAM 3aco0iB
KOMIIT'FOTEPHOTO 30pY, JUIsl MOAAJIBILIOTO OI[IHIOBAaHHS PIBHS PYyHHYBaHb i MPUIHATTS pillleHb II0JO0 MPiOPUTETHOCTI iX BiJJHOBJICHHS.
Hanmani cucremoro aetanbHI 3BITH IIONO CTaHYy KOXKHOI OYJiBJI CYTTEBO CHPOIIYIOTh IPOIEC EKCIIEPTHOTO OIHIOBAaHHA 0e3
HeoOXimHOCTI (i3MYHOI TPHCYTHOCTI (axiBIiB Ha Micli. PaH)KyBaHHS IIONIKO/DKEHHX O00’€KTIB 3a pIBHEM IX BIUIUBY Ha
JKUTTENISUIBHICTD KpaiHU 3a0e3medye OiNbII pallioHaJbHUH 1 3BaXEHUH pPO3MOIIT pecypciB, HEOOXiAHUX MM BiJHOBJICHHS
iHppacTpykTypu. Kpim Toro, B cuctemi 3miHCHIOEThCS aKTHBHA B3a€MOJIs 3 MPOQITEHUMH JepKaBHUMH CTPYKTYPaMH, OpraHaMu
MICIIEBOTO CaMOBpSITyBaHHS Ta ()axiBIFIMH, BIJNOBIJaJbHUMHM 3a IUIAaHYBaHHS W OpraHi3amilo BiJHOBIIOBAJBHUX POOIT.
Y Mexax Takoi B3aeMOJii ImepemdadaeThCsi OTPUMAHHS OCTYITy OO KOMIDIEKCHUX 0a3 MaHuX 3 iH(opMmamiero mpo apXiTeKTypHi
0cobnMBOCTI OyAiBeNb, iX ICTOPUKO-KYJIBTYPHY LIHHICTH, @ TAaKOX BUKOPHCTAHHS HAABHOI TEXHIYHOi JOKyMEHTalii, [0 Ja€ 3MOTY
Opaté 10 yBarM BCi acleKTH IiJ Yac OLHIOBAaHHS CEPHO3HOCTI MOIIKO/KeHb 1 (GopMyBaHHs IUIaHIB BiJHOBJICHHS Oy/iBeb.
Amnani3 iHdopmarii, OTpEMaHOI Wi/l Yac CIeliaTi30BaHuX HXKEHEPHUX OOCTEXKEHb 1 JOCTIIKEHb 13 3aCTOCYBaHHSIM BHCOKOTOYHUX
IHCTPYMEHTAJIBHAX METOJIB, JOMOMAarae OJATKOBO YTOYHIOBaTH NapaMeTpH YIIKO/DKEHb 1 CTBOPIOBaTH PO3IIMPEHi aTaceTH
IUIS  TOMAJbIIOTO HaBYaHHSA ¢ Bamimamii Mopmeneidl KoM loTepHoro 3opy. JlocmimkeHo Ta OOIPYHTOBAaHO JOLLIBHICTD
BHUKOPHMCTAHHS CETMEHTAIlii eK3eMIUIApiB 3a mornomoror mozaeiaeidr YOLOvI1 i Mask R-CNN, mio cropusie He JIHINE BHSIBICHHIO
MOIIKO/DKEHb, a M TOYHOMY BH3HA4YEHHIO X OOCATIB, IO € BaXJIMBHM JUIsI BCEOIYHOrO OIIHIOBAaHHS MacmTady pyHHyBaHb
i IUTaHyBaHHS 3aXO[liB BiZHOBJCHHS. Pe3yJbTaTH AOCTIIKEHHS IEMOHCTPYIOTh, IO 3al[PONOHOBAaHA CHCTeMa e(EeKTHBHO IpAIfoe
32 YMOBH 3aCTOCYBaHHS MiAXOXiB 10 OopoThOM 3 mucOamaHcoMm kiaciB. BaxmumBuM eTarmoM poOOTH CHCTEMH € aBTOMAaTH30BaHE
(opMyBaHHSI ONTHMI30BaHMX IUIAHIB BIJHOBJCHHS, OCHOBAaHMX Ha KOMIUIGKCHOMY AaHali3i BHSBICHHX YIIKOJDKCHb.
Taki mIaHu MaroTh 3BaXKaTH He TUBKU Ha TEXHIYHI MapaMeTpu pyiiHyBaHb, a i Ha (iHAHCOBI, MaTepialbHI Ta KaJpOBi 0OMEXKEHHSI.
BucnoBok. Pospobinena cucreMa € e(EKTHBHHM iHCTPYMEHTOM MU IIATPUMKH YXBQJIeHHS pillleHb Ha Jep)KaBHOMY
i perioHabHOMY PIBHSIX NPO BiIHOBJICHHS MOUIKOKEHUX CIOpPYH, COpPHUSE MPUCKOPEHHIO MPOILECIB BiTHOBIEHHS KPHUTHYHO
BKJIMBOT iHPPACTPYKTYpHU 1 MiHIMi3aLlii COIiaNbHO-eKOHOMIUYHHX BTPAT, [IOB’SI3aHKUX i3 BOEHHHUMH PyHHYBaHHIMU.

KoarouoBi cioBa: aHami3 NOIIKOIKEHb, MiChKa IH(pacTpyKTypa; IIMOOKEe HAaBYaHHS; MOJENi KOMII'IOTEPHOTO 30Dpy;
CETMEHTAIlisl eK3eMILTAPIB; Habip 300pakeHb; IHTENEKTyallbHa CUCTEMA.
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Pavlo Radiuk, Anatoliy Sachenko, Oleksandr Melnychenko, Ruslan Brukhanskyi, Antonina Kashtalian

WEDD-RST: AN INTERPRETIVE APPROACH TO DETECTING DEFECTS
IN PHOTOVOLTAIC PANELS IN CYBER-PHYSICAL SYSTEMS

The subject of this study focuses on the interpretability of fault-detection frameworks in solar cyber-physical systems.
The rapid expansion of renewable energy networks generates massive volumes of continuous sensor data, requiring sophisticated
monitoring strategies to prevent safety hazards such as photovoltaic fires. Nevertheless, dominant deep learning models function
as opaque black boxes, providing no transparent reasoning for critical safety decisions. The goal of this work is to enhance the
interpretability of anomaly detection in cyber-physical environments by formulating a rule-based production knowledge base
straight from continuous sensor readings. Key tasks include developing an adaptive discretisation method, identifying minimal
feature subsets, and reconciling contradictory patterns using an integral class support score. The applied methods fuses rough set
theory (RST) with an innovative weighted entropy-density discretization (WEDD) algorithm. This combined pipeline fine-tunes
thresholds using a dual metric of information entropy and local probability density, utilizing kernel density estimation to position cut
points within natural data valleys. Deterministic rules are derived from the lower approximation, whereas probabilistic
rules are generated from the boundary region. The results illustrate the substantial effectiveness of the suggested approach.
Tested on a simulated SCADA dataset designed for fire hazard identification, the framework attains an overall accuracy of 96.2%
and a macro Fl-score of 0.960. Significantly, it delivers 100% accuracy for deterministic rules and a 98.0% recall rate for the vital
Fire Hazard category. Comparative evaluations on the Iris and Wine datasets yield competitive results, achieving 93.3% and 87.6%
accuracy, respectively, when compared with Decision Tree and Naive Bayes models. The generated knowledge base is a compact
JSON artifact, making it well-suited for edge devices with limited computational resources. In conclusion, this research establishes
the WEDD-RST approach as a rigorous approach for transforming raw sensor data into fully auditable IF-THEN rules with explicit
confidence scores, offering a highly reliable solution for automated safety monitoring in cyber-physical environments.

Keywords: production knowledge base; rough set theory; discretization; information granulation; reduct; classification;
cyber-physical systems; photovoltaic monitoring; SCADA.

Introduction into actionable insights that human operators can

understand, verify, and rely on. Although deep learning

The rapid spread of cyber-physical systems (CPS) in
industrial settings, along with the shift away from
(1] -

particularly in renewable energy systems — has generated

traditional distributed measurement networks

massive streams of continuous sensor data that require
intelligent analysis for real-time decision-making [2].
Photovoltaic (PV) power plants are a critical operational
area where thermal anomalies in panels, such as
overheated bypass diodes and isolated hot spots, can
cause catastrophic fires if not detected and classified
quickly [3, 4]. Modern photovoltaic plant monitoring
systems utilize Supervisory Control and Data Acquisition
(SCADA) platforms that integrate various types of
sensors, including thermal imagery from unmanned aerial
vehicle (UAV) systems, bypass diode temperature
monitors, and fire alarm detectors [5, 6]. Although
artificial intelligence boasts extraordinary accuracy in
certain data-driven fields, such as biometrics [7], the
main challenge in these cyber-physical contexts remains
the transformation of raw, continuous sensor readings

approaches demonstrate outstanding detection results
across various disciplines — from the YOLO family of
architectures in computer vision [8] and the construction
of adaptive UAV routes [9] to complex malware
identification algorithms [10] — they operate as opaque
"black boxes" that cannot be explained. In fields where
safety is critical, such as fire risk assessment, this lack of
transparency raises significant regulatory, practical, and
ethical issues [11]. Personnel responding to a fire alarm
must understand the system’s logic for classifying hazards;
receiving only a probability score from an opaque neural
network is insufficient, as a clear understanding of the
situation is necessary for correct human psychomotor
responses and rapid decision-making in high-pressure
situations [12]. Generating production rules based on
sensor input data is a fundamental problem in inductive
learning, a branch of machine learning based on symbolic
computation [13, 14]. Given a feature matrix B (where
rows denote measurement instances and columns denote
sensor attributes) along with a class label vector Y
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(denoting operating conditions), the primary goal is to
formulate logical rules structured as

IF (Feature, € Range,) AND (Feature, € Range,) ... THEN Class =k,

are  accompanied by  corresponding  measures
of confidence (probability) and support (statistical
significance).

Converting tabular datasets into logical structures
requires solving a series of interrelated tasks: partitioning
continuous  variables into meaningful intervals,
identifying outliers, resolving conflicting data models,
and developing inference procedures for processing new
input data. Traditional solutions to this dilemma include
decision tree methods such as ID3 [14], C4.5 [15], and
CART [16], as well as sequential covering methods
(e.g., CN2, PRISM, RIPPER) and approaches based
on the theory of approximate sets (RST) [17].

However, each has certain drawbacks:

Decision tree models construct rules based on
locally optimal splits at each node, failing to ensure
a globally optimal set of rules. As a result, the resulting
rules may be overly complex or fail to account for
important interactions between features [18]. On the other
hand,

explicitly but remain vulnerable to the order in which

sequential coverage methods generate rules
classes are processed, which can lead to overlaps or
contradictions in rule sets.

RST methods provide a

mathematical foundation for managing uncertainty using

Traditional robust
lower and upper bounds [13, 19]. However, they typically

rely on basic equal-width or equal-frequency
discretization, thereby ignoring the internal structure of
the dataset. Entropy-based discretization, successfully
used in [20], although effective in class separation,
ignores the distribution of attribute values. This leads to
the segmentation of points that break up organic data
clusters, creating rules that are highly sensitive to noise.
The goal of this study

interpretability of fault detection in cyber-physical

is to improve the

systems by creating rule-based knowledge bases
(PKBs) directly from continuous sensor observations.
This is achieved through a hybrid approach that
combines advanced discretization with the theory of
approximate sets (RST), effectively bridging the gap
between artificial intelligence and interpretable industrial
automation. The main scientific achievements of this
work are as follows:

1. Weighted Entropy-Density Discretization (WEDD):

a new multi-criteria discretization algorithm formulated

to simultaneously minimize information entropy
with respect to class labels and local probability density
at boundary positions. This dual-objective strategy
positions decision points in natural "valleys" that separate
data clusters, creating rules that are highly robust
to statistical outliers.

2. An optimized heuristic for identifying minimal
subsets of features (reducts), which integrates the
information capacity weights obtained during the
discretization phase. This addition reduces the complexity
of the rules by approximately 40-60%

compromising classification performance.

without

3. A conflict resolution framework based on
an integral class support score that aggregates confidence
in correctness, support metrics, and interval reliability
weights.  This  configuration enables  accurate
classification even when multiple conflicting rules are
triggered simultaneously. The remainder of this article
is structured as follows: Section 2 reviews the
relevant literature. Section 3 presents a comprehensive
mathematical foundation for the PKB approach. Section 4
presents the experimental results. Section 5 discusses the
results and their broader implications in detail. Finally,

Section 6 provides concluding remarks on the study.

Literature Review and Problem Statement

Modern photovoltaic monitoring systems utilize
"edge-cloud" architectures that integrate thermal images
captured by unmanned aerial vehicles with SCADA
systems to detect fire risks [4, 21]. Deep learning
paradigms, particularly architectures from the YOLO
family [8], are frequently used to detect thermal
anomalies in photovoltaic panels [1]. Thakfan et al. [5]
conducted an extensive study of artificial intelligence
(Al)-based fault detection and diagnosis protocols for
building energy networks. They highlighted the inevitable
trade-off between prediction accuracy and model
transparency, an obstacle that continually drives the
development of interpretable diagnostic systems for
decentralized energy networks [22].

RST provides a robust mathematical framework for
processing fuzzy, uncertain, and partial datasets without
the need for external parameters such as probability

distributions or fuzzy membership functions [17].
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The basis of this
indistinguishability of identical elements, which divides

theory is the principle of
the set of instances into separate equivalence classes
according to their specific attributes [13].

Fundamental mathematical elements, including
lower and upper approximations and the boundary region,
facilitate  the

and probabilistic conclusions from data sets [19].

derivation of both deterministic

Luo et al. [23] clearly defined the discrimination

matrix and the discrimination function, laying

identifying minimal
(reducts) that

the theoretical foundation for

subsets of features preserve full
classification capability.

A comprehensive compilation established the
practical application of RST in intelligent decision-
making [24], while Blaszczynski et al. [25] extended
the methodology to account for multi-criteria
decision analysis.

Subsequent research directly linked RST to data
mining, establishing decision tables [26], decision rules,
and reducts as the primary mechanisms for knowledge
discovery. For example, the LERS framework [27]
demonstrated effective rule induction using rough sets,
paving the way for the development of PKB. Despite
these breakthroughs, most RST applications rely on
pre-discretized data, often neglecting the quality and
methodology of the discretization process.

Discretization, i.e., the transformation of continuous
variables into discrete

categorical intervals, is

an important preprocessing step for symbolic
classification models [28]. The study [20] employed
a recursive entropy-based discretization technique that
relied on the minimum description length (MDLP)
principle to determine stopping conditions. This strategy
remains the industry standard for supervised
Their

points that minimize the conditional entropy of class

discretization. approach identifies partition
labels, thereby isolating threshold values that optimally
distinguish between categories.

Garcia et al. [28] compiled a detailed classification
of discretization methods, grouping them by supervision
level (supervised vs. unsupervised), partitioning logic
(top-down vs. bottom-up), and evaluation metrics
(entropy, error rate, or statistical measures). Toulabinejad
et al. [29] demonstrated that supervised discretization
significantly improves the performance of character-
based classifiers compared to simple unsupervised
binning. Furthermore, Huang et al. [30] investigated

binning as a fundamental tool, detailing the theoretical

relationships between binning quality and the subsequent
accuracy of classification tasks.

A significant drawback of algorithms based solely
on entropy is their inability to account for the density
distribution of attribute values. As illustrated by Xun
et al. [31] in their comparative analysis of entropy
frameworks, different discretization metrics can yield
radically different results for threshold placement
and classification. This insight is the driving force behind
the development of the multi-criteria methodology
presented in this article, which improves upon traditional
entropy metrics by incorporating density analysis.

Kernel density estimation (KDE) is a nonparametric
technique for approximating probability density functions
from raw data [32, 33]. Silverman’s comprehensive
text [34] outlines the principles of KDE, including
methods for determining bandwidth. When applied to
binning, KDE allows for the detection of "natural breaks"
in data profiles — specifically, valleys between density
peaks that indicate logical separations between distinct
subpopulations. The WEDD algorithm uses this feature to
precisely position discretization thresholds at the density
minima of the dataset, ensuring that the generated intervals
correspond to the fundamental structure of the dataset.

In SCADA systems, decision-making frameworks
based on Boolean logic cross-reference sensor data,
including thermal anomalies, bypass diode temperatures,
and fire alarms, to classify operating conditions [35].
Combining fuzzy production rules with existing SCADA
logic provides a unique opportunity to enhance the
transparency and verifiability of automated fire risk
assessments, serving as the primary driving force for the
methodology detailed in this study. Guided by these
practical operational requirements, the primary objective
of this study is to enhance the transparency and reliability
of automated fault identification in cyber-physical PV
networks by formulating a rule-based PKB that relies
exclusively on continuous sensor readings. To achieve
this goal, three main tasks are performed: (i) developing
an innovative WEDD algorithm designed to segment
continuous attributes by weighting class differences with
respect to the natural density of the data; (ii) extracting
minimal, non-redundant feature sets (reducts) using
an information-weighted rough set heuristic aimed at
minimizing rule complexity; and (iii) formulating
a robust conflict management protocol that uses integral
class support metrics to generate practical deterministic
and probabilistic IF-THEN rules, ideal for integration into
SCADA systems with limited computational resources.
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Methods and Materials

The PKB approach consists of seven steps that
data
interpretable classification system. Figure 1 shows the

transform raw sensor into a self-contained,
complete process architecture.

The
classification task is represented as a decision-making

system (DMS) described by a tuple:
DMS =(U,4u{d}.V, f),

Criterion 1. information model of the

(1)

whereU = {x,,x,,...,x,} is a finite set of objects (a space
in which each objectx, corresponds to a row of the
} of

conditional attributes (features) corresponding to the

feature matrix B); 4={q,,a,,...,a is set

>"m

a

columns of B; d is a decision attribute defined by the class
label vector Y;V = U V, is the domain of attribute

acAu{d}
values; [ :U x(A u{d }) — V is an information function

that maps objects to the values of their attributes.

Inductive Learning Phase

Stage 1: WEDD Stage 2: Information Stage 3: Production Stage 4: Rule Base
Discretization Granulation Rule Generation Optimization &
\-criteri imizati . izt - i i Validation
Hasv;nsor sl D Optimal g;rsmzangn function Inductive I(e:;mg Candidate
? Entropy ey | Values to interval data | gecision trees, rule set | Optimize rule set for
I (class separation) codes (e.g., 0, 1, 2 for " association rules) coverage, consistency,
il i low, medium, high). generates rule and minimality.
%Z?ugogxlgmoﬁi;y . s . candidates based on Validate against
Indiscernibility relation granulated data and against test data to
Supervisory Control and forms information class labels. avoid overfitting.
Data Acquisition (SCADA) \ ) granules.
Sensor Inputs L
‘ ) ) /_ﬁ . X Feedback for Optimized
Example raw continuous sensor data: ‘ Stage 5: Knowledge [ Production Knowledge | refinement prgé:‘gizn
Thermal anomaly intensity = 85.0 ‘ Base Compilation |Executable | Base (PKB) Rep / rules
Bypass diode temperature = 45.0 Translate rules PKB Stores rules |
degrees Celsius into executable format for ‘ thresholds, and granulation | Optimized productions
X i efficient real-time definitions for deployment. |
Fire sensor signal = 2.1 ‘ inference (e.g., rule engine -
byte code).
Continuous feature matrix: B \ 4 Knowledge .
- / for inference Operational Edge Inference System Output
Stage 6: Real-time Stage 7: Explanation Interpretable 1&
Rule Inference Engine| & Visualization Classification Output
> Apply PKB rulle:is to 4 e i e Pretable| ciass: Active Fire
rea-ime » S | Confid Score: 0.98
Real-time sensor data stream sensor data to output

c!a5§ prgbability

results &

and confidence scores,
including triggered rules

Actionable safety monitoring

alerts for cyber-physical

and data evidence. system operators.

Fig. 1. Schematic architecture of the proposed PKB approach. The system consists of an inductive learning phase (steps 1-5) for data

discretization, granularity, and rule generation, combined with an operational inference phase (steps 6—7), which uses the

compiled rule base for interpretable real-time defect classification in cyber-physical systems

Fig. 2 shows a visual representation of the DMS
formalization, illustrating how the feature matrix B
and the class vector Y are mapped to the formal
representation of a tuple.

Stage 1.
(WEDD). Since the feature matrix B contains continuous

Multi-criteria  adaptive discretization

values, these must be divided into intervals so that
symbolic inference rules can be constructed. We propose
the WEDD method, which simultaneously optimizes two
criteria: information entropy (class separation) and local
probability density (the natural structure of the data).

Criterion 2. Information entropy. For attribute
ac A and threshold T for candidates, the classical
conditional entropy is calculated as:

|Uright |

U]

|Ule&

U]

E(a,T;U)= Ent(U,, )+ Ent(U,,, ). (2

where U ={xeU: f(x,a)<T} and

U = {x elU: f(x,a) > T} are subsets of objects

separated by the threshold 7 , and Ent(S) denotes the

Shannon entropy [36] of the class distribution

in the subset S :

K
Ent(S)=—zpk 10g2 pka (3)

k=1
where p, is the proportion of class k in the total number

of classes S and K .

Criterion 3. Density distribution at the local level.
KDE [32, 33] is used to estimate the density distribution
of attribute values:

K( j,

n

v_bia

p “4)
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where b, is the value of attribute a for object x,, K (+) The key conclusion is that optimal discretization

Y(d+4) thresholds must pass through low-density regions, the so-

is the Gaussian kernel function, and A=n" o is the

) called "valleys" between natural clusters, rather than
bandwidth parameter defined by Scott’s rule [34].

arbitrarily dividing dense regions.

Decision Making System (DMS) Formal Model
DMS =<U,AU{d},V,f>

Where:

- U = {xy, ..., X,} is the Universe (Set of Objects)

- A ={ay, ..., ay) is the Set of Conditional Attributes

Information Function f

f:ux@u{d}) -V

i - d is the Decision Attribute, generating Class Labels Y
A(t:t(;t);:]ess) -V is the Value Domain, containing all attribute values f(x, a)
( - f is the Information Function, mapping objects and attributes to values

Conditional Attributes A = {a, ..., a;} Decision Attribute d

. I ; (Class Label)
Universe U a | ay | . a; v | am Class Vector Y
xy || vy | vy Vim | Vim Y1
xp |mm——D| vy | vy V2m | Vam Y2
(RObjectfsB) : : : i : : i Classes
ows of B) =
x || vy | v fua)=vj| - | vim Vi Y=bl@d)>y,xel}
B Xn > Vn1 | Vn2 f(xn' aj) =Vij| | Vnm Yn i
Class
Vector
Value Domain V Y

V = {v | v € Range(f)}

Fig. 2. The formal structure of a DMS. The feature matrix B provides the conditional attributes A4 , the class vector Y provides the
decision attribute d , and the information function f maps objects to their attribute values in the domain V

function. An
quality criterion Q(a,T) is introduced for threshold

Multi-criteria  objective integral

optimization, which must be minimized:
0(a.T)=a-E(a,T)+(1-a)-£,(T), (5
where E(a,T ) is the minimum-maximum normalized
entropy, Z(T) is the minimum-maximum normalized
density at point 7, and ae€[0,1] is a weighting

coefficient that controls the trade-off between -class
separation and structure preservation.

In the experiments conducted, o =0.6 emphasizes
class separation while simultaneously incorporating
density information.

Recursive discretization algorithm. The WEDD
algorithm works as follows.

Algorithm 1. WEDD discretization.
Input: Special column b, class vector Y , weight o
1. Sort the values of b,, in ascending order

2. Create threshold values for candidate7 as the

midpoints between adjacent distinct values

3. Compute the KDE profile of f, (v) using a Gaussian
kernel with Scott’s bandwidth
4. For each candidate T € 7 , perform
5. Compute the conditional entropy E(a,T;U) using
formula (2)
6. Calculate the density £, (7) using equation (4)
7. Complete for
8. Normalize:
— E—-E —

E(a.T)= = 7(T)

— fa _fmin
fmax _f;nin
9. Compute Q(a,T) = aE+(1—a)7a forall T
10. Select 7" =argmin{Q(a,T)}
T

11. Apply the MDLP stopping criterion
12. If the MDLP criterion is not satisfied, then
13. Recursion on the subintervals of U, and U,

14. terminate if

*
15. return 7, = {rl,rz,...,r,{“}

Output: Set of optimal thresholds 7.
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Stage 2. Feature space transformation and
information granularity. After discretization, continuous
values in B are mapped to discrete codes using
a quantization function.

Definition 2 (quantization function). For each
attribute  a, €4 with optimal threshold values

T;, :{Tj,l""’fj,kj} . the

¢, :V, — 7" maps continuous values to interval codes:
J

quantization function

0, ifh, <7;;
m, ifz,, <b, <z, .; (6)
ifh, >
k;, ifb, 27, .

b; :¢j(bf/):

The result is a discrete matrix B = {b;} , in which
each element is an integer denoting the qualitative state of
the attribute (e.g., 0 = "low", 1 = "medium", 2 = "high").

Definition 3 (Indistinguishability Relation). Based
on B, the indistinguishability relation IND(4) defines
the condition of logical identity between two objects:

IND(4)= {(xl.,xj) eUxU:Va, € 4,b, = b;k}. @)

This  relation  divides the space into

equivalence classes (information granules)
U/IND(A4)={E,,E,,...,E,} , where L < n. Each granule

E, groups objects that have identical discretized

*

attribute signatures S, =<b* b b

p190p2see s Upy

> . A granule

is classified as:
— deterministic (pure): if all objects in £, belong to

a single class (|6(Ep)|:1, where 8(Ep) is a set of

distinct class values within £, ) ;

— inconsistent: if the objects in E, belong to several

classes (|6(Ep)|>1), indicating an overlap of classes

in the discrete feature space.

rob LR _
R}™ :IF conditions = d =y,

The confidence Conf (R , ) <1.0 reflects the degree

of class ambiguity within the granule. Rules with a
confidence level below a threshold value may be flagged
for human review in safety-critical applications.
Fig. 3 illustrates the relationship between the lower
approximation, the boundary region, and the upper
approximation in the context of fuzzy set classification.
Stage 5. Minimizing the feature space using
the minimum

a reduction search. To determine

Stage 3. Formulation of deterministic production
rules. Definition 4 (lower bound). For each decision

class X, :{er:f(x,d)zyj}, the lower bound is
defined as [17]:

4X>f={er:[x]Ang}, ®)
where [x] , denotes the equivalence class containing x.

An object x belongs to the lower approximation of

the class X, if and only if its entire equivalence

class consists exclusively of objects of that class.

This guarantees deterministic classification

with 100% certainty.
Each deterministic granule E, c AX, generates

a production rule:

R, :IF (a1 eIl,V‘)/\.../\(am e]m,vm)bd:yj, )

where 7, is the range of values of the k -th attribute

corresponding to the discrete code v, .
The support of the rule R, quantifies its statistical
significance:
Supp(R, ) =|E, n X | /|U]. (10)
The overall quality of the approximation is
measured by Pawlak’s classification quality index [13]:

n(d):_iléX,-lﬂUl ; (11

which represents the proportion of objects that can be
unambiguously classified using deterministic rules.

Stage 4.
from boundary

Synthesis of probabilistic rules

regions. Conflicting granules, i.e.,

those where |8(Ep)|>l, form a boundary region

BN, (Xj). For each such granule, a probabilistic

rule is constructed:

with Conf (R, )=|E, n X |/|E,|. (12)

set of features required for classification,

a discriminability matrix M [23 ] is constructed.

For each pair of granules (Ei,E j) from different classes:
¢ :{ak €d:b, ib:k}, wheny, # y.. (13)

The discrimination function is a combination
of all disjunctions from non-empty cells:

st(ap---aam):m{U(ij):Cy¢®}- (14)
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Fig. 3. RST approximation. Deterministic granules (entirely within the target class X ;) form the lower approximation (solid green);

granules that partially overlap the class boundaries form the boundary region (striped yellow); their combination forms the
upper approximation. The lower approximation guarantees 100% confidence in the classification

Johnson’s modified algorithm with information
weights. Finding all reducibles is NP-hard [23].
A weighted heuristic based on Johnson’s greedy
algorithm is proposed, where the priority of selecting
includes its information

each attribute capacity

weight from the discretization stage:

W(ak)=C0unt(ak ec,.j.)-(l—E(ak)), (15)

where  E(a,) is the normalized  average

conditional entropy of attribute a,, calculated over

its discretization points.
Attributes  with
separation) receive higher weights, which shifts the

lower entropy (better class
greedy search toward features that are both discriminative
and informative. The core of the attribute set is
the intersection of all reducts:

CORE(4)={a, € 4:3¢c, ={a,}}. (16)

The principal attributes are represented as single
elements in the discriminability matrix and are
indispensable for classification.

Stage 6. Compiling the PKB. The PKB is compiled
as a standalone data structure that includes:

*

— discretization thresholds {Tj } for all attributes;

— the selected reduction RED ¢ 4 ;

—  deterministic  lower
(confidence = 1.0);
— probabilistic rules from the boundary region

(confidence <1.0);

approximation rules

— metadata: support, reliability, coverage for

each rule.

This structure allows the system to be deployed
without external dependencies. The PKB is a fully-
fledged, verifiable artifact that can be serialized in
JSON format and embedded in peripheral devices
or SCADA controllers.

Stage 7. Weighted
The inference procedure for classifying a new object

inference  mechanism.

X =(by,...,b,,) proceeds as follows:
Step 1. Discretization. Apply the saved quantization

functions:
x;=¢,(b,). Vje{l...m}. 17
Step 2. Rule activation. Search the knowledge
base for all rules whose conditions match the

discretized signature, using only the attributes selected
in the reduct RED.

Step 3. Conflict resolution. When multiple rules are
activated for different classes, calculate the class’s
integral support score:

S(y.)= . Conf(R)-Supp(R)-w, (18)

R €Ryciive
Class=y,

where w, is the interval reliability weight obtained

from the density profile in the discretization zone.
The final classification is:
y =argmax, S(y,). (19)
Step 4. Matching with error. If no rule matches
perfectly, the Hamming distance-based matching
procedure finds the closest rule. If no acceptable
match is found, the default class (the most frequent in Y )
is assigned.
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Case study

Experimental Setup
SCADA simulation dataset. To validate the PKB
approach in the context of monitoring fire hazards in
photovoltaic systems, a simulated SCADA dataset was
created with the following characteristics:
— size — n=1,000 samples (measurements from

arrays of photovoltaic modules);
— characteristics — 3 continuous sensor measurements:

a) thermal anomaly intensity (.X,) — range [0, 100],
threshold 50;

b) bypass diode temperature (X)) range
[20, 120]°C, threshold 70°C;
c¢) fire sensor signal (X))

threshold 5;
— classes — 5 operational states based on Boolean

— range [0, 10],

logic combinations (Table 1); — noise — Gaussian noise
added to class-dependent distributions (=0, 0=0.5,
random seed = 42).

Benchmark Datasets.
benchmark datasets from the UCI Machine Learning

Two publicly available

Repository [37] were used:

— Iris [38]: 150 samples, 4 features, 3 classes
(setosa, versicolor, virginica). — Wine [39]: 178 samples,
13 features, 3 classes (grape varieties). For the SCADA
dataset, the full dataset was used for both training
and validation to evaluate PKB’s ability to model
the full feature space. For the benchmark datasets,
5-fold stratified cross-validation [40] was used with
a fixed random seed of 42 to ensure reproducibility.
The PKB approach was compared with two baseline
models: a decision tree (a CART implementation using
scikit-learn [37]) and Gaussian naive Bayes.

Table 1. SCADA operational states and their Boolean
logical definitions, which correspond to the fire hazard truth
table implemented in the PV SCADA monitoring system

State X, X, X, Count
Normal Low Low Low 300
Safe bypass High High Low 250
Fire hazard High Low Low 150
Defective diode | Low High Low 150
Active fire Any Any High 150

WEDD discretization results
The WEDD algorithm with a=0.6 gave the
following discretization thresholds (Table 2)..

Table 2. WEDD discretization thresholds compared to the
class boundaries in the real-world scenario. The algorithm
successfully restores thresholds close to the true values, with
cutoff points located in the density valleys

Characteristics Truth | WEDD Cuts Bins
Thermal Intensity 50.0 428,475, 54.7 4
Diode temperature (°C) | 70.0 58.5,70.0,76.0 | 4
Fire alarm 5.0 5.4 2

Fig. 4 shows a visualization of the WEDD
discretization displaying
histograms, KDE density curves, and selected cutoff

results, class-specific
points for each feature.

Key observations in Fig. 4 include:

a) the temperature limit of the bypass diode at
70.0°C accurately reproduces the threshold of the real-
world scenario;

b) the intensity of the thermal anomaly is subject
to three thresholds that encompass the true boundary
at 50.0 on both sides, creating a transition zone that
captures the overlap between classes;

c) the fire sensor signal requires only a single
threshold at 5.4, located in the density valley between
the fire and non-fire populations.
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Fig. 4. WEDD discretization results for three SCADA sensor characteristics. Each panel shows: class-dependent histograms
(colored bars), Gaussian density curves (KDE) (solid lines), and selected cutoff points (vertical dashed lines).
The bypass diode temperature threshold at 70.0 degrees Celsius almost exactly matches the actual situation.

The fire sensor signal requires only one cutoff point at 5.4, which closely corresponds to the actual threshold of 5.0.

The multi-criteria objective places the cutoff points in the density valleys while simultaneously maximizing class separation

Granulation results and rule extraction

The space

yielded 32 information granules, achieving a compression

ratio of 31x from 1,000 objects. Table 3 presents the
summary results of the granulation process.

discretized feature (combinations)

The 19 deterministic rules are distributed as follows:
16 rules for an active fire (covering 98.0% of the class),
and one rule each for a faulty diode, a normal state, and
a safe bypass. It is noteworthy that the fire hazard class

has no deterministic rules: it lies entirely in the boundary
region, reflecting the inherent difficulty of distinguishing
fire hazard conditions (high thermal anomaly + low
diode temperature) from neighboring states. Thirteen
probabilistic rules derived from conflicting granules
complement the coverage with confidence levels ranging
from 50.0% (P12, an equal distribution between
Fire Hazard and Normal Mode) to 99.6% (P5, close to
a deterministic Normal classification).
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Table 3. The granularity of information results from IND(a) equivalence class construction

Indicators Values
Total number of objects (|U |) 1,000
Total number of granules (L) 32
0.032

Compression ratio (L/ |U |)

Deterministic granules

19 (59.4%)

Contradictory granules

13 (40.6%)

74 (d ) (Classification quality)

0.150

Objects in the lower approximation

150 (15.0%)

Objects in the boundary region

850 (85.0%)

Extracted deterministic rules 19
Extracted probabilistic rules 13
Total number of production rules 32

Results of the reductive analysis
Analysis of the discriminant matrix revealed 351
non-empty entries out of 496 pairs of granules with
different majority classes. All three attributes appear as
non-zero elements in the discriminant matrix (Table 4),
since all three
CORE(A4)=RED = 4 (a complete set of attributes). It is

attributes have non-zero entries

not possible to reduce the number of features; that is,
each sensor measures a distinct physical phenomenon that
is indispensable for classification. This confirms the well-
thought-out design of the SCADA sensor suite.

Table 4. Analysis of reducts: feature weights and
discriminative singletons

Characteristics Weight | Singletons Count
Heat intensity 0.328 15 88.5
Diode temperature 0.314 17 204
Fire alarm 0.280 16 4.5

Validation results
The PKB extraction mechanism yielded the results
shown in Table 5.

Table 5. Validation metrics for the PKB extraction mechanism on the SCADA dataset (n = 1000) : the system achieves an

overall accuracy of 96.2% with perfectly deterministic rule performance

Class Accuracy Recall F1 Count
Active fire 1.000 0.980 0.990 150
Defective diode 0.958 0.913 0.935 150
Fire hazard 0.907 0.980 0.942 150
Normal 0.983 0.957 0.970 300
Safe bypass 0.953 0.976 0.964 250
Average macro 0.960 0.961 0.960 1000
Weighted average 0.963 0.962 0.962 1000

The "Fire Hazard" critical safety class achieves
a recall rate of 98.0% (147 out of 150 correctly
identified), despite relying entirely on probabilistic rules.
The 90.7% accuracy indicates some false alarms in the
"Normal" class, which is an acceptable trade-off in
missed hazards

applications where

have catastrophic consequences. Figure 5 shows the

safety-critical

confusion matrix for verifying PKB’s conclusions

on the SCADA dataset.

An analysis by rule type reveals a clear dichotomy:
deterministic rules achieve 100% accuracy (150/150),
95.5%

stem from

while probabilistic rules achieve

(812/850), all

accuracy

38 misclassifications

probabilistic rules in granules with a high level

of conflict.
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Confusion Matrix - PKB Inference Engine Validation
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Fig. 5. A confusion matrix for verifying PKB’s conclusions on the SCADA dataset. The dominance of the diagonal confirms high
classification accuracy across all five operating states. The main sources of errors are misclassifications between a faulty diode
and a safe bypass (10 cases) and between a normal state and a fire hazard (9 cases); both types of errors occur in border regions

where sensor signals overlap

Comparative testing results

Table 6 and Figure 6 present comparative results
for the Iris and Wine test datasets.

On the Iris dataset (4 features, 3 classes), PKB
achieves an accuracy of 93.3%, which is 2.0 percentage
points lower than the best baseline (a decision tree at
95.3%). On the Wine dataset (13 features, 3 classes),

PKB achieves an accuracy of 87.6% thanks to greedy
feature selection based on reduction, which reduces the
feature space from 13 to 3—6 features per fold. Although
Naive Bayes outperforms Wine (97.2%) due to the nearly
which
its assumption of independence, PKB significantly

Gaussian distribution of features, satisfies

outperforms it in terms of interpretability.

Table 6. Comparison of tests using 5-fold stratified cross-validation. The mean standard deviation is shown. The best results

are highlighted in bold
Data set Method Accuracy Macro F1
PKB 0.933 +£0.030 0.933 +£0.030
Iris Decision tree 0.953 +0.034 0.953 = 0.034
Naive Bayes 0.947 £ 0.040 0.947 £+ 0.040
PKB 0.876 +0.078 0.873 +£0.083
Wine Decision tree 0.893 +£0.038 0.896 +£ 0.036
Naive Bayes 0.972 £ 0.025 0.973 + 0.024
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PKB Methodology vs. Standard ML Baselines on Benchmark Datasets
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Fig. 6. A comparison of the PKB approach with the baseline "Decision Tree" and "Naive Bayes" models on the Iris and
Wine datasets using 5-fold stratified cross-validation. PKB achieves competitive accuracy (left) and F1 score (right),
while offering the unique advantage of interpretable IF-THEN production rules with explicit confidence scores.

The error bars represent =1 standard deviation across all folds

Application context:

detection of fire hazards using photovoltaic systems
Figures 7 and 8 show the improved detection

accuracy and system performance, respectively.

The PKB approach integrates with the SCADA
system’s Boolean logic layer (Fig. 9) by replacing binary
threshold values with interpretable production rules that

provide classifications based on confidence levels,
enabling operators to understand the logic behind each
fire hazard assessment.

Fig. 10 illustrates the system’s ability to distinguish
between different types of defects based on thermal
profile characteristics.

Detection Accuracy: Single Model vs. Ensemble Method

1.0 1 (+3.2%) 0.96

0.93

0.9 1

0.8 A

0.7 1

0.6 1

Mean Average Precision (MAP@0.5)

Class 1
(Row Defects)

(+2.2%) 0.95

0.93

[ Single Model (Baseline)

B Ensemble Method (Proposed)
Class 3

(Hot Spots)

Defect Classification Type

Fig. 7. Detection of improved accuracy in CPS PV monitoring. A combined method that integrates thermal palettes M2 (detection of
large defects) and M3 (detection of hot spots) achieves a mAP@0.5 of 0.96 for Class 1 defects (+3%), 0.90 for Class 2, and
0.95 for Class 3 (+2%). The PKB approach complements this detection level by providing an interpretable classification of
operating states based on detected thermal anomalies
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System Efficiency: Baseline vs. Proposed Architecture
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Fig. 8. Improvements in system performance in a CPS architecture with edge cloud computing. Left: 57.0% reduction
in processing time thanks to edge computing. Right: 31.7% reduction in data transfer volume. In addition
to these performance improvements, the PKB output mechanism adds an interpreted fire hazard classification,
enabling proactive safety assessment using SCADA Boolean logic

(UAV giefect} (Dio :)‘(1.1, i i = J'i;nn = Lystem Status Action Required
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(1] Faulty Diode Maintenance
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Logic Variables:

» Xi: Thermal defect detected by UAY (YOLOvilm-seg) o
= X1i: Elevated bypass diode temperature {on-silte sensor)

= X2i: Fire sensor activation (on-site sensor)

Protected (Safe) Manitor
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Fig. 9. The logic for making decisions regarding fire hazards, implemented in the SCADA system.
A Boolean truth table correlates three sensor input signals (X Xy, X 2i) to classify operating states.

The PKB approach improves this logic by providing rules weighted by confidence level instead of rigid binary thresholds,
allowing for a more detailed assessment of borderline cases
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Fig. 10. Thermal profiles for two critical types of defects in photovoltaic modules. Top: a "hot spot" defect,
showing a sharp Gaussian temperature peak (detected by the M3 palette). Bottom: bypass diode activation,

showing a step-like profile (detected by the M2 palette).
these thermal signatures serve as input features for PKB

Discussions

The results of this study confirm the effectiveness of
the PKB framework as a reliable alternative to opaque
"black-box" classification models in industrial settings
As noted 1,
a significant challenge in modern CPS is reconciling the

where safety is critical. in Section
high predictive accuracy of deep learning algorithms,
such as YOLO frameworks [3, 8], with the transparency
required to build operator confidence. The proposed
approach overcomes this obstacle by transforming
continuous sensor measurements into explicit symbolic
knowledge. A key element of this achievement is the
WEDD
discretization, which isolates class boundaries and often

algorithm. Unlike traditional entropy-based

breaks up natural data clusters, the presented technique
uses KDE to precisely determine threshold values in
density valleys that separate distinct subpopulations.
As shown in Fig. 4, this dual-criterion optimization
allowed the framework to accurately identify physical

When quantified by SCADA sensors,
classification

boundaries of the real-world scenario, such as the 70.0°C
threshold for bypass diode temperature, without manual
tuning. This demonstrates that combining information
entropy with density parameters preserves the intrinsic
semantic architecture of the data, creating a robust
foundation for subsequent rule generation.

The implementation of RST introduced a rigorous
mathematical framework for measuring uncertainty,
a feature often lacking in traditional decision trees or
rule extraction algorithms such as CN2 and RIPPER.
The granularity metrics, detailed in Table 3, indicate that
although only 15% of the synthetic SCADA cases were
mapped to the lower bound (deterministic region), the
architecture maintained exceptional accuracy within
the boundary region using confidence-weighted logic.
This differentiation has significant practical value: the
system can autonomously trigger responses based on
deterministic rules (confidence probability = 1.0) while
simultaneously flagging probabilistic rules (confidence
probability < 1.0) for manual review by human operators.
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Such functionality aligns well with the hybrid decision-
making systems highlighted in recent studies [11], which
advocate for a balance between machine automation
and human oversight. Furthermore, the flawless 100%
accuracy recorded for deterministic rules (Table 5)
provides empirical confirmation of the fundamental
premise of the lower bound approximation: provided the
data structure is clear and well-defined, the resulting
logical rules are absolutely error-free.

An analytical evaluation of the SCADA dataset
confirms that the proposed approach meets stringent
fire safety requirements. The confusion matrix in Fig. 5
ability to
reproducibility under the most demanding operational

demonstrates the model’s maximize
conditions. Although the "Fire Hazard" category did not
yield deterministic rules due to significant attribute
overlap, the probabilistic reasoning module achieved
98.0% reproducibility, missing only 2% of actual threats.
This achievement comes with a small trade-off, yielding
90.7% accuracy and a moderate level of false alarms.
In the field of protecting photovoltaic facilities [4],
this approach is highly desirable, as the catastrophic
financial and safety consequences of an undetected
fire far outweigh the minor logistical costs of
investigating false alarms.

Furthermore, comparative baseline tests on the
Iris and Wine datasets (Table 6 and Fig. 6) confirm
that the proposed technique performs on par with
well-known algorithms. Although Gaussian Naive Bayes
outperformed the proposed model on the Wine dataset
(97.2% vs. 87.6%) due to differences in the distribution
of these metrics, the current approach has the distinct
advantage of generating transparent IF-THEN rules.
As shown in Section 4.5, these rules remain fully
controllable from a regulatory standpoint and are easily
interpreted by industry Integrating  this

architecture into edge-cloud ecosystems offers significant

experts.

advantages over alternatives that are entirely cloud-
dependent or based exclusively on neural networks.
As shown in Fig. 8, this structure provides a significant
reduction in data transfer volumes and computation
latency. By exporting the complete knowledge base —
that is, including discretization boundaries, reducers,
and extracted rules — into a compact JSON format of
approximately 32 KB, the platform ensures exceptional
portability. This artifact can be seamlessly integrated into
the operational logic of edge devices, ranging from the
NVIDIA Jetson AGX Orin to simpler microcontrollers.
Here, it serves as an interpreted reasoning layer, linking

the visual detection input data of the neural network
with the output data of the SCADA system’s mechanical
actuator. Such a configuration ideally supports the
industry-wide trend toward transitioning to an edge
intelligence system [6], facilitating decentralized
decision-making that maintains functionality even during
potential network outages. Despite these advantages,
various limitations and potential obstacles to research
exist. First, the existing empirical validation relies on
synthetic SCADA data with added Gaussian noise.
Authentic sensor readings from operational photovoltaic
installations often exhibit non-Gaussian distortions,
temporal drift, and hardware malfunctions, which can
reduce the effectiveness of the density estimation module.

The relatively modest index

yA (d ) =0.150 indicates that the three-dimensional

classification quality

exhibits class

This problem may be

feature space significant

difficult to
incorporating additional sensor modalities. Furthermore,

overlap.
solve without

the feature reduction process relies on an adapted greedy
algorithm. Although incorporating information capacity
weights improves the traditional Johnson algorithm, it
still cannot guarantee the discovery of a globally optimal
reduction, which may result in the creation of rule sets
that are more extensive than necessary. The observed
performance degradation on the high-dimensional Wine
dataset indicates that the adopted heuristic may struggle
to manage complex feature interdependencies in high-
dimensional spaces. Future research initiatives should
address these limitations by exploring evolutionary
optimization methods for identifying reducibles and
testing the approach on various real-world industrial
datasets to ensure robustness to environmental changes
and sensor degradation.

Conclusion

This study confirms that the PKB approach is

a carefully designed and mathematically sound
framework for transforming continuous input data from
cyber-physical sensors into clear and useful information.
By combining the recently introduced WEDD algorithm
with the robust mathematical foundations of RST,
a comprehensive pipeline was created to generate highly
accurate, linguistically intuitive, and logically rigorous
production rules. The proposed model underwent
comprehensive testing in a seven-stage workflow,
confirming its effectiveness in managing the complex

demands of industrial monitoring. When applied to
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a synthetic SCADA dataset on fire hazards, the
architecture achieved an impressive overall accuracy of
96.2%, with flawless 100% accuracy in deterministic
cases within the lower bound. Most importantly, for
safety-critical infrastructure, the model achieved 98.0%
recall for fire emergencies, ensuring reliable detection
of hazardous conditions even when their signatures
overlap with those of standard operations. Comparative
benchmarking using the Iris (93.3%) and Wine (87.6%)
datasets confirms that, despite being optimized for
the model
performance in general classification tasks compared

industrial logic, maintains competitive
to opaque "black-box" alternatives. The main identified
limitation is the greedy nature of the feature reduction
stage, which can lead to suboptimal subsets in high-
the framework’s

dimensional spaces, as well as

dependence on simulated noise models. Looking
ahead, three key research directions are proposed for
further improving this approach. First, incorporating
palette-independent radiometric models will enhance the
system’s robustness to input data regarding ambient
thermal noise. Second, the application of evolutionary
algorithms will help optimize the trade-off between the
compactness of the rule set and classification coverage.
Finally, the development of online learning mechanisms
will allow the knowledge base to dynamically adapt to

the aging of photovoltaic system components.
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WEDD-RST: IHTEPIIPETOBHUM IIJIXIJI IO BUABJEHHS JE®PEKTIB
®OTOEJEKTPUUHUX MAHEJIEN Y KIBEP®I3UUHUX CUCTEMAX

IIpenMeToM ROCITII:KeHHSI € IHTEPIPETOBAHICTh MEXaHi3MiB BUSBJICHHA Ae(EKTiB (OTOCICKTPUYHMX HaHenel y KibepdiznaHux
cucreMax. IlommpeHHs iHQPACTPYKTYpH BiJHOBIIOBAHOI €HEPreTHKH TI'eHepye 3Ha4dHi oOCsrH Oe3lepepBHUX CEHCOPHHX [aHUX,
[0 BHMAara€ pO3LIMPEHOr0 MOHITOPHHIY [UIsi 3HIDKCHHS PH3UKIB O€3IEKH, SK-OT MOXKEXKi Ha (OTOSNEKTPHYHHMX CTAHILSX.
OpHak MOWMpPeHi MigXOMU TIMOOKOr0 HAaBYaHHS MPAIOIOTH SK HEMpo3opi "JOpHI AMKH", SKUM Opakye MpOo30pOCTi JIOTiYHUX
BHCHOBKIB JUIsl yXBQJICHHS] KPUTUYHO BXKIIUBHX pilieHb. MeTol0 i€l po60TH € MOKpaIleHHs iHTepIPETOBAHOCTI CUCTEM BHSBIICHHS
nedekTiB 'y KibepdisMYHUX CepeloBHIAX CIIOCOOOM MOOYIOBH BHPOOHHMYOI 0a3W 3HAHb HA OCHOBI TPaBMI O€3MOCEPEIHBO
3a pe3ysbTaTaMu Oe3lepepBHIX BUMIPIOBaHb JATYHKIB. 3aBAaHHS JOCTIIKeHHS: PO3pOOICHHS METOLY aaNTHBHOI IUCKpeTH3allil,
ineHTHdiKamis MiHIMAJbHUX IIJMHOKHH O3HaK Ta BHUPIMICHHA CYNEpPEWIMBHX MIA0JOHIB 3a JOMOMOTOIO IHTETPAIbHOI OI[IHKH
miaTpuMKH Kiacy. Meroam mnepenbavaioTh iHTerpaumito Teopil HaOmwkeHux MHOXKHH (RST) 3 HOBUM anropuTMoMm 3BakeHOT
eHTpomniitHo-miteHicHOT auckperusanii (WEDD). Meton onTHMi3ye NmOporM Ha OCHOBI NOJIBIiHHOTO KpuTepito iH(opmariiHol
EHTPOIl Ta JIOKAJbHOI MIUTBHOCTI HMOBIPHOCTI, BHUKOPHCTOBYIOUH OIIHKY SApa IIUIBHOCTI Ui PO3MIMIEHHS TOYOK 3pi3y
B TNPUPONHHUX 3amaguHaX IaHuX. JleTepMiHOBaHI TpaBWia BIIYYalOThCSA 3 HIDKHBOTO HAONKEHHS, a WMOBIPHICHI NpaBHia
CHHTE3yIOTbCS 3 TPaHWYHOI AUTAHKH. Pe3yJbTaTH OOUYHMCIIOBANIBHUX EKCIICPUMEHTIB JEMOHCTPYIOTh BHCOKY e(eKTHBHICTh
3aMponoHOBaHOTO MeToay. [lepeBipeHa Ha 3MonenroBaHOMY Habopi naHnx SCADA as BUSBICHHS MOXKEKHOT HEOE3MEKH, cUcTeMa
Jocsirae 3arajgbHOi TouHOCTI 96,2% 1 Makpo-Fl-ominkn 0,960. 3okpema, Bona mae 100% TOUYHICTH AL IeTEPMIHOBAHUX IIPABHUI
i 3abesnedye moBHOTY 98,0% I KPUTHYHOTO KIacy IOXEXKHOI HeOe3NeKW, CIpUSIOYM BUCOKIH HaJIHHOCTI B aBapiHHX
cueHapisx. OTpumana 0a3a 3HaHb € caMOJOCTaTHIM 1 JierkuM aprtedaktom y dopmari JSON, mpuaatHuMm Ui pO3rOpPTaHHS
Ha nepudepiiHNX TPHUCTPOSX 3 OOMEXEHMMH pecypcaMu. BucHoOBKH: nocmipkeHHs yTBepmkye miaxiny WEDD-RST
SK CTPOTY CTPYKTYpY [UIs TEpEeTBOPEHHs HEOOpOOJICHHX [aHHX [aT4MKiB Ha IOBHICTIO mnepeBiproBani mpasmia IF-THEN
i3 IBHUMH OIIIHKaMH BIIEBHEHOCTI, MPOIOHYIOYH BHCOKOHAiHE Ta iHTEPIPETOBAaHE PIICHHS IS aBTOMAaTU30BAHOTO MOHITOPHHTY
Oe3mekr B Kibep(hisHIHUX CepeTOBHIIAX.

KonrouoBi cioBa: BupoOHHMYa 0a3a 3HaHB; Teopis HAOMMKEHMX MHOXKHH; IUCKPETH3allis; TpaHyJsilis iHdopMmarii; pemykT;
kiacuikamis; xibepdismani cucremn; poroenexrpuanuii Monitopur; SCADA.
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Miriam Fandakova, Simon Ochotnicky, Andriy Kovalenko

INTERACTIVE PLATFORM FOR SUPPORTING CLINICAL DECISION-MAKING
USING LARGE LANGUAGE MODELS (LLMs)

Current healthcare systems face increasing workload, fragmented communication, and documentation burden, which
contributes to delays and diagnostic errors in early triage. The proposed solution is intended to improve consistency, speed,
and standardization in early patient assessments overall. This study presents an interactive clinical decision support
platform that operationalizes a workflow-constrained, two-step history-taking process to support symptom-based
differential diagnosis in the pre-ambulatory phase of care. The system addresses three tasks: (T1) automated patient history
elicitation via constrained dialogue (exactly two multiple-choice follow-up questions), (T2) formalization of symptom narratives into
structured medical (Latinate) terminology for clinician-facing documentation, and (T3) generation of differential diagnosis
recommendations under a fixed and clinically interpretable output schema. We compare a generic large language model
baseline (GPT-4, zero-shot) with a domain-adapted model (Llama-3 fine-tuned using LoRA) under identical interaction,
prompting, and formatting constraints. Experiments on 903 symptom-—diagnosis records and a held-out set of 200 controlled
vignettes show that domain adaptation yields a 10-12% macro-F1 improvement and approximately 15% higher Recall on complex
cases, while producing more clinically discriminative and diagnostically relevant follow-up questions as assessed by two medical

raters (K=0.88). In a workflow-level evaluation, the platform reduced documentation time by 28% compared to standard

intake and lowered the administrative effort required to prepare an initial clinician-facing summary for physician review.
These results suggest that specialized, locally deployable fine-tuned models, combined with bounded interaction design,
standardized output constraints, and workflow-oriented system integration, provide a secure, practical, and effective
pathway for incorporating LLM-based decision support into routine pre-ambulatory clinical workflows while preserving
safety, usability, and auditability in practice.

Keywords: clinical decision support; large language models; fine-tuning; LoRA; symptom-based diagnosis; medical Al.

Introduction become an important target for both patient safety

and operational resilience.

Currently, global healthcare systems are facing

critical pressure driven by the rising prevalence of
chronic diseases and a persistent shortage of specialized
medical personnel [1, 2]. This adverse condition results
in extreme clinician burnout, which directly correlates
with an increased risk of diagnostic errors and prolonged
These
are particularly visible in high-throughput outpatient

waiting times [3, 4]. systemic constraints

settings, where clinicians must make rapid early
judgments based on incomplete or unstructured symptom
descriptions. Such early-stage clinical decision-making
is inherently affected by both aleatory uncertainty
arising from patient variability and epistemic uncertainty
caused by incomplete or imprecise information.
Prior work has shown that explicitly accounting for
these uncertainty sources is critical for improving the
reliability of decision-support systems, particularly when
decisions must be made under constrained information
conditions [5]. As a result, improving the efficiency

and consistency of pre-visit information gathering has

Analysis of modern publications
Within this context, Artificial Intelligence-based
Support Systems (CDSS) are
increasingly explored as tools for streamlining initial

Clinical Decision
triage and symptom analysis [6]. Traditional digital triage
solutions typically rely on static questionnaires or
rule-based branching logic. While such approaches can
standardize data collection, systematic reviews report that
the diagnostic and triage accuracy of online symptom
checkers is wvariable and often below clinician
performance, with heterogeneous evidence on safety and
real-world effectiveness [7, 8]. These findings support the
need for approaches that better handle natural-language
variability and support clinically actionable structuring
of pre-visit information [6, 7].

The advent of Large Language Models (LLMs) has
initiated a new paradigm in natural language processing
within clinical practice by enabling flexible interpretation

and generation of free-text clinical narratives.
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Generic models, such as GPT-4, demonstrate strong
performance in medical benchmarks; however, their real-
world deployment remains limited by a propensity for
clinically irrelevant hallucinations and by insufficient
sensitivity to local documentation practices and
context [9, 10]. Recent evaluation work in healthcare
LLM

assessment must include safety- and workflow-relevant

emphasizes that beyond benchmark scores,

criteria, because these directly affect trust and
deployment risk in safety-critical settings [10, 11].
Current research suggests that domain-specific fine-
tuning on curated medical datasets can mitigate these
deficiencies and enhance clinical usefulness [12—14].
Fine-tuning can improve task alignment and reinforce
clinically appropriate output formats, which is
particularly important when the system must produce
concise diagnostic hypotheses and structured summaries
rather than open-ended narratives [13, 14]. Parameter-
efficient approaches such as LoRA additionally enable
adaptation with lower computational requirements,
supporting locally deployable clinical systems [15].
At the

evaluation beyond headline benchmark scores, including

same time, practical deployment requires
robustness across heterogeneous symptom descriptions
and consistency across disease categories [10, 11].
Taken together, existing work highlights a gap between
benchmark-oriented model evaluations and workflow-
constrained  pre-ambulatory = deployment, = where
reliability, bounded inquiry, and documentation-aligned
outputs are essential.

In this paper, we present an interactive platform
designed to assist clinicians in differential diagnosis
Unlike

questionnaires, our platform utilizes a multi-stage inquiry

during the pre-ambulatory phase. static
process: upon the input of initial symptoms at intake,
the agent generates two targeted follow-up questions.
This approach aims to simulate expert-led anamnesis,
reduce ambiguity in the initial complaint, and prepare
a structured clinical record prior to the clinician
encounter. The primary contribution of this article is the
introduction of the platform’s architecture, followed
by a comparative performance analysis of generic models
versus models optimized through fine-tuning. In addition,
we discuss practical considerations for integrating
LLM-driven assistance into clinical workflows, with
emphasis on reliability, output constraints, and
deployment-relevant evaluation.

This study makes three primary contributions to the

design of large language model-based clinical decision

support systems. First, we propose a constrained,
interaction-centered triage paradigm that reframes the
role of LLMs from unconstrained conversational agents
to bounded clinical reasoning components embedded
in a realistic pre-ambulatory workflow. The proposed
protocol enforces a fixed two-step anamnesis consisting
of exactly two multiple-choice follow-up questions,
followed by a structured clinician-facing synthesis.
This design explicitly reflects time, cognitive, and safety
constraints of real-world triage and differs fundamentally
from prior approaches that rely on open-ended dialogue
or single-pass diagnosis prediction.

Second, we demonstrate that domain-specific fine-
tuning yields benefits beyond improved classification
metrics by systematically improving the discriminative
value of generated follow-up questions. Through supervised
instruction tuning that jointly encodes question generation
and diagnostic objectives, the fine-tuned model learns to
prioritize high-information clinical discriminators under
strict interaction limits. This finding provides empirical
evidence that adaptation of LLMs can enhance the quality
of clinical information elicitation itself, a dimension that
is often overlooked in benchmark-driven evaluations.

Third, we introduce a modular, governance-oriented
system architecture that supports secure data ingestion,
privacy-preserving harmonization, LoRA-based fine-
tuning, versioned model release, and controlled deployment
of locally hosted models. By coupling workflow-level
constraints with model adaptation and deployment
governance, the proposed platform illustrates a practical
pathway for integrating LLM-driven decision support
into clinical environments while maintaining auditability,
safety, and operational feasibility.

System architecture and design

The architecture of the platform was designed with a
primary emphasis on modularity, data security, and
scalability. The system is implemented as a suite of five
collaborative microservices that collectively form
a secure end-to-end pipeline for data collection, model
training, and real-time inference. By separating ingestion,
harmonisation, training, governance, and serving into
dedicated components, the platform supports independent
updates and reduces the risk that a failure in one module
propagates across the entire system. This section
describes the technical infrastructure (Figure 1) and the
continuous model

main data flow that enables

improvement and controlled deployment.
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Backend infrastructure
and model training pipeline

At the core of the system is the infrastructure shown
in Figure 1. The process starts at the Clinician UI, which
is embedded in the hospital’s Electronic Health Record
(EHR) environment and enables authorized personnel to
stream or upload structured clinical data using the FHIR
(Fast Healthcare Interoperability Resources) standard [16].
The ingestion layer enforces access control and logging
to ensure traceability of submissions and to support
auditing in clinical environments. All incoming resources
are persisted in a Secure Data Lake as de-identified JSON
objects. Data at rest is protected using AES-256
encryption, while indexing and access are managed
through a dedicated key management service to enable
controlled key rotation and separation of privileges [17].

To ensure data quality and interoperability, a nightly
ETL (Extract, Transform, Load) and harmonisation
service 1s executed. This service validates schemas,
normalizes laboratory units, maps clinical terminologies
to a consistent representation, and tokenizes narrative
notes to reduce variation caused by heterogeneous
documentation practices. As an explicit privacy
safeguard, when fewer than 250 patients are included in
a cohort, the task applies calibrated Laplacian noise to
enforce differential privacy and reduce re-identification
risk in small-sample settings [18]. The harmonized data is
then transferred to the Model Trainer module, where
supervised fine-tuning is performed using Low-Rank
Adaptation (LoRA) [19]. LoRA attaches
adapters to a frozen base checkpoint (Llama-3 in our

trainable

implementation), enabling efficient domain adaptation
with reduced computational and storage requirements
compared to full fine-tuning.

The resulting adapter weights are packaged together
with provenance metadata, including the dataset snapshot
used for training, the harmonisation configuration,
and evaluation artifacts required for release decisions.
These outputs are versioned in the Model Registry, which
provides a controlled mechanism for selecting approved
model versions and supports rollback in case of
regressions. Finally, the Conversation API loads the latest
approved weights from the registry to serve real-time
predictions for the chat widget, ensuring that inference
is always tied to a specific governed model version.
This closes the
harmonisation,

loop between data acquisition,

training, and deployment, while
maintaining clear separation between offline training

workflows and online clinical use.

Clinician Ul
(EHR plugin)

v

Ingestion Layer
(FHIR Gateway)

v

Secure Data Lake
(De-identified JSON)

I

ETL & Harmonisaticn
(Nightly)

v

Model Trainer
(LoRA SFT / Llama-3 base)

.

Model Registry > Conversation API

(Inference service)

Fig. 1. Data-to-Model pipeline architecture. The diagram shows
the data flow from clinician UI to deployment via the
Conversation API

Figure 1 provides a detailed visualization of this
end-to-end data-to-model pipeline. The process is
initiated at the secure Clinician Ul boundary, which
employs the FHIR standard [16] to stream de-identified
clinical data into the system. The Ingestion Layer serves
as the first governance checkpoint, enforcing strict access
controls and creating an immutable audit log before
persisting data as encrypted JSON objects in the
Secure Data Lake.

This raw data is then processed by the nightly
ETL & Harmonisation Service, which performs three
critical functions:

1) schema validation and normalization of units;

2) mapping of disparate clinical terminologies to
a unified representation;

3) the application of differential privacy mechanisms
(calibrated Laplacian noise) for small cohort sizes
(<250 patients) to mathematically guarantee patient
privacy [18].

The resulting harmonized dataset is consumed by
the Model Trainer, where supervised fine-tuning of the
base LLM (Llama-3) is performed using Low-Rank
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Adaptation (LoRA) [19]. Unlike full fine-tuning, LoRA
attaches trainable adapters to the frozen base model,
which drastically reduces the number of trainable
parameters and enables efficient, version-controlled storage
of the resulting domain-adapted weights. These compact
adapter weights, along with their associated training and
evaluation metadata, are versioned and stored in the
Model Registry. This registry acts as the system's "source
of truth" for approved models, enabling governance,
auditability, and the ability to perform instant rollbacks if
a regression is detected. Finally, the Conversation API,
which serves all live clinical interactions, is configured to
load only the latest, governance-approved model version
from this registry. This closed-loop design ensures that
every patient interaction is handled by a vetted and
traceable model instance, directly addressing key safety
and deployment concerns in clinical AI [10, 11].

User interaction workflow
The infrastructure described above (Figure 1)
provides the secure and governed foundation for online
inference via the Conversation API, which exposes only
approved model versions from the Model Registry.
Building on this deployment

layer, the platform

implements a lightweight waiting-room interaction
designed to standardize pre-ambulatory data collection
while remaining efficient for patients. The workflow is
summarized in Figure 2 and is implemented as
a bounded, two-stage dialogue coordinated by two agents
that invoke underlying LLMs (either generic or fine-
tuned) rather than introducing additional independently
trained models.

The interaction begins with Patient input, where the
patient enters a free-text description of their main
complaints. This input is sent to the serving layer through
the Conversation API, which routes the request to the
currently approved model version. The first stage is
handled by Agent 1 (Questions generation). Agent 1 acts
as an orchestration component responsible for selecting
and structuring follow-up queries: given the initial
symptom description, it calls the underlying LLM to
produce exactly two targeted follow-up questions, each
formulated as a four-option multiple-choice item.
This design serves two purposes. First, the limited
number of turns ensures predictable duration and reduces
the risk of conversational drift. Second, the multiple-
choice format lowers patient cognitive burden and yields
standardized responses that can be reliably consumed by

downstream components. In practice, the four-option

responses also reduce ambiguity compared to open-ended
replies and simplify downstream synthesis.

Patient input
(Free-text symptoms)

'

Agent 1: Questions
generation
(Based on input generates 2 questions
with 4 options)

'

Patient response
(Selects 1 of 4 options for each
question)

Agent 2: Clinical output

(Latin symptoms summary & diagnosis
prediction)

Fig. 2. User interaction workflow. The diagram shows a
bounded two-agent dialogue from free-text symptoms
to clinical output

After the patient answers the first question, the
agent updates the dialogue state and triggers generation
of the second question, conditioned on both the initial
narrative and the first response. The patient then selects
one of the four options for the second question. At this
point, the workflow transitions to Agent 2 (Clinical
output), which is responsible for synthesis rather than
further elicitation.

Agent 2 aggregates the available information:

1) free-text symptoms;

2) the structured responses to both multiple-choice
questions and invokes a (generic or fine-tuned) LLM to
generate the final clinician-facing output.

Importantly, the agent logic enforces strict task
boundaries (two questions only) and separates the
elicitation objective from the synthesis objective, which
improves controllability of the output.

The resulting Clinical output consists of two
elements intended to support the physician during the
pre-ambulatory phase:

1) a concise symptom summary expressed in
professional medical (Latinate) terminology, formatted
as a preliminary anamnesis/record stub;
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2) a diagnosis recommendation to guide differential
diagnosis.

Importantly, the agents in this workflow function as
control logic that constrains the interaction (fixed number
of questions, fixed answer format) and routes requests to
the appropriate deployed model through the Conversation
API. This preserves the governance and versioning
guarantees of the backend pipeline while enabling
an adaptive, patient-friendly front-end experience.

User interface implementation

The User Interface (UI) was designed with an
emphasis on simplicity and accessibility, as the target
audience includes patients of varying ages, health literacy
levels, and acute health conditions. As shown in Figure 3,
the interface evokes a conversational experience (chatbot
style), which is generally perceived as more natural
for describing symptoms than rigid form-based
questionnaires. The minimalist layout reduces visual
clutter and guides the patient toward a single primary
task: providing a concise free-text description of their
main complaint. The

landing screen prominently

communicates the application’s purpose ("Patient just
walked in..."), which helps establish trust and sets
expectations before the automated triage begins.

In addition to free-text input, the Ul includes
a lightweight agent selection control that allows the
patient (or assisting staff) to choose the most appropriate
interaction pathway prior to submitting symptoms.
This selection corresponds to a specialty-focused agent
profile (e.g., dermatology for skin-related complaints),
enabling the system to tailor the behavior of Agent 1
toward clinically relevant follow-up questions for the
selected domain. For example, when a patient reports
a rash or other cutaneous symptoms, selecting the
dermatology-oriented agent biases the subsequent
question generation toward discriminators such as lesion
morphology, distribution, pruritus, or common triggers,
improving the informativeness of the two-step dialogue
while keeping the interaction bounded and easy to
complete. Importantly, the agent selector is presented
as a simple, clearly labeled option to avoid increasing
cognitive load; if no specialty is chosen, the system

defaults to a general triage configuration.

Patient just walked in. Their
medical report is already
finished.

Fig. 3. Patients enter initial symptoms and may select a specialty-focused agent

From a usability perspective, the multiple-choice
questions are displayed as clear, single-selection options,
which supports rapid interaction in the waiting room and
reduces the likelihood of incomplete or inconsistent
answers. After completion, the patient-facing UI displays
a confirmation message, thanking the patient for their
input and informing them that their information is ready
for the physician’s review. Simultaneously, the platform

transmits the processed data to the clinician-facing
summary view within the clinical interface. In this secure
environment, the physician can review the generated
Latinate note stub and diagnosis suggestion alongside
other relevant patient records.

Overall, the Ul design supports a smooth waiting-
room workflow by combining natural language symptom
entry with structured, low-effort interactions, while the
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optional specialty agent selection provides a mechanism
for more context-aware questioning without exposing
technical complexity to the patient.

Methodology and experimental organization

The objective of the experiment was to quantify
the added
compared to high-performance generic models used in

value of domain-specific fine-tuning
a zero-shot setting.

The methodology focuses on three key areas:

1) curated dataset preparation from clinical records;

2) a reproducible fine-tuning protocol;

3)a multi-criteria evaluation capturing both
diagnostic performance and the quality of the interactive

questioning component.

Formalization of the workflow-constrained
diagnostic task
Let x denote the initial free-text symptom narrative
provided by the patient. The platform implements
a bounded interaction [ consisting of exactly two

multiple-choice questions ¢,,q,, each with four answer
options, and the corresponding patient selections a,,a, .
The diagnostic task is defined as a multi-class prediction
over a fixed label set Y ={y,...,y;} (here K=3).

Under a shared interaction specification, a model f

maps the collected information to a clinician-facing

output o and a diagnosis recommendation J :

f :(x, q9,,4,9,,4, )_>(0a.j>)9 yeY.
The interaction policy that generates questions
can be expressed as:

QII = g(x’Q<n’a<n )’ ne {1’2} >
where g is constrained to produce exactly two questions

and to follow a fixed four-option multiple-choice format.

This formulation explicitly separates:

1) elicitation (question generation) from

2) synthesis (clinical summary and diagnosis),
enabling a controlled comparison between a generic
zero-shot model and a domain-adapted model under
identical constraints.

We test the hypotheses: H1: domain-specific fine-
tuning improves diagnostic performance (macro-F1,
Recall) under the bounded
H2: fine-tuning improves the discriminative relevance

interaction  protocol;

of generated follow-up questions as assessed by

clinician raters; H3: the bounded interaction design

supports workflow efficiency without requiring long
free-form dialogue.

Dataset curation and preprocessing

For training and validation, we used the publicly
available disease-diagnosis-dataset hosted on Hugging
Face, which provides free-text symptom descriptions
paired with diagnosis labels [20]. From the full corpus,
we filtered samples belonging to three target conditions
frequently encountered in acute and pre-ambulatory
diabetes  (n=312),

Pulmonary Disease (COPD,

asthma (n=302). The raw dataset was subsequently

settings: Chronic  Obstructive

n=289), and persistent

cleaned and normalized (e.g., removal of duplicates
and incomplete entries, whitespace and punctuation
normalization, and label harmonization for synonymous
disease names). After preprocessing, the dataset was
downsampled to 903 samples to match the intended
experimental scale while preserving the class distribution
across the three conditions.

The preprocessing pipeline transformed the symptom
descriptions into a task-oriented representation reflecting
the intended platform use case: an initial symptom
narrative followed by a short, bounded interactive step
and a final clinician-facing output. Concretely, the dataset
was converted into "Instruction—Response" pairs
following instruction-tuning methodology [21].

The instruction/input corresponded to the initial
patient complaint in free-text form, while the
response/target contained:

1) two follow-up questions formatted for a constrained
interaction (consistent with the platform design);

2) the final diagnosis label. The follow-up questions
were generated using a controlled template-based
procedure to ensure consistent formatting and to reduce
spurious variability across samples.

To support reproducibility, records were normalized
into a consistent schema prior to conversion
(e.g., standardized handling of missing fields and
consistent formatting of symptom mentions). The dataset
was then partitioned into an 80% training set and a 20%
validation set using a stratified split to preserve the class

proportions and prevent distributional shift between splits

Model selection and fine-tuning protocol
We compared two distinct modeling approaches:
Generic baseline (zero-shot): We utilized GPT-4
(OpenAl) [21] as the reference model, queried via
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a system prompt without additional training. The baseline
therefore reflects a "plug-and-play" deployment scenario
in which the model is expected to generalize to the triage
workflow without domain adaptation.

Fine-tuned model: We selected Llama-3 [22] as the
open-source base model and optimized it specifically for
the platform’s triage interaction and output requirements.

Fair comparison and prompting control

To ensure a fair comparison between the zero-shot
baseline and the fine-tuned approach, both models were
evaluated under the same interaction specification and
output constraints.

Concretely, the same system-level instruction
template was used to enforce:

1) generation of exactly two follow-up questions;

2) each question being presented in a four-option
multiple-choice format;

3) a final clinician-facing output consisting of
a concise Latinate symptom summary and a single
diagnosis recommendation.

This experimental design minimizes the influence of
prompt engineering and response formatting differences,
such that observed performance changes can be attributed
primarily to domain adaptation through fine-tuning.

The training protocol employed LoRA [19], which
enables parameter-efficient fine-tuning by freezing the
base model weights and inserting trainable low-rank
matrices into the transformer layers. This approach is
particularly suitable for iterative experimentation and
controlled deployment, as only compact adapter weights
need to be versioned and served. Adapters were

trained using a context window of 256 tokens, a learning

rate of 2x10*, and the AdamW optimizer [23].
The optimization included 2,000 warm-up steps and early
stopping based on the macro-F1 score measured on the
validation set. Training was performed on four NVIDIA
A100-80GB accelerators, with convergence reached in
approximately three hours.

Evaluation metrics
The platform’s performance was evaluated across
two complementary dimensions — diagnostic accuracy
and interaction quality — to reflect the dual nature of the
system (prediction + targeted elicitation).

Diagnostic accuracy
The model’s
diagnosis was measured using Precision, Recall, and

ability to correctly predict the

macro-averaged F1-score [24]. Evaluation was conducted
on 200 synthetic patient vignettes supplemented with real
laboratory values. Synthetic vignettes were used to
systematically control symptom phrasing, coverage of
key discriminators, and variability in presentation, while
laboratory values increased clinical realism and helped
test whether models can integrate structured signals with
narrative text. All evaluated cases were held out from
training and validation to avoid leakage.

Question relevance

Since a core feature of the platform is the generation
of exactly two follow-up questions, their quality was
assessed by two independent medical specialists.
From a decision-theoretic perspective, the effectiveness
of such a constrained interaction depends not on the
number of questions, but on their discriminative
importance with respect to the underlying diagnostic
hypotheses. This aligns with prior research on importance
analysis in decision-making systems, which demonstrates
that a small number of high-impact factors can dominate
the quality of the final decision outcome [25]. For each
vignette, raters evaluated whether the generated questions
were clinically relevant and whether they would plausibly
contribute to narrowing the differential diagnosis in
a pre-ambulatory setting. Inter-rater reliability was

quantified using Cohen’s kappa (x=0.88) [26],

indicating strong agreement and supporting the validity of
the human evaluation protocol. In addition to relevance,
the fixed multiple-choice format was considered in
the assessment, as the platform explicitly constrains
questions to four answer options to standardize patient
responses and reduce completion burden.

Results and discussion

Experimental results confirm that domain-specific
fine-tuning yields significant improvements in both
diagnostic accuracy and clinical documentation efficiency
compared to generic models. Importantly, the observed
gains were achieved without a trade-off in output safety,
as the factual error rate remained low and we did not
observe an increase in hallucinations.

Diagnostic performance comparison
Comparative analysis demonstrated a consistent
performance increase when using our domain-adapted
model. As shown in Table 1, the Fine-Tuned model
achieved higher scores across all key metrics (Recall,
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Fl-score) compared to the GPT-4 reference (Generic
Baseline). These performance differences were statistically
significant (p <0.05), paired t-test) [27], indicating that

the observed improvements were systematic rather than
driven by isolated cases.

Table 1. Performance comparison between generic and fine-tuned models across three diagnostic groups

Diagnostic Group Metric Generic Baseline Fine-Tuned A (Improvement)
Diabetes Recall 0.71 0.83 +0.12
F1-score 0.73 0.83 +0.10
COPD Recall 0.67 0.79 +0.12
F1-score 0.69 0.80 +0.11
Asthma Recall 0.68 0.80 +0.12
F1-score 0.70 0.80 +0.10

The most substantial improvement (+19 percentage
points in Recall) was observed in the detection of diabetic
nephropathy. We attribute this gain to improved alignment
with domain- and site-specific patterns, particularly in the
interpretation of laboratory and biomarker cues (e.g.,
local conventions for reporting serum cystatin-C), which
may be inconsistently expressed in generic model usage
without domain adaptation. In COPD diagnosis, the fine-
tuned model demonstrated an enhanced ability to
recognize early signs of right heart strain in a manner
consistent with GOLD-based severity cues [28]. For
asthma, the detection of nocturnal symptoms improved
significantly, suggesting better sensitivity to symptom
variability patterns frequently found in patient narratives.

These findings align with a broader trend reported in
LLM
workflows and adapting models to task-specific data can

the recent literature: constraining clinical
improve reliability and reduce clinically unhelpful
outputs relative to generic, unconstrained use [29].
studies

In addition, benchmarking LLM-supported

triage/diagnosis pipelines emphasize that workflow
design (not only the raw model) materially affects clinical
utility, particularly when outputs must be concise,

structured, and decision-oriented [30].

Qualitative analysis of generated questions

A qualitative analysis revealed a fundamental
difference in the nature of inquiry between the models.
The Generic Baseline tended to ask questions that were
semantically correct and empathetic but often clinically
non-discriminatory (e.g., broad prompts such as "How are
you feeling today?"). While such questions may improve
conversational tone, they frequently failed to narrow the
differential
two-question interaction, and therefore contribute less

diagnosis efficiently under a bounded

under a Bayesian decision-making perspective [31].

In contrast, the Fine-Tuned model generated
questions that directly tested differential diagnostic
hypotheses. For example, for the input "chest pain", the
model explicitly investigated discriminative features such
as pain character ("Is the pain sharp or dull?") and
radiation ("Does the pain radiate to the left shoulder
or jaw?"). Across evaluated cases, the fine-tuned model
more consistently prioritised high-yield discriminators
over generic well-being probes. This behaviour can be
interpreted as an implicit prioritisation of diagnostically
important factors under uncertainty, rather than a purely
conversational strategy. Similar prioritisation mechanisms
have been formalised in importance-based decision
models, where emphasising high-impact attributes leads
to more reliable outcomes even when the overall
information budget is limited [5, 25]. This observation is
consistent with prior work indicating that off-the-shelf
LLMs may produce conversationally plausible but
low-informative

diagnostically follow-up questions,

motivating domain adaptation or workflow-level

constraints for clinically useful inquiry [32].

Impact on clinical workflow

Integration of the platform into the triage process
led to a 28% reduction in the time required to create
an initial clinical record (from an average of 7.6 minutes
to 5.5 minutes). A similar decrease was observed in
keystroke count, directly reducing clinician cognitive
load. In subjective evaluations using a Likert-type scale
and standard analytical interpretation for ordinal response
data [33], physicians reported a 2.1-point reduction in
perceived administrative burden, suggesting that the
benefit extends beyond objective efficiency measures.

These workflow-level improvements are directionally
LLM-assisted
documentation and ambient/digital scribe systems, where

consistent with results reported for
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reductions in documentation burden and improved
clinical note efficiency have been observed in clinical or
near-clinical evaluations [34]. While our system focuses
specifically on the pre-ambulatory phase and uses
a constrained two-question interaction rather than
full-encounter transcription, the similarity in outcomes
supports the broader conclusion that appropriately
designed LLM integration can meaningfully reduce

clerical workload and improve clinical throughput.

Limitations

Several limitations should be considered when
interpreting these results. First, the evaluation was
conducted on a restricted diagnostic scope (three disease
groups), which may limit generalizability to broader
triage settings. Second, diagnostic performance was
assessed on 200 synthetic vignettes supplemented with
real laboratory values; although this design enables
controlled testing, it may not fully capture the variability
of real-world patient narratives and comorbid presentations.
Third, the interaction is intentionally constrained to two
multiple-choice follow-up questions, which improves
usability but may reduce performance for complex cases
requiring longer anamnesis. Finally, the workflow-level
impact metrics were collected in a specific clinical
context; therefore, measured time savings and perceived
burden institutions,

reduction may differ across

documentation practices, and patient populations.

Conclusion

The present work investigated the development and
evaluation of an interactive platform for automated
clinical triage, representing a workflow-oriented
approach to supporting pre-ambulatory differential
diagnosis. The primary objective was to determine
whether high-capacity generic models used in a zero-shot
setting or smaller, specialized models optimized through
domain-specific fine-tuning are more suitable for this
type of diagnostic decision support. In addition to
accuracy, the study explicitly considered the quality of
follow-up questioning as a core mechanism through
which the platform reduces diagnostic uncertainty and
prepares a clinician-ready record prior to examination.

Our findings support the hypothesis that for well-
defined clinical tasks with constrained outputs, domain
adaptation provides a measurable advantage over
generalized model capabilities. While the generic model

(GPT-4) demonstrated high linguistic competence and

produced fluent responses, it was less consistent in
generating discriminatory follow-up questions that
effectively narrow the differential diagnosis under
the fixed two-question interaction constraint. In contrast,
the developed fine-tuned model — trained on curated
medical data — improved diagnostic performance
(macro Fl-score) and more reliably generated targeted
inquiries aligned with clinical reasoning patterns, thereby
producing higher-yield information for subsequent
synthesis into a structured clinical summary.

From a practical perspective, the platform
demonstrates direct relevance to healthcare efficiency and
usability. The observed 28% reduction in documentation
time suggests that constrained, workflow-integrated
automation can reduce clerical workload and support
clinicians in high-throughput settings. Importantly,
efficiency improvements were accompanied by positive
subjective feedback, indicating that the system can reduce
perceived administrative burden rather than merely
shifting effort to a different step of the workflow.
Together, these findings highlight that the clinical value
of LLM-based systems is not solely determined by model
scale, but by the interaction design, output constraints,
and task-specific optimization strategy.

The proposed system architecture also illustrates
a feasible path for governed deployment of locally hosted
models in clinical environments. Serving approved
model versions through a controlled API layer supports
auditability, and rollback, while

reducing reliance on external cloud services for sensitive

version tracking,

data processing. Although security and privacy depend
on institutional implementation details, local deployment
can provide a stronger foundation for data minimization
and governance by keeping inference within the
healthcare organization’s controlled infrastructure.

Future research will focus on extending the dataset
and evaluation beyond the current diagnostic scope to
cover a broader spectrum of conditions, including
pediatric presentations and high-acuity emergency
complaints. Further work will also include prospective
validation in real clinical operation to assess long-term
impact on diagnostic error rates, clinician workload, and
patient experience, as well as monitoring robustness
across diverse patient language, comorbidity profiles, and
varying documentation practices. Overall, the platform
represents a step toward hybrid medicine, where artificial
intelligence does not replace the physician but becomes
a bounded, reliable partner at the frontline of patient
structured data collection and

contact, supporting
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accelerating early clinical decision-making. This is fully
in line with the modern trend of precision or smart
medicine [35].

Conflict of interest

Funding

The study was conducted without financial support.

Data availability

The authors declare that they have no conflict
of interest with respect to this research, including
financial, personal, authorship, or other conflicts
that could influence the research and its results presented

in this article.

References

The manuscript has no associated data.

Use of artificial intelligence

The authors confirm that they did not use artificial
intelligence technology in the creation of this work.

1. World Health Organization (2016), "Global strategy on human resources for health: Workforce 2030", Geneva: WHO,

64 p., available at: https://iris.who.int/handle/10665/250368

31(9), pp. 1821-1832.

2. Zaitseva, E., Levashenko, V., Rabcan, J., Krsak, E. (2020), "Application of the structure function in the evaluation
of the human factor in healthcare", Symmetry, Vol.12(1), 93 p. DOI: https://doi.org/10.3390/SYM 12010093

3. Shanafelt, T. D. et al. (2010), "Burnout and medical errors among American surgeons", Annals of Surgery, Vol. 251(6),
pp- 995-1000. DOLI: https://doi.org/10.1097/SLA.0b013e3181bfdab3

4. Zaitseva, E., Levashenko, V. (2026), "Reliability engineering in healthcare: Opportunities and challenges", Reliability
Engineering and System Safety, Vol. 267, 111933 p. DOI: https://doi.org/10.1016/j.ress.2025.111933

5. Zaitseva, E., Levashenko, V. (2025), "Reliability Analysis Based on Aleatory and Epistemic Uncertainty Using Binary
Decision Diagrams", International Journal of Intelligent Systems, Vol. 1, 6471577 p. DOI: 10.1155/int/6471577

6. Sutton, R. T. et al. (2020), "An overview of clinical decision support systems: benefits, risks, and strategies for success",
NPJ Digital Medicine, Vol. 3(17), pp. 1-10. DOLI: https://doi.org/10.1038/s41746-020-0221-y

7. Chambers, D., Cantrell, A. J.,, Johnson, M. et al. (2019), "Digital and online symptom checkers and health
assessment/triage services for urgent health problems: systematic review", BMJ Open, Vol. 9(8): e027743.
DOI: https://doi.org/10.1136/bmjopen-2018-027743

8. Wallace, W., Chan, C., Chidambaram, S. (2022), "The diagnostic and triage accuracy of digital and online symptom checker
tools: a systematic review", NP.J Digital Medicine, Vol. 5(1):18. DOI: https://doi.org/10.1038/s41746-022-00667-w

9. Hajijama, S., Juneja, D., Nasa, P. (2024), "Large Language Model in Critical Care Medicine: Opportunities and Challenges",
Indian Journal of Critical Care Medicine, Vol. 28(6), pp. 523-525. DOI: https://doi.org/10.5005/jp-journals-10071-24743

10. Asgari, E., Montafia-Brown, N., Dubois, M., et al. (2025), "A framework to assess clinical safety and hallucination rates of
LLMs for medical text summarisation", NP.J Digital Medicine, Vol. 8(274). DOLI: https://doi.org/10.1038/s41746-025-01670-7

11. Chen, X., Xiang, J., Lu, S., Liu, Y., He, M., Shi, D. (2025), "Evaluating large language models and agents in healthcare: key
challenges in clinical applications", Intelligent Medicine, Vol. 5(2), pp. 151-163. DOI: https://doi.org/10.1016/j.imed.2025.03.002

12. Singhal, K., et al. (2023), "Large language models encode clinical knowledge", Nature, Vol. 620, pp. 172-180.
DOI: https://doi.org/10.1038/s41586-023-06291-2

13. Wang, G. et al. (2023), "ClinicalGPT: Large Language Models Finetuned with Diverse Medical Data and Comprehensive
Evaluation", CC BY 4.0. DOI: https://doi.org/10.48550/arXiv.2306.09968

14. Tran, H. et al. (2024), "Biolnstruct: instruction tuning of large language models for biomedical natural language processing",
Journal of the American  Medical Informatics  Association — (JAMIA), Vol.
DOI: https://doi.org/10.1093/jamia/ocae122

15. Hu, E. J. et al. (2021), "LoRA: Low-Rank Adaptation of Large Language Models", arXiv preprint, arXiv:2106.09685.
DOI: https://doi.org/10.48550/arXiv.2106.09685

16. Bender, D., Sartipi, K. (2013), "HL7 FHIR: An Agile and RESTful approach to healthcare information exchange",
Proceedings of the 26th IEEE International Symposium on Computer-Based Medical Systems (CBMS), pp. 326-331.
DOI: https://doi.org/10.1109/CBMS.2013.6627810

17. NIST (2001), "Advanced Encryption Standard (AES), "Federal Information Processing Standards Publication (FIPS PUB)"
197, 38 p. DOL: https://doi.org/10.6028/NIST.FIPS.197-upd1

18. Dwork, C. (2008), "Differential Privacy: A Survey of Results", Theory and Applications of Models of Computation (TAMC),

pp. 1-19. DOI: https://doi.org/10.1007/978-3-540-79228-4_1



https://iris.who.int/handle/10665/250368
https://doi.org/10.1097/sla.0b013e3181bfdab3
https://doi.org/10.1038/s41746-020-0221-y
https://doi.org/10.1136/bmjopen-2018-027743
https://doi.org/10.1038/s41746-022-00667-w
https://doi.org/10.5005/jp-journals-10071-24743
https://doi.org/10.1038/s41746-025-01670-7
https://doi.org/10.1016/j.imed.2025.03.002
https://doi.org/10.1038/s41586-023-06291-2
https://doi.org/10.48550/arXiv.2306.09968
https://doi.org/10.1093/jamia/ocae122
https://doi.org/10.48550/arXiv.2106.09685
https://doi.org/10.1109/CBMS.2013.6627810
https://doi.org/10.1007/978-3-540-79228-4_1

183

Cyuacnuii cman HayKosux 00Caiodcenb ma mexnono2iii 6 npomucnosocmi. 2026. Ne 2 (36) ISSN 2522-9818 (print)
Innovative technologies and scientific solutions for industries. 2026. No. 2 (36) ISSN 2524-2296 (online)
19. Mu, O., Wang, W., Liu, W., et al. (2025), "Multimodal Large Language Model with LoRA Fine-Tuning for

Multimodal Sentiment Analysis", ACM Transactions on Intelligent Systems and Technology, Vol. 16, No. 6, 139 p.
DOI: https://doi.org/10.1145/3709147

20. Wei, J.,, Bosma, M., Zhao, V.Y. et al. (2021), "Finetuned Language Models Are Zero-Shot Learners", [CLR,
DOI: https://doi.org/10.48550/arXiv.2109.01652
21. "GPT-4 Technical Report", Computation and Language, arXiv  preprint, 2023. 100 p-
DOI: https://doi.org/10.48550/arXiv.2303.08774
22. "Introducing Llama 3: The most capable openly available LLM to date", Meta Al Blog, 2024, available at:
https://ai.meta.com/blog/meta-llama-3
23. Loshchilov, 1., Hutter, F. (2019), "Decoupled Weight Decay Regularization", International Conference on Learning
Representations (ICLR), available at: https://openreview.net/forum?id=Bkg6RiCqY7
24. Semenov, S., Mozhaiev, O., Kuchuk, N., Mozhaiev, M., Tiulieniev, S., Gnusov, Yu., Yevstrat, D.,Chyrva, Y., Kuchuk, H.
(2022), "Devising a procedure for defining the general criteria of abnormal behavior of a computer system based
on the improved criterion of uniformity of input data samples", Eastern-European Journal of Enterprise Technologies,
Vol. 6(4-120), pp. 40-49, DOL: https://doi.org/10.15587/1729-4061.2022.269128
25. Zaitseva, E., Rabcan, J., Levashenko, V., Kvassay, M. (2023), "Importance analysis of decision-making factors based on
fuzzy decision trees", Applied Soft Computing, Vol. 134, 109988 p. DOI: https://doi.org/10.1016/j.as0¢.2023.109988
26. Engeler, J., Stricker, D., Birrenbach, T. et al (2025), "Designing and validating entrustable professional activities
for emergency medicine: a stringent, construct-validity enhancing approach", BMC Medical Education, Vol. 25, 866 p.
DOI: https://doi.org/10.1186/s12909-025-07449-4
217. Raschka, S. (2018), "Model evaluation, model selection, and algorithm selection in machine learning", arXiv preprint.
DOI: https://doi.org/10.48550/arXiv.1811.12808
28. GOLD (2024), "Global Strategy for the Diagnosis, Management, and Prevention of Chronic Obstructive Pulmonary Disease",
Global Initiative for Chronic Obstructive Lung Disease, available at: https://goldcopd.org/2024-gold-report/
29. Dogru-Huzmeli, E., Moore-Vasram, S., Phadke, C. et al. (2025), "Evaluating ChatGPT’s ability to simplify scientific abstracts
for clinicians and the public", Scientific Reports, Vol. 15, 33466 p. DOIL: https://doi.org/10.1038/s41598-025-11086-8
30. Gaber, F., Shaik, M., Allega, F. et al. (2025), "Evaluating large language model workflows in clinical decision support for
triage and referral and diagnosis", NP.J Digital Medicine, Vol. 8, 263 p. DOI: https://doi.org/10.1038/s41746-025-01684-1
31. Sox, H. C. et al. (2013), Medical Decision Making, John Wiley & Sons, 328 p. DOI: https://doi.org/10.1002/9781118341544
32. Gatto, J., Seegmiller, P., Burdick, T. E. et al. (2025), "Follow-up Question Generation For Enhanced Patient-Provider
Conversations", Proceedings of the 63rd Annual Meeting of the Association for Computational Linguistics (Volume 1:
Long Papers), pp. 25222-25240. DOI: https://doi.org/10.18653/v1/2025.acl-long.1226
33. Sullivan, G. M., Artino Jr., A. R. (2013), "Analyzing and interpreting data from Likert-type scales", Journal of Graduate
Medical Education, Vol. 5(4), pp. 541-542. DOLI: https://doi.org/10.4300/JGME-5-4-18
34, Olson, K. D., Meeker, D., Troup, M. et al. (2025), "Use of Ambient Al Scribes to Reduce Administrative Burden and
Professional Burnout", JAMA Network Open, Vol. 8(10):¢2534976. DOI: https://doi.org/10.1001/jamanetworkopen.2025.34976
35. Zaitseva, E., Levashenko, V., Rabcan, J., Kvassay M. (2023), "A New Fuzzy-Based Classification Method for Use in
Smart/Precision Medicine", Bioengineering, Vol. 10(7), 838 p. DOI: https://doi.org/10.3390/bioengineering10070838
Received (Haoiuuwna) 06.02.2026
Accepted for publication (Ilputinama 0o opyxy) 21.05.2026
Publication date ([{ama nyonixayii) 27.06.2026
Bioomocmi npo asmopis / About the Authors
®angaxoBa Mipiam — JKwniHcbkuit yHiBepcuteT, acmipaHTka Kadenpu iHGopMaTHKH, (GaKyIbTET YIPABIIHCBKUX HayK

Ta iHpopmaruky, XKunina, CroBaydnHa;
Miriam Fandakova — University of Zilina, Postgraduate Student of the Informatics Department, Faculty of Management
Science and Informatics, Zilina, Slovakia;

e-mail: miriam.fandakova@st.fri.uniza.sk
ORCID ID: http://orcid.org/0009-0006-0763-3929



https://doi.org/10.1145/3709147
https://doi.org/10.48550/arXiv.2109.01652
https://doi.org/10.48550/arXiv.2303.08774
https://ai.meta.com/blog/meta-llama-3/
https://openreview.net/forum?id=Bkg6RiCqY7
https://www.scopus.com/authid/detail.uri?authorId=57202908821
https://www.scopus.com/authid/detail.uri?authorId=57201729490
https://www.scopus.com/authid/detail.uri?authorId=57196006131
https://www.scopus.com/authid/detail.uri?authorId=57875703100
https://www.scopus.com/authid/detail.uri?authorId=57057781300
https://www.scopus.com/record/display.uri?eid=2-s2.0-85147680553&origin=resultslist
https://www.scopus.com/record/display.uri?eid=2-s2.0-85147680553&origin=resultslist
https://doi.org/10.15587/1729-4061.2022.269128
https://doi.org/10.1186/s12909-025-07449-4
https://doi.org/10.48550/arXiv.1811.12808
https://goldcopd.org/2024-gold-report/
https://doi.org/10.1038/s41598-025-11086-8
https://doi.org/10.1038/s41746-025-01684-1
https://doi.org/10.1002/9781118341544
https://doi.org/10.18653/v1/2025.acl-long.1226
https://doi.org/10.4300/JGME-5-4-18
https://doi.org/10.1001/jamanetworkopen.2025.34976
mailto:miriam.fandakova@st.fri.uniza.sk

184

ISSN 2522-9818 (print) Cyuacnuii cman HayKosux 00Caiodcenb ma mexnono2ii 6 npomucnosocmi. 2026. Ne 2 (36)
ISSN 2524-2296 (online) Innovative technologies and scientific solutions for industries. 2026. No. 2 (36)
Oxornnukuii IIumon — JXwiincekuit yHiBepcuterT, acmipaT kadeapu iHpopMaTuky, (akyIbTeT YHPABIIHCBKUX HayK

Ta iHpopmaruky, XKunina, CiioBaydnHa;

Simon Ochotnicky — University of Zilina, Postgraduate Student of the Informatics Department, Faculty of Management
Science and Informatics, Zilina, Slovakia;

e-mail: simon.ochotnicky@st.fri.uniza.sk

ORCID ID: http://orcid.org/0009-0002-2907-3687

KoBanenko Amnapiii AHaToJiiioBU4 — JOKTOp TEXHIYHMX HaykK, mpodecop, XapkiBCbKUH HAI[lOHATbHUH YHIBEpCHTET
pamioeaeKTPOHIKH, 3aBiayBay KaQeapu eICKTPOHHUX 00UHCITIOBATBHUX MAIIMH, XapKiB, YKpaiHa;
Andriy Kovalenko — Doctor of Technical Sciences, Professor, Kharkiv National University of Radio Electronics, Head of the
Electronic Computers Department, Kharkiv, Ukraine;
e-mail: andriy.kovalenko@nure.ua
ORCID ID: https://orcid.org/0000-0002-2817-9036
Scopus Author ID: https://www.scopus.com/authid/detail.uri?authorld=56423229200

IHTEPAKTUBHA IIVIAT®OPMA HNIATPUMKHU KJITHIYHUX PIIIEHD:
APXITEKTYPA TA ITIOPIBHAJIBHA OLIHKA
3ATAJIBHOI TA TOYHO HAJIAIITOBJIEHOI JIATHOCTHUKH
3A CUMIITOMAMMU 3A METOJ0JIOI'IEXIO (LLMS)

CyyacHi CHCTEMH OXOpPOHH 3I0pOB’S CTHUKAIOTBCS 31 3pOCTAlOUMM HABAaHTKCHHSM, (ParMEHTOBAHOIO KOMYHIKaI[i€lo Ta
OOTSDKIIMBICTIO JIOKyMEHTAIil, 1[0 TPU3BOHUTE JI0 3aTPHMOK 1 JIarHOCTHYHUX IOMHJIOK Ha €Talli NepBHHHOI COPTYBAaHHS IAIli€HTIB.
3anpomnoHoBaHe PilICHHS NOKIMKAHE 3arajioM IiABUIIUTH Y3TOMKEHICTh, MIBUIKICTh Ta CTAHAAPTH3ALII0 IPOLECY IEPBUHHOI OLIHKU
namieHTiB. Y IbOMY JOCHIIKEHHI IIPEICTABICHO IHTEPAaKTHBHY IUIAaTGOpPMY MIiIATPHUMKH KIIHIYHHUX pIlIeHb, SKa peasi3ye
JBOCTYIICHEBHI Tpouec 300py aHaMHe3y 3 OOMEKEHHM pOOOYMM TMpolecoM s 3ade3nedcHHs audepeHLiaabHOl AiarHOCTUKH
Ha OCHOBI CHMITOMIB Ha J0aMOylaTOpHOMY eTami HaJaHHi MenuuHol pgomomoru. CucTema BHpIllye TpPH 3aBJaHHS:
(T1) aBroMaTH30BaHMii 30ip aHaMHe3y TIallicHTa 3a JOMOMOTOI OOMEXEHOro [ialory (TOYHO JBa JOJATKOBHX 3allMTaHHS
3 BapiaHTamu Bignosizei), (T2) ¢opmainizamis omuCciB CUMOTOMIB y CTPYKTypOBaHy MEOMYHY (JaTHHCHKY) TEPMIHOJOTIIO UIs
JOKyMeHTalii, Mpu3Ha4eHol Jurs KiiHinucTiB, Ta (T3) reHepartist pekoMeHgamniil momo audepeHIianbHol TiarHOCTHKY 33 (hiKCOBaHOIO
Ta KIIHIYHO IHTEPIPETOBAHOIO CXEMOI0 BHBOAY. MM MOpiBHIOEMO 0a30By 3araibHy BelIHKy MOBHY Monenb (GPT-4, zero-shot)
3 MOJIeIUTIO, ajanToBano 1o nomeny (Llama-3, HanamToBaHoto 3a mormomoroo LoRA), 3a ogHakoBHX 0OMEXEHb IOA0 B3aEMOIi,
migka3ok Ta (QopmaryBanHs. Excnepumentn Ha 903 3ammcax CHMNOTOMIB Ta JIIarHO3iB 1 BHOKpPEMIICHOMY HaOopi
3 200 KOHTPONBOBAaHMUX BIHBETOK MOKA3ylOTh, IO ajanTamis A0 AOMeHy 3abesmedye mokpameHHs Makpo-F1 ma 10-12%
Ta npubim3Ho Ha 15% Bummii mokasHuk Recall y ckimagHux BUmazkax, BoJHOYAC TeHEPYIOYH KIIHIYHO OUTBII IMCKPUMiHATHBHI
Ta JIarHOCTUYHO PpEJIeBaHTHI JOJATKOBI 3alMTaHHS, 3a OLIHKOIO OBOX MenuuHHX ekcrmepTiB (K = 0,88). V ouiHmi Ha piBHI
poGoyoro mpomecy IIaThopMa CKOpOTWIAa dYac Ha JOKyMeHTalito Ha 28% TOpIBHAHO 3i CTaHJAPTHUM HpPUHOMOM
Ta 3MEHIIMIA aIMIHICTPATHBHI 3yCHJUIS, HEOOXiTHI U1 MiATOTOBKH IMOYAaTKOBOTO pe3toMe s Jikaps. Lli pe3dynmbpraTé cBiguaTh
Ipo Te, IO CHEeLiai30BaHi, HAJAro/PKeHI MOJelNi, sIKi MOXKHa pPO3rOpTaTH JIOKAIBHO, y IOEAHAHHI 3 OOMEXEHHM IU3aiiHOM
B3a€EMOJIii, CTaHIAPTU30BaHUMK OOMEXKCHHSIMH Ha BUXIJHI JIaHi Ta IHTETPAIi€l0 CHCTEMH, OPIEHTOBAHOK Ha poOOYMid Tpolec,
3a0e3neuyioTh Oe3neyHuid, MpaKTHYHUKA Ta €(QEKTUBHUH LUIAX [UIA BKIIOYEHHS MATPUMKH NPHAHATTSA pilieHb Ha ocHOBI LLM
Yy PYTHHHI KJIiHI4HI poGoui mpouecH mo0 amOynaTOpHOTO JiKyBaHHs, 30€piraloud Nnpu IbOMY Oe3IeKy, 3pyYHICTh BHKOPHCTAHHS
Ta MOJKJIMBICTB ay/IUTY Ha MPAKTHII.

Kiro4uoBi cioBa: minTpuMka KIiHIYHHMX pIlIeHb, MOJENI 3 BEJIMKOI MOBOIO TNPOTpPaMyBaHHs; TOYHE HaJaIlTyBaHHSI,
LoRA; miarsocTtrka Ha OCHOBI cuMIIToMiB; Meauunwmii 1111.
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Iryna Chepurna

MODEL OF RESOURCE AND QUORUM MANAGEMENT
FOR A BLOCKCHAIN-ORIENTED DISTRIBUTED INFORMATION SYSTEM
IN A MULTI-CLOUD ENVIRONMENT

The subject of this study is a mathematical model for managing computing resources and ensuring quorum in a blockchain-oriented
distributed information system within a multi-cloud environment. The goal of the work is to develop a set-theoretic model that
formalizes the multi-cloud deployment of components of a blockchain-oriented distributed information system, taking into account its
multi-level architecture, the heterogeneity of available resources, the aggregated resource state of nodes, their availability, and the
conditions for ensuring quorum during operation under variable load. Methods. To achieve the set goal, methods of system analysis
were used to formalize the system structure and the connections between its components; methods of mathematical modeling were
used to construct a formal description of the multi-cloud environment, the resource state of nodes, control actions, and quorum
constraints; statistical analysis methods for processing, aggregating, and normalizing telemetry data; decision-making theory methods
for establishing conditions for acceptable resource reallocation; and simulation modeling methods for verifying the performance of
the developed model under conditions of variable load, resource scarcity, and variable node availability. Results. For the first time,
a formalized set-theoretic model has been developed for managing computing resources and ensuring quorum in a blockchain-
oriented distributed information system within a multi-cloud environment. Unlike existing approaches, combines, within a single
unified representation, the multi-cloud environment as a set of cloud platforms from different vendors, the multi-level system
architecture, the aggregated resource state of nodes, the conditions for permissible resource reallocation, and the specified
requirements for ensuring quorum. Sets of cloud environments, architectural levels, and system nodes are presented; vectors of
available and allocated resources, an aggregated system state vector, a resource deviation function, a quorum assurance function, and
a set of permissible control actions are introduced. Simulation studies confirmed the model’s operability under nominal operation,
resource scarcity, and node availability degradation. This allowed for the formulation of the decision-making process regarding
resource reallocation and system operability maintenance within a single mathematical framework. Conclusions. The developed
model provides a formalized description of the processes of managing computational resources and ensuring quorum in a blockchain-
oriented distributed information system in a multi-cloud environment and can be used as a basis for further development of methods
for optimizing control decisions and experimental research into the system’s operational efficiency under dynamic conditions.
Keywords: mathematical model; resource management; quorum; blockchain; information system; cloud.

1. Introduction

The digital transformation of the financial sector,

logistics, healthcare, telecommunications, and other
industries is accompanied by the widespread adoption
of distributed Such
geographically distributed data processing,

service availability, scalability of computing power,

information systems. systems

ensure

and operational continuity under varying information
flow intensities [1, 2].

One of the directions in the development of
distributed  information
of blockchain technologies architecture.
of blockchain integrity,
transparency in transaction recording, increased trust

systems is the integration
into their
The wuse enables data
among participants in information exchange, and support
for decentralized decision-making procedures [3].

For blockchain-oriented distributed information systems,

this is of fundamental importance, since their operability
is determined by the availability of individual nodes
and the ability to maintain the coordinated functioning
of a set of components involved in forming and
confirming the system’s state [4].

The further development of such systems is linked
to the transition to multi-cloud infrastructures [5].
Deploying system components in cloud environments
from different vendors allows for reduced dependence on
a single vendor, increased scaling flexibility, improved
fault tolerance, and load distribution across independent
computing platforms [6, 7]. At the same time, multi-
cloud deployment complicates system management
due to differences in resource allocation models, service
characteristics, telemetry data formats, network
interaction parameters, and conditions for ensuring

node availability [8, 9].

© Iryna Chepurna, 2026
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For a blockchain-oriented distributed information
system, these complications are of a complex nature.
Under such conditions, it is necessary to ensure the
rational distribution of computing resources among
nodes, services, and deployment environments, as well as
to maintain a set of available nodes that preserves quorum
and the system’s ability to function in a coordinated
manner [10, 11]. Given dynamic load changes, partial
the availability of
individual cloud environments, and the heterogeneity of

node degradation, changes in
telemetry data, the task of resource management is directly
linked to the task of maintaining quorum [11-13].
Approaches to resource management in cloud and
distributed systems are primarily focused on service
scaling, load balancing, telemetry monitoring, or separate
analysis of blockchain interaction mechanisms [14].
At the same time, within the framework of such
approaches, the relationship between the resource state of
nodes, their availability in a multi-cloud environment,
and the conditions

for ensuring the quorum of

a blockchain-oriented system is not sufficiently
formalized. This limits the ability to develop coordinated
solutions for resource reallocation in situations where
changes to the system configuration affect performance,
availability, and the ability to maintain the correct
functioning of consensus mechanisms [15-17].

Therefore, the task of developing a mathematical
model for managing resources and quorum in
a blockchain-oriented distributed information system
in a multi-cloud environment is relevant. Such a model
must reflect the distribution of system components across
cloud environments from different vendors, account
for the system’s multi-tier architecture, the heterogeneity
of computational resources and telemetry metrics,
and formalize the conditions under which resource
reallocation aligns with requirements for node availability
and quorum maintenance. The construction of such
a model creates a foundation for the further development
of methods for optimizing the

distributed

management
of  blockchain-oriented systems  in

multi-cloud infrastructures.

2. Analysis of current scientific publications
and statement of the study problem

The issue of managing computing resources in
distributed information systems plays a significant role in
current research due to the growing scale of digital
services, increasing demands for availability, and the

need to ensure the stable operation of systems under
loads. The integration of blockchain
distributed
expands their functional capabilities by ensuring data

fluctuating
technologies into information  systems
integrity, transaction transparency, and support for
decentralized interaction [18]. At the same time, this
complicates resource management processes, since the
operability of such systems is determined by the
sufficiency of computing power, the composition of
available nodes, and the ability to maintain coordinated
functioning of components involved in confirming
the system’s state and executing transactions [19, 20].

The paper [21] examines the architectural aspects of
implementing the Blockchain-as-a-Service concept and
approaches to deploying blockchain network nodes in
a cloud environment. It is shown that delegating part of
the infrastructure functions to a cloud provider simplifies
the deployment and maintenance of blockchain services.
However, the presented approach focuses primarily on
the infrastructure organization of the service and does not
include a formalized description of coordinated
management of node resources and quorum maintenance
when system components are deployed across multiple
independent cloud environments.

A stochastic approach to scaling is presented
in [22], where the Ito equation and the Wiener process
are used to describe changes in traffic intensity in real
time. The results confirm the feasibility of developing
adaptive scaling policies based on predictive load
estimates. However, the presented model is focused on a
single-cloud environment; therefore, differences between
cloud vendors and the conditions for ensuring quorum in
a blockchain-oriented distributed information system
are not formalized within its framework.

Another approach is presented in [23], where an
adaptive approach to managing cloud infrastructure
resources based on intelligent load forecasting algorithms
is proposed. The authors demonstrate that the use of
recurrent neural networks allows for increased efficiency
in resource reallocation and reduced operational costs
compared to static schemes. The primary focus of this
study is on the performance and economic efficiency of
cloud services. At the same time, the specifics of
blockchain-oriented distributed systems, for which, in
addition to resource provisioning, the conditions for
node availability and quorum maintenance must be
formalized, are partially revealed.

A separate class of approaches is related to the
migration of virtual machines and periodic analysis of
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node status. It is precisely this logic that forms the basis
of the study [24], which examines resource management
in distributed cloud infrastructures under conditions of
resource scarcity. The advantage of this approach is the
relative simplicity of the mathematical formulation and
its practical focus on maintaining service quality metrics.
At the same time, it does not address the task of
consistently accounting for heterogeneous telemetry data
obtained from cloud environments of different vendors,
nor does it formalize the impact of changes in the
composition of available nodes on maintaining the
quorum of a distributed system.

General aspects of the described problem of using
blockchain technologies in digital environments and
issues of resource provision for complex computing
platforms are discussed in [21, 23]. Requirements for the
secure operation of distributed platforms are considered
in [25]. These results are important for establishing the
general context of the research; however, they lack
a comprehensive mathematical model that combines
the deployment of the system across multiple cloud
environments, the multi-level organization of its
components, the aggregated resource state of nodes,
and formalized conditions for ensuring quorum.

The analysis conducted indicates that existing
studies cover individual aspects of building blockchain-
oriented systems, service scaling, telemetry monitoring,
resource reallocation, and the operation of cloud
infrastructures [20, 22-24]. The approaches considered
overlook the task of formalizing a unified management
model that combines the resource aspect of a blockchain-
oriented distributed information system’s operation
with the conditions for maintaining a quorum in
a multi-cloud environment.

An unresolved part of the general problem is the
development of a mathematical model for managing the
computational resources and quorum of a blockchain-
oriented distributed information system, in which the
multi-cloud environment is presented as a set of cloud
platforms from different vendors, and the system itself is
viewed as a multi-level structure of interconnected nodes
and services. Such a model must account for the
heterogeneity of available resources and telemetry data,
dynamic changes in load, changes in node availability, as
well as the conditions under which resource reallocation
is aligned with the requirements for maintaining the

quorum and the stable operation of the system as a whole.

3. Research aim and objectives

The aim of this work is to develop a mathematical
model for managing computing resources and the quorum
of a blockchain-oriented distributed information system
The model
development is intended to formalize the representation

in a multi-cloud environment. under
of a multi-cloud environment as a set of cloud platforms
from different vendors, reflect the system’s multi-level
architecture, establish the relationship between the
resource state of nodes, their availability, and the
conditions for ensuring quorum, and define formal
conditions for the system’s transition between states
during resource reallocation in the course of operation.

To achieve the stated goal, the following tasks must
be solved in this work:

— present a mathematical description of
a blockchain-oriented distributed information system
in a multi-cloud environment, taking into account the
deployment of its components across cloud platforms
from different vendors, the heterogeneity of available
resources, the multi-level organization of nodes, and
dynamic changes in the system’s state;

— develop a mathematical description of the process
of managing computational resources based on aggregated
metrics of the resource system’s steady-state operation,
resource shortages, and changes in load intensity;

— define formalized conditions for node availability
and quorum assurance as constraints that must be adhered
to when making decisions regarding resource reallocation
to maintain system operability in a multi-cloud environment.

4. Materials and methods of the study

The subject of this study is the processes of
managing computing resources and state of nodes, which
allows for accounting for the ensuring a quorum of
available nodes in a blockchain-oriented distributed
information system within a multi-cloud environment.

The subject of the study is a mathematical model for
managing computational resources and ensuring quorum
in a blockchain-oriented distributed information system
in a multi-cloud environment, which takes into account
the placement of nodes on cloud platforms from different
vendors, the heterogeneity of available resources,
aggregated resource state metrics, and dynamic changes
in the system’s state during its operation.
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that the wuse of
which combines

The research hypothesis is
a formalized set-theoretic model,
an aggregated representation of the resource state of
nodes with specified quorum conditions, enables
coordinated decisions regarding the redistribution of
computational resources and maintains the operability
of a blockchain-oriented distributed information system
in a multi-cloud environment under conditions of variable
load and variable node availability.

To achieve the set goal, the following were used:
to formalize

— methods of system analysis

the composition of system components, their
interrelationships, and the representation of a multi-cloud
environment as a set of cloud platforms from
different vendors;

— methods of mathematical modeling to construct
a formal description of the resource state of nodes,
their availability conditions, and quorum constraints;

— statistical analysis methods for processing,
aggregating, and normalizing telemetry data;

— decision-making theory methods for formalizing
the conditions for resource reallocation as the system
state changes;

— simulation modeling methods for verifying
the performance of the developed model under variable
load conditions and changes in the composition of
available nodes.

The information basis of the study is a set of
telemetry data received from nodes of a blockchain-
oriented distributed information system deployed in
a multi-cloud environment. This data includes metrics
on CPU time and RAM usage, as well as node
availability indicators in each cloud environment.
The collected values form a multidimensional time
series reflecting changes in the system’s resource state at
discrete points in time.

For anode v, , ; located in a cloud environment c,

belonging to level ¢ of a multi-level architecture,
and having index j, the vector of primary metrics at

time ¢ is given in the form
My (t) = {ﬂf,«,,- (t),,ufu (t),,uf’,’j (t)} > (1
(1) -
4!, . (t) — RAM usage metric; 4/

el

where processor time usage metric;

(t) — a metric that

reflects the node’s availability at a given point in time ¢.
To ensure the comparability of heterogeneous
metrics (1) obtained from cloud platforms of different

vendors, a normalization procedure is applied.
The normalized metric value is defined as

" Hipy ()= 12"

s, (1) = el K kekK, )

max min
=

where K ={a,f,7} — a set of metric types; ., (1) -

cl,j

min
K

X

current value of the metric of type x; . and u

the minimum and maximum values of the metric of
type x in the system under study.

Normalization (2) ensures that the metrics are scaled
to a common scale and increases the model’s sensitivity
to changes in the resource state of the nodes. The
normalized node metrics are used to form an aggregated
system state vector at a given point in time ¢ :

S(t)={a, ()| ceC el jev,, ,keK}. (3)

In formula (3), the set of vectors S(f) components

reflect the resource status of the nodes in all cloud
environments that make up the blockchain-oriented
distributed information system.

The simulation study was conducted in two stages.
In the first stage, a software model was implemented for
the processes of collecting, normalizing, and aggregating
telemetry metrics, as well as the decision-making logic
for resource reallocation based on changes in the
system’s state. For this purpose, Python 3.11 and the
NumPy and Pandas libraries were used, which enable the
processing of multidimensional data arrays and the
modeling of discrete system transitions between states.

In the second stage, a virtualized environment built
on Oracle VM VirtualBox, Proxmox VE, Docker, and
Kubernetes was used to verify the operational capability
of the developed model. This configuration made it
possible to simulate a multi-cloud environment as a set of
isolated computing platforms with different resource
provisioning parameters and to generate simulation
scenarios of system operation under conditions of
variable load, resource shortages, and a variable
composition of available nodes.

The effectiveness of the developed model is
evaluated based on the results of simulation scenarios,
within which changes in the aggregated resource state
of nodes, the feasibility of resource reallocation, and
the fulfillment of quorum conditions are analyzed.
This approach allows us to verify the model’s
suitability for describing the management processes
of a blockchain-oriented distributed information system
in a multi-cloud environment.
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5. Research results

5.1. Formalization of multi-cloud component

deployment and the system resource model

In this study, a blockchain-oriented distributed
information system is viewed as a set of components
deployed across multiple cloud environments from
different vendors. Control decisions regarding changes
in resource allocation and the configuration of active
components are generated by a logically isolated element
of the control subsystem. A block diagram of this
interaction is shown in Fig. 1. Unlike the previous
study [26], in which the formalization of metric collection
was performed for a single cloud environment, in this
work the system model is extended to the case of
multi-cloud deployment of components and subsequent
decision-making regarding resource reallocation.
is

A  multi-cloud environment represented as

an ordered set of independent cloud platforms

¢ ={C.C,,....C,}, “)

Cloud Environment C,;

Actions A(t)

Nodes ve V. {ay,....ay}
Vi ‘[m m €esmasensmmnnntnenes 1
Levels L€ L i

where M — the number of cloud environments in which
of a blockchain-based distributed
information system are deployed.

Each

the components

c=1,M

characterized by its own vector of available computing

C

cloud environment s is

resources:

R ={RS,R®,...R"}, (5)

where &, , h= LH - type of computing resource.

Further, &, may refer to processing resources, &, —

RAM, &, — storage resource, &, — network resource.

The system architecture is viewed as multi-tiered,
although the set of tiers is not identical to the set of cloud
environments. For a formal description, let us introduce

the set of levels
L:{ﬁl,ﬁz,...,ﬂL}, (6)

where L — number of system architecture levels.

Actions A(1) Cloud Environment C,

Nodes veV,
PR ":,1,1‘ Vanz | o (YaLmy
Levels L€ L

EE - @

Metrics Metrics
(Al B Control Subsystem Component {BY e BV}
Metrics Collection Decision Making Control Action
s = " and Aggregation = - Generation e " .
Metrics (i} B A=F(S@0),00), 0) | ¢/ - BV} Metrics
7 A £
Cloud Environment C; Aggregated i Node Availability Rules and Constraints | Cloud Environment C),
N System State Status for the Quoru o i
@E{’ s S(@) i o) Nodes veE V.
V3Ll {V3-'~2 | = "“‘-”‘ﬂ E ! ".\I.I.J |"4\1.z,.,.“,,
Levels € L H 1
1 1 Levels L€ L
@ e () Y TR, A, > ¢, O ] - ¢ )
= Actions A(f) Actions  A(t)
R R =
8 esources Ry foi ay) {ay,..., ayl BResources Ry

Fig. 1. Block diagram illustrating the interaction between a control subsystem element and the components of

a blockchain-based distributed information system in a multi-cloud environment

Depending on the method,

the set L may include the infrastructure layer, the

implementation

virtualization layer, the containerized services layer,

the blockchain nodes layer, and the application

services layer.

For each pair (C,,(), where C,eC", (eL, let’s
enter a set of nodes

},j =1,.,N,,, (7

where N_, —number of nodes in the layer ¢, located in a

Vo= {Vc,f,l"“’vc,f,N(,‘é

cloud environment C, .
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Then the complete set of nodes in the system is
defined as:

v=Uur... (8)

c=1/lel

Each node v,, ; €V, , is associated with a vector

of resources allocated for its operation:

= _{.4&  E ¢
r‘("()/ - {I/C,]/‘,j’}/;',?,j"..”ﬂc,:{j} b (9)
5 .
where 77/ — volume of resource type &,, assigned

to the node v, , ; in a cloud environment C, .

In addition to the resources directly allocated to the
system’s nodes, in every cloud environment, a portion of
the resources is used to support platform services,
network interaction, system services, and virtualization
tools. For a cloud environment C,, these costs are
represented by a vector

S, ={85,82,....85} . (10)

In that case, the conditions for the acceptable
placement of system components within the cloud
environment C, are determined as follows:

N,

c

2

J=1

< denotes element-wise comparison

o, SR, c=1M, (11)

S
0\|
IA

where symbol

of vectors.
Equation (11)

which the total resource consumption for the operation

specifies the condition under
of nodes at all levels and the service infrastructure

does not exceed the available resources of the
corresponding cloud environment.

The resource state of the system’s nodes at a given
point in time ¢ is described by normalized metrics

aggregated into a vector S (t) in accordance with
relations (1)~(3). It is this vector S (¢) that reflects the

current state of the set V', taking into account the
placement of nodes in different cloud environments and
at different architectural levels. In the structure shown in
Fig. 1, the control subsystem element receives S (t) as

a generalized representation of the system’s current state,
information about node availability, and decision-making
rules, based on which it generates control actions to
change the distribution of resources and the configuration
of active components.

In light of the above, the functioning of an element
of the control subsystem at the structural level can be
expressed as a formula:

A(t)=F(8(1).0(¢).9). (12)

where A(r) — a generalized representation of a control

decision at a given point in time ¢, which can be

specified by a set of control actions; Q(t) — a vector

representing the availability of nodes relevant to quorum
maintenance; ¢ — a set of rules and constraints that

determine the admissibility of management decisions.

Equation (12) defines the general decision-making
framework and serves as the basis for the subsequent
formalization of the resource management process and
the conditions for ensuring a quorum.

Thus, equations (4)—(12) define the formal basis of
the model for the multi-cloud deployment of components
in a blockchain-oriented distributed information system.
The proposed representation distinguishes between the
set of cloud environments C, the set of architectural
levels L, the set of nodes ¥V , and the vectors of available
and allocated resources, which forms the basis for
describing resource reallocation procedures and verifying
quorum conditions.

5.2. Mathematical description of the management
process for computing resources

The process of managing computational resources
can be represented as a sequence of discrete control
decisions made by an element of the control subsystem
based on the aggregated state vector S (t), defined by
Equation (3). Within this framework, the control
subsystem evaluates the current distribution of resources
among nodes at every instant ¢, determines the
need for their adjustment, and generates an admissible
control action.

We define the current distribution of computational

resources for node v, , ; attimez by the vector

Ter (1)= {rfﬁ,f (t),rfﬁ,’j (t)""””f[/i,f (t)} ) (13)

In (13), the components of the vector 7, (¢)
specify the actual amount of resources of types £,
allocated to node v, ;

in the cloud environment C,

at control step 7.
It is advisable to determine the node’s resource

demand at time ¢ based on its metric vector 7, ,  (¢) (1),
using the formula:

.1 (0)= Gy (A (1)), (14)
where G, , () is a function that transforms the node’s

metrics into a vector of required resources.
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Equation (14) provides an estimate of the number of

resources required by the node v, to maintain its

operation under the current load conditions. The resource
deviation vector is determined based on the difference
between the required and actually allocated amounts
of resources:

Aoy ()= (6) =T, (1) (15)
In equation (15), the positive components of the

vector A, () correspond to a resource deficit, while

the negative components correspond to the presence of a
reserve.
The control influence on the node v, is

represented by the vector
i, () ={ul (). (), oul (). (16)
where u,, (¢) is the change in the volume of the

resource of type &, , which is performed at control step .

Then, the transition to a new resource allocation is
determined by the relation:
Fc,"i(t+1)=’_;,’,_i (t)J”Tc,/,,/ (t) (17)
Equation (17) defines the dynamics of changes in
a node’s resource state under the influence of a control
decision. The validity of such a decision must be verified
at both the cloud environment level and the individual
node level.
Constraints on the total amount of resources that can

be allocated to nodes within the cloud environment C,

are determined by the condition:
N,,

iZ(Fc’,‘J +ﬁc!,,“/.)+§5§c,c:1,M . (18)

=1 j=1
Condition (18) aligns control actions with the
available resources of the corresponding cloud environment
and the service costs introduced in formula (10).
For each node, permissible limits for resource
allocation are also specified:

Tery 2o

(t+1) < 7™ (19)

el
Equation (19) constrains the new node resource
vector with the platform’s technical parameters,
virtualization parameters, and service configuration limits.
A separate condition for stable node operation is
introduced, defined by the interval of permissible
resource states

—min

P = '_'c,f,,j (t"'l))j IBLm?Xj . (20)
,50‘“,’“/ pey; — the lower and upper bounds of the resource

interval for stable node operation, respectively v, , ; .

Based on condition (20), it is appropriate to
introduce a node stability indicator:

—min

L pm <7, (1+1) < o,
o (tr1)y=a7 Fers = et M (21)
Fets ( ) {0, otherwise.

Equation (21) allows us to transition from
a continuous description of the resource state to a logical
indicator of a node’s operational readiness following the
execution of a control action.

To select a control decision regarding resource

reallocation, we introduce a quality functional:

R (1)= izNZ%J

where @,,; is the weight coefficient of node priority

Zc,/‘,j (t) _”7&"‘,/’ ([)”1 > (22)

v, 3|l is the L, is the norm of the vector.

Functional (22) characterizes the total unregulated
resource deviation after control actions have been
performed. The

task of managing computational

resources then reduces to selecting a set of vectors

i,, () for which functional (22) takes on a minimum

value subject to constraints (18)—(21):
Ay (t)=argminJ, (1), (23)

Ag (1)
where 4, (t):{ﬁc,,qj (t)} is the set of control actions

formed at step ¢.

Thus, equations (13)—(23) define the resource
component of the mathematical model for controlling
a blockchain-oriented distributed information system
in a multi-cloud environment. Within this component, the

aggregated system state S (¢), defined by equation (3), is

used to assess the nodes’ resource requirements, generate
control actions, and verify their admissibility under
resource constraints.

5.3. Formalized conditions for ensuring quorum and

the admissibility of system transitions between states
The resource component of the model defines the
rules for generating control actions based on the current

aggregated state of the system S(z); however, for

a blockchain-oriented distributed information system,

the validity of a control decision is determined by

resource constraints and the preservation of a sufficient

number of available nodes to ensure a quorum.

To this end, we introduce a formalized description

of the set of nodes relevant for maintaining a quorum.
Let:

vicy. 4)
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In (24), V7 is a subset of the system’s nodes whose
participation is taken into account when forming
a quorum. The set may include validators, transaction
confirmation nodes, replication coordinators, or other
components upon which the maintenance of the system’s
consistent state depends.

For each node v, , ; € V7, let us introduce a quorum
availability indicator

— {1’ /uc;/,/‘,j 2 6}/ Alg)/‘,j (t) = la

0, otherwise,

(25)
where 67 is the availability threshold.

Equation (25) establishes that a node is taken into
account when forming a quorum only if two conditions
are met simultaneously: the node is accessible according
to its state metric, and its resource state falls within the
stable operation interval.

The availability state of nodes relevant to the
quorum at time ¢ is given by

O()={n.., (1)) v, €V}, (26)
Based on the vector O(7) (26), we introduce the

quorum assurance functional:

W)= D Wi, (1)s 27)

q
Ve, €V

where . is the weight coefficient of node v, , ; in the

quorum formation procedure.
In the simplest case, for equivalent nodes, it is

assumed that y_, . =1; then the functional ¥ (z), defined

by equation (27), reduces to the number of available

nodes participating in maintaining the quorum.
For systems with differentiated roles or non-equivalent

validators, the values of y_,; can be set in accordance

with the adopted consensus policy.
We formulate the quorum condition as follows:

V()= (28)

where ¥™ is the minimum acceptable value of the
quorum assurance functional to maintain the operability
of a blockchain-oriented distributed information system.
Equation (28) serves as a formal criterion for the
admissibility of the current set of available nodes.
Accordingly, a control action generated by Equation (23)
can be considered admissible only if, after its execution,
the value of the functional ¥ (z+1) does not fall below

the threshold value ¥™" .

Taking into account the constraints (18)—(21) and
the quorum condition (28), the set of admissible control
actions is defined as

A7 (1) = {AR (1)

Then the resource and quorum control problem

conditions aremet (18)—(21)
Y(t+1)=w"™"

{}} - (29)

reduce to selecting a control decision that minimizes the
resource deviation functional (22) over the set of
admissible actions (29):

A (t)=arg min J (). (30)

A (1)e 4™ (1)

Equation (30) integrates the resource and quorum
components of the model. Unlike Problem (23), where
the solution is selected based solely on the resource
criterion, in Equation (30) the admissibility of an action is
also determined by the condition that the quorum is
maintained after the resource allocation changes.

To describe the system’s transition between states,
we introduce a generalized state:

Q(r)={5(:).0(1)} - 31)
In equation (31), the vector S(t) (3) reflects the
aggregated resource state of the system; Q(t) (26)

describes the availability state of nodes relevant

to the quorum.
The system’s transition to a new state under the

action of the optimal control decision 4" (¢) is given by
Qt+1)=0(Q(t). 4 (1)). (32)
where @(-) is the system transition operator between

discrete time steps.
Then the transition

Q1) > Q(r+1) (33)
is considered admissible if the solution A4 (¢) belongs
to the set 4*™ (1) (29).

Thus, (24)—-(33) define the quorum
component of the mathematical model and formalize

relations

the conditions for the admissibility of transitions of
a blockchain-oriented distributed information system
between states in a multi-cloud environment.
Consequently, we present the mathematical model for
managing computational resources and ensuring quorum
in a blockchain-oriented distributed information system
environment as a conditional

in a multi-cloud

minimization problem:
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c,l,j J
A*(t):argr}l%lr%JR (t), Kot (H'l):l; (34)
! Vi, € Ve,
Y(r+1)29m,

Qr+1)=d(Q(t). 4°(1)).
In Equation (34), the objective function J,(¢)

defines the criterion for minimizing the total unregulated
resource deviation, while the set of constraints specifies
the resource feasibility of control actions, the limits of
permissible resource allocation, the conditions for stable
node operation, quorum assurance, and the admissibility
of system transitions between states.

5.4. Simulation study of the model
and analysis of the results

A simulation study was conducted to verify
the performance of the developed mathematical
model for managing computing resources and ensuring
quorum in a blockchain-oriented distributed information
system within a multi-cloud environment. The study
examined a discrete interval of 120 cycles, divided
into three phases: nominal operation mode, resource
shortage, and degradation of node availability.
This division allowed for a sequential assessment

of the model’s behavior under conditions of normal

operation, local growth in resource demand, and
deterioration of node availability relevant to quorum
maintenance.

Figure 2 shows the trends of key normalized
indicators of the simulation model: the aggregated system

state vector S (t) , the quorum assurance functional
W¥(t), and the resource deviation functional J, (7).

Normalization was applied to bring the indicators to
a common scale and enable their comparative visual
analysis within a single graph.

Figure 2 shows that in the initial simulation phase,
the values of S(#) remain at a relatively low level, while

‘P(t) is near the upper limit, corresponding to a stable

quorum. In the resource shortage phase, an increase

in S (t) is observed, along with the appearance of peaks

in the J,(7) function, reflecting an increase in

unregulated resource deviation as the load increases.
In the final phase, corresponding to a degradation

in availability, the level W () decreases, while the values
of § (t) remain within the range characteristic of system

operation following resource adaptation. This indicates
that at this stage, maintaining a quorum of available
nodes becomes the determining factor for the
acceptability of decisions.

The summarized results of the simulation study
by phase are presented in Table 1.
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Fig. 2. Trends in key normalized indicators of the simulation model
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Table 1. Generalized results of the simulation study of the model by scenario phases

Simulation phase Number | S(¢), | O(1), | W(1), | Jx(1), Average tota! Proportion.(!f
of cycles average | average | average | average resource deficit allowed transitions
Nominal mode 40 0.531 0.958 8.625 0.0013 0.000 1.000
Resource deficit 39 0.823 0.926 8,333 0.0086 2.453 0.974
Degradation of availability 41 0.714 0.710 6.390 0.0001 0.000 0.805

An analysis of the data in Table 1 shows that, in
nominal mode, the model operates under the most

favorable conditions: the average value of S(¢) is 0.531,

the average value of W(r) is 8.625 with a minimum

permissible quorum level of 6, and the proportion of valid
transitions is 1.000. This confirms that, in the absence
of resource shortages and with high node availability,
the model generates control actions that do not violate
either resource or quorum constraints.

During the resource shortage phase, the average

value of the aggregate state S (t) increases to 0.823, and

the average total resource shortage is 2.453. At the same

time, the average value of the functional J, (1) increases

to 0.0086. This means that under increased load, the
model correctly detects an increase in resource deviation
and shifts the decision-making process into active
resource reallocation mode. At the same time, the average

value of W(7) remains at 8.333, and the proportion of

valid transitions is 0.974, indicating that a majority
quorum is maintained in most cycles even in the presence
of a local resource shortage.

The availability degradation phase is characterized
by a different dominant factor. In the absence of an

average resource shortage, the value of J, (¢) practically

approaches zero, while the average proportion of

available nodes Q(t) decreases to 0.710, and the average

value of W(r) decreases to 6.390 — that is, it approaches

the quorum threshold. As a result, the proportion of valid
transitions decreases to 0.805. The obtained result
confirms that in this phase, it is precisely the quorum
constraints defined by relations (28)—(30) that determine
the wvalidity of control actions much more strongly
than the resource component of the model.

Overall, the results of the simulation study confirm
the validity of the developed model and the correctness
of the combination of its resource and quorum
(13)-(23)  describe the
redistribution of resources and minimize the resource

deviation functional J,(¢), while equations (24)—(33)

components.  Equations

constrain the set of feasible solutions with conditions for
quorum preservation and the admissibility of transitions
between states. The obtained values of the indicators
show that the model adequately responds to changes in
the system’s operating mode: in the resource shortage
phase, it is sensitive to the deterioration of the resource
state, and in the availability degradation phase,
to the reduction in the number of nodes sufficient
to maintain a quorum.

Thus, the simulation study confirmed that the
developed mathematical model is suitable for describing
the processes of managing computing resources and
ensuring quorum in a blockchain-oriented distributed

information system in a multi-cloud environment.

6. Discussion of the research results

The
an advancement in approaches to describing multi-cloud

results obtained should be viewed as
applications, with a primary focus on architectural
deployment models and requirements for multi-cloud
interaction. Study [27] demonstrates that for multi-cloud
applications, the key issues are component portability, the
concurrent execution of services across multiple cloud
and the

solutions with infrastructure properties. The proposed

environments, alignment of architectural

model specifies these provisions at the level of
mathematical description by separating the set of cloud
environments, the set of architectural levels, the set of
nodes, and the vectors of available and allocated resources.
This approach allows for a transition from a general
architectural representation of a multi-cloud system to
a formalized scheme for managing its resource state.
Compared to approaches focused on cross-data-
center virtual machine scheduling, the results obtained
here have a broader scope of generalization. In particular,
in [27], blockchain is used as a distributed ledger for
exchanging status information between data centers
during the scheduling and migration of virtual machines,
which allowed for a reduction in the number of service
messages and a reduction in communication latency.

In the developed model, the blockchain-oriented nature of
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the system is accounted for in a different context: control
is linked to the
heterogeneous resources among nodes at different

generalized redistribution of

architectural levels in a multi-cloud environment.
This allows for the description of system states and
control actions within a single formalized representation.
A concept that is conceptually similar is the
approach to multi-cluster resource quota management in
Kubernetes environments. The study [28] proposes
a combination of predictive and reactive quota scaling
based on Karmada, where decisions are made based on
load monitoring and forecasting data. This approach is
valuable from the perspective of practical implementation
of dynamic resource reallocation; however, it is focused
on quotas in a multi-cluster environment and does not
account for the requirements for maintaining a quorum of

nodes in a blockchain-oriented system. In the proposed

model, the aggregated state vector S(¢), defined by

equation (3), is used as the basis for generating control
actions according to equations (13)—(23), and the
admissibility of such actions is subsequently verified with
respect to quorum constraints. This constitutes the
fundamental difference between the proposed approach
and purely quota-based scaling.

An important area of related research is consensus-
oriented orchestration of distributed services. In [29], it is
shown that for distributed microservice environments,
a decentralized approach to orchestration is appropriate,
one that utilizes a consensus mechanism, dynamic leader
election, and distributed logging. In this work, the main
focus is on a mathematical model that combines the
resource state of nodes, their availability, and the
conditions for the system’s transition between states.
That is why the quorum is described through the set of

nodes V7, the availability state vector Q(t), the quorum
satisfaction functional W(r), and the set of admissible

control actions 4™™ (t) . This framework creates a formal

basis for the subsequent synthesis of control algorithms
that are consistent with quorum requirements.

It should be noted that in current research on
blockchain consensus, the primary focus is often on
security, survivability, and resistance to attacks, as well
as trade-offs between different classes of protocols.
Source [30] systematizes issues of security and reliability
of consensus mechanisms and demonstrates that the
choice of protocol significantly influences the properties
of a distributed system. The proposed model operates at
a different level of abstraction and determines under

which resource conditions and with which composition of
available nodes a control decision is permitted that does
not violate quorum maintenance requirements. Thus, its
advantage lies in combining the resource and quorum
components within a single mathematical framework.

The results of the simulation study confirm the
feasibility of this combination. As shown in Fig. 2, in

nominal mode, the values of S (t) remain in the lower
range, while ‘P(t) remains near the upper limit, which

corresponds to a stable quorum. During the resource

shortage phase, an increase in § () and the appearance

of peaks in J, (¢) are observed, reflecting an increase in

unregulated resource deviation as the load increases.

During the availability degradation phase, the

preservation of the quorum of available nodes becomes
the determining factor for the admissibility of decisions,

manifested in a decrease in ‘P(t) to a level close to the

threshold value of ¥™" .
The data in Table 1 quantitatively confirm this

pattern. In the nominal mode, the proportion of

admissible transitions is 1.000, the average value

of W(r) is 8.625, and the average total resource deficit is
zero. In the resource deficit phase, the average value
of S(t) increases to 0.823, the average total resource

deficit is 2.453, and the average value of J, () reaches

0.0086. At the same time, the average value of W(¢)

at 8.333,
maintained in most cycles. In the availability degradation

remains indicating that the quorum is

phase, there is no average resource deficit; the value

of J, (t) practically approaches zero, but the average

value of Q(t) decreases to 0.710, and ¥ (¢) to 6.390,

as a result of which the proportion of admissible
transitions decreases to 0.805. This confirms that the
model correctly distinguishes between situations
dominated by resource constraints and situations in which
quorum conditions become decisive.

The results obtained suggest that the proposed
model adequately describes the process of managerial
decision-making in a multi-cloud environment under
various system operating modes. Its strength lies
in the fact that the resource component, represented
by equations (13)—(23), and the quorum component,
represented by equations (24)—(33), operate in concert
within a single mathematical framework. This is precisely

what makes it possible to reject a resource-efficient
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action if, after its execution, the quorum condition
is violated.
A limitation of the current version is the abstract

definition of the threshold value W™ without reference
to a specific consensus protocol. Further research
should focus on parameterizing the model for protocols
in the PBFT, Raft, or Tendermint families, as well as on
a quantitative comparison of the quality of control
decisions in scenarios with varying load intensities
in the set

and different degrees of degradation

of available nodes.

7. Conclusions

As a result of this study, a mathematical model has
been developed for the first time to manage computing
resources and ensure quorum in a blockchain-oriented
distributed
environment. Compared to existing models, this model

information system in a multi-cloud
takes into account a set of cloud platforms from different
vendors, the system’s multi-level architecture, the
aggregated resource state of nodes, their availability, and
formalized quorum conditions, which made it possible to
present the process of making management decisions
regarding resource reallocation and maintaining system
operability within a single mathematical framework.

Based on the research results, the multi-cloud
deployment of components of a blockchain-oriented
distributed information system was formalized based
on the separate representation of a set of cloud
environments, a set of architectural levels, a set of nodes,
and vectors of available and allocated resources.
This allowed for a correct description of the system
as a control object in a multi-cloud environment and
the specification of resource balance constraints for
each cloud platform.

A mathematical description of the process of
managing computing resources was developed based
on the aggregated system state vector, node resource
demand vectors, control actions, and conditions for
permissible resource reallocation. This made it possible
to formalize changes in the resource state of nodes under
conditions of resource heterogeneity, dynamic load
changes, permissible resource allocation limits, and
stable node operation.

Formalized conditions for ensuring a quorum of
available nodes and the admissibility of system
transitions between states were determined, for which
a subset of nodes relevant for maintaining the quorum,
a state vector of their availability, a quorum assurance
function, and a set of admissible control actions
were introduced. This allowed for the integration of
the resource and quorum components within a single
mathematical control model.

The results of the simulation study confirmed the
effectiveness of the proposed model under conditions of
nominal operation, resource shortage, and degradation of
node availability. It was established that in the event of
an increase in load, the model correctly captures
an increase in resource deviation, and in the event of
a decrease in node availability, the condition for ensuring
quorum becomes the determining constraint on the
admissibility of control decisions.

The results obtained can be used for the further
development of methods for optimizing resource
management and ensuring quorum in blockchain-oriented
distributed

environment.

information systems in a multi-cloud
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MOJIEJIb YIIPABJIIHHSI PECYPCAMHU TA KBOPYMOM
BJIOKYEMH-OPIEHTOBAHOI PO3NOAIIEHOI IHOOPMAIIIMHOI CUCTEMU
B MYJIbTUXMAPHOMY CEPEJOBHIIII

IIpenMeToM mociTizKeHHST € MaTeMaTHYHA MOJIENb YIIPAaBIiHHS 00UNCITIOBAIEHIMH pecypcaMy i 3a0e31edeHHs] KBOpyMy OJIOKYeitH-
OpIEHTOBaHOI PO3MONiNEHOI i1H(OPMALIHHOI CHUCTEMH B MYJIBTHXMAapHOMY cepeloBuIli. MeTol € po3poOJCHHS TEOPETHKO-
MHOXXHMHHOI MOZeTi, mo ¢opManizye MyIbTHUXMapHE pO3MILICHHS KOMIIOHEHTIB OJIOKYCHH-OPI€EHTOBAHOI PO3MOALIEHOT
iHpopMarLiifiHOi cucTeMH, 3Bakae Ha II 0araTopiBHEBY apXiTEKTypy, TIeTEepOreHHICTh IOCTYIHHX pEeCypCiB, arperoBaHHil
pecypcHHH CTaH BY3MiB, IX JOCTYIIHICTH 1 YMOBH 3a0e3NedeHHs KBOPYMY Mif 4ac (YHKIIIOBAaHHS 3a 3MIHHOTO HaBaHTa>KCHHS.
Metoau. 1106 noCsATTH OKpecleHy METY, BIPOBAKCHO CHCTEMHUI aHami3 s (hopmalizamii CTpyKTYpH CUCTEMH i B3a€MO3B’SI3KiB
MK 1i KOMIIOHEHTaMH; MaTeMaTH4YHE MOJCIIOBAaHHA — I HOOyZOBH (DOPMAIbHOTO OMMCY MYJIBTUXMApHOTO CEpEeJOBHILA,
PECYPCHOTO CTaHy BY3JiB, KEPIBHHUX il 1 KBOPYMHUX OOMEXEHb; CTATHCTHYHHI aHaNi3 — Ui 00pOOJICHHS, arperaiiii Ta HopMaisariii
TEeJIEMETPUYHUX TTOKAa3HUKIB; TEOPis MPUHHATTS pillieHb — 11 (OPMYBaHHS YMOB JOIIyCTUMOTO TI€PEpO3NOIiLy pecypciB; iMiTamiiHe
MOJICIIFOBaHHS. — JUIsL MEPEBIPKH Mpale3qaTHOCTI po3po0JIeHOI MOJeNi 32 YMOB 3MIHHOTO HaBaHTaXEHHs, PeCypcHOro nedinurty
i BapiaTUBHOI JOCTYymHOCTI By37iB. Pe3yjabTaTn. Ynepiie po3po0neHo ¢popMani3oBaHy TEOPETUKO-MHOXHHHY MOZETb YIpaBIiHHA
O0YMCITIOBAIBHUMH pecypcaMi 1 3a0e3MeUYCHHS KBOPYMY OJOKYCHH-OpI€HTOBaHOI po3moaiieHoi iH(opMamiiHOi cucTeMu
B MyJbTUXMapHOMY CEpEeIOBHIN|, sIKa, HA BIAMIHY BiJ HasBHHX IIIXOAIB, MOEJHYE B MeXaxX €JUHOI yHi()iIKOBAaHOTO cepelOBHUINA
HOJIaHHS MYyJIbTHXMApPHOTO CEPENOBHIIA SIK CYKYIMHOCTI XMapHHX IIIaTGopM pi3HUX BEHIOPIB, OaraTopiBHEBOI apXiTEKTYpH CHCTEMH,
arperoBaHOr0 PECypCHOTO CTaHy BY3JiB, YMOB JOIYCTHMOIO IEPEPO3NOIiTy PecypciB i 3aJaHUX BUMOT 10 3a0e3leueHHsS KBOPYMY.
3anponoOHOBAHO MHOXKMHH XMapHHX CEpEelIOBHI, apXiTEKTYpPHUX PIiBHIB i BY3JiB CHCTEMH, YHNPOBA/UKEHO BEKTOPU JOCTYITHHX
1 BUIUICHHX pecypciB, arperoBaHMi BEKTOp CTaHy CHCTeMH, (YHKIIOHAJ PECypCHOTO BiIXWICHHS, (YHKIIOHAT KBOPYMHOL
3a0€3MeYeHOCTI Ta MHOXKHHY JONMYCTHMHUX KEpiBHUX Iiif. IMiTarmiiiHe MOCTIIKEHHS MiATBEPIUIIO Mpale3faTHICTh MOJAECTI B YMOBaxX
HOMiHaIBHOTO (PyHKIIIOBaHHS, pecypcHoro nedinuty i aerpanmanii goctymHocTi By3iiB. e gano 3Mory mogat mporec NpHiHsITTS
pillIeHb MIOJNO MEepepo3NOALTY PEcypciB i MIATPUMKM MpPANe3JaTHOCTI CHUCTEMH B MeXaX €IMHOTO0 MaTeMaTHYHOIO ITOJIaHHSL.
BucnoBkn. 3amporoHoBaHa MOJeNb cHpHse€ (OpPMai30BaHOMY OIKCY IIPOLECIB YNPABIIHHA OOYHCIIOBAIBHUMH pPecypcaMu
i 3a0e3MevYeHHI0 KBOPYMY OJIOKYEHH-OPi€HTOBAHOI PO3IOIICHOI IHPOPMAIIIITHOT CHCTEMH B MYJIBTUXMApHOMY CEPEIOBHII Ta MOXKE
OyTH BHKOpHCTaHa SK OCHOBa /ISl TMOAAIBLIOrO pPO3pOONEHHS METOIIB ONTHUMIi3allii KepiBHHX PIOIeHb 1 €KCIePUMEHTAIHHOTO
JocIipKeHHsT epeKTUBHOCTI (PyHKI[IFOBaHHS CHCTEMH 32 YMOB IMHAMIYHOT 3MIHH HAaBaHTA)KEHHS i 4aCTKOBOI Jerpajalii By3iB.
KorouoBi c;1oBa: MaTeMaTHiHa MOJIEITb; YIIPABIIHHS pecypcaMu; KBOpyM; Oiiokdeiin; indopmariiiiHa cuctema; xmapa.
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DETERMINANTS OF HUMAN POTENTIAL DEVELOPMENT
IN THE CONDITIONS OF STRUCTURAL TRANSFORMATION OF INDUSTRY

The structural transformation of industry in Europe is accompanied by profound changes in the structure of employment.
In these conditions, human development determines the ability of the economy to adapt, while demographic and migration
processes form the underlying preconditions for industrial change. The research aims to determine the relationship between the HDI
and a set of demographic and migration indicators. Their impact on key components of the HDI remain relevant in the face of
structural transformation of industry. The following research methods were used in the article: descriptive statistics; statistical
methods of determining the normality of data; correlation analysis was performed to determine the strength and direction
of correlation; panel regression modeling allowed to identify significant results in the quantitative assessment of the influence
of factors. The results of research obtained reveal statistically relationships between demographic and migration indicators and
each dimension of the HDI. The correlation analysis identified the direction, strength, and closeness of associations between key
variables. The results revealed a moderate degree of positive correlation between the Age dependency ratio and two dimensions
of human development: Long and healthy life and Decent standard of living. The analysis showed a strong negative impact of the
Crude Death Rate on almost all HDI dimensions. The Net migration rate has a significant positive impact on two areas of human
development: Knowledge and Decent standard of living, as well as the HDI as a whole. Net migration rate and crude rate of
immigration proved to be of particular interest for future research as compensating factors, the increase of which can accelerate
HDI progress. The results of the correlation analysis showed the influence of other indicators on the HDI dimensions, but such
influences were weak, nonlinear, or context-dependent. The regression analysis conducted for each dimension of human development
provides practical insights of high policy relevance. The constructed models offer an empirical basis for identifying key influencing
factors and enable forecasting, as well as the development of evidence-based strategies and targeted measures aimed at strengthening
the resilience of human capital and human development under conditions of structural transformation of industry.
Keywords: human development; human development index; human capital; demographic dynamics; migration risks;

structural transformation; industry.

1. Introduction

The structural transformation of industry in Europe
is one of the key trends in today’s economy. It is
manifested in a gradual shift away from traditional
industries and the simultancous development of
high-tech sectors, digital technologies, and green energy.
These

employment and production processes, placing high

changes are shaping a new structure of
demands on workers’ qualifications and competencies.

Human development in such conditions becomes
critically important: the population’s ability to adapt to
changes in the labor market, master new professions, and
undergo retraining determines the economic and social
stability of the state. The structural transformation of
industry directly affects people’s access to jobs, their
income levels, and prospects for professional growth.

At the same time, demographic changes and
migration processes serve as the root causes of these
shifts:

depressed industrial regions to technological hubs,

population aging, internal migration from

and the recruitment of skilled professionals from
abroad are shaping a new labor force structure.
It is precisely the combination of structural industrial
transformation and demographic-migration processes
that defines the current challenges and opportunities

for human development in Europe.

2. Analysis of the literature and problem definition

The concept of human development has not lost its
relevance over the past decades; on the contrary, it has
gained even greater significance, depth, and a shift in
emphasis, especially in conditions of high turbulence
and unpredictability. Thus, contemporary societal
development is characterized by non-linearity, uneven
progress, and an integrated complex network of social,
economic, political, environmental, and other factors;
therefore, understanding the connections and
interrelationships of these factors is extremely important
for developing security policies and fostering the strategic

sustainability of human development. This is precisely

© Galyna Nazarova, Alina Demianenko, Nikita Nazarov, Oleg Ivanisov, Vladyslav Ostapchuk, 2026
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why the total number of studies dedicated to identifying
the connection between socio-economic processes has
significantly increased in recent years, including research
on the impact of demographic and migration processes
on human development.

V. Lutz and S. Kumar K. S. (2013) examined
fundamental questions regarding the acceleration of
human development through the lens of demographic
transition processes [1]. As a result of in-depth research,
the scholars obtained valuable findings regarding the
conditions that can influence the acceleration of certain
components of human development. These conditions
include a decrease in the dependency ratio of the young
population (a certain number of adults must support
a smaller number of children) and improvements in
educational infrastructure. Investment in education is
a key factor influencing changes in population structure:
a decline in fertility and the emergence of the
demographic dividend effect, which has a strong impact
on economic growth. The established patterns and
causal relationships between demographic aspects, the
population’s level of education, and economic growth
have broadened our wunderstanding of the human
development process, confirmed the primary causality
of human capital as a driver of human potential
development, and served as a
future research [1-4].

The results of the analysis of scientific studies

starting point for

conducted by researchers confirm the importance of
demographic factors for human development. Hartgen
and Vollmer (2014) examine the relationship between
human development and fertility using a modified
HDI [5]. The analysis demonstrates that the so-called
fertility transition effect is not stable and varies
depending on the HDI level, emphasizing that the
observed links between demographic and development
indicators may be unstable and highly sensitive to
methodological choices.

Our attention was drawn to a study by Kozlovsky S.,
Pasichny M., Lavrov R., Ivanyuta N., and Nepitalyuk A.
(2020). The researchers’ aim was to identify relationships
between changes in demographic variables (growth
rates of the working-age population and average life
expectancy) and economic growth. The researchers
established a close link between life expectancy and
GDP per
significantly higher in developed countries than in

nominal capita. Life expectancy was

developing countries; the researchers also found

that growth in the working-age population drastically

reduced production dynamics, but this relationship
was not stable [6,7].

Bafail and Alamudi (2023) determined that the
following indicators — the share of skilled labor, R&D
expenditure, tourism expenditure, and trade expenditure —
are the most influential determinants of the HDI, using
multiple regression to rank their relative importance [8].
Sing et al. (2025) confirmed that GDP per capita, average
years of schooling, and infant mortality are key
determinants of HDI, explaining approximately 95%
of its variation [9].

Although most empirical studies focus on assessing
the impact of demographic dynamics on economic and
social outcomes, other researchers (Errero, Martinez, and
Villar, 2019) emphasize that demographic composition
itself can distort development measurements [10—13].
Research by these scholars has shown that the traditional
HDI (developed by UNDP experts) does not fully reflect
the actual level of human well-being, as it does not
account for the age structure of the population.

Over the past few decades, researchers worldwide
have been studying issues of demographic and human
development and their interrelationships, and each
year new valuable scientific findings emerge, the
implementation and practical application of which can
expand human potential and influence the pace and
scale of human development. Previous studies in this
field are characterized by diverse regional samples.
When examining the impact and interrelationship
between human development and demographic processes,
some researchers focus on specific aspects or within the
framework of their own understanding of human
rather than the

methodology for measuring human development levels

development, generally accepted
developed by UNDP experts. In our study, we examine
the impact of demographic and migration factors on the
HDI in 12 EU countries with specific demographic and/or
migration challenges. This will provide a clearer and
more vivid picture of the depth of the impact, revealing
regional imbalances and sources of vulnerability.
In addition, the extent and nature of these factors’ impact
are examined for each structural component of the HDI
according to the UNDP measurement model.

Thus, this

methodological,

article examines the theoretical,

and practical aspects of human
development shaped by demographic and migration
factors. The aim of the study is to determine the
relationship between the HDI and a set of demographic

and migration indicators. Their impact on key HDI
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components remains relevant in the context of growing
instability and uncertainty.

The results of our study have both theoretical and
practical value. The theoretical contribution lies in
identifying consistent patterns, substantiating a model of
causal relationships between processes, and establishing
a theoretical framework for forecasting each component
of the HDI. The practical value lies in the developed
regression model, which allows predicting how the level
of each HDI component will change under the influence
of demographic factors (changes in the age structure of
the population, changes in mortality and fertility rates,
etc.) and migration factors (changes in immigration
and emigration levels).

3. Purpose and Objectives of the Study

The purpose of the study is to determine the
relationship between the HDI and a set of demographic
and migration indicators, as their impact on key HDI
dimensions remains a relevant issue in the context of
industrial structural transformation.

The objectives of the study are as follows:

1)to analyze differences in human capital
development, demographic, and migration situations
among the countries under study;

2) to justify the feasibility and relevance of using
the selected indicators for further research;

3) to identify promising and significant results in the
quantitative assessment of the impact of factors on each

component of the HDI.

4. Methodology

The study is based on assessing the impact of a set
of independent variables (demographic and migration-
related) on each component (element) of the HDI.
To achieve the set goal, multiple regression analysis
methods were applied.

The Human Development Index is a complex
composite indicator that combines components reflecting
various aspects of human development ("Long and
Healthy Life", "Knowledge", Standard of
Living"). Each of these components is shaped by

"Decent

various socioeconomic, demographic, migration, and

other factors, which makes the construction of

a single regression model for the aggregate HDI
methodologically limited.

First, demographic and migration factors exert
a similar nature and direction of influence on the
aggregate HDI. Assessing the impact of demographic
and migration factors on the aggregate HDI leads to
an averaging of dependencies and a loss of information
about the effects on individual components.

Second, HDI components differ in measurement
scale and time sensitivity.

Third, HDI components have varying significance,
although the UNDP model’s HDI
methodology involves normalization and aggregation to

calculation

ensure their comparability and equal weight in the overall
index. However, in models with an aggregated composite
indicator, it is impossible to unambiguously determine
which specific component is responsible for a change in
the HDI. Modeling individual HDI components makes it
possible to identify a set of demographic and migration
factors that significantly influence each HDI component,
which enhances the analytical significance of the results
and their practical innovation for the development of
socio-demographic policy.

Fourth, this
problem of endogeneity. Demographic and migration

approach partially mitigates the

indicators and the HDI may be in a reciprocal causal
relationship, yet endogeneity manifests differently for
individual components.

Thus, the methodology of studying individual HDI
components aligns with the structural logic of human
development, within which demographic and migration
factors influence both individual components ("Long
and Healthy Life", "Knowledge", "Decent Standard of
Living") and the overall HDI.

The chosen methodological approach corresponds to
the study’s objective and the scientific tasks set forth and
involves testing the hypotheses formulated by the authors.

Hypothesis 1. The impact of demographic and
migration factors on HDI components is statistically
heterogeneous, indicating varying intensities of their
effects on individual components.

Hypothesis 2. The impact of demographic and
migration factors on each component of the HDI
can be assessed using a separate regression model,
which allows for identifying the specific nature of the
impact of individual independent variables (demographic
and migration) on each component.

The study utilized general scientific and specialized
research methods. Statistical and mathematical methods:
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graphical, correlation, and panel regression analysis to
identify relationships and construct a mathematical

model. Descriptive statistics provided an initial
understanding of differences in human capital
development, demographic and migration situations

across countries, and allowed us to draw conclusions
regarding the potential use of certain indicators for
further research. A correlation analysis was conducted to
determine the strength and direction of the correlation.
The use of panel regression modeling allowed us to
the
quantitative assessment of the impact of factors on

identify promising and significant results in
each component of the HDI.

Selection of indicators and data analysis. Statistical
data on the HDI and primary indicators were obtained
from the UNDP Human Development Data Center.
The selection of independent variables for multiple
regression analysis was determined by several factors.
First, we used statistical data on demographic and
migration indicators for EU countries obtained from the
official Eurostat website, which ensured comparability
of indicators across countries and throughout the study
period. Second, we selected indicators that demonstrated
changes over time, allowing us to assess the dynamics of
the processes under study. Third, the statistical data
on the selected demographic and migration indicators
most clearly reflect the key demographic and migration
issues under study, and their significance is characteristic
of most of the countries included in the analysis.
Thus, the selection of variables was based simultaneously
on data availability, their dynamics, and theoretical
relevance to the evaluation process.

Our study utilized modern software tools for data
processing and analysis, such as SPSS Statistics and
Microsoft Excel.

The study analyzed statistical data from 12 EU
countries (Bulgaria, the Czech Republic, Denmark,
France, Germany, Greece, Italy, Latvia, Lithuania,
Poland, Romania, Sweden) that experience varying
degrees of demographic or migration challenges but have
a high or above-average HDI. It makes sense to include
Ukraine in the main study sample — a country
characterized by a unique case of an exogenous factor
causing a sharp demographic and migration shock, in
addition to other demographic and migration challenges
(low birth rates, high mortality, demographic distortion,
and labor emigration). However, since Ukraine is not
currently an EU member, and given that the publication
of certain demographic and migration data is restricted
due to wartime conditions and security concerns,
including Ukraine in the model is not currently possible.
Nevertheless, the model developed using data from the
aforementioned European countries can be adapted for
forecasting and strategic planning purposes in Ukraine.

5. Research Results

The primary indicator of human development is the
HDI, developed by UNDP experts. Although the HDI has
a number of strengths and weaknesses regarding its set of
indicators, the objective determination of its level, and its
sensitivity to internal and external changes, the HDI remains
the key measure of countries’ achievements in creating
conditions that promote the expansion of human capabilities.
The HDI is the indicator of global well-being in the
modern world and, at the same time, a tool for shaping
and reforming the policies of many states [14]. The results
of the analysis of global HDI trends reveal interesting
patterns. One such trend is the general, steady increase
in the level of human development worldwide (Fig. 1).
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Fig. 1. Trends in the global HDI [15]
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The steady rise in global human development can be
attributed to a number of factors: the long-term trend
toward improved living standards; the irreversibility of
certain processes; the structure of the index; and so on.
However, the pace of this growth varies by region and
over the study periods, depending on the extent and
intensity of the influence of internal and external factors.
Thus, there are a number of processes capable of

influencing fluctuations in the index: stimulating or
hindering development; the impact of these processes
on the HDI can be either direct or indirect.

The results of the data analysis demonstrate
a similar trend of rising HDI levels in the EU countries
included in the analysis. It should be noted that in all
countries included in the analysis, the HDI level is higher
than the global average (Fig. 2).
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Fig. 2. HDI trends in some European countries [15]
As shown in Fig. 2, the HDI trajectory of almost

every country is slight
fluctuations, and the dynamics reveal a slowdown in the

unstable and subject to
growth rates of the HDI of the studied countries
compared to the global HDI. Such fluctuations and
the slowdown in HDI growth are caused by a series
of processes that can stimulate, reduce, or hinder
development, and the impact of these processes on the
HDI can be direct or indirect, nonlinear, or context-
dependent. One group of such factors consists of
demographic and migration processes. Their distinctive
feature lies in their contribution to the formation of
human capital: demographic and migration processes
determine the scale and quality of human resources
and alter the trajectory of development in the long term.

It should be noted that the EU countries selected for
the study face demographic and/or migration challenges
to varying degrees. Therefore, the methodology for
selecting countries was based on their analytical grouping
according to the intensity of these factors. Three groups
were conditionally identified. The first group included
countries with significant negative demographic and
Lithuania, Latvia,

migration problems (Bulgaria,

Latvia  ==@==] jthuania === Poland

«=@=(zechia ==@==Sweden e=gm=Germany === Denmark

and Italy). The situation in these
countries was characterized by a combination of low
birth rates,

depopulation. The second group of countries — Poland,

demographic

accelerated population aging, and
Romania, and Greece — was characterized by moderate
demographic and migration challenges. The third group
of countries included the Czech Republic, Denmark,
Germany, France, and Sweden. The migration situation
in these countries was relatively stable; there was
an issue of population aging, which was also not
critical and was mitigated by compensating factors.
In our opinion, including countries with varying
degrees of demographic and migration challenges
will ensure objective research results. An analysis of key
trends was conducted in the aforementioned countries.
As a result of the comparative analysis, key patterns and
cause-and-effect relationships were identified.

Based on a thorough analysis of the dynamics of
the Age Dependency Ratio, it can be concluded that
the indicator increased by an average of 10-12%,
reflecting the intensification of the population aging
trend and a decline in fertility. The largest increases

were observed in Poland, Bulgaria, and Romania,
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indicating an acceleration of demographic dependency
and a the
France, Sweden, and Denmark showed relatively stable

decline in working-age population.
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Fig. 3. Total adjusted net migration in selected EU countries, 2014-2024 [16]

Grouping countries and identifying trajectories
provide a deeper understanding of the patterns and
underlying factors driving these trends. This will enable
an objective and high-quality implementation of the
correlation analysis procedure.

After identifying the demographic and migration
trends of the countries included in the analysis, the

but high rates (around 60-62%). These rates are
typical of a demographic model with balanced life
expectancy and fertility.
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Group D. Strong positive fluctuations

authors conducted a correlation analysis. This stage
of the study involved identifying and interpreting
potential interdependencies between variables, providing
a conceptual and empirical basis for further quantitative
modeling of the impact of demographic and migration
factors on human development (Table 1).

Table 1. Descriptive statistics for the primary HDI indicators and demographic and migration indicators

Indicator | Average meaning | Median | Mode | Minimum value | Maximum value | Standard deviation | Assimetry | Excess
Y 0,90 0,90 - 0,82 0,96 0,041 —0,175 0,741
Y 0,91 0,92 | 0,97 0,79 0,98 0,051 —0,285 -1,412
Y, 0,82 0,84 - 0,68 0,95 0,073 -0,120 -1,086
Y, 0,93 0,92 - 0,78 1,16 0,081 0,568 0,076
Y, 0,92 0,92 - 0,82 1,00 0,046 —0,007 -1,089
X, 55,12 55,75 | 57,40 42,70 62,20 4,025 0,627 0,344
X, 31,29 31,60 - 21,20 37,80 3,320 —0,466 0,395
X, 1,58 1,60 1,70 1,20 2,00 0,198 —0,147 0,860
X, 12,12 11,35 | 9,10 8,40 22,90 2,694 1,000 1,181
X, 1,97 1,70 - —-20,30 30,90 6,347 0,735 5,232
X 6,70 5,87 - 1,01 19,44 3,621 1,024 1,286
X, 9,31 7,69 - 2,81 33,04 5,324 1,859 4,751
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The HDI shows a high average score of 0.90,
indicating a high level of human development with low
dispersion and a nearly symmetrical distribution,
suggesting relatively uniform development outcomes
across countries. The "Life Expectancy at Birth" indicator
and the indicators of the "Knowledge" sub-index reflect
similar stability. The "Decent Standard of Living"
sub-index, measured using Gross National Income per
capita, is characterized by greater variability, reflecting
significant differences in income levels among countries.

A preliminary analysis of the skewness and
kurtosis coefficients showed that most indicators
had values close to a normal distribution. However,
some variables were characterized by pronounced
positive skewness and high kurtosis, indicating
a deviation from the norm.

To more accurately verify the data distribution,
additional normality tests were conducted using
the Shapiro—Wilk (W) and Kolmogorov—Smirnov (K—S)

tests (Table 2).

Table 2. Normal distribution test results

Indicator Shapiro—-Wilk W Sig.(SW) K-SD Sig. (K-S) Interpretation
Y 0,938 0 0,110 <0,15 Abnormal distribution
4 0,899 0 0,181 <0,01 Abnormal distribution
Y, 0,944 0 0,143 <0,05 Abnormal distribution
Y3 0,941 0 0,152 <0,01 Abnormal distribution
Y, 0,960 0 0,097 > 0,20 Abnormal distribution
X, 0,970 0,01 0,078 >0,20 Close to normal
X, 0,982 0,11 0,054 > 0,20 Normal distribution
X, 0,954 0 0,1385 <0,05 Abnormal distribution
X, 0,923 0 0,119 <0,10 Abnormal distribution
X 0,916 0 0,103 <0,20 Abnormal distribution
X 0,928 0 0,105 <0,15 Abnormal distribution
X 7 0,833 0 0,146 <0,05 Abnormal distribution

According to the results of the normality test, most
variables showed significant or severe deviations from
the normal distribution, indicating that their data were
non-normally distributed. Only variables X, and X,

exhibited approximately normal and normal distributions,
respectively. Thus, the overall data structure did not
conform to a normal distribution, so it was decided
to apply nonparametric statistical methods in the
subsequent analysis.

In this regard, nonparametric methods were applied,

specifically Spearman’s rank correlation coefficient ( p)

and Kendall’s tau coefficient (r), which do not require

an assumption of data normality (Table 2).

Table 3 presents the results of the correlation
analysis between dependent and independent variables.
The simultaneous use of Spearman’s p and Kendall’s 7

coefficients is due to the complex and difficult-to-formalize
nature of the analyzed relationships. Their simultaneous
application allows for distinguishing between structural
and proportional dependencies and provides a more

robust interpretation of correlations in the context of
heterogeneous data.

The results obtained indicate a diversified system of
interrelationships characterized by both direct and inverse
dependencies of varying strength. The consistency
between Spearman’s and Kendall’s coefficients confirms
the stability of the identified relationships and suggests
that these relationships are not random.

The age dependency coefficient has a direct positive
impact on certain sub-indices of human development,
namely Life Expectancy at Birth and Gross National
Income per Capita.

The old-age dependency ratio maintains a moderate
positive relationship with the HDI overall and with life
expectancy at birth, which may indicate that its influence
is conditional or secondary, mediated through other
components of the system.

The total fertility rate shows mostly minor but
negative correlations. We hypothesize that such
a correlation is nonlinear or context-dependent, a view

supported by a number of studies by researchers.
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Table 3. Correlation matrix of demographic and migration indicators and HDI measures

Indicators Y Y, Y, Y Y,
v p= 0432 £ =0,538 P =0,195 =038 £=0397
! 7= 0,309 7=0,399 7=-0,093 7=0,178 7=0,292
v £ =0256 £=0392 5= 0231 £ =0249 £ =0,150
: 7=0,194 7=0,280 7=-0,121 7=0,173 7=0,130
v 1 =-0,005 p=-0,076 £ =0,086 p=0303 £=0,132
3 7 =-0,047 7=-0,064 7=-0,110 7=-0,218 7=0,073
v P =0,726 p= 0318 £ =0,098 p= 0413 p= 0671
4 7=-0,518 7=-0,619 7=0,102 7=-0,285 7=-0,471
v p=0611 £ =0383 =062 p=0418 £ =0,617
> 7=0,456 7=0,262 r=0,174 7=0,287 7=0,436
v £ =0,209 = 0381 £ =0,225 £=0,109 P =0,160
6 7=-0,121 7=-0,267 7=0,158 7=0,074 7 =-0,065
v £=0379 £ =0,043 £ =0,423 £ =0414 £ =0,428
! 7=0,251 7=0,028 7=0,289 7= 10,265 7=0,294
Notes:

© — Spearman’s rank correlation coefficient; z — Kendall’s rank correlation coefficient.

Among the most pronounced negative relationships
is the link between the mortality rate and life expectancy
at birth. Spearman’s correlation coefficient indicates
a very high, nearly perfect relationship. Thus, the high
mortality rate observed in the countries included
in the analysis significantly lowers the life expectancy
at birth. This relationship warrants attention, as the
trend is specific and may result from changes in the
age structure of the population due to the emigration
of young people or high mortality rates among this
demographic. This implies the emergence of an economic
effect and the existence of another strong inverse
relationship between mortality rates and gross national
income per capita.

Net migration showed a strong positive correlation
with both the HDI overall and some of its components:
expected years of schooling and gross national income
per capita, underscoring that in the countries studied,
net migration acts as a compensatory (stimulating) factor.
There is a weak negative correlation between the total
emigration rate and life expectancy at birth.

The total immigration rate has a moderate positive
correlation with three HDI indicators. Thus, an increase
in the total immigration rate leads to an increase
in the average and expected years of schooling. In our
view, this relationship may be driven by a chain of
interrelated processes. This increase may be caused by
an influx of children and youth, which stimulates
demand for education and necessitates the expansion of
educational programs, as well as the prolongation of
educational trajectories due to adaptation. Another

scenario for the increase in the duration of schooling
due to immigration could be institutional integration
measures. Thus, educational immigration or relocation
for the purpose of active integration into a new society
increases the duration of schooling.

In light of the above, it should be noted that the
results of the correlation analysis confirm asymmetric
and disproportionate interdependencies, where certain
factors (Age Dependency Ratio, Net Migration Rate, and
Immigration Rate) have a dominant influence, while
others (Mortality Coefficient and Emigration Coefficient)
create a balancing effect. This fact underscores the need
for a multidimensional model capable of accounting for
both reinforcing and inhibiting dynamics for each
HDI component.

The identified
an empirical basis for the next stage of analysis. Given

correlation  structure provides
the difficult-to-formalize and complex nature of human
development, as well as the multidimensional structure
of the HDI and the heterogencity of the mechanisms
underlying its formation, it is appropriate to use
a differentiated approach. This is precisely what
necessitates the construction of several regression
models focused on individual structural components
of the HDI.

Constructing three models with sub-indices as
dependent variables allows us to:

— avoid the "averaging" effect of influences;

— increase the accuracy of coefficient estimates;

—reduce the risk of methodological distortions
associated with excessive data aggregation.
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Each of the three regression models reflects
a separate aspect of human development and allows
for the conceptualization of the mechanisms underlying
its formation:

—the first model characterizes the influence of
demographic and migration factors on the longevity
component of human development;

— the second model reflects the dependence of the
educational component on the quality of demographic
and migration policies;

— the third model focuses on productivity potential
and the economic realization of human potential.

Table 4. Assessment of multicollinearity

This approach deepens the theoretical understanding
of human development as a multidimensional process and
confirms that its components have different sensitivities
to demographic and migration determinants.

In our study, nonparametric data were used for
modeling. A check of the sample for multicollinearity
revealed a high degree of dependence among the
independent variables. High VIF values were observed
for the Age Dependency Ratio and the Elderly Dependency
Ratio, indicating a significant level of multicollinearity.
Both indicators reflect related aspects, leading to
information redundancy in the models (Table 4).

Indicator Interpretation
X, 5.474 High multicollinearity
X, 5.396 High multicollinearity
X, 1.965 Acceptable level
X, 1.589 Acceptable level
X 4.188 Acceptable level
X 2.386 Acceptable level
X, 4.221 Acceptable level

The net migration rate and the immigration rate
also show marginal multicollinearity, whereas the net
migration rate, the emigration rate, and the immigration
rate reflect similar processes. Therefore, some
independent variables were excluded to remove
redundant information from the model. A subsequent
VIF calculation confirmed a significant reduction in
multicollinearity and stabilization of the coefficient
estimates. Thus, the model retains only those variables
(Age-Dependency Coefficient, Total Fertility Rate,
Mortality Rate, Emigration Rate, and Immigration Rate)
that provide unique information, thereby enhancing the
reliability of the results’ interpretation.

Each dependent variable — each HDI sub-index —
is modeled as a function of demographic and
migration variables using rank-order multiple regression.
This approach allows for the capture of nonlinear and
distribution-invariant relationships between demographic
and migration factors (Age-Dependency Coefficient,
Total Fertility Rate, Mortality Rate, Emigration Rate,
and Immigration Rate) and the human development

sub-indices (Y, , Y,, Y,). The construction of three

models allows for a comparative analysis of the strength,

direction, and statistical significance of the impact of
demographic and migration factors on various components
of human development. This makes it possible to:

— identify key determinants for each sub-index;

— identify asymmetries in the effects;

—form a more detailed empirical basis for further
research.

Model 1. Demographic and migration determinants
of the "Long and Healthy Life" sub-index. The regression
model demonstrated adequacy. The coefficient of
determination was 0.86, and the adjusted coefficient of
determination was 0.85, indicating that the model
explains a significant portion of the variance in the
dependent variable. The high F -value (5, 114) = 176.65
indicates that the entire model is statistically significant
and adequately explains the variance of the dependent
The SEE was 13,

accuracy. It is worth noting that the General Immigration

variable. indicating acceptable

Level indicator was excluded from the model due to its
statistical insignificance (p >0.05), which improved

the interpretability of the regression equation.

Y, =106,2+0,379% X, —0,311x X, —0,73x X, —0,089x X, + £ . (1)
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Model 2. Demographic and migration determinants
of the "Knowledge" sub-index. The multiple regression
model, which includes three variables, is statistically

significant, as F (5, 114)=24.34, p<0.001. R*=0.38,
adjusted R* =0.37.

These results indicate the acceptable quality of the
model and its ability to explain 38% of the variation in
the dependent variable, which is sufficient for this HDI
measure. To optimize the model, the "Overall Emigration
Rate" variable was excluded, as it had no significant
effect on Y,

Y, =59,99-0,18x X, —0,28x X, +0,515x X, +& . @)

Model 3. Demographic and migration determinants
of the Standard
Four significant variables were used to construct the

"Decent of Living" subindex.
model (the total fertility rate was excluded due to

its non-significant p -value). The results of the analysis

showed that the model explains approximately 65%

of the variation in the dependent variable, and the
adjusted R’ adequacy.
F (5, 114)=54.39 indicates the overall significance of

confirmed the model’s

the model. The standard errors of the coefficients are
at an acceptable level.

Y, =69,9+0,126x X, —0,55x X, —0,2x X, +0,47x X, + & . 3)

Thus, the data obtained from the model-building
process demonstrate that the models are sufficiently
adequate for further application.

From a practical standpoint, the proposed approach
offers significant advantages for the development and
implementation of public policy. Focusing on sub-indices
allows for the formulation of targeted policy decisions
aimed at specific problem areas of human development,
rather than universal but less effective measures.
The results obtained can be used:

— in the formulation of educational and social policy;

— in the healthcare sector;

—in the development of strategies for human capital
development and employment.

Thus, the use of three regression models instead
of a single generalized one not only eliminates the
methodological limitations of existing approaches but
also ensures a deeper theoretical understanding and
high practical significance of the research results.

6. Discussion of Results

This section interprets the results of the correlation
and panel regression analyses, highlighting the main
relationships between explanatory variables and dependent
variables. The results obtained and the conclusions drawn
by the authors are analyzed and substantiated in light of
the existing scientific literature on the subject and their
significance for policy and practice.

Correlation analysis showed that the positive
relationship between the demographic dependency ratio
and life expectancy at birth, as well as per capita GNI,

may reflect the characteristics of the demographic
transition. In more economically developed countries,
high life expectancy leads to an increase in the proportion
of the elderly population, which raises the overall
dependency ratio. At the same time, high GDP per capita
provides the resources to support dependent age groups
thanks to well-developed health care, education, and
social security systems. Thus, a high age dependency
ratio in this case is not a consequence of economic
weakness but an indicator of demographic aging.

As correlation analysis has shown, the fertility rate
has a negligible impact on HDI components, and this
impact depends on the context, as confirmed by studies
conducted by researchers who have examined this issue.
However, a weak negative correlation is observed
between the fertility rate and expected years of schooling.
Therefore, we hypothesize that an excessively low fertility
rate creates a demographic imbalance that indirectly
reduces the level of expected years of schooling.
Thus, the conclusion of Hartgen and Wallmer (2014)
regarding the complex bidirectional interaction between
fertility and HDI components is confirmed, according
to which both excessive and insufficient fertility can
hinder human development [7].

Mortality rates have a strong negative impact on life
expectancy and health, as well as on a decent standard of
living, indicating the inhibitory effect of sociodemographic
characteristics. High mortality rates shorten life expectancy,
as the proportion of young and working-age people in the
population structure changes for various reasons: this
may be due to their outflow from the country, mortality,
or a decline in the youth (or working-age) segment
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of the population as a result of demographic decline.
At the same time, this reduces the size and productivity
of the labor force, increases social expenditures, and
decreases national income. Therefore, a high mortality
rate is an indicator of a low level of development
of the healthcare system and the country’s limited
economic potential.

The net migration rate has a strong positive impact
on all human development sub-indices. Migration is
typically accompanied by an influx of economically active,
well-educated individuals of working age, thereby
strengthening the country’s human capital. This contributes
to increased labor productivity, the development of
innovation, and the improvement of health and education
systems. In addition, migrants often bring additional
financial resources, such as investments, taxes, and
remittances, which stimulate economic growth. Thus,
a positive net migration rate is a factor in demographic
and economic renewal, contributing to increased
well-being and socio-economic stability in the country.

The overall level of emigration has a negative
impact on the HDI. However, this impact is weak and
insignificant. It is important to highlight the positive
average impact of immigration on the levels of certain
HDI components. This is particularly true for Average
Years of Schooling, Expected Years of Schooling, and
Gross National Income per Capita.

High levels of immigration, particularly of young
and economically active individuals, lead to an increase
in the labor force and higher labor productivity.
This contributes to economic growth and increases
national income. Furthermore, the influx of intellectual
capital improves the quality of health care and education
systems, which can enhance living conditions and the
level of social security. As a result, high levels of
immigration are a favorable factor for both education and
a country’s economic development.

The empirical results of our study further confirm
and refine previous research, highlighting the significant
impact of demographic factors on the HDI. As shown by
studies by Lutz (2013) and Lutz et al. (2018), population
structure, fertility, and mortality correlate with HDI
components, which is consistent with our data on the
positive impact of the working-age population share and
the negative impact of high mortality rates [1; 2].
Empirical data from Kozlovsky et al. (2020), Engelhardt-
Wolffler et al. (2018), and Herrero et al. (2019) show that
age structure alters HDI dynamics, which is consistent
with our study results [4]. The nonlinear effects described

by Hartgen and Volmer (2012, 2014) explain the inverse
effect of fertility on the HDI in countries at different
levels of development [6, 7].

The models developed by the authors, based on data
from European countries, have high analytical value,
as they reflect generalized patterns of interrelationships
between demographic, social, and economic factors of
development. Ukraine belongs to the European socio-
demographic space, so its human development dynamics
are subject to similar structural trends — population aging,
declining fertility, the impact of migration, and
educational transformation. This makes the use of
European models for forecasting methodologically
justified, but with due consideration for Ukrainian
conditions and the demographic and migration shock
of 2022. Therefore,

European patterns but parameterized using Ukrainian

an adapted model, built on

data, is capable of providing realistic forecasts of the
components of human development in Ukraine.

7. Conclusions

The study results showed that the impact of
demographic and migration factors on HDI components
is heterogeneous. For the "Long and Healthy Life"
dimension, the mortality rate is the determining factor,
while a higher proportion of the working-age population
and rising birth rates have a positive impact. For the
"Knowledge" dimension, the level of immigration plays
a dominant role (young people likely predominate in the
immigration structure); The total fertility rate has a minor
but significant impact on the reduction in the duration of
education due to demographic aging and the redistribution
of resources; it is worth emphasizing that demographic
indicators have a context-dependent relationship. For the
"Decent Standard of Living" measurement model, the
most important factors are Mortality Rate and Net
Migration Flow, which determine economic dynamics
and development potential. Thus, the results obtained
deepen the understanding of the interrelationship between
demographic processes, migration, and the level of
human development. The constructed panel regression
models allow for a quantitative assessment of the
contribution of each demographic and migration indicator
to the formation of HDI components, providing a new
empirical toolkit for analysis. Thus, the study contributes
to the development of human development theory by
elucidating the role of structural demographic changes
as determinants of socio-economic dynamics.
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Scientific novelty of the study
The methodological approach to identifying the
determinants of human capital development in the context
of industrial structural transformation has been further
developed. This approach is based on the construction of
three regression models, where the dependent variables
are the sub-indices of the Human Development Index,

for forecasting the HDI, taking into account the impact
of demographic and migration aspects. In our opinion,
the study of the impact of the quantitative and
qualitative characteristics of human capital migration
as a compensatory factor for a country’s human
development in the context of global and local upheavals
is of significant interest.

and the independent variables are demographic and

represented by  corresponding Conflict of interest

migration  factors
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composite indicator structural
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Igor Nevliudov, Vladyslav Yevsieiev, Svitlana Maksymova, Oleksandr Pashchenko, Viktor Kosenko

DEVELOPMENT OF A MODEL FOR SYNCHRONIZING THE OPERATION
OF COLLABORATIVE ROBOTIC MANIPULATORS IN HRC SCENARIOS

This article examines the problem of synchronizing the operation of a group of collaborative robots in a shared workspace
with humans, in light of modern requirements for human-centered manufacturing and the Industry 5.0 concept. The relevance
of the research stems from the need to ensure coordinated movement of multiple robots while adhering to strict safety
constraints in HRC scenarios, where traditional centralized approaches do not guarantee sufficient reliability and scalability.
The objective of this work is to develop a mathematical model for the synchronized control of collaborative manipulators, taking
into account mutual coordination, tracking of a shared trajectory, and active avoidance of dangerous proximity to humans and
between robots. The subject of the study is decentralized synchronization laws in the problem space with projection into joint space
and the use of potential safety fields. The work uses methods of mathematical modeling of manipulator dynamics based on
Euler-Lagrange equations, consensus control methods, pseudo-inversion of the Jacobian matrix, fourth-order Runge—Kutta numerical
integration methods, and methods for analyzing safety metrics. The objectives of the study are to formalize the laws of consensus
control in the problem space, integrate safety potential fields, and perform numerical validation of the model for a group of
manipulators in a shared workspace. Modeling results for a group of three two-link planar manipulators showed the formation
of coordinated trajectories with a reduction in characteristic oscillations and stabilization of dynamics; however, the average
tracking error of the common trajectory remains at 0.38-0.40 m. An analysis of minimum robot-to-robot and robot-to-human
distances confirmed the effectiveness of potential barriers in steady-state operation, but revealed dangerous gaps in transitional
sections. It is concluded that the proposed model ensures stable synchronization and a basic level of safety, but to guarantee
compliance with safety margins throughout the entire time interval, it is advisable to switch to rigid barrier constraints such as
CBEF and task-priority control schemes.

Keywords: collaborative robotic motion scenarios, decentralized control,

manipulators, synchronization, HRC

consensus algorithm, safety potential fields, Jacobian pseudoinverse, Industry 5.0.

1. Introduction scenarios [10—13]. The realities of modern manufacturing

require the simultaneous achievement of high synchronization

In the current context of Industry 5.0, a human-
centered approach is emerging as a key driver of
technological evolution, under which robotic systems
must not only increase productivity but also ensure safety,
adaptability, and flexible interaction with humans [1-3].
Collaborative robots are increasingly being integrated
into shared workspaces, where there is a need for precise
synchronization of their actions in the presence of
an operator. Under these conditions, traditional centralized
control algorithms prove insufficiently effective due to
limited scalability, data exchange delays, and difficulties
[4-7].
synchronization models that combine coordinated motion

in ensuring safety Therefore, decentralized
control, adaptive compensation laws, and integrated
mechanisms for preventing dangerous collisions are
becoming particularly relevant [8—9]. The relevance of
this research is also driven by the need to transition from
"soft" heuristic approaches to formalized mathematical
models capable of ensuring predictable system dynamics
Collaboration (HRC)

in complex Human—Robot

accuracy, disturbance resistance, and guaranteed safety
constraints. This is precisely why the development of
models for synchronized control of collaborative robots
in a shared space with humans is a timely, scientifically
sound, and practically significant task.

2. Analysis of last achievements and publications

In their paper, I. Rybalskii, K. Kruusamde,
A.K. Singh, and S. Schlund propose an AR interface
to improve the safety of operator interaction with
industrial robots, where augmented reality is used to
visualize danger zones, motion trajectories, and warnings,
which statistically reduces the number of dangerous
encounters in production scenarios [14]. This solution
enables the integration of human-centered visual
feedback tools into HRC systems and can be used in our
study as a basis for overlaying dynamic AR prompts
regarding safe distances and restricted zones onto the

synchronized trajectories of manipulators.

© Igor Nevliudov, Vladyslav Yevsieiev, Svitlana Maksymova, Oleksandr Pashchenko, Viktor Kosenko, 2026
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In their study, D. Koczi and J. Sarosi conducted
a systematic review of safety engineering methods for
humanoid robots in everyday life, developed a risk
classification, reviewed standards, approaches to
hazard assessment, and strategies for designing safe
behavior [15]. The proposed approach makes it possible
to link the mathematical synchronization model with
functional safety requirements and emergency scenarios,
so the results can be used to formalize robot-human
distance constraints and motion acceptability criteria
in our model.

In P. Pawlewski’s article on the scientific and
practical challenges of remanufacturing process
modeling, the problems of reliable simulation of complex
production flows are examined, and a set of functions,
requirements, and architectural solutions is proposed for
developing new approaches to modeling and digital twins
of remanufacturing [16]. This solution makes it possible
to align macro-level production models with the micro-
level of robot control, and from the perspective of our
research, its results can be used to justify the need to
integrate a synchronization model with the digital twin
of a conveyor or assembly line.

In the article by H. Ye, Y. Song, J. Lam, and
P.A. Toannou, a decentralized control law with a specified
convergence time is developed for "hand-fingers" systems
performing grasping and manipulation tasks, where each
subsystem controller ensures the achievement of target
trajectories within a limited time using Lyapunov
stabilization methods and barrier functions [17].
This approach makes it possible to ensure predictable
convergence of multi-link robots with minimal
communication requirements; therefore, elements of this
theory are suitable for use in our model to construct
local joint synchronization laws, however, direct
adaptation requires rethinking due to a different problem
formulation (HRC in shared space, rather than merely
object manipulation).

In the work by M. Zhang, J. Guo, and Z. Zhang
propose a distributed slack-barrier recurrent neural
network for coordinated motion of a set of redundant
manipulators in an obstacle-filled environment, where
the optimization problem with safety constraints is
implemented as a dynamic NN system that avoids
collisions and maintains coordination [18]. This solution
makes it possible to encapsulate collision constraints
and redundancy within the control dynamics themselves;
therefore, its ideas are consistent with our potential field

approach and can be used for the further development

of a neural network variant of the synchronization model,
although full integration will require simplifying the
computational complexity for real-time operation.

In a study by S. Agarwal and J. Alonso-Mora,
S. Sun developed a decentralized real-time planning
method for multi-UAV cooperative manipulation based
on imitation learning, where local "student" policies
learn to imitate a centralized planner under conditions
of partial observability and the absence of inter-agent
communication [19]. The proposed approach makes it
possible to achieve near-centralized planning quality in
a decentralized architecture, which is important for
scaling multi-robot systems, and in the context of our
work, this can be used as a conceptual basis for training
local synchronization laws for manipulators based on
reference centralized trajectories.

In the article by D. Ma, C. Zhang, and Q. Xu, and
G. Zhouy,
manipulation operations

an approach to proactive control of
in an Industry 5.0 HRC
assembly environment is considered, based on the fusion
of large-scale models of the production system and
small-scale models of specific robots, which ensures
adaptation to the context and line load [20]. This solution
makes it possible to combine line-level planning with
local manipulator control, and thus directly supports
the idea of integrating our synchronization model into
a multi-level control architecture, where synchronized
working trajectories are coordinated with demand
forecasts and environmental changes.

In the work by P. Ding, J. Zhang, P. Zheng,
P. Zhang, B. Fei, and Z. Xu, a human motion prediction
network enriched with scenario features is proposed,
which accounts for environmental dynamics and the
diversity of operator motion patterns for proactive
collaboration in personalized assembly tasks [21].
The proposed method makes it possible to significantly
improve the accuracy of short-term predictions of human
trajectories, which in our study is critically important for
the correct construction of potential safety fields and the
adaptive modification of synchronized robot trajectories;
accordingly, the results of this work should be used as
one of the sources for operator position prediction models.

In the article by W. W. Loy, J. Donovan,
M. Rittenbruch, and M. Belek, Fialho, and Teixeira,
an AR-oriented HRC system is investigated for research
assembly tasks, where a designer can view, modify, and
execute a cobot’s actions in real time via an AR interface,
receiving spatially constrained visual feedback [22].
This solution makes it possible to coordinate human
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creative actions and robotic manipulations in "open"
environments, and in the context of our synchronization
model, the results can be used to design an interface
layer that displays the robot’s current and predicted
synchronized trajectories and safety zones to support
the operator’s situational awareness.

In the
an approach to evaluation and benchmark metrics

work by S.M. Mizanoor Rahman,
for collaborative object manipulation tasks in HRC is
proposed, where a set of indicators for productivity,
ergonomics, safety, and interaction quality is considered,
along with test scenarios for comparing different
algorithms [23]. This solution enables standardized
evaluation of HRC systems and is directly relevant
to our task, since the developed synchronization
model requires quantitative quality criteria (tracking
error, minimum distances, motion smoothness); so the
proposed metrics can be adapted to validate our approach
in numerical experiments.

The article by P. Lin, N. Zeng, Q. Li, and K. Niibel
provides an overview of HRC safety in construction,
systematically outlining typical hazards, regulatory
requirements, technical risk control measures, and
promising directions for the development of standards
and safety sensor systems [24]. This review allows us to
generalize the requirements for safe human-robot
interaction in complex, loosely structured environments,
and from the perspective of our research, it supports
the justification for the need for embedded safety
modules (potential fields, barrier conditions) within
the synchronization model, although the specifics of
construction sites differ from laboratory HRC scenarios
involving manipulators.

Taken together, the analyzed publications demonstrate
a steady trend toward a transition from isolated robotic
systems to human-centric HRC architectures with
decentralized control, human behavior prediction,
AR support, and formalized safety and productivity
metrics, confirming both the scientific and practical
relevance of developing a synchronization model for
collaborative robot manipulators in HRC scenarios
capable of integrating these areas into a single
mathematically sound approach.

The aim of this article is to develop a mathematical
model for the synchronized control of collaborative
manipulators, taking into account mutual coordination,
tracking of a common trajectory, and active avoidance

of dangerous proximity to humans and between robots.

3. Brief Explanation of Parameters and Variables

In this section, a brief explanation of parameters and
variables is presented before the mathematical model to
ensure unambiguous interpretation of the introduced
notation and to simplify the understanding of subsequent
derivations. This approach allows the reader to focus on
the logic of the synchronization model’s construction
without being overwhelmed by formulas, and also
enhances the reproducibility and correctness of the
numerical implementation of the proposed method.

Indices and dimensions: i,je{l,...,N} — robot
indices; N €{2,3,4} — number of robots in the group;

n, — number of robot i joints; d — dimension of the
workspace (3 for position, 6 for position+orientation).

State variables: g, (t) € R" — angular coordinates of
the joints; ¢,(¢)eR" — angular velocities of the joints;
g, (1) e R™ — angular accelerations

xi:fi(qi)E]Rd -

current position/orientation of the robot’s i end-effector

Kinematics and Geometry:

in global coordinates; x, =J,(g,)¢, — velocity of the
end-effector in global coordinates; J,(g,)eR""

Jacobian matrix; J(¢,)eR"™ — pseudo-inverse

Jacobian, for finding the desired joint accelerations that
realize the desired acceleration in the workspace.

Dynamics: M, (q,) € R"™ — mass-inertia matrix;
C/(4,,9,)4, € R" — Coriolis and centrifugal moments;
g,(g,)eR" — gravitational moments; 7, e R" — local

control moment (the specific robot’s i task); 7" e R" —
synchronization moment (cooperation with others);
Tl:vu/é c Rn, _

proximity to humans and other robots).

safety moment (avoiding dangerous

Goals and errors: x"(t)eR? — the group’s
common desired trajectory (team task); X"(r)eR‘—
the desired acceleration of this trajectory; e, =x, —x" —
the robot’s i deviation from the group goal; e, = x, —x, —
the deviation between robots i and j, characterizing

how far apart they have "drifted".
Group ties: a; >0 — the weight of the tie between

robots i and j.Ifrobots i and j; must maintain nearly
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identical positions, we set a, large; Zja[l.(x[—xj) -

the consensus term, which pulls the robots into a "flock"
Control parameters: K, — proportional alignment

coefficient to the global goal, K, — group consensus

c

coefficient; K, — damping coefficient (dampener)

to prevent  the system from

K,=kI,K =kI,K,=k,1I,

oscillating;
— a matrix of positive

scalars to simplify numerical implementation.

Safety: p,eR’ — robot i reference point
(e.g., current position of the gripper or arm segment that
could touch a person); p, € R® — estimated human
position; d,, =|p,—p,| - robot-human distance;

d(/l) _

min

d[,j=||p,.—pj|| — distance between robots;

minimum permissible distance to a person (human safety

zone); d') — minimum permissible distance between

robots; «,,a, >0 — coefficients for "how aggressively

to flee" from danger; V,,,V,, — potential energy of

danger; F =-V V" repulsive force in the

workspace; 7/ = J!F*” - repulsive torque at the joints,

i

which is actually applied to the actuator.

4. A mathematical model of the synchronization
of collaborative robots-manipulators
in a shared workspace with humans

Let there be an i-th robot (manipulator) in the
group i=1,...,N. Let us
coordinates by:

denote the generalized

qi(t)E[R"‘ (1)
The coordinate vector of the robot’s i
(e.g., the

joints
Each

linear

angles of the
a4 (1)

displacement of the robot i £k -th joint. The dimension

servo  motors).

element represents the angle or

n, is the number of degrees of freedom of the

manipulator i. The first and second derivatives then
represent the velocities and accelerations at the joints:

con_da, oy _dg,
qi(t)_z7 qi(t)_?' (2)
We will present the dynamic model of the
manipulator in the form of the standard Euler—Lagrange
model for a robotic manipulator:

sync

M (4,)4,+C(q,.4,)4,+ g (q,)=7,+7"" +7 . (3)

Model (3) serves as the basis for numerical
modeling: by integrating ¢, over time using the
Euler/Runge—Kutta method, we can simulate the motion
of each robot in Python.

To discuss the synchronization of a "group",
we need to move from the common joint space to the
common task space — usually the Cartesian space of the
workspace. Let’s introduce the direct transformation

(kinematics) of the robot i :

x,(t)=f(q,(2)) e R, )
where x, () — state vector of the robot’s i tool point
in the global (common) coordinate system. Usually,
d =3 for a position (x,y,z), or (x,y,z) if we also
consider orientation (for example, an Euler vector —,
in which case we can partially linearize); f,(+) — the

direct kinematics of the robot. Let’s take the derivative:
xi:Ji(qi)qi . (5)

Where J.(qi)eRdx"' — links the joint velocities

to the tool velocity in Cartesian coordinates. This is
necessary because it relates the motion within the robot’s
joint space (i.e., the angles and their velocities) to the
motion in the workspace (i.e., the position and velocity of
the manipulator tip — the effector). Model (5) is the
fundamental link between the robot’s kinematics in the
joint space and in the workspace, that is, between the
robot control space and the space of interaction with
humans and other robots. Without it, it is impossible to
properly establish synchronization, because we do not
know how changes in the joints affect the coordinates
that need to be coordinated.

Let us assume that the coordinated group task for
all robots is as follows:

— they follow a common group plan (for example,
they carry a single part together);

— they do not interfere with one another and do not
come dangerously close to a person.

Then we introduce a reference (target) group
trajectory in the workspace:

x"(t)eR?. (6)

This could be the position of a shared object (part)
that the robot team needs to hold, or the trajectory
of the point where the tool is handed over to a human.

Now let’s determine the positioning error for
each robot:

e (1)=x(t)-x"(1) . (7)
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Let’s interpret (7), e, =0 means that the robot’s i
tool is located where the command expects it to be
(the coordinated trajectory). Next, we will describe
the coordination error between the robots:

e, (t)=x(t)-x,(t), i#/ . ®)

This is the "discrepancy" between robots i and ;.

If all e; — 0, then all robots are spatially synchronized

(for example, they hold the same component node or
move as a rigidly connected structure).

To specify who should synchronize with whom
directly, we introduce an undirected weighted interaction
graph with the following parameters:

— the vertices of the graph are the robots 1,..., N ;

— an edge (i, /) exists if robots i and i must

be coordinated;
— the weight of the connection is a; >0 if there

is no direct informational/physical contact, then a; =0 .

Let us formulate a synchronization law (cooperative

control): suppose we want to generate 7" such that

i

the robots converge to a common group trajectory x° (t)
and coordinate with each other (minimize e, ). One of the

basic and numerically convenient options is a law
in the task space, which is then projected via the Jacobian
onto the joint moments.

Let us introduce a virtual control "accelerating
influence" for the robot in the problem space:

u[.=—erl.—Kcia,.j(x,.—xj)—l(dxi+5é* , 9)
=1

where: K, e R — gain matrix based on positional

error relative to the global target x"; K, e R — the
consensus gain matrix, which reduces the differences
between works; the larger it is, the more the works
"converge" toward one another; K, e R“‘ — it is
desirable to accelerate the joint group trajectory;
if the trajectory is slow or quasi-static, it is acceptable
touse ¥ = 0.

To implement this acceleration via the actuators,
it is necessary to invert the dynamics in joint space,

ie., the mapping u, at time 7" . The following
approach is proposed:

1. Desired joint acceleration:
qtfm :Jt'T(qi)ui : (10)

Objective (10): Find such ¢* that it gives us the
desired X, = u, .
2. Determine the synchronizing point:
" =M, (q,)4 +C(q,4,)d:+&(q) - (D)

In other words, using (11), we apply a torque to the
robot that causes its current dynamic model to "accelerate"
toward the desired behavior within the task space. But if
the robot already has a base task 7, (for example,
maintaining grip force, stabilizing tool orientation),

we cannot simply replace everything with 7" . In that

case, composition is performed via task priorities:

7'_ilotal — Ti/ask + Nil_;vync , (12)
here N, =1-J" (Juy I lu,) 7 ¢
where i task,i task,i* task,i task,i operator

in the null space of the problem, but to simplify

numerical modeling, we can assume that 7, =0 and 7"
are fully controllable.

Since we are working "in the same workspace as
a human", we must ensure minimum distances.
We therefore define the following:

— "robot-human" distance:
d,(1)= "p,» (6)-pi(2)
— minimum permissible distance:
di >0 ; (14)
— avoiding clashes between robots:
d; (t):"pl. (t)-p, (’)" , dl) >0 (15)

Let’s introduce safety penalty potentials that increase

; (13)

sharply as the distance approaches a dangerous level.
Robot-human safety pseudo-potential:

2

1
v, (0)=1 " a, ()
+ 00, d, (t) <d"

min

,od o (£)>d"
z,h( )> min (16)

where ¢, >0 — human safety weighting factor; gradient

Vv, V., (¢) indicates the direction in which the robot i

should be pushed to increase the distance from the person.

Robot-to-robot safety pseudopotential:
2

1

v (t)=a| ——- |,
z,./( ) r di’j (t)_d(t)

min

i=j, (17

where: «, >0 — collision avoidance coefficient between

robots. Total safety potential for the robot i :
N

V=V 2V, (18)

=L
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Conversion of security forces into 7/, repulsive
force in the workspace:
safe __ safe
F ==V (19)

Let’s make a projection (19) into the joint space:
T’:\'afﬁ — JiT (qi)F;sa/'e . (20)
Let us interpret Model (20) as follows: if the robot

gets too close to a human or another robot, [VV| grows,

safe

it generates a large pushing moment z;° that corrects

its motion to a safe trajectory. That is, Model 3 will be
the full dynamic control.
As a result, for each robot i, we have a system of

classical second-order differential equations for ¢, ;
to perform numerical modeling, the following steps
are proposed:

1. Let’s calculate x, = f;(g,) and J,(q,).

2. Calculate errors e, =x, —x", €; =X, =X, .

3. Calculate the virtual control in the problem space

N
ui——erl.—KL,Zal./.(xi—xj)—de,.+x .
j=1

4. Find the desired joint acceleration G =J/ (¢, )u, .
5. Get the synchronizing moment
T:-V'ZL‘ = Mi (ql )qidec + Ci (qz 7q'i )ql + gi (ql ) °
6. Count 7 = JTF*” , where
F*=-v, LVM + ZV’U J
J#i
7. Substitute into the dynamic model
4, = Mi_l (qi )(Tz:W + T}We +7,-C (qi’q.i ) — & (qi )) :

5. Development of a program
for modeling the fusion of data from sensors
of a collaborative robot
and analysis of the results obtained

Purpose of the modeling:

1. To investigate the synchronization of a group
N =3 of collaborative planar manipulators (2 DOF each)
in a shared workspace with a human.

2. Analyze how a consensus control law in the task
space (effector position) with damping and backward
projection via the Jacobian matrix ensures: tracking

of a common desired coordination trajectory x"(¢)

among robots; maintenance of safe robot<srobot and
robot—>human distances based on potential safety fields.

Modeling parameters:

— total modeling duration 7' =20s; integration step
dt =0.002 s; RK4 integrator;

— number of robots N =3;

— manipulator geometry (all identical): link lengths
[,=0.6m, [, =0.4m;

— inertial parameters: m, =2.0kg; m, =1.0kg;
1, =0.05kg/m’ ; I, =0.02kg/m”; g =9.81m/s” ;

— parameters of the spatial synchronization law:
K,=18, K =10, K, =3.5;

— projection into joint space J' (regularized
pseudo-inverse) with damping 10—4;
— safety (potential fields): robot«>human threshold

d"

min

dv

min

=0.5m, coefficient ¢, =20 ; robot<>robot threshold

=0.35m, coefficient o, =0.12 ; for critically small
distances — saturation of the repulsive force.
Modeling input data:
— initial states in the joint space (for generating
initial configurations):
robot 1: ¢ =[0.0,0.5], ¢ =[0,0],
robot 2: ¢ =[0.6,-0.3], ¢ =[0,0];
robot 3: ¢ =[-0.6,0.3] ¢=[-0.6,0.3], ¢ =[0,0].
— desired group trajectory in the problem space

x"(t): acircle of radius R = 0.5 m with angular velocity
w=0.25rad/s and center (0.4, 0.1);

— human trajectory p,(7): smooth motion along
a line with slight oscillations in y (amplitude 0.2 m,
frequency 0.15 rad/s with a fixed x =0.6 m);

— model matrices/functions: f(¢), J(q), M(q),
C(4.9), g(q), safety settings, and interaction graph A4 .

Constraints imposed on the model during the
modeling process:

— spatial simplicity, i.e., a planar 2D model
(we consider only the effector’s (x,y) position; we do

not model the tool’s orientation);
— simplified dynamic terms, i.e., the model M , C,

g is canonical for a 2-link manipulator; friction,

backlash, transmission elasticity, and drive saturation
are not taken into account;

— measurements are ideal; this is a modeling
without noise, delays, or calibration errors; feedback
uses "true" values ¢,q ;
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— collision/safety takes into account repulsion
calculated at the end-effector (or a single control point);
self-intersections of links and contacts across the entire
manipulator geometry are not modeled;

— joint limits and torque/velocity constraints are not
accounted for (no saturation/anti-windup);

— using a pseudo-inverse J' with low damping can
lead to errors near singular positions (singularities);

— potential safety fields may cause local minima
(although consensus and damping reduce the risk
of "getting stuck");

— the connection graph is static and fully connected;
data transmission and communication delays are not
accounted for.

Hardware specifications for the study: Microsoft
Surface Pro 9 with the following specifications: CPU:
10-core Intel Core 17-1255U (1.7-4.7 GHz), GPU: Iris Xe
Graphics, RAM: 16 GB, SSD: 512 GB.

Software: Windows 11 Pro (version 24H2), 64-bit
operating system, x64-based processor.

PyCharm 2025.1.1.1 numerical modeling software
development environment, Python 3.13.7 programming
language [25-33].

Trajectory: Robot 1 vs Desired x* and Human path

104 Trajectory: Robot 2 vs Desired x* and Human path

— Robot 1

The modeling results are presented in Figures 1-4.

The resulting trajectories (Fig. 1) confirm the
effectiveness of the improved synchronization law;
however, the accuracy of tracking the common target

remains limited: the mean error e, is approximately

0.59 m, the 95th percentile is approximately 0.91m,
and the final error remains at ~ (.58 m; that is, steady-
state conditions with an accuracy of 0.1m are not
achieved. Unlike the previous "filled circles", the
trajectories have taken on a spiral-crescent shape with
a smaller amplitude and a distinct tendency to move

toward the area x"(¢) which indicates an effect of

enhanced damping in the problem space and at the joints,
as well as a reduction in mutual "pulling" following the
thinning of the interaction graph. At the same time,
although safety metrics have improved on average,
they remain critical during peak conditions: the
minimum robote—>human distance drops to =~ 0.085 m
when the 5th percentile is ~0.232 m, the minimum
~0.006 m with

a 5th percentile of ~0.178 m, which implies periodic

robote>robot  distance  drops  to

breaches of the 0.50 m and 0.35 m safety barriers.

Trajectory: Robot 3 vs Desired x* and Human path

=7 0754 | — Robot 3
. ,’? x* A(]esrcd; 08 | " & iy
**1 " g Pl —- Human path
~Z ! us ([ w50 A
7 /s > i
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\ “f*-- o 0.25
N )
0.4+ NS e !
= 1€ A \ 62 — om0
& [ it | = I E
> 02 / " y 00 ] > /
| g / i 0.25 /
00 I\ A / 02 " | »
\ £ ~as0 \ 4/
Y of \W / \ ¥
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— | .'( 0.7
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- oo
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a) c)

Fig. 1. Trajectoty: Robot n vs Desired x* and Human path: a) Robot 1; b) Robot 2; ¢) Robot 3

Qualitatively, this is explained by the fact that the

safety modulation coefficient y, effectively "stifles"

consensus and accountability x’ (t), in hazardous zones,

causing phase shifts and local bypasses of the human
but the
interaction model and the barrier potential, combined

body and adjacent -effectors, single-point
with the projection J' still lag behind during rapid
approaches and near singular configurations. Adaptively
damped pseudo-inversion reduces disturbances on
degenerate configurations; however, during moments
of abrupt reprioritization between safety and
synchronization, curvilinear loops arise, increasing the

integral error. Strengthened dampers and saturation of

velocities and accelerations prevented the "spinning up"
of amplitudes, but limited maneuverability for precise
trajectory entry, which again shifts the balance toward
avoidance rather than tracking. Taken together, the
results demonstrate that the introduced improvements
stabilized the dynamics and reduced the characteristic
orbits, but to achieve centimeter-level accuracy while
simultaneously maintaining clearances, rigid geometric
constraints are lacking in the control law itself. From the
perspective of the synchronization model, this indicates
the need to replace soft potentials with a goal-priority
scheme using null-space or QP/CLF-CBF control,
where encoded as

safety is non-negative barrier

conditions, and tracking x"(¢) is performed within




Cyuacnuii cman HayKosux 00Caiodcenb ma mexnono2iii 6 npomucnosocmi. 2026. Ne 2 (36)
Innovative technologies and scientific solutions for industries. 2026. No. 2 (36)

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

the permissible range. Further improvements are expected
from a multi-point contact model for safety and
adaptation y, based on the rate of convergence, as well

as subsequent filtering X* and fine-tuning the ratio
K,:K, :K,. Thus, the study confirms the effectiveness

of the proposed coordination approach, but at the
same time highlights the limitations of soft constraints
in HRC scenarios and calls for the introduction of
hard constraints to ensure safety while maintaining
synchronization quality.

The resulting curve (Fig. 2) of the average tracking
error demonstrates transient dynamics characteristic of
synchronized collaborative manipulators, with a noticeable
oscillatory mode. The initial increase to =~ 0.85 m in the
first 3—4 s indicates a phase mismatch between the
robots and a delay in the formation of a coordinated
potential field. After 5s, a gradual decrease in the error
is observed, with amplitude oscillations of approximately
40.15 m around the mean value of 0.55 m . At the end

of the modeling (#~20s), the average error is
~0.38—0.40 m, meaning the

approaching equilibrium, but the specified accuracy
threshold of 0.05 m is not achieved. This means that the

system is gradually

consensus law in the problem space effectively stabilizes
the relative positions of the robots; however, due to the
significant damping effect of the safety forces and the low

weight of the component (K,) Convergence slows down

and residual phase desynchronization occurs. From the
perspective of the synchronization model, this indicates
partial coordination — the group coordinates without
chaotic disturbances, but without fully adhering to
a common trajectory, which requires a stronger prioritization
of tracking over consensus and further strengthening of
the adaptive components in the control law.

Mean tracking/consensus error over time

-=- 0.05 m target

mean [le ||

0.0 25 5.0 7.5 10.0 12.5 15.0 17.5 20.0
time [s]

Fig. 2. Mean tracking/consensus error over time

The curve showing the minimum distance between
agents (Fig. 3) reveals a brief transitional "dip" to
approximately 0.13—0.15m at the start, after which
the repulsive forces and the modulating safety
factor quickly push the agents apart, and already

from approximately ¢~0.7s the distance consistently

threshold

Subsequently, fluctuations are observed in the range

exceeds the specified d") =035m.

of 0.55-0.70 m, with occasional local drops to
approximately 0.40—0.45 m during periods of active
formation reconfiguration, and after ¢ ~10s. The metric

stabilizes around 0.63—0.67 m, with peaks reaching
approximately 0.80 m . Qualitatively, this means that
the sparse "ring" graph and enhanced damping have
eliminated mutual "overlap", while adaptively damped
pseudo-inversion has reduced risks near singularities,
so the system maintains a safe margin in the quasi-
stationary state. The initial non-compliance interval and
rare close approaches are explained by competition

between attraction to x"(z) and by mutual agreement,

which are temporarily suspended y,

fields.
synchronization model, this confirms the effectiveness

in response to

barrier From the perspective of the

of safety prioritization: the method ensures compliance
with 4"} in steady state, but to ensure stability

throughout the transition process, it is advisable to
increase the barrier (higher CBF conditions) and
introduce multi-point repulsion along the links.

Robot-robot minimum distance
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Fig. 3. Robot-robot minimum distance

The graph of the minimum "robot-human" distance
(Fig. 4) shows a brief dangerous transition phase: in the
first = 2.3 seconds , the metric drops to ~0.30—0.32 m,

which is below the threshold d") =0.50m . After the

min

activation of the barrier forces and the reduction of y,.
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The curve rises sharply above the threshold and
subsequently remains within the safe zone, with typical
0.95m and

occasional peaks reaching approximately 1.1m. The

fluctuations ranging from 0.70 to

average quasi-stationary value is approximately 0.80 m,
indicating

a stable "social distance" around a person and an effective
reorientation favor of

of priorities in safety.

The oscillatory profile is explained by a compromise

between pull to x"(7) by consensus and barrier

repulsion: when a human trajectory passes closer

to the working contour, y, suppresses tracking by

causing the robots to bypass the human with phase
shifts. From the perspective of the synchronization
model, this indicates that soft potentials remain
functional after the transition; however, the initial failure
highlights the need for stronger guarantees at the moment

of launch (reinforcement of «,, initial safety buffer
(or CBF/predictive component) to ensure compliance

d" over the entire time interval.

min

Robot-human minimum distance

--- d_min~h

e

]
e
=

=
o
L

in distance robot-human [m

0.0 25 5.0 7.5 10.0 125 15.0 17.5 20.0

time [s]

Fig. 4. Robot-human minimum distance

6. Conclusions

coordination among the robots. The minimum distances
between the robots, following a brief initial deviation,
stabilize in the range of 0.60—0.70 m, which exceeds the
specified safety threshold of 0.35 m, while the "robot—
human" distance in quasi-steady-state mode is maintained
at approximately 0.80 m against a standard of 0.50 m,
which qualitatively confirms the effectiveness of
potential barriers in steady-state mode. At the same time,
recorded dangerous drops in the initial sections
of the trajectory to 0.30-0.32m for human-robot
0.13-0.15m for

interaction indicate the limitations of "soft" potential

interaction and to robot-robot
fields in transient modes and during rapid approaches.
A qualitative analysis of the trajectory shapes revealed
a decrease in the amplitude of oscillations and a transition
from chaotic orbits to spiral-smoothed contours,
indicating the stabilization of group dynamics; however,
phase shifts caused by the trade-off between tracking
and safety remain a source of integral error. The results
obtained demonstrate the effectiveness of the proposed
model for synchronization tasks in shared space with
a human, but simultaneously reveal the need to implement
strict barrier constraints such as Control Barrier Functions
or CLF-CBF/QP control to ensure compliance with safe
distances throughout the entire time interval. Further
research should focus on integrating human motion
prediction, a multi-point contact model along the
manipulator links, and experimental validation of the
model on a physical test bench, which will allow for
increasing synchronization accuracy to the centimeter
level while

simultaneously ensuring formal safety

guarantees in real-world HRC scenarios.
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Eiinepa—Jlarpamka, MeTOAM KOHCEHCYCHOTO KepyBaHHsS, IceBoiHBepcii Matpumi SIko0i, YHCeNbHI METOAW IHTErpyBaHHS
Pynre-KyTTn werBepToro mopsigKy Ta METOJM aHaii3y Oe3NeKOBHUX METpUK. 3aBIAaHHSAMH HOCTiIKeHHs € (dopmaiizamis
3aKOHIB KOHCEHCYCHOTO KepyBaHHS y IPOCTOpi 3ajadi, iHTerpamis MOTECHI[IaJIbHUX IOJIB Oe3NeKH Ta YHCeJbHa Bajlijamis MoAeni
UL TPYyNU MaHIMyJISATOPIiB y CHUIBHOMY po0GodoMy mpocTopi. Pe3yabTaTH MogedioBaHHSl JUI1 TPYIH 3 TPhOX JBOJIAHKOBHX
IUITAaHApPHUX MAaHIMYJSATOPIB TIOKa3and (OPMYBaHHS y3TOKEHUX TPAeKTOPIH 31 3MEHIICHHSIM XapaKTepPHUX KOJIMBaHb
Ta cTa0lmizali€lo OUHAMIKH, OJHAK CepelHs MOXHOKa BIICTEXKEHHS CHUIBHOI Tpaektopii 3amumaerbes Ha piBHI 0.38-0.40 m.
AHariz MiHIMaJIBHUX AHUCTAHLIH poOOT—poOOT i poOOT—IFOAMHA MiATBEPAUB e€()EKTHBHICTh MOTCHIIANBHUX Oap’€piB y cTaloMy
peXuMi, MpOTe BHUSBUB HeOE3MeuHI NpPOBaNM HA NEPEXiTHUX MiUITHKaX. 3po0JieHO BHCHOBOK, IIO 3alpOIIOHOBaHA MOJEIh
3a0e3nedye cTabiIbHy CHHXPOHI3ALiI0 Ta 0a30Buil piBeHb Oe3neku, aje Ui FapaHTOBAHOT'O TOTPUMAHHS 3a30piB Y BCBOMY YacOBOMY
IHTepBaJIi TOULTBHO NEPEHTH 10 )KOPCTKHX Oap’epHuX oOMexkeHb Thiry CBF Ta 3amauHo-nmpiopuTeTHHX cXeM KepyBaHHS.

KmiouoBi cioBa: komaGopaTwBHI pOOOTH30BaHI MaHINMyJISATOPH, CHHXpOHI3aWis pyXy, CLeHapii B3aeMOJil JIIOAWUHU
i pobdora (HRC), nmeneHtpanizoBaHe KepyBaHHs, QJITOPHTM KOHCEHCYCy, HOTEHLialbHi 1o Oe3leKd, ICceBIoo0epHEHa
Matpuis Sko6i, [agycrpis 5.0.
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