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MACHINE LEARNING MODEL FOR RECOGNITION OF UKRAINIAN
SIGN LANGUAGE HAND CONFIGURATIONS

Background. Sign language recognition using Artificial Intelligence (Al) is a relevant and still unsolved
problem. For Ukrainian Sign Language (USL), the task is complicated by a lack of publicly available data-
sets. Consequently, researchers operating under data-constrained conditions should apply additional fea-
tures to improve model accuracy. Hand configuration is a fundamental characteristic of lexical units in any
sign language. There are 40 configurations in USL. The ability to accurately identify configuration would
provide relevant features for Al-based sign language recognition systems.

Objective. The paper aims to develop a machine learning model capable of frame-by-frame recognition
of USL hand configurations on a video stream with an accuracy of at least 95 % on the test set and an
average inference time not exceeding 70 ms.

Methods. As input data for the USL hand configurations recognition models, a system of mathematical
indicators, calculated from the keypoints coordinates, extracted via the MediaPipe pose estimation system,
was proposed. The training dataset was created from camera images of USL hand configurations performed by
middle-aged subjects. Following keypoint extraction through MediaPipe, the corresponding vectors of math-
ematical indicators were computed. Various architectures of random forest and perceptron were evaluated.

Results. The highest performance was achieved by the perceptron with two hidden layers of 300 neu-
rons each, which takes the vector of proposed mathematical indicators as input. The model reached an
accuracy of 98.18 % on the test set. During testing on a video stream, it identified without error 32 out
of 40 USL configurations, and with only sporadic deviations. The average inference latency was 46 ms.
Notably, a perceptron of identical architecture trained on raw MediaPipe keypoint coordinates exhibited
lower accuracy on a video stream. Furthermore, the proposed indicators improved the random forest model
performance, confirming their universality.

Conclusions. The optimal model among the considered architectures was a perceptron with two
hidden layers of 300 neurons each, which takes the vector of proposed mathematical indicators as input.
It identifies in real-time USL hand configurations, achieving an accuracy of 98.18 % on the test set. In
experiments based on the proposed expert assessment criterion on the video stream, it correctly identified
35 % more configurations (80 % vs. 45 %), compared to the model based on raw keypoint coordinates.
Therefore, implementing additional verification based on expert assessment in addition to the standard
accuracy metric on the test data is effective. The presented architecture is the first artificial intelli-
gence-based model for the USL hand configuration recognition. Future research will focus on integrating
this network into a system for isolated recognition of USL.

Keywords: Ukrainian Sign Language; machine learning; neural networks; computer vision; gesture
recognition; model quality assessment; feature engineering; system analysis.
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Introduction

There are more than 300 sign languages world-
wide, used by over 72 million deaf people [1]. Sign
language was the native language for approximately
230,000 Ukrainians in 2025 [2]. Moreover, during
the full-scale war, the number of hearing-impaired
individuals has increased as a result of sustained in-
juries, some of whom will begin to use sign language.
These people face daily difficulties in communicating
with the hearing population. Given the lack of pro-
fessional interpreters in Ukraine, the development of
an Al system for USL recognition seems a promising
solution.

The ultimate goal of the sign language recognition
is to develop an Al-based system that enables a person
to record a message in sign language on video and get
as output a translation into a spoken language. Such
projects have already been implemented in other
countries:

« SignGPT — the large language model deve-
lopment for British Sign Language. It is expected
to translate sign language into spoken language and
vice versa (via video generation) [3];

 SignGemma — a Google model for translating
American Sign Language (ASL) into text [4];

« SLAIT — developed a lightweight model that
classifies 343 ASL signs with 92% accuracy [5];

« KinTrans — a system that converts sign lan-
guage into text/voice messages and vice versa, pre-
sented at Expo 2020 Dubai for Arabic and English.
Other sign language support is planned [6];

» Google organised two competitions on the
Kaggle platform focused on recognising fingerspel-
ling and isolated ASL signs in video, with a total
prize pool of 300,000 USD. The presented models
achieved an accuracy that exceeded 80 % |[7].

The field of Al-based USL recognition re-
mains underdeveloped. Consequently, the resear-
chers should apply additional features to improve
the model’s accuracy. Every sign is defined by hand
configuration, hand motion, and spatial positio-
ning. Different signs can be expressed with the same
configuration by varying motion and spatial posi-
tion. For example, a fist can represent the words
“victory” or “grandmother” depending on hand
movement. USL comprises 40 distinct hand con-
figurations [8]. Determining configuration, spatial
position, and motion trajectory makes a complete
set of features necessary to identify sign from a lin-
guistic point of view.

Thus, hand configurations are promising fea-
tures for improving sign language recognition mod-
els’ accuracy. The objective of this study is USL hand

configurations recognition on video frames captured by
a camera using machine learning models.

Problem statement

The problem of frame-by-frame recognition
of 40 USL hand configurations on video stream
is considered. The aim is to develop a machine
learning model which recognises configurations on
static images with high accuracy and computational
efficiency using keypoints obtained by a pose esti-
mation system.

A system approach

A system approach to solving the problem of
frame-by-frame recognition of 40 USL hand confi-
gurations is proposed. It is grounded on mathemati-
cal formalization and advances in data science.

Given. N hand configuration classes. The trai-
ning dataset is

(Xzayi),izl,N.v’ (1)

where X, e R*® — sample, on which hand confi-
guration is demonstrated, represented as a vector of
three-dimensional coordinates of k& hand keypoints
obtained via pose estimation technology (in this
study, MediaPipe is employed, which outputs k£ = 21
keypoints based on hand image); y, € {l,..., N} — the
configuration label, in this study, from 1 to 40 [§];
N, — training dataset size. In general case X (1) can
be not only a keypoint vector but also an image of
the hand.

Objective. To develop a machine learning model

£iR* 51, N, )

that maps elements from the multidimensional fea-
ture space to the set of configurations. Accuracy
must be at least 95 % on the test set, and the average
inference time must not exceed 70 ms. It should be
noted that model (2) is trained on static samples
X (1), however, its task is to recognise hand shape
X, eR*™ on video stream, which will produce a
sequence {(X;;,¥,),(X;5, )5, (Xip,3,)} - The sam-
ples X, will differ due to variations in hand posi-
tion, tilt, and distance from the camera for a fixed
v Therefore, the model’s (2) generalisation ability
should be validated not only on test set of static
samples but also on real-time video. For this reason,
an additional evaluation criterion was proposed.
Evaluation criteria. The generalisation ability of
the model will be assessed using two criteria. The first
criterion is the standard evaluation of the machine
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learning model’s accuracy on the test set, calculated
using the formula

N
y= true , (3)

N
where N,,, — number of correctly classified samples
in test set; N — total number of samples in test set.

As a second criterion, an expert assessment of
the model’s ability to classify configurations on a
video stream is proposed. The procedure is as fol-
lows:

1. For each configuration, the corresponding
hand shape is demonstrated on camera in real time,
while varying the hand position, tilt, distance from
the camera, and hand shape versions (if exist).

2. The researcher records the model’s output
during the demonstration, comparing instances of
correct and incorrect classification, and assigns each
configuration to one of the following cases:

e “4+” — correct configuration classification for
any hand position;

e “+—" — generally correct classification with
errors in certain cases;

“—” — incorrect classification, indicating an
unsatisfactory result.

3. A vector is calculated

“

rres = [n+’n+—’n—]’
where n,, n,_, n_ — number of configurations as-
signed to the cases “+”, “+—", “—” respectively.

4. Vector r,, measures the model’s generalisa-
tion ability.

In further studies, the hand shapes recognised
from the video stream will serve as input data for
more general isolated sign language recognition
model.

Related work

The use of configurations as additional features
in Al-based sign language recognition models is an

— (©)

Video with
sign language message

User records a message
in sign language on
smartphone/computer
camera

> @m— v —

Model 1 recognizes
configurations

active area of research. The operating principle of
such approach is illustrated in Fig. 1. Model 1 per-
forms hand shape recognition on each frame of the
video, and the resulting configuration sequence is
provided as a feature synchronously with the video
to Model 2 for sign language recognition. Depen-
ding on the task formulation, Model 2 may perform
recognition of a single sign in a video, sign sequence,
or translation into spoken-language text.

This approach was first applied in 2017 to the
RWTH-PHOENIX-Weather-2014 dataset (Ger-
man): a neural network, trained to recognise hand
shapes, generated sequences of embeddings from
video, which were input to the sign language reco-
gnition model. The configuration recognition mo-
del was trained on Danish, New Zealand, and Ger-
man sign language datasets, which included a total
of over 1 million labelled images covering 60 hand
shapes [9]. Results were further improved by adding
a lip-shape recognition model, achieving a Word
Error Rate (WER) of 26 % [10]. Subsequent models
reached a WER of 21.8 % [11]. A similar example
has been reported for ASL [12]. There is another
known case of a configuration recognition model:
graph neural network achieved 46 % accuracy in
classifying 37 ASL hand shapes [13]. A random fo-
rest model has successfully identified Turkish Sign
Language configurations [14].

Researchers categorise the sign language reco-
gnition task into several subproblems:

- Isolated Sign Language Recognition, ISLR;

- Continuous Sign Language Recognition,
CSLR;

- Sign Language Translation, SLT.

ISLR — the task of classification of videos con-
taining a single sign. Solving this problem is insuf-
ficient for developing a translator, as in real-world
scenarios, a model takes as input sequence of signs.

In CSLR, the input is a video with a sequence
of signs {y,,..., y,} that must be recognised. Tem-

Model 2
(Sign language recogniton)

Configuration sequence as
additional feature

Fig. 1. Operating principle of the sign language recognition system using configurations as features. Made by authors
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poral boundaries corresponding to each y, are un-
known. The components y, are referred to as glosses.
Neural networks solving this task have Connectio-
nist Temporal Classification (CTC) loss function,
which compares ground-truth and predicted se-
quences. Pretraining a CSLR model on ISLR task
can improve its performance [15, 16]. It is possible
to transit directly from ISLR to CSLR by combining
segmentation and isolated recognition: segmentation
divides the video into individual signs, which are
then fed into the recognition model [17, 18]. The
output of CSLR is a gloss sequence, which is not
equal to translation: it lacks grammatical inflections,
sign language grammar is different from that of spo-
ken language. To achieve translation, large language
models, linguistic rules, etc., need to be applied [19].

SLT is a translation of a video with signs se-
quence into spoken-language text. While the pre-
ceding tasks fall primarily within the computer vi-
sion domain, SLT involves machine translation. The
data requirements are more stringent, as words must
occur across diverse contexts. Model performance is
evaluated via standard machine translation metrics
such as BLEU, ROUGE, and METEOR. The neu-
ral network architectures for SLT are not fundamen-
tally different from networks for CSLR.

So far there exist only a limited number of
datasets available for CSLR and SLT due to the
complexity of annotation. The most well-known of
them are RWTH-PHOENIX-Weather-2014T and
CSL-Daily (Chinese), which became benchmarks
for comparing the models [20, 21]. No datasets
for isolated recognition, continuous recognition, or
translation of USL are publicly available.

The input data for the models can include
RGB-video, depth camera video, optical flow, body
keypoints coordinates (hands, torso, face) obtained
by a motion capture system that utilizes sensors or Al
models. RGB-videos have the highest dimensionality,
requiring complex architectures and large datasets [22].

USL recognition has been studied by Yu.V. Krak.
Fingerspelling recognition using statistical methods
and Al has been implemented [23]. There are cases
of USL alphabet recognition on isolated videos via
long short-term memory network (LSTM) [24]. A
neural network achieving isolated recognition of 38
static USL signs with 85 % accuracy was developed
[25]. A generalised methodology for USL analysis on
video using neural networks was proposed in [26]

Hand configuration recognition models

The developed model has to satisfy high com-
putational efficiency requirements to enable re-

al-time operation. For USL configurations recogni-
tion on video frames, random forest and multilayer
perceptron models were chosen.

1. Random forest. An ensemble machine lear-
ning model consisting of decision trees, trained using
bagging or, more rarely, pasting methods. Each tree
produces an independent prediction, the result is
obtained through aggregation. In this study, a classi-
fication task is considered; therefore, the prediction
will be the class that received the majority vote from
the trees. The advantages of the model are robust-
ness to overfitting, the ability to handle discrete and
continuous features, and the absence of priori as-
sumptions about the data [27].

Decision trees are machine learning models that
constitute the base learners of a random forest. They
are constructed by recursively splitting the dataset
into two subsets according to a threshold value of a
selected feature. The process continues until further
reduction of a homogeneity criterion is impossible,
maximum tree depth is reached, or due to other stop-
ping criteria. As a result, samples of a single class
are isolated. In this study, random forest from scikit-
learn library, which utilizes bagging, is chosen [27].

2. Multilayer perceptron. Feedforward neural
network capable of modelling complex nonlinear
relationships. Its architecture consists of a sequence
of fully connected layers, each performing a linear
transformation followed by an activation function to
introduce nonlinearity. The first and last layers are
referred to as the input and output layers, respec-
tively, the intermediate layers are called hidden. The
mathematical transformations between layers are
described by equation (5), and illustrated in Fig. 2,

Nk —_—
XM= Qo +b1)i= LN, (5)
Jj=1

where @*,b*

/R

mation; f* — k-th layer activation function; xf —

— weights of k-th layer linear transfor-

Fig. 2. Multilayer perceptron architecture. Made by authors
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Jj-th coordinate of the data transformation vector at
k-th layer (for k = 1 it is a coordinate of input data
vector); N,, N,,, — number of neurons in k-th and
k + 1-th layer, respectively.

The number of neurons N, and activation
functions f can be different across layers. Training
is performed by alternation between forward prop-
agation and backpropagation. During the forward
propagation, the model’s prediction and intermediate
variables are computed, from which the error is cal-
culated. In backpropagation, the gradient of neural
network parameters is determined based on this error.
In TensorFlow it is implemented via a computation
graph. After finding the gradient, the weights are up-
dated using optimisation algorithms such as Adam,
AdaDelta, or AdaGrad [28].

Input data formation

The keypoints, obtained by MediaPipe pose es-
timation system, were chosen as the input data for
the configuration recognition system, considered in
this study. MediaPipe identifies 543 keypoints in
three-dimensional space corresponding to the body
contour, limbs, and face (Fig. 3). This data represen-
tation allows for high accuracy while maintaining low
input dimensionality [29]. A drawback is missing data
in the stream, as MediaPipe does not always success-
fully detect the human pose. In this study, only the
hand keypoints will be used (21 points per hand).

Even when hand shapes are represented as
three-dimensional keypoints, their recognition re-
mains a challenging task due to the large number
of classes, the existence of multiple variations for
a single configuration, and the diversity of possible
hand positions. Therefore, it is advisable to intro-
duce features that simplify the classification for the
model without losing essential information. In this
study, a set of such features was proposed, and their
effectiveness was evaluated.

Bent indicator. The sum of the absolute values
of the angles between two pairs of finger phalanges:
proximal and middle, middle and distal. It is com-
puted according to the formula

Bent(d,b,¢) = \4(5,1;)\ + \4(13,5) , (6)
where 5,5 ,C — vectors connecting the start and end
points of the proximal, middle, and distal phalanges,
respectively.

Metrics (6) measures the degree of finger flexion.

For a straight finger, the angles between a,b and

b,¢ are close to zero, and the Bent value is small.
Bent reaches its maximum when the angles between
the phalanges approach right angle (Fig. 4, left). The
vectors of the index finger phalanges d,b,¢ and an-
gles between them are shown in red, while vectors
of the extended middle finger are shown in blue.
Here, the index finger exhibits a higher Bent value
than the middle.

Fig. 3. Key points obtained using the MediaPipe pose estimation system. Made by authors
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Joined indicator. Measures the distance between
the tip of the thumb and the tip of another finger. It
is calculated with formula

; (7

where X,y — coordinates of the tip of the thumb
and the tip of the other specified finger, respectively.

The illustration of is shown in Fig. 4 (right).
The Joined will be close to zero in the following cases:

e thumb and index finger — in configurations 3,
4,6, 7,8, 34, 38, 40;

« thumb and middle finger — in configurations
14, 16, 17, 31, 37, 38, 40;

« thumb and ring finger — in configurations 16,
17, 18, 26, 27, 29, 31;

« thumb and little finger — in configurations 23 [8].

Joined (%,¥) =% - y

",
X

comes undefined. However, experiments have shown
that due to noise in MediaPipe pose estimation pro-
cess, such cases are rare and do not affect the model’s
accuracy. The computation of Angle for the thumb
and index fingers is illustrated in Fig. 5 (left).

Dir indicator. A vector defined by subtracting
the fingertip point from the finger base point. It pre-
serves the information about the finger’s direction.
This is the only indicator among the proposed that
is not invariant to hand rotations. An illustration is
shown in Fig. 5 (right).

Straight indicator. Evaluates how close the hand
is to a flat palm. It is computed using the following
algorithm:

- construct a linear regression plane through
the 21 hand keypoints estimated by Me-
diaPipe;

- compute the coefficient of determi-
nation R? for the regression.

For flat palm, all points lie near the
plane, resulting in R? close to 1 (as in con-
figuration No. 9 and certain version of
No. 12), and lower R values (Fig. 6).

The indicators are designed to provide
the machine learning model with relevant
features that describe the fingers’ arrange-
ment while maintaining low data dimen-
sionality.

Fig. 4. Bent indicator for a folded finger and extended middle finger (left).

Example of Joined indicator as the distance between the tips of the

thumb and the index finger (right). Made by authors

Angle indicator. Estimates the angle between
two fingers, enabling discrimination between cases
when the fingers are pressed together (angle close to
zero, planes nearly parallel) and when they are sepa-
rated. The indicator is computed via the following
algorithm:

« build a linear regression plane
through four points of the first finger;

e build another linear regres-
sion plane through four points of
the second finger;

+ determine Z,nj — the nor-
mal vectors to the planes obtained
in the two previous steps;

- compute the angle a between

n,,n, , which constitutes the Angle
value.

If four points of a finger lie on a
single line, there are infinitely many
possible planes; therefore, Angle be-

Experiments and results

To evaluate the proposed indicators’

effectiveness, experiments on hand con-

figuration recognition were conducted. We compared
models with two types of input data:

» raw data — vector of MediaPipe hand key-

points coordinates (a 63-dimensional vector, which

———

Dirg

e

Diry

——

Dir,

Diry

Fig. 5. Computation of Angle indicator for the thumb and index finger (left)
Dir indicator for each finger (right). Made by authors
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Fig. 6. StraightHand measure computation for semi-bent hand
(left) and extended hand (right). Made by authors

contains 21 points with three spatial coordinates
each);

« processed data — vector of the proposed indi-
cators

[Bent,,...,Joined ..., Angle,,..., StraightHand,

Dir, , Dir,

my?

Dir,_,..]e R, (8)

where Bent,,i =1,_5 — finger flexion indicators for 5

fingers; Joined , j =1,_4 — indicatorsof the distance
betweenthetipofthethumbandthetipsofotherfingers;

Angle, .k =1,4 — angles between fingers: thumb
and index finger, index and middle, middle and
ring, ring and little fingers; StraightHand — in-
dicators of closeness of the hand to the flat palm;

Dir, ., Dir,,,, Dir,.,m=1,5 — coordinates of finger m
direction.

Using Python script, images of USL configura-
tions from No. 1 to No. 40 were recorded on a camera
[8]. Hand orientation, hand shape versions, and dis-
tance to the camera were varied to ensure dataset di-
versity. The configurations were demonstrated by both
left and right hands. Hand keypoints were detected
in the images via MediaPipe pose estimation system,
then used for computing the corresponding vectors
of the proposed measures through software (8). Data
collection was carried out according to the following
algorithm:

- for each of the 40 classes, 1,000 images were
initially collected;

- the trained models (random forest with 300
trees and multilayer perceptron with two hidden
layers of 300 neurons each) with (8) as input were
tested on a video stream; if a model misclassified
a configuration on some images, additional images
similar to those were added,;

- the procedure was repeated several times,
resulting in an uneven distribution of data across
classes.

Distribution of the number of samples per class
in the dataset is shown in Fig. 7.

Sample distributicn amang classes

123456 7 8 91011121314151617 18192021 22 23 74 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
Class

distribution for 40
configurations in the dataset. Made by authors

Fig. 7. Number of images per class

The dataset (1) was split into training and test
sets in a 7:3 ratio, the proportion of samples per class
in each subset corresponded to the original dataset.
The performance of random forest and multilayer
perceptron models were compared. The random fo-
rest was built using the scikit-learn library, while the
perceptron was implemented with the TensorFlow
Keras.

For the perceptron, the input data were nor-
malised to the range from 0 to 1 (including 0 and
1). A batch size of 128, a learning rate of 0.0001
(with exponential decay of 0.96 every 20,000 steps,
the Adam optimiser, and cross-entropy as the loss
function were chosen. ReLU was selected as the ac-
tivation function for hidden layers, and softmax for
the output layer. Training was conducted over 2,000
epochs using a GPU. To prevent overfitting, early
stopping with a patience of 50 epochs if the valida-
tion accuracy did not increase by at least 0.01 % was
implemented.

The accuracy metrics of the evaluated models,
computed by formula (3), is presented in Table 1.
Models that achieved top performance are high-
lighted in green.

On test set of static hand configuration samples,
the highest accuracy was achieved by the perceptron
with two hidden layers of 300 neurons each, both for
raw (99.11 %) and processed data (98.18 %). The
random forest with 150 trees trained on processed
data achieved a test accuracy of 98.44 %, where-
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Table 1. Accuracy of the models on the training and test sets

Raw input data Processed input data
Model Architecture Accuracy on the | Accuracy on the | Accuracy on the | Accuracy on the
training set test set training set test set
100 trees 100 % 98.08 % 100 % 98.40 %
150 trees 100 % 98.17 % 100 % 98.44 %
Random forest 200 trees 100 % 98.18 % 100 % 98.41 %
250 trees 100 % 98.17 % 100 % 98.38 %
300 trees 100 % 98.20 % 100 % 98.42 %
I layer, 93.17 % 92.03 % 92.48 % 91.98 %
100 neurons
Perceptron (the
architecture 1 layer, 95.78 % 95.44 % 96.25 % 95.67 %
specifies the 200 neurons
number 1 layer,
of hidden layers 300 neurons 97.38 % 96.94 % 97.1 % 96.08 %
and the number
of neurons in 20% lﬁeyzi’ns 98.91 % 97.95 % 99.10 % 98.09 %
each layer) 2 lavers
Yers, 99.77 % 99.11 % 99.53 % 98.18 %
300 neurons

as the model with 300 trees trained on raw data methods for recognising the dactyl alphabet of USL on

achieved 98.20 %. static images [30]. The confusion matrix for the test set
The accuracy values are consistent with previously indicates a uniform distribution of errors among classes

reported results on the application of machine learning and the absence of problematic classes (Fig. 8).

Confusion Matrix
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Fig. 8. Confusion matrix of the perceptron with two hidden layers of 300 neurons each, which takes processed data as input,
evaluated on the test set. Made by authors
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The random forest and perceptron models
trained on processed and unprocessed data with
the highest accuracy on the test set were selected
for further evaluation via expert assessment, as de-
scribed in the “Evaluation Criteria” section. This
was conducted in order to test the models’ ability to
perform configuration classification on frames of the
video stream and identify the most accurate model.

Python program was developed that detects
hand keypoints on video stream via MediaPipe.
Keypoints coordinates are either applied directly as
input or used for computing the proposed indica-
tors, then fed into the model. Afterwards, the prog-
ram displays predicted hand configuration on the
screen in real time.

The results of configuration classification by
the top-performing random forest models on video
stream are presented in Table 2, the results for the
perceptron models are shown in Table 3. The enu-
meration of USL configurations follows the paper
[8]. The sum of correct (+), generally correct (+—),
and incorrect (—) classifications, computed by for-
mula (4), are reported in Table 4.

Models trained on raw data made significantly
more errors compared to their counterparts trained
on processed data. The perceptron with two hidden
layers of 300 neurons each trained on processed data

correctly classified 80 % of configurations and gene-
rally correctly classified 20 %, making it the most
accurate model. An example when the chosen per-
ceptron trained on raw data misclassified configura-
tion No. 35, while the corresponding model trained
on processed data gave the correct answer, is shown
in Fig. 9. This suggests that the proposed indicators
provide the model with high generalisation capability.
Average inference time was 46 ms, so the model
could be applied in real-time.

The experiments showed that models can
achieve a higher value of the accuracy metric (3)
on test set of static samples of USL hand confi-
gurations, while making more errors evaluating the
same configurations on a video stream. For examp-
le, the selected perceptron model that used raw data
achieved test accuracy (3) of 99.11 %, however, it
made more errors on a video stream compared to
the perceptron of the same architecture that used
processed data and had 98.18 % of test accuracy (3).
This confirms the necessity of an additional model
evaluation criterion based on expert assessment on
video stream.

Thus, the perceptron with two hidden layers of
300 neurons each, which used the mathematical in-
dicators proposed in this study as input, successfully
recognised USL hand configurations. Its accuracy

Table 2. Results of configuration classification by the top-performing random forest models

Configuration Input features Configuration Input features Configuration Input features
No. Raw Processed No. Raw Processed No. Raw Processed
data data data data data data
1 - + 15 + + 29 + +
2 + + 16 +— + 30 + +
3 - + 17 +— + 31 +— +—
4 - +— 18 + + 32 - +—
5 - + 19 +— +— 33 - +—
6 - - 20 + + 34 - +—
7 — + 21 35 +— +
8 - + 22 - 36 +— +—
9 +— + 23 — +— 37 +
10 - + 24 - +— 38 +
11 +— + 25 - + 39 +
12 +- + 26 - +— 40 +— +
13 - + 27 - +—
14 + +— 28 +— +
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Table 3. Results of configuration classification by the top-performing perceptron models

Configuration Input features Configuration Input features Configuration Input features
No. Raw Processed No. Raw Processed No. Raw Processed
data data data data data data
1 - + 15 +— + 29 + +—
2 +— + 16 — +— 30 + +
3 + + 17 + + 31 + +
4 + 18 +— +— 32 - +
5 +- + 19 + 33 +— +
6 - + 20 + 34 +— +
7 +— +— 21 + + 35 - +
8 - + 22 +— + 36 +
9 +— + 23 +— + 37 + +
10 + + 24 - +— 38 +— +
11 + + 25 + + 39 +— +
12 + + 26 — +— 40 + +
13 + + 27 - +—
14 +— +— 28 + +

was validated on a video stream. The limitation of
the model is that, during the video stream evalua-
tion, it could make brief misclassifications due to
noise and high complexity of data. However, such
errors can be corrected as outliers — for example, by
replacing them with values corresponding to the ma-
jority class within a sliding window. It is reasonable
to investigate the model’s generalisation capability
across different people in future works.

It was found that, after hand movements ex-
ceed certain speed, the classification accuracy re-
duces due to motion blur. This issue can be miti-
gated by using a camera with a higher frame rate.
For instance, iPhone starting from version 16 can
capture video at 240 frames per second.

The model is expected to recognise configura-
tions on video and provide relevant feature for other

models. In the future work, this model will be used as
a component of a sign language recognition system.

Conclusions

Hand configuration is a fundamental characte-
ristic of lexical units in any sign language. The abili-
ty to recognise USL configurations provides relevant
features for Al-based sign language recognition sys-
tems. In this study, a multilayer perceptron model
was trained to recognise 40 USL hand configura-
tions on static camera images with high accuracy.
A system of five indicators was proposed as the mo-
del’s input: Bent, Joined, Angle, Dir , StraightHand.
These indicators were computed based on 21 hand
keypoints coordinates obtained using the MediaPipe
pose estimation system. The proposed five features

Table 4. Recognition of configurations from No. 1 to No. 40 by top-performing models on video stream

Recognition results for configurations from No. 1 to No. 40
Top model Input features
+ +— —
Raw data 12 (30 %) 10 (25 %) 18 (45 %)
Random forest
Processed data 27 (67.5 %) 12 (30 %) 1 (2.5 %)
Raw data 18 (45 %) 13 (32.5 %) 9 (22.5 %)
Perceptron
Processed data 32 (80 %) 8 (20 %) 0 (0 %)
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Fig. 9. Classification of configuration No. 35 by the top-performing perceptron model
with raw input data (left) and processed data (right). Made by authors

provide information about finger arrangement while
ensuring interpretability and low dimensionality of
the training data. To develop the model, a dataset
of images of 40 USL hand configurations was col-
lected, with variations in hand shape versions, hand
orientation, and distance from the camera to maxi-
mise diversity.

Different versions of random forest models
(with varying numbers of trees) and multilayer per-
ceptrons (with varying numbers of layers and neu-
rons) were compared. Models either took raw input
data — 21 hand keypoints coordinates, or processed
data — the proposed 5 mathematical indicators.
The perceptron with two hidden layers of 300 neu-
rons each, trained on processed data, achieved the
98.18 % accuracy on test set of images and an ave-
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K.O. MpiwwnH, H.l. Hepawkiscbka

MOZENb MALLMHHOIO HABYAHHSA AN PO3MISHABAHHSA KOH®IMYPALIV PYK YKPAIHCBKOI YXECTOBOI MOBU

Mpo6nematuka. Po3nisHaBaHHSA XECTOBOI MOBM Ha OCHOBI LUTY4YHOTO iHTENEKTY € aKTyarbHOW, He pO3B’s3aHol A0Ci Npobnemoto.
[na ykpaiHcbkoi >xectoBoi moBu (Y2KM) 3aBOaHHst ycknagHeHe HecTadetro nyGniyHO [OCTynHUX JdataceTiB. Tomy [ocrigHukam, siKi
npawtoBaTMyTb B yMOBaxX 0OMEXeHUX AaHWX, A0LiNbHO BUKOPUCTOBYBAaTU OAATKOBI 03HAKM A4S NiABULLIEHHS TOYHOCTI Mofienel. KoHgiaypauis
PYK — OCHOBHa Xapakmepucmuka f1eKCU4HUX 00UHUUb y ByOb-sikil xecmosill Mosi; 8 Y KM ix 40. MoxXnuBiCTb TOYHO BU3HaYaTW KOHAirypaLijto
HagacTb iHOPMAaTUBHI 03HAKM ANst CUCTEM PO3ni3HaBaHHS XECTOBOI MOBW Ha OCHOBI LUTYYHOTO iHTENeKTY.

Meta pocnigkeHHs. [MobyayBat Mopenb MalUMHHOTO HaBYaHHs, 34aTHY po3nidHaBaTW MokagpoBO KoHdirypauii YXXKM
Ha BigeonoToLi 3 TOYHICTIO He MeHLe 95 % Ha nepeBipoYHiln BUBIpLi Ta cepefHiM YacoM BMBeAEHHS pe3ynbTaTty He binblue 70 mc.

MeToauka peanisauii. Ak BXigHi AaHi Ans mogenen po3nisHaBaHHSA KoHdirypadin Y>KM 3anponoHoBaHO cuctemMy MaTeMaTUyHMX
NMOKa3HUKIB, siKi 064MCIIOITLCA Ha OCHOBI KOOPAMHAT KIMHOYOBUX TOYOK, OTPMMAHUX CUCTEMOLD 3axonneHHsi no3un MediaPipe. HaByanbHy
BMBIpKY CTBOpeEHO i3 306paxeHb KoHirypauii pyk Y>KM 3 kamepu, NpoAeMOHCTPOBaHUX Pi3HUMKU ocobamu cepedHboro Biky. Aani
yepe3 MediaPipe Ha 306paXeHHSX BU3HAYEHO KIMOYOBI TOYKM PYKM, pO3paxoBaHO BiAMOBiAHI BEKTOPU MaTeMaTUYHWUX MOKasHuKiB. bByno
BMNPoBOOBaHO pi3Hi apXiTekTypy NepcenTpoHa Ta BUNagKoBoro ficy.

Pe3ynbTatn pgocnigxeHHA. Hamsuily edekTVBHICTb Nnokasana mofernb nepcenTpoHa 3 ABoMa npuxosaHumu wapamu no 300
HENPOHIB, SiKa BUKOPWCTOBYE SIK BXiAHI [aHi BEKTOp 3anpornoHOBaHWX MaTemMaTUyHuX nokasHukiB. Mogenb pgocsirna toyHocTi 98,18 %
Ha nepes.ipoyHi BMOIpui. Mig Yac anpobauii y BigeonoTtoui mepexa i3 40 koHdirypauin YXXM igeHTudikyBana 32 6e3nomunkoso,
a 8 — 3 noognHokuMK BigxuneHHsMu. CepefHii Yac BMBeAeHHs pesynbtaTy — 46 mc. MNepcenTpoH iGeHTUYHOT apXiTeKTypu, WO npuiiMas
KOOpAMHATU KIIOYOBUX TOYOK, NOKa3aB HWDKYY TOYHICTb Y PEXWUMI BiJEeONOTOKY. TakoX 3anpornoHOBaHi O3HaKWU NiABULLMIN e(PeKTUBHICTb
MoZeni BUNagKoBoro ficy, Lo NiATBEPAXKYE iX yHIBepcanbHiCTb.

BucHoBku. Cepep po3rnsiHYTUX apXxiTeKTyp ONTMMarnbHOK € MoAenb MepcentpoHa 3 ABOMa npuxoBaHuMuM wwapamu no 300
HENPOHIB, sika BUKOPUCTOBYE SK BXiHi flaHi BEKTOP 3anponoHOBaHMX MaTeMaTUyYHMX nokasHukie. BoHa ineHTudikye koHdirypauii Y2KM
y peanbHOMy 4aci, gocsiratoumn TouHocTi 98,18 % Ha nepeBipoyHii BUGIpLi. Y BMNpoOyBaHHSAX Ha OCHOBI 3anpoMOHOBAHOrO KpUTEpIto
eKcnepTHOro OLHIOBaHHSA Ha BigeonoToLi BoHa Ge3nomunkoBo igeHTUdikyBana Ha 35 % 6Ginblie koHdirypadii (80 % npotu 45 %),
NOPIBHAHO 3 MOZENIIo, WO IPYyHTYETbCS HA HeobpobrneHMXx koopauHaTax KM4oBMX TOYOK. BnpoBamkeHHs gopaTkoBoi Bepudikauii
Ha OCHOBI €KCNEePTHNX BUCHOBKIB € AOLiNbHNM, OKPiM CTaHOAPTHOI OLjiHKM TOYHOCTI Ha NepeBipoYHMX AaHuX. 3a3HayeHa apxiTekTypa €
nepLUO0 MOAENMIO ANs po3ni3HaBaHHs koHdirypauin Y2KM Ha ocHOBI WTy4Horo iHTenekTy. Hagani nnaHyeTbes iHTerpadisi po3pobneHoi
Mepexi B cucTeMy po3nidHaBaHHs i3051boBaHMX xecTiB Y XKM.

KnroyoBi crnoBa: ykpaiHCcbka )XecToBa MOBa; MalUMHHE HaBYaHHS; HEMPOHHI Mepexxi; KOMM'IOTEPHUI 3ip; PO3Mi3HaBaHHSA XeCTiB;
OLiHKa AKOCTi MoAeni; ilXeHepia 03HaK; CUCTEMHUIA aHanis.
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AUTONOMOUS INDEX RECOMMENDATION SYSTEM FOR RELATIONAL DATABASES
BASED ON COST-MODEL AND PLAN COVERING

Background. Indexing is a key tool for improving the performance of relational databases, but manual
index selection remains complex and subjective. As data volumes grow, the demands on the adaptability
of optimisation systems increase. Machine and deep learning-based approaches provide high accuracy, but
require significant resources and have a “cold start” problem, which necessitates autonomous solutions with
balanced accuracy and complexity characteristics.

Objective. Development and experimental evaluation of an autonomous index recommendation sys-
tem that combines a Query Cost-Model with a Plan Covering algorithm to improve query performance in
relational databases while simultaneously taking into account the cost of index storage.

Methods. The system has a pipeline architecture and includes a workload analyser, a cost model, and
a Plan Covering algorithm. The analyser generates a query profile, the cost model evaluates their performance
with hypothetical indexes, and the algorithm performs a greedy index selection based on the benefit-to-cost
ratio. Experimental testing was performed on a synthetic e-commerce system dataset in the PostgreSQL en-
vironment.

Results. The system generated 7 index recommendations, of which 6 were successfully created. The
average query execution time improvement was 22.54 %, with the largest improvement (26.06 %) being
obtained for the most frequently executed query with the JOIN operation. The total execution time of all
queries decreased from 0.2751 s to 0.2131 s.

Conclusions. The proposed combination of Cost-Model and Plan Covering provides effective auto-
mation of the indexing process without the use of resource-intensive neural network approaches, demon-
strating a significant improvement in performance and rational use of storage resources.

Keywords: database indexing; query optimisation; autonomous recommendation systems; cost mode;
Plan Covering.

Introduction

Database performance optimisation is a fun-
damental prerequisite for the efficient operation of
modern information systems. Among the most ef-
fective means of accelerating query execution, in-
dexing holds a prominent place. However, manu-
ally selecting an optimal set of indexes remains a
complex, laborious, and largely subjective process.
Consequently, the automation of index design has
gained renewed momentum in recent scientific re-

search. Analysis of the current body of literature re-
veals a dominance of English-language publications,
reflecting global trends in IT science development.
Notably, researchers from leading Asian universities
and research centers have made significant contribu-
tions to shaping modern approaches to optimisation
[1-4].

The current spectrum of solutions in this field
[1] encompasses both classical heuristic and deter-
ministic algorithms, as well as adaptive systems built
on machine learning [2] and deep reinforcement
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learning methods [3, 4]. Despite their high autono-
my and self-learning capabilities, these approaches
are characterised by high computational costs, imple-
mentation complexity, and the “cold start” problem.
Under resource constraints, the use of resource-in-
tensive neural network models is often economically
and technologically impractical. Therefore, the scien-
tific challenge of finding a compromise between the
accuracy of recommendations, system stability, and
computational complexity remains relevant. Classical
deterministic algorithms, such as Plan Covering, re-
tain their competitiveness due to their transparency,
reproducibility of results, and predictable behaviour.

Methods

This research employed a combination of theo-
retical and experimental methods to ensure the va-
lidity of the findings.

During the theoretical stage, methods of struc-
tural analysis, systematisation, and comparison of
scientific sources were used to investigate contem-
porary approaches to automated index recommen-
dation in relational databases. Existing methods were
classified based on their construction principles, and
a comparative analysis of deterministic algorithms
and machine learning methods regarding their effec-
tiveness in optimising SQL queries was conducted.

To formalise the task of index selection, mathe-
matical modelling was applied, including the con-
struction of a Query Cost-Model that considers costs
associated with table scanning, index usage, and que-
ry frequency. The problem of selecting an optimal set
of indexes was formalised as a combinatorial optimi-
sation problem with storage budget constraints.

The Plan Covering algorithm was implemen-
ted for index selection using an optimisation method
that sequentially maximises the ratio of benefit to
storage cost.

The autonomous index recommendation sys-
tem’s effectiveness experimental validation, which
combines the Cost-Model and Plan Covering algo-
rithm, was performed through computational experi-
ments based on a synthetic dataset simulating typical
workloads of an e-commerce system. Performance
evaluation involved measuring the execution time
of SQL queries before and after applying recom-
mended indexes, followed by statistical averaging of
the results.

Descriptive statistics methods were employed
to process experimental results, including calculating
mean values, percentage improvements, and an
integrated performance indicator considering query
frequencies.

Problem Statement

The paper aims to develop and experimental-
ly evaluate an autonomous index recommendation
system that combines a Query Cost-Model with the
Plan Covering algorithm. The goal is to improve
query performance while considering the storage
cost of indexes. This approach seeks to balance
recommendation effectiveness with computational
simplicity, avoiding resource-intensive neural net-
work techniques.

Autonomous Index Recommendation System
Architecture and Plan Covering Algorithm

The proposed system consists of three main
components:

— Workload Analyser: collects and analyses in-
coming queries;

— Cost-Model: evaluates the cost of executing
queries with different index configurations;

— Plan Covering algorithm: selects an optimal
set of indexes based on performance improvement
within a given storage budget.

These components interact in a sequential data
processing pipeline. The process initiates with the
Analyser gathering actual query statistics to estab-
lish a contemporary system workload profile. The
data is subsequently transmitted to the Cost-Mo-
del, which functions as a virtual optimiser: it emu-
lates the existence of theoretical indexes (utilising
a “what-if” mechanism) and computes the anti-
cipated decrease in query execution costs without
the need to physically establish any data structures.
Ultimately, the Plan Covering algorithm employs
these cost estimates as input parameters to address
a combinatorial optimisation challenge, pinpointing
a selection of indexes that enhances performance
improvement within the designated memory budget.
The Cost-Model assesses the execution of query Q
with index set 7 as (1) [1, 2]:

Cost(Q,1)= Y. (1)
opeOperation(Q)
where cost(op, 1) is the cost of op operation given
I indexes.
For table scan operation (2):

cost(op,]),

|T|'cpage’

T,1)=
COSt.scan ( ? ) |T| “Coter T |R| ' cpage’

if /=0

2
if Jidx e, S
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where |T'| is the table size; [R] is the result size; c,,,
and c,,,, are cost constants.

Let’s describe the Plan Covering algorithm.

Input Data:

— a set of queries Q = {g1, q2, ..., gn};

— a set of index candidates C = {cl, ¢2, ..., cm}.

Output Data:

— optimal set of indexes /*.

Algorithm:

Step I: Initialisation.

1.1. Initialise the optimal set of indexes /* as
an empty set:

— I'*= @ (empty set).

1.2. Initialise the benefit dictionary, benefit, as
empty:

— benefit = @ (empty dictionary).

Step 2: Calculate benefit for each candidate.

For each candidate ci from the set C do:

2.1. Set initial benefit:

— benefit[ci] = 0.

2.2. For each query ¢gj from the set Q do:

2.2.1. Calculate the cost of executing query gj
with the current set of indexes /*

— cost_old = Cost(qj, 1%).

2.2.2. Calculate the cost of executing query gj
by adding candidate ci:

— cost_new = Cost(qj, I* U {ci});

— (where symbol U denotes set union).

2.2.3. Update the benefit for candidate ci:

— benefit[ci] = benefit[ci] + (cost_old — cost_
new);

— (Benefit equals the decrease in query execu-
tion cost).

Step 3: Select optimal set of indexes.

While the candidate set C is not empty, do:

3.1. Find the best candidate with the maximum
benefit-to-storage cost ratio:

— ¢ _best = argmax_{c € C} (benefit|c] / sto-
rage(c)),
where:

— benefit[c] is the total benefit from index c;

— storage(c) is the storage cost of index c;

— argmax means finding the argument (candi-
date) for which the function reaches its maximum.

3.2. Add the best candidate to the optimal set:

— I*= TI*U {c best};

— (add c_best to the set 1%).

3.3. Remove the best candidate from the can-
didate set:

— C= C\ {c_best};

— (remove c_best from the set C).

3.4. Update benefit for remaining candidates
considering the new index c_best;

— (Since adding a new index may change the
benefit of other candidates).

Step 4: Result return.

Return the optimal set of indexes 7*

The Plan Covering algorithm is a greedy al-
gorithm that sequentially selects indexes with the
maximum benefit-to-storage cost ratio. The benefit
of an index is defined as the sum of reductions in
execution cost for all queries that can use this index.
The algorithm considers query execution frequen-
cies through the Cost function, which may multiply
the execution cost by the query frequency.

The subsequent points outline the essential
characteristics of the algorithm:

1. It considers both the benefit of improved
performance and the storage cost of indexes, thereby
preventing the creation of an excessive number of
indexes.

2. Index selection is determined by the bene-
fit-to-cost ratio, rather than solely by the benefit
itself, thereby guaranteeing the optimal utilisation of
storage resources.

3. Following the addition of each index, the
benefit for the other candidates is reassessed, since
the introduction of a new index can alter the effica-
cy of the existing indexes.

4. The algorithm continues to operate until
every candidate has been evaluated or the storage
budget limit is reached.

Experimental Evaluation of the Autonomous
Index Recommendation System Efficiency

To verify the effectiveness of the proposed auto-
nomous indexing recommendation system based
on Cost-Model + Plan Covering, a series of expe-
riments was conducted on a synthetic dataset. The
goal of the experimental evaluation was to deter-
mine how effectively the system can automatically
generate index recommendations and improve query
execution performance compared to a baseline con-
figuration without indexes. Experiments included
measuring query execution time before and after ap-
plying recommended indexes, analysing the number
of generated recommendations, and evaluating the
overall improvement in system performance.

Experiments were conducted on PostgreSQL
15 in a Docker container with the following para-
meters:

— database: PostgreSQL 15 (Alpine Linux);

— environment: Docker container;

— database size: 61 000 records (10 000 cus-
tomers + 1000 products + 50 000 orders);



CUCTEMHWIN AHATI3 TA HAYKA MPO JAHI

23

— measurement method: each query was exe-
cuted 3 times to average the results.

Experiments were conducted on a synthetic
dataset modelling a typical e-commerce system:

— customers table — 10 000 records (customers
with the following fields: name, email, city, registra-
tion_date);

— products table — 1000 records (products with
the following fields: name, category, price, stock
quantity);

— orders table — 50 000 records (orders with
the following fields: customer id, product id,
order_date, quantity, total amount).

— average execution time improvement: 22.54 %;

— total performance improvement: 22.54 %;

— execution time before optimisation: 0.0550 s
(average), 0.2751 s (total);

— execution time after optimisation: 0.0426 s
(average), 0.2131 s (total);

— number of recommended indexes: 7;

— number of successfully created indexes: 6.

Table 1 presents the precise numerical values
of query execution durations prior to and following
optimisation.

Table 1. Results of query performance improvement

Five test queries of differing complexity

Time Time Improvement,

were developed: Request | Frequency before. s | after. s %

1. Simple SELECT with WHERE and ’ .
ORDER BY (frequency: 10). 1 10 0.0065 0.0057 11.78

2. JOIN with WHERE condition (fre- 2 15 0.2186 0.1617 26.06
quency: 15).

3. GROUP BY with aggregation (fre- 3 8 0.0035 0.0035 -0.12
quency: 8).

4. Complex JOIN with GROUP BY and ! : 0.0165 00143 1317
HAVING (frequency: 5). 5 12 0.0300 0.0279 7.00

5. Subquery with ORDER BY (frequen-
cy: 12).
The following metrics were used to evaluate the
system’s effectiveness:
1. Execution time improvement (3):
before

Mxm%,
before
where T, and T, are the execution times before
and after optimisation.

2. Average improvement — arithmetic mean
improvement across all queries.

3. Total improvement — improvement in total
execution time taking into account query frequency.

4. Number of recommended indexes — the
number of indexes generated by the Plan Covering
algorithm.

5. Number of successfully created indexes —
the number of indexes that were successfully created
in the database.

Each query was performed three times to ave-
rage the results and reduce the influence of random
factors.

All experimental results were recorded and or-
ganised for analysis, and are accessible for repro-
duction.

Research findings indicated that the proposed
system yields the subsequent outcomes. The system
evaluated 5 test queries and produced 7 index re-
commendations, out of which 6 were successfully
established. The results obtained are as follows:

3)

The most significant enhancement (26.06 %)
was realised for query 2, which exhibits the highest
execution frequency (15) and involves a JOIN ope-
ration. This validates the system’s capability in pin-
pointing critical indexes for the most frequently used
queries. Figures 1 and 2 depict the overall patterns in
performance variations and facilitate a visual assess-
ment of the efficiency of the suggested indexes.

Performance Improvement by Queries
26.1%

Improvement (%)

0.1%

Query 1 Query 2 Query 3

Query Number

Query 4 Query 5

Fig. 1. Comparison of query performance before and after

optimisation

The system generated the following index recom-
mendations:

— customers (city) — for filtering by city;

— orders (customer_id) — for JOIN operations;

— products (stock quantity) — for filtering by
availability;
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Query Performance Comparison

mm= Before Optimization
W After Optimization

Execution Time (seconds)

om - B

Query 4 Query 5

Query 3
Query Number
Fig. 2. Query performance improvement, %

— customers (customer_id) — for JOIN opera-
tions;

— orders (order_date) — for filtering by date;

— customers (registration_date) — for sorting;

— orders (category) — not created (column
does not exist).

An examination of the execution duration for
each stage of the experiment facilitates an assessment
of the impact of every system component on the over-
all performance. As illustrated in Fig. 3, the majority
of the time is allocated to the Cost-Model operation
and candidate evaluation, whereas workload analysis
and the final index selection occupy a minimal frac-
tion of the total time. This observation underscores
the computational efficiency of the proposed meth-
odology and its appropriateness for implementation
in systems characterised by dynamic workloads.

Execution Time of Experiment Stages

15 20 25
Execution Time (seconds)

Fig. 3. Duration of the execution phases of the experiment

To comprehensively assess the effectiveness
of the proposed system, summary metrics from the
experiment were computed, which included perfor-
mance improvement, query execution duration prior
to and following optimisation, along with the count
of indexes that were generated and created. The
findings are displayed in Table 2.

All experimental data, encompassing detailed
metrics for each query, were preserved in structured

CSV and JSON formats to facilitate analysis, further
processing, and result reproduction.

Table 2. Results of query performance improvement

Metric Value

Performance gain (average) 22.54 %
Performance gain (overall) 22.54 %
Time before optimisation (average) 0.0550 s
Time after optimisation (average) 0.0426 s
Time before optimisation (overall) 0.2751 s
Time after optimisation (overall) 0.2131s
Number of recommended indexes 7

Number of successfully created indexes 6

To exemplify the effectiveness of the results
obtained, consider an instance of applying the sys-
tem to a real e-commerce dataset. The system eva-
luated five test queries of varying complexity and
automatically produced seven index recommenda-
tions. The most significant query (query 2 with a
frequency of 15) realised a performance enhance-
ment of 26.06 %, showcasing the system’s capabi-
lity to accurately identify and optimise the most
frequently utilised queries. The generated indexes
contributed to a reduction in the total execution
time of all queries from 0.2751 seconds to 0.2131
seconds, representing a substantial improvement
for high-load systems.

Future research avenues include broadening
the functionality and enhancing the accuracy of the
proposed system. A promising direction involves the
integration of machine learning techniques to re-
fine the accuracy of the query Cost-Model, enabling
more precise predictions of index efficiency based
on historical query execution data and fluctuations
in workload.

A crucial area for further investigation is
the development of mechanisms for the dynam-
ic adaptation of indexes in response to workload
changes, which would enable the system to auto-
matically refresh the index configuration when
the nature of queries or data structure evolves,
eliminating the need to rerun the recommenda-
tion process.

Another promising path is the expansion of the
system to accommodate complex types of indexes,
such as Generalized Inverted Index and Generalized
Search Tree, which are utilised for specialized data
types and search operations, thereby broadening the
system’s applicability to a wider array of database
optimisation tasks.
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Conclusions

The study introduces an autonomous index
recommendation system tailored for relational da-
tabases, which integrates a Query Cost-Model with
the Plan Covering algorithm. This innovative sys-
tem employs a pipeline approach that encompasses
workload analysis, assessment of SQL query execu-
tion costs, and a greedy selection process for indexes
based on the criterion of benefit-to-storage cost ratio.

Experimental investigations carried out on a
synthetic dataset simulating an e-commerce system
demonstrated that the system is capable of autono-
mously generating effective index recommendations
without resorting to resource-intensive machine lear-
ning techniques. Throughout the experiment, seven
index recommendations were produced, six of which
were successfully implemented within the database.

The results obtained validated the efficacy of
the proposed method: the average reduction in SQL
query execution time was 22.54 %, and the total exe-
cution time for all queries diminished from 0.2751
seconds to 0.2131 seconds. The most significant op-
timisation effect (26.06 %) was noted for the most
frequently executed JOIN query, thereby affirming
the accuracy of the mechanism that accounts for
query execution frequency.

Consequently, the findings of this research sub-
stantiate the effectiveness of the autonomous index
recommendation system based on Cost-Model and
Plan Covering as a viable tool for automating the in-
dexing process in relational databases. The suggested
approach strikes a balance between query perfor-
mance and storage costs, rendering it appropriate for
application in real information systems characterised
by dynamic workloads.
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[ony6iHka B.IM.

ABTOHOMHA CUCTEMA PEKOMEHIALIT IHOEKCIB AN PENALIMHUX BA3 JAHVX HA OCHOBI COST-MODEL TA PLAN
COVERING

Mpobnemartuka. |HOekcauis € knio4oBMM 3acob60OM MiABULLEHHS MPOAYKTUBHOCTI pensuinHux 6a3 gaHux, ogHak pydHuii Bubip
iHOEKCIB 3anuWaeTbCsl CKNagHUM i cy6’ekTuBHMM. 3i 3pocTaHHsIM 06cCsriB AaHuX MiABULLYIOTBCS BMMOMM [0 adanTUBHOCTI CUCTEM
onTtumisauii. Migxoam Ha OCHOBI MaLLUMHHOTO i rMMBOKOro HaBYaHHS 3abe3neyyTb BUCOKY TOYHICTb, ane noTpebytoTb 3Ha4YHUX pecypciB
i MaloTb Npobremy «XornogHOro CTapTy», LU0 3yMOBMHE HEOOXiAHICTb aBTOHOMHUX pilleHb i3 36anaHcoBaHMMK XapakTepucTuKkamm
TOYHOCTI Ta CKIagHOCTI.

MeTa pocnigxeHHs. Po3po6neHHs Ta ekcnepMMeHTarnbHe OLiHIOBaHHS aBTOHOMHOI CUCTEMM pekoMeHAauii iHAeKCIB, Lo NoeaHye
Mofenb BapTocTi BUKoHaHHs 3anuTiB (Cost-Model) 3 anroputmom Plan Covering Ans nigBULLEHHSI NPOAYKTUBHOCTI BUKOHAHHS 3anuTiB
y pensuiiHnx 6asax AaHuX 3 OAHOYACHUM BpaxyBaHHSIM BapTOCTi 36epiraHHst iHaeKcIB.

MeToauka peanisauii. Cuctema mae KOHBEEPHY apXiTEKTypy i BKIOYae aHanisaatop pobo4voro HaBaHTaXeHHs, MoAernb BapTOCTi
1 anroput™ Plan Covering. AHanizaTtop dopmye npodinb 3anuTiB, MOAeNb BapTOCTi OLIHIOE iX BUKOHAHHS 3 TNOTETUYHUMU iHAEKCaMU,
a anropuTM 3AiNCHI0E xafibHuIn BMOIp iHAEKCIB 3a CMiBBiAHOLIEHHSIM BUroau 0 BapToCTi 36epiraHHs. ExcnepumeHTansHy nepesipky
BMKOHaHO Ha CMHTETUYHOMY Habopi AaHUX e-commerce cuctemu B cepefoBuLli PostgreSQL.

Pe3ynbTatn pgocnipkeHHA. Cuctemoro 3reHepoBaHO 7 pekoMeHdauii iHaekciB, 3 skux 6 6yno ycniwHo ctBopeHo. CepenHe
MOKpaLLEHHS Yacy BUKOHaHHSA 3anuTiB cknano 22,54 %, a HanbinbLue nokpatleHHsi (26,06 %) oTpumaHo Anst HanbinbLL 4acTo BUKOHYBAHOMO
3anuTy 3 onepaduieto JOIN. 3aranbHuii Yyac BUKOHaHHS BCix 3anuTiB 3meHwwmBes 3 0,2751 ¢ go 0,2131 c.
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BucHoBku. 3anponoHoBaHe noegHaHHsi Cost-Model i Plan Covering 3abe3nevye ecekTBHY aBTOMaTu3adito npoLecy iHgekcawii
6e3 BUKOPUCTaHHSI PECYpPCOEMHMX HEMPOMEPEXeBMX MiAXOAIB, AEMOHCTPYOYM CYTTEBE MOKpaLLEHHS NPOAYKTMBHOCTI W pauioHanbHe

BVKOPWCTaHHS pecypciB 36epiraHHs.
KntoyoBi cnoBa: iHaekcauis 6a3 gaHux; onTyMisadisi 3anvTiB; aBTOHOMHI CUCTEMUW pekoMeHaLiin; moadernb BapTocTi; Plan Covering.
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METHODOLOGY FOR SELECTING THE TRANSMISSION PATH STRUCTURE
IN FUSION POWER PLANTS

Background. In fusion facilities, the transmission of measurement signals from sensors takes place under
conditions of intense ionising radiation, high temperatures and significant electromagnetic interference, leading
to the degradation of sensors and transmission lines, increased signal loss and a reduction in the signal-to-noise
ratio. The transmission of weak signals over long distances is particularly critical, requiring a well-founded choice
of transmission path structure based on a systematic consideration of the characteristics of the sensors and
transmission lines, taking into account a range of influencing factors, including radiation exposure, temperature
conditions, electromagnetic interference, signal loss and changes in the signal-to-noise ratio.

Objective. The paper aims to justify an approach to selecting the transmission path structure for long data
transmission lines in thermonuclear facilities based on a systematic and multi-criteria analysis of sensor and
transmission channel characteristics.

Methods. A systematic analysis of modern sensor solutions and transmission line types was employed,
alongside a multi-criteria approach taking into account radiation immunity, temperature stability, noise immu-
nity, signal-to-noise ratio and long-term parameter stability. The transmission path is considered as a set of in-
terrelated elements: the sensor, local converter, transmission line and data acquisition module, which determine
the efficiency of signal transmission. To compare alternatives, the characteristics were normalised and visualised
using polar diagrams.

Results. It has been established that inductive sensors are characterised by high radiation resistance but
are limited in measuring static fields, whereas Hall sensors provide direct measurement of static and alternating
magnetic fields, yet are subject to radiation-induced drift. It has been shown that bismuth and ceramic Hall
sensors exhibit enhanced long-term stability. It has been determined that coaxial cables are susceptible to ra-
diation ageing and signal loss, whereas fibre-optic and mineral-insulated lines provide better noise immunity
and parameter stability. The feasibility of local signal digitisation and the use of optical transmission channels
is justified. Based on the analysis carried out, the structure of the transmission path has been established, whilst
the merits of local signal digitisation and the use of fibre-optic transmission channels to improve reliability and
noise immunity have been demonstrated.

Conclusions. An approach to selecting the structure of the transmission path is proposed, based on a
comprehensive consideration of the characteristics of sensors and transmission lines. It is shown that the most
effective solutions for constructing the transmission path are those involving a combination of radiation-resistant
sensors, local signal processing and digitisation directly at the sensor, and the use of fibre-optic transmission
channels. This approach ensures improved measurement accuracy and data transmission reliability in the long
transmission lines of thermonuclear facilities under conditions of ionising radiation, high temperatures and elec-
tromagnetic interference.

Keywords: transmission path; long-distance data transmission lines; information transmission channels;
noise immunity; signal-to-noise ratio; electromagnetic interference; fibre-optic communication channels; digi-
tal signal processing; telecommunications systems; radiation immunity.
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Introduction

Modern tokamak installations are characterised
by a complex interplay of ionising radiation, high
temperatures, and Electromagnetic Interference
(EMI), significantly complicating the transmission
of weak signals over long communication lines.
In scenarios with considerable transmission path
lengths (tens to hundreds of meters), signal losses,
distortions, and degradation of the Signal-to-Noise
Ratio (SNR) occur, limiting measurement accuracy
and reliability. Under these conditions, the justified
selection of a transmission tract structure becomes
crucial, considering the combined influence of fac-
tors such as radiation degradation of components,
temperature instability of parameters, EMI impact,
signal losses in transmission lines, and SNR varia-
tions.

Analysis of current research reveals that sig-
nal transmission efficiency is determined by sensor
and transmission channel characteristics, as well as
their interaction under radiation and electromagne-
tic influences. Inductive and Hall-effect sensors are
widely used in magnetic diagnostics but experience
parametric drift and sensitivity limitations due to ir-
radiation. Long cable transmission lines are highly
susceptible to degradation caused by radiation-in-
duced material ageing, temperature variations, and
EMI, leading to increased signal losses. Optical fibre
channels offer high noise immunity but also have
limitations associated with radiation attenuation.

Despite the availability of individual technical
solutions, a comprehensive approach to selecting
a transmission tract structure based on systematic
consideration of radiation resistance, temperature
stability, noise immunity, and signal characteristics
is lacking. The formal comparison of alternative
solutions and ensuring stable transmission of weak
signals over long lines under complex destabilising
factors remain underexplored.

Therefore, this work addresses the challenge
of justifying an approach to selecting a transmission
tract structure based on multi-criteria analysis of
sensor and channel characteristics to enhance mea-
surement reliability in tokamak
installations.

Problem Statement

Given the complex ope-
rating conditions of tokamak
installations characterised by
intense ionising radiation, high
temperatures, and significant

EMI, there is a need to ensure reliable transmission
of weak measurement signals over long distances.

Analysis of current research indicates that exis-
ting technical solutions are typically focused on in-
dividual elements of the transmission tract (sensors
or transmission lines) and do not provide for their
comprehensive coordinated consideration in terms
of radiation resistance, temperature stability, noise
immunity, and impact on the SNR.

Therefore, the objective of this work is to de-
velop a methodology for selecting the structure of a
transmission tract for long data transmission lines
in tokamak installations based on a systematic and
multi-criteria analysis of sensor and channel cha-
racteristics.

Analysis of Modern Approaches to Long Data
Transmission Lines

The effectiveness of signal transmission over
long lines under intense neutron and y-radiation,
high temperatures, and strong EMI depends on a
combination of various physical, design, and tech-
nological factors. A key feature of such systems is
the use of long signal transmission lines connecting
primary sensors located near the plasma chamber
to remote data acquisition and processing systems
located outside the radiation zone [1, 2, 3].

Effective transmission of weak signals requires
ensuring a high SNR and minimising distortions [4,
5, 6]. The transmission tract includes: sensor — lo-
cal transducer — transmission line — Data Acqui-
sition Module (DAM) [7, 8, 9, 10, 11, 12]. A gene-
ralised structure of the transmission tract used in
tokamak installations is shown in Fig. 1. The sensor
node provides direct measurement of plasma phy-
sical parameters; the integrated transducer performs
local processing and digitisation of the signal (noise
filtering, calibration, preparation for further trans-
mission); the long line and final DAM transmit data
to central data acquisition and processing systems.
Critical factors include the small amplitude of sig-
nals and their high sensitivity to noise and radiation
[9, 10, 13, 14, 15]. This has necessitated the deve-

Data Acquisition
Module

Transmission Line

Local Converter

Signal Digitization

]

Fig. 1. Structure of a Transmission Tract for Tokamak Installations
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lopment of specialised approaches that ensure not
only the stability of electrical parameters of lines but
also their radiation resistance, mechanical strength,
and electromagnetic compatibility [9, 10, 16, 17].

The primary challenges facing sensors opera-
ting under intense ionising radiation, high tempera-
tures, and EMI include radiation-induced parame-
ter drift, reduced sensitivity, and the need for error
compensation [7, 8,9, 10, 11, 12, 18, 19]. Require-
ments for magnetic diagnostic systems in tokamak
installations necessitate radiation resistance, high
measurement accuracy, and stable operation during
long plasma pulses [3, 20, 21]. Improved efficien-
cy of transmission tracts is achieved by integrating
a portion of the signal conversion directly within
the sensor zone, which minimises the impact of in-
duced voltages and parametric drifts in long trans-
mission lines [7, 22].

The choice of sensor type is a defining factor in
transmission tract design as it dictates the require-
ments for the transmission channel structure and
signal processing methods [7, 8]. Table 1 presents
relevant types of magnetic sensors and their key
characteristics.

To generalise the results and justify the se-
lection of sensors and transmission channels, a

multi-criteria approach is appropriate. Based on an
analysis of sensor characteristics (Table 1), a system
of evaluation criteria has been developed, including
radiation resistance, temperature stability, noise im-
munity, and suitability for use in long transmission
lines [3, 12, 18].

Analysis shows that inductive coils exhibit high
radiation resistance but are limited in measuring
DC magnetic fields and prone to distortion during
long-distance signal transmission [4, 18]. Hall sen-
sors allow direct measurement of both DC and AC
magnetic fields created by DC and AC currents, but
experience parametric drift under radiation exposure
[12]. Meanwhile, bismuth Hall sensors demonstrate
enhanced long-term stability and are more suitable
for stationary operating modes [23, 24, 25].

Thus, the analysis results confirm the advisabi-
lity of using combined sensor solutions considering
operating conditions and requirements for the trans-
mission tract [3, 18, 22, 26].

Experimental studies of neutron effects have
demonstrated that:

« Inductive coils do not structurally degrade
but accumulate integration drift [3, 9].

« Hall sensors remain functional but experi-
ence radiation-induced parameter drift [8, 11, 12].

Table 1. Types of Magnetic Sensors and Their Key Characteristics

.- . Benefits for
Sensor type Stability Range Key issues Jong lines Source
Inductive - variable fields integration drift simplicity, radiation | [3, 9, 20,
coils resistance 21]
Hall sensors medium to high ~150—220 °C drift, variable direct measurement | [11, 12, 8]
(InSb/GaAs) | (~107—10" n/cm?) sensitivity of direct current
Hall sensors very high direct and radiation defects, direct measurement | [8, 11,18,
(Bi) (~10%—=10" n/cm?) | alternating current | control of tempera- of direct current 19]
up to 200 °C ture dependencies
Ceramic Hall | very high, stable up ~up to 550 °C manufacture and direct measurement [4, 8]
Sensors to ~550 °C calibration of direct current
Fluxgate average depends on the limited linearity - [3, 9]
Sensors design
Optical sen- high depends on the radiation-induced — [23, 24]
sors (up to radiation-in- glass attenuation
duced attenuation)
High-fre- - high frequencies noise, interference local processing [22]
quency
Sensors
Integrated - direct current complexity minimisation of [7]
FIMDs (DC) — linear distortion
alternating current
(AC)
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« Bismuth Hall sensors demonstrate better
long-term stability, making them promising for In-
ternational Thermonuclear Experimental Reactor
(ITER) [8, 18].

Radiation hardness and temperature stability of
sensors determine their suitability for use in long
transmission lines [9, 12]. Hall sensors enable mea-
surements of both DC and AC magnetic fields over
a wide range of conditions but suffer from para-
metric drift under irradiation [11, 12]. Ceramic and
bismuth Hall sensors exhibit enhanced stability, ex-
panding their applicability in environments with in-
tense radiation exposure [23, 24, 25].

Fluxgate sensors are used as auxiliary tools for
refining local magnetic profiles [9], while optical sen-
sors and fibre optic lines provide high noise immunity
and minimal signal loss over long distances [23, 27].

Generalising the results of experiments shows
the effectiveness of combined sensor systems for en-
suring stability and accuracy in long-distance data
transmission [7, 8, 17, 22].

Long transmission lines are the most vulnera-
ble part of the transmission tract as they experience
a complex interplay of radiation, temperature, and
electromagnetic factors [1, 2, 23, 27]. Research
shows that coaxial cables degrade due to dielectric
damage, while fibre optic lines are susceptible to ra-
diation-induced attenuation [6, 28, 29, 30].

Signal transmission over tens of meters from
sensors to Data Acquisition Systems (DAS) is ac-
companied by increased losses, induced noise, and

changes in line electrical parameters, which com-
plicates ensuring stability and accuracy of measure-
ments [2, 23].

Therefore, the main limiting factors for long
transmission lines are radiation degradation of ma-
terials, EMI, and parametric changes in cables. This
necessitates the application of specialised technical
solutions to improve noise immunity and data trans-
mission reliability.

Long cable transmission lines exhibit increased
sensitivity to interference, leading to signal quality
degradation during long-distance transmission. This
is particularly evident in high-frequency channels
where cable parameters and shielding effectiveness
significantly influence transmission accuracy [22].
Additionally, temperature and mechanical influen-
ces cause changes in line electrical characteristics,
which, combined with radiation effects, complicate
signal stability assurance.

Radiation-induced ageing of cable materials
leads to increased signal loss, changes in characte-
ristic impedance, and degraded insulation properties
[4, 23, 24, 26, 27]. Consequently, traditional elec-
trical transmission lines are inferior to fibre optic
systems, which offer higher noise immunity, lower
losses, and provide galvanic isolation between trans-
mission channels [27, 28].

A review of current solutions indicates that to-
kamak facilities for data transmission employ coaxial,
mineral-insulated, fibre optic, and hybrid metal-optic
transmission lines [6, 31, 32, 33] (Table 2).

Table 2. Types of transmission lines and their main characteristics

Line type Rad1at10n Temperature Advantages Restrictions chpe .Of
resistance range application
Copper coaxial ~10* Gr up to 7250 °C | affordable, easy low radiation secondary control
cables (standard to connect, stable | resistance, signal circuits
polymer impedance loss,
insulation) [6] radiation ageing of
insulation, noise
induction
Mineral-insulated ~107 Gr up to ~900 °C high resistance high rigidity, current sensors,
cables (MgO, to radiation and | difficult to install magnetic
AlLO,) [31] heat diagnostics
Fibre-optic lines ~10° Gr up to ~300 °C high SNR, radiation transfer of ITER
(Si0,) [32] immunity opacification of diagnostic data
to EMI glass at doses
>10° Gr
Hybrid ~10°—107 Gr ~300—500 °C | the ideal balance, greater system recording of
metal-fibre lines combining complexity, high transient
(fibre + copper) reliability and cost, complex processes in
[33] speed, with the temperature plasma
option of compensation
redundancy
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Methodology for Selecting the Structure of a
Transmission Tract

Considering the analysis of sensor and trans-
mission line characteristics (Table 1), it is advisable
to develop a methodology for selecting the struc-
ture of a transmission tract based on multi-criteria
evaluation. This approach allows us to move from
a descriptive analysis to a formalised comparison of
alternative solutions, taking into account the opera-
ting conditions in tokamak installations.

To tackle this task and execute the suggested
methodology, the subsequent essential steps are ad-
vised:

— define a system of criteria for evaluating
sensor and transmission line characteristics that in-
fluence signal transmission efficiency;

— formulate the structure of the transmission
tract as a set of interconnected elements: sensor, lo-
cal converter, transmission line, DAM;

— identify the main factors influencing signal
parameters under operating conditions: ionising ra-
diation, temperature, EMI,;

— analyse the mutual influence of transmission
tract elements and environmental factors on signal
characteristics;

— conduct multi-criteria evaluation of alterna-
tive options for building a transmission tract;

— develop comprehensive visualisation of eva-
luation results (including the use of polar diagrams)
to compare alternatives;

— select a rational structure for the transmis-
sion tract, considering operating conditions and re-
quirements for signal transmission reliability.

The following criteria should be used as the
main evaluation criteria:

— radiation resistance of tract elements;

— temperature stability;

— SNR;

— sensitivity to EMI;

— stability of parameters during long-term
operation;

— suitability for use in long transmission lines.

Based on these criteria, a generalised eva-
luation system is formed, which allows comparing
different types of sensors (inductive, Hall, Bismuth
Hall, optical) and transmission lines (coaxial, mine-
ral-insulated, fibre optic, hybrid).

To visually represent the results of multi-crite-
ria analysis, it is advisable to use polar diagrams [34],
which allow simultaneously visualising and compa-
ring several parameters. This approach provides the
possibility of visual comparison of alternatives and
determining the most effective configurations of the

transmission tract depending on the level of radia-
tion load, temperature conditions, and accuracy
measurement requirements.

The application of the proposed methodology
shows that for conditions of intense radiation expo-
sure and significant transmission line lengths, the
most appropriate solution is to use combined solu-
tions, which involve:

— local conversion and digitisation of the sig-
nal directly near the sensor;

— using fibre optic channels for transmitting
digital data;

— applying radiation-resistant sensors (in par-
ticular, Bismuth Hall sensors or integrated modules);

— redundancy of transmission channels to im-
prove reliability.

Thus, the proposed methodology allows us to
rationally form the structure of a transmission tract
that ensures minimisation of information loss and
increased measurement accuracy in the complex
operating conditions of tokamak installations.

This section proposes a multi-criteria approach
to sensor selection using polar diagrams for com-
parison. To facilitate comparison, parameters were
normalised on an ordinal scale of 1—4 based on the
comparison of real values (Table 1). The results are
visualised in Fig. 2.

—— Hall Sensors
Temperature

Stability

Signal-to-Noise Ratio Bismuth Hall Sensors
~ Inductive Sensors

—— Optical Sensors

Resistance to
Electromagnetic
Interference

Radiation
Stability

Long-Term

Suitability for Stability

Long-Distance Operation
Fig. 2. Polar diagram comparing sensor types based on key criteria

The constructed polar diagram allows us to
move from a qualitative description of sensor charac-
teristics to their formalised comparison based on a
set of criteria that define their effectiveness in long
data transmission lines.

Optical sensors excel in interference immuni-
ty, SNR, and long-distance transmission efficiency.
Bismuth Hall sensors demonstrate superior radiation
hardness and long-term stability. In contrast, induc-
tive and classic Hall sensors form a limited appli-
cation area due to their lower values of integrated
characteristics for long transmission tracts.
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Thus, the results of the system analysis confirm
that the optimal structure of a transmission tract
should be based on a combination of different sen-
sor types, considering dominant influencing factors.
This approach minimises information loss and en-
hances measurement accuracy.

Research in [6, 31, 32, 33] examines the be-
haviour of various transmission lines under tokamak
conditions. Tracts using coaxial cables for transmit-
ting analog signals from sensors (inductive coils, Hall
sensors) typically employ copper or shielded lines
with subsequent digitisation in the DAS zone. While
these cables are easily shielded, their parameters de-
teriorate significantly under radiation and tempera-
ture exposure, leading to signal loss, noise, and phase
distortions, especially over long distances [1, 14, 22].

To reduce interference effects, signal digiti-
sation directly at the sensor with subsequent data
transmission via fibre optic cable is implemented
[23, 27]. This approach ensures high interference
immunity and minimises the impact of radiation ef-
fects on the analog part of the tract. Studies show
that fibre optic lines exhibit significantly lower sensi-
tivity to EMI and radiation-induced losses, ensuring
reliable data transmission over long distances even at
high speeds [23].

Mineral-insulated cables are also used in areas
with high fluences due to their enhanced thermal
and radiation resistance compared to polymeric
counterparts, which is critical for long transmission
lines [31].

As seen in Table 2, fibre optic and mineral-in-
sulated cables are the most promising for operation
in environments with intense ionising radiation.
They provide parameter stability under prolonged ir-
radiation and require less frequent maintenance [16].

Table 3 presents a comparison of the main
techniques used to improve the reliability of signal

transmission channels in environments with radia-
tion activity [1, 4, 10, 23, 24, 27].

One approach to improving the reliability of
communication channels is using redundant trans-
mission lines (Table 3), which ensure system conti-
nuity in case of degradation of the primary channel
[30, 35].

The ITER project has implemented a radia-
tion-resistant optical diagnostics concept utilising
Bragg gratings (FBG sensors) for temperature and
strain measurements without signal degradation at
doses exceeding 1 MGy [36, 37]. Additionally, ac-
tive thermostabilisation systems are employed to
compensate for temperature changes in cable tracts,
reducing measurement error to 0.1% over lengths
exceeding 100 m [6].

Therefore, combining radiation-resistant ma-
terials, optical technologies, digital compensation,
and channel redundancy ensures reliable data trans-
mission in fusion installations even under intense
ionising and neutron radiation.

Conclusions

The analysis of current research highlights
that ensuring the reliable operation of long data
transmission lines in fusion reactors is a complex
multi-factor challenge influenced by simultaneous
radiation, thermal, and electromagnetic factors.
Existing approaches to building transmission tracts
rely on different sensor types (inductive, Hall, op-
tical) and transmission lines (coaxial, mineral-insu-
lated, fibre optic), each with its limitations. Tradi-
tional coaxial cables suffer significant degradation
due to radiation ageing of materials and tempera-
ture influences, leading to increased signal loss and
worsened SNR. Conversely, fibre optic and mine-
ral-insulated lines exhibit significantly higher re-

Table 3. Methods for enhancing signal transmission reliability in radiation environments [30, 35]

Approach

The essence of the method

The result of using

Radiation-resistant materials use MgO, ALO

273

Si0,

improving the stability of parameters
up to the doses 107 Gr

Optical data transmission

the use of low-attenuation optical fibre

no EMI, high transmission speed

Active dubbing
switching

parallel backup lines with automatic

reducing the risk of data loss

Digital distortion compensation

characteristics

algorithmic equalisation of
amplitude-frequency and phase-frequency

real-time signal reconstruction

Temperature stabilisation

cable

monitoring of thermal changes in the

improved measurement accuracy
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silience to extreme conditions and provide more
stable signal transmission parameters over long dis-
tances.

The paper proposes a methodology for selec-
ting the structure of a transmission tract based on
multi-criteria evaluation, considering radiation re-
sistance, temperature stability, interference immu-
nity, SNR, and long-term stability of characteris-
tics. A key feature of the proposed methodology is
the combination of system analysis of sensors and
transmission channels with their formalised com-
parison, allowing for a reasoned determination of
the feasibility of using different transmission tract
configurations depending on operating conditions.
The results demonstrate that combined solutions
are most effective, involving the use of radiation-re-
sistant sensors (specifically Hall and Bismuth Hall
sensors), local signal conversion and digitisation
near the sensor, and data transmission via fibre op-
tic channels. The advantages of this approach in-
clude reduced interference effects, minimised para-
metric drifts, increased measurement accuracy, and
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miHeHko J1.K., Koctb IM.1.

METOONKA BUBOPY CTPYKTYPW MEPEOABAJIBHOIO TPAKTY ANA TEPMOAAEPHNX YCTAHOBOK

Mpobnematuka. ¥ TepMosifeEpPHMX YCTaHOBKax nepeaaBaHHs! BUMIpIOBANbHUX CUrHamiB Bif CEHCOPIB 3AINCHIOETLCS B yMOBax
IHTEHCMBHOTO iOHi3yBanbHOro BUNPOMIHIOBAHHSI, BUCOKMX TEMMepaTyp i 3Ha4YHUX eNnekTpoMarHiTHUX 3aBag, Lo Npu3BOAUTL A0 Aerpagauii
CeHcopiB i NiHi nepefavi, 3poCcTaHHst BTPaT CUrHary i 3HWKEHHS BigHOLWEHHsI curHan/wym. OcobnmBo KPUTUYHUM € NepefaBaHHst
crnabkux curHanis Ha Benuki BiAcTaHi, Lo noTpebye obrpyHTOBaHOro BUGOPY CTPYKTYpW NepefaBaribHOrO TPakTy Ha OCHOBI CUCTEMHOTO
BpaxyBaHHS XapakTepUCTUK CEHCOPIB i NiHi nepeaadi, 3 ypaxyBaHHAM KOMMMEKCY BNAMBOBUX haKkTopiB, 30KpeMa pagialiiHoro Bnnuey,
TemnepaTypHUX pexunmis, enekTpoMarHiTHUX 3aBag, BTPAT cUrHany i 3MiH BigHOLLEHHSI CUrHarn/LWyMm.

MeTta pgocnigxeHHs. MeToto po6oTu € 0brpyHTYBaHHS pOpMyBaHHS METOAMKM BUBOPY CTPYKTYpU NepefaBarnibHOro TpakTy Anst
OOBrux NiHii nepefavi gaHux y TEPMOSiAEPHUX YCTAHOBKAxX Ha OCHOBI CUCTEMHOro Ta BaraTokpuTepianbHOro aHamnisy xapakTepucTuk
CeHCOpIB | kaHaniB nepegadyi 3 ypaxyBaHHAM yMOB iX ekcrnnyaTauii.

MeToguka peani3auii. BukopuctaHo CUCTEMHWMI aHami3 Cy4acHMX CEHCOPHMX pilleHb i TUMIB MiHIM nepegadi, a Takox
GaraTokpuUTepianbHWI Nigxig 3 ypaxyBaHHAM pagfialiiHol CTiKOCTi, TeMmnepaTtypHoi cTabinbHOCTI, 3aBafoCTIAKOCTI, BiQHOLLEHHS curHan/
wyM i goBroTpmuBanoi crtabinbHocTi napameTpiB. [epegaBanbHUA TPaKT MPU LbOMY PO3rNSAAETbCA SK CYKYMHICTb B3aEMOMOB’A3aHUX
€reMeHTIB: CeHcopa, NIokanbHOro nepeTeoploBaya, NiHii nepeaadi Ta Mmogyns 36opy AaHuXx, WO BU3HaYal0Tb e(DEKTUBHICTb NepefaBaHHst
curHany. [1na nopiBHAHHA anbTepHaTMB 3aCTOCOBAHO HOPMYBaHHS XapaKTepUCTUK i iX BidyanisaLito 3a JOMOMOrow NOoNSAPHUX diarpam.

Pe3ynbTaty gocnimxeHHsA. BctaHoBneHo, WO iHAYKTUBHI CEHCOPU XapaKTepu3yloTbCs BUCOKOK padiauiiHol CTiMKicTio, ane
o6MexeHi y BUMIpOBaHHI NOCTiIHMX MoniB, Todi sik Xonn-ceHcopu 3abe3neyytoTb NpsiMe BUMIPHOBAHHS MOCTIMHUX i 3MIHHUX MarHiTHUX
nonis, MpoTe 3a3HalTb pagiauiHo-iHgykoBaHoro gpendy. lMokasaHo, Wo BiCMYT i KepamidHi Xonm-CeHCopW MaioTb MigBULLEHY
[OBroTpusany cTabinbHicTb. Bu3HaueHo, Lo koakcianbHi kabeni cxunbHi 4o pagiauiiHoro cTapiHHs i BTpaT curHany, ToAi ik ONTOBOJIOKOHH
Ta MiHeparnbHO i30nboBaHi NiHii 3abe3nevytoTb Kpallly 3aBafoCTilKiCTb | cTabinbHicTs napameTpis. OBr'pyHTOBAHO AOLNBbHICTb NOKaNbHOMO
oumnpyBaHHS CUrHaniB i BUKOPUCTaHHSA ONTUYHKUX KaHaniB nepegadi. Ha ocHoBI npoBeAeHOro aHanisy cpopmMoBaHO MoAenb CTPYKTypu
nepefaBarnbHOro TPakTy, NpuU LibOMYy 0BI'pyHTOBAHO AOLMbHICTE NOKaNbHOIO OUMGPYBaHHS CUrHaMIB i BUKOPUCTAHHS ONTOBOITOKOHHUX
KaHanie nepegadvi Ans NiABULWEHHSA AOCTOBIPHOCTI Ta 3aBafOCTINKOCTI.

BucHoBku. 3anponoHoBaHO MeTOAMKY BUOOPY CTPYKTYpY NepeaaBasibHOro TPakTy, sikuii 6asyeTbCsa Ha KOMMNIIEKCHOMY BpaxyBaHHi
XapaKTepUCTMK CEHCOPIB i NiHili nepeaadvi. MNMokasaHo, Wo Hanbinbw edekTUBHNUMMU € KOMBIHOBaHI pilleHHs1 NobyaoBM nepefaBarnibHOro
TpakTy, siki nepeabavatoTe NOeAHAHHS pafialiiHoO CTiMKUX CeHcopiB, NokanbHOT 06pobkn Ta oundpyBaHHs curHanis 6e3nocepeHLo bins
CeHcopa | BUKOPUCTaHHS! ONTOBOMOKOHHUX kKaHaniB nepeaadi. Takuii Bubip cTpykTypu 3abe3nevye niaBuULLEHHS JOCTOBIPHOCTI BUMipOBaHb
i HagiHOCTI Nnepegavi AaHUX y AOBIUX NiHiAX Nepegadi TepmMosgepHUX YCTaHOBOK B YMOBaX Aii iOHi3yBanbHOrO BUNMPOMIHIOBAHHS, BUCOKMX
TemnepaTyp Ta enekTpoMarHiTHUX 3aBag.

Knto4yoBi cnoBa: nepegaBanbHuiA TpakT; AOBr NiHil nepedadi AaHux; kaHanu nepegadi iHcopMaldlii; 3aBagoCTiNKiCTb; BIiQHOLLIEHHS
curHan/lwym; enekTpoMarHiTHi 3aBafu; OMNTOBOMOKOHHI KaHanu 3B’si3ky; umdpoBa obpobka curHanis; TernekoMyHikauiiHi cuctemu;
pagiauinHa CTinKiCTb.
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DEEP REINFORCEMENT LEARNING-BASED MAPLESS NAVIGATION ALGORITHM
FOR HUSKY ROBOT WITH ADAPTIVE CURRICULUM LEARNING

Background. Mobile wheeled robots are widely used today in internal logistics environments of various industries, in
particular in warehouses, production shops and sorting centers. However, in such environments, the robot operates
under conditions of high variability, where the configuration of aisles, the placement of loads and the presence of people
can change in real time. Therefore, the development of autonomous navigation of the robot in complex and dynamic
environments is becoming one of the key tasks of robotics.

Objective. To improve navigation efficiency in dynamic mapless logistics environments, this work introduces an adap-
tive machine learning method based on curriculum Reinforcement Learning (RL) for four-wheeled autonomous robots.
Methods. To achieve the set goal and solve the tasks of autonomous navigation in logistics environments, a compre-
hensive methodological approach was used, based on the following methods:

— Simulation Method: using the PyBullet physical engine to create a virtual logistics environment. This allowed
for safe and high-repetition training, simulating the real-world kinematics of the Husky four-wheeled robot;

— Deep RL Methods: application and comparison of three state-of-the-art architectures: Soft Actor-Critic (SAC),
Proximal Policy Optimisation (PPO), Twin Delayed DDPG (TD3);

— Adaptive Curriculum Learning (ACL): a step-by-step learning technique that automatically changes the com-
plexity of the environment (number and speed of obstacles) depending on the current success of the agent. This avoids
the degradation policy at early stages.

Results. The combination of ACL of the Husky mobile robot in complex dynamic environments and hybrid reward
functions increased the navigation success rate by 35—40 % compared to direct learning in complex scenarios. The
conducted comparative analysis of machine learning algorithms demonstrated the highest adaptability to non-stationary
conditions and the best efficiency of using experience is the SAC algorithm, which achieves success in 89 % of cases of
application with a minimum number of collisions.

Conclusions. This paper proposes an algorithm for mapless navigation of the autonomous mobile robot Husky in
complex dynamic environments is proposed, based on a combination of adaptive learning and a physically interpreted
hybrid reward function. Experiments conducted in the PyBullet simulator confirmed that a stepwise and adaptive in-
crease in the complexity of the environment stabilises the learning process of modern deep RL algorithms (PPO, SAC,
and TD3).

Keywords: machine learning with reinforcement; navigation without cartography; mobile robots; control systems; robot
autonomy.

Introduction

Autonomous navigation is a crucial functio-
nal capability for mobile robots widely deployed in
indoor logistics environments, such as warehouses,
manufacturing plants, and sorting centres. In these
settings, robots operate under highly dynamic con-

ditions where the configuration of aisles, placement
of cargo, and presence of humans can change in
real time. This significantly complicates the use of
classical navigation approaches based on accurate
maps, prior localisation, and global path planning,
which often require substantial computational re-
sources or regular of map updates. In many prac-

IIpono3uuis ans nuryBanHs uwiei crarri: [1.B. IMerpenko, A.T'. TlpoTtacos, «Anroputm 6e3kaprorpadiuHoi HaBiralii po-
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tical scenarios, such approaches are either con-
strained or economically unfeasible. An alternative
to traditional methods is mapless navigation, which
involves reaching a goal based on local sensor ob-
servations without constructing a global map of the
environment. This approach is particularly attrac-
tive for dynamic and unstructured logistics spaces
where the environment is partially observable and
non-stationary. Recent advancements in RL have
enabled the implementation of end-to-end naviga-
tion policies that directly map sensory data to con-
trol actions, thereby reducing reliance on complex
mapping and planning modules. Notably, mapless
navigation based on Light Identification, Detection
and Ranging (LiDAR) technology data combined
with RL algorithms has gained popularity due to
LiDAR’s robustness to illumination changes and
its ability to accurately capture the geometry of sur-
rounding obstacles. Machine learning algorithms
such as PPO, SAC, and TD3 demonstrate high
effectiveness in relatively simple or static environ-
ments. However, their performance significantly
deteriorates in complex dynamic logistics scenarios
characterised by moving obstacles, dense traffic,
and non-stationary dynamics.

A key challenge in such conditions is the insta-
bility of the learning process. As the complexity of
the environment increases, standard RL algorithms
often exhibit unstable policy evolution, slow con-
vergence, or a complete failure to form a reliable
navigation strategy. This indicates towards a prob-
lem related to the lack of effective mechanisms for
managing task complexity during training for map-
less navigation in dynamic and non-stationary en-
vironments. One promising approach to overcome
this challenge is Curriculum Learning (CL), which
involves gradually increasing task complexity during
training. By extending this concept, ACL enables
automatic adaptation of environment complexity
according to the agent’s current learning level, crea-
ting the necessary prerequisites for forming robust
and generalisable navigation strategies in complex
logistics environments.

Analysis of Previous Works and Publications

In contemporary research, Deep Reinforce-
ment Learning (DRL) is actively applied for ma-
pless navigation of mobile agents and local obsta-
cle avoidance. Studies show that DRL agents can
directly map local sensor data to continuous con-
trol actions, enabling robots to reach goals without
constructing a global map or complex localisation.
Notably, classical DRL approaches using the PPO

algorithm demonstrate the ability to navigate in rela-
tively simple or static environments by training an
agent to avoid obstacles and move towards a tar-
get. However, these approaches are limited in cases
of high complexity and dynamics, where statistical
properties of observations may change during ope-
ration [1].

Current research continues to develop Adap-
tive Reinforcement Learning (ARL) methods for
realistic navigation scenarios. For example, in the
context of indoor logistics, a DRL scheme with
an automatic learning curriculum (NavACL-Q)
was proposed, combining SAC with automatic task
complexity adaptation. This contributes to impro-
ving the quality of navigation policies compared to
classical mapping approaches in complex warehouse
environments [2].

The CL concept has been proposed as a strate-
gy for gradually transitioning from simpler to more
complex tasks, enhancing convergence speed and
learning stability for RL agents [3]. In robotics,
CL is often implemented through the manual adju-
stment of training environment parameters — for
instance, sequentially increasing obstacle density
or the complexity of dynamics. However, such ma-
nual strategies are ineffective for complex scenarios
with high-dimensional observation spaces because
they do not adapt to an agent’s individual progress.
Modern approaches to ACL propose the automatic
assessment of an agent’s progress with subsequent
dynamic adjustment of environment complexity,
leading to improved overall RL policy performance
[4]. These methods have shown promise for naviga-
tion tasks in partially observable environments with
varying complexity. However, their real-time appli-
cation in non-stationary logistics remains a subject
of ongoing research.

One of the key challenges in applying DRL to
autonomous navigation is the gap between Simula-
tion and Real-world conditions (Sim-to-Real gap)
[5]. An agent trained in a simulator often exhibits
a significant performance drop when transferred to
a physical platform due to discrepancies in the en-
vironment model, sensor noise, dynamics, etc. To
address this issue, domain randomisation is wide-
ly used. It involves varying physical parameters of
the environment during training, enabling the agent
to learn more generalised policies. Furthermore,
combining Sim-to-Real approaches with adaptive
methods like ACL or domain randomisation can
significantly improve the stability of transferring a
navigation policy from simulation to reality, con-
tributing to more reliable operation of autonomous
systems in practical logistics scenarios.
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Despite significant progress in developing ma-
pless navigation methods based on RL, most exis-
ting approaches remain limited to relatively simple
or quasi-dynamic environments and do not ensure
stable learning under conditions of high density
of moving obstacles and non-stationary dynamics.
ACL methods and Sim-to-Real approaches show
considerable potential, but their integration into a
unified framework for mapless navigation of four-
wheeled mobile robots in complex logistics environ-
ments remains insufficiently explored. This justifies
the need for further research aimed at developing
adaptive learning strategies capable of ensuring sta-
bility, generalisation, and practical applicability of
navigation policies in real-world dynamic condi-
tions.

The purpose of this work is to improve the
efficiency of mapless navigation for a four-wheeled
autonomous mobile robot in dynamic logistics envi-
ronments by applying ARL based on a curriculum.

Materials and Results of the Research

For the study of mapless navigation of an auto-
nomous mobile robot, a virtual environment was
developed in the PyBullet simulator, providing re-
alistic modeling of contact dynamics, friction, and
kinematics. The environment is designed to repro-
duce typical indoor logistics scenarios, particularly
warehouse and manufacturing spaces with narrow
aisles and various obstacles. As the robotic platform,
a Husky robot model [6] was used, which is widely
applied in autonomous navigation research and well
replicates the dynamics of real-world ground mobile
robots. The agent’s state is defined by local sensor
observations represented by LiDAR data, providing
real-time information about the geometry of sur-
rounding obstacles.

The simulated virtual environment (Fig. 1) re-
presents a spacious enclosed space with rigid walls
that limit the robot’s working zone and prevent it
from exiting the simulation. The floor surface is
level and homogeneous. In the central part of the
scene, a mobile robot is placed, and the target state
is marked by a green spherical object whose posi-
tion is randomly initialised for each episode. This
task setup prevents memorising fixed trajectories
and stimulates the formation of a generalised na-
vigation policy. Obstacles in the environment differ
in spatial arrangement, orientation, geometric di-
mensions, and dynamic properties. Some objects
are static (marked red), while others are dynamic
(marked blue) and move along stochastic trajec-
tories.

Fig. 1. Virtual environment featuring the agent, target, static red,
and dynamic blue obstacles

At the beginning of each episode, all obstacles
are initialised in random positions, ensuring a vari-
ety of scenarios and increasing learning complexity.
The green and red rays on the visualisation corre-
spond to LiDAR measurements. Green rays repre-
sent free directions of movement, while red ones
signal the detection of obstacles or their dangerously
close proximity. This sensory information is used by
the agent to make real-time decisions.

Learning in a Static Environment. In the first
stage of research, PPO, SAC, and TD3 algorithms
were trained in a relatively simple static environment
with fixed obstacles. Dynamic objects were absent at
this stage, and the scene configuration remained un-
changed within a single episode.

The stage aimed to:

— verify the correctness of the environment im-
plementation and reward function;

— assess the basic ability of the algorithms to
develop a navigation policy;

— establish benchmarks for further compara-
tive analysis in more complex and dynamic envi-
ronments.

Training of each algorithm was conducted over
one million episodes, under identical simulation
conditions and with comparable hyperparameters.
The main performance indicator used was the suc-
cess rate, defined as the proportion of episodes in
which the robot successfully reached the target with-
out collisions.

Fig. 2 shows the dynamics of changes in the
navigation success rate depending on the number
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Success rate

100K 200k 300K 400k

500k 600k 700K 800k 900k ™

Number of episodes

Fig. 2. Comparison of algorithms in a static environment over one million episodes:
1 —PPO, 2 —TD3, 3 — SAC

of training episodes. It is visible that all three al-
gorithms demonstrate gradual growth in efficiency,
confirming their ability to form a correct obstacle
avoidance policy and reach the goal in a static en-
vironment.

The PPO algorithm is characterised by a
smoother and more stable learning curve; howe-
ver, it requires a larger number of episodes to
achieve a high level of success. Conversely, SAC
and TD3 demonstrate significantly faster initial
convergence, achieving a success rate of over 0.8
in the early stages of training but are characterised
by more pronounced fluctuations during further
optimisation.

During the experiments, all three algorithms
demonstrated the ability to learn correct obstacle
avoidance behaviour and reach the goal in a static
environment. However, differences were found in
convergence speed and learning stability.

Specifically, PPO provided the most stable
optimisation process, making it a reliable baseline
method, but was characterised by slower conver-
gence. The SAC and TD3 algorithms had higher
sample efficiency, allowing them to achieve high
success rates more quickly, but they were also more
sensitive to hyperparameter choices and exhibited
greater fluctuations during training. Table 1 demon-
strates the results of algorithm training in a static
environment under identical simulation conditions
and matched hyperparameters.

Table 1. Algorithm Training Results

Indicators PPO SAC TD3
Success rate 0.82 0.95 0.83
Collision rate 0.08 0.03 0.08
A"eg‘:lgreateig:"de 160 230 210
Number of one one one
training episodes | million million million

Learning in Complex Dynamic Environments.
The next stage of the research involved complica-
ting the simulation environment by adding dyna-
mic obstacles that change their position during epi-
sodes. This environment is non-stationary, as the
state distribution changes over time, and the be-
haviour of the surroundings cannot be considered
fixed or completely predictable. In these conditions,
the agent must not only avoid collisions with sta-
tic objects but also adapt its control policy to mo-
ving obstacles, which significantly complicates the
learning process. Training of PPO, SAC, and TD3
algorithms was conducted over one million episodes
under similar hyperparameters as in the static envi-
ronment to ensure proper result comparison.

The conducted experiments showed that under
these conditions, standard RL algorithms face sig-
nificant difficulties, namely:

— unstable policy parameter updates;
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— slow convergence or its complete absence; Table 2. Algorithm Training Results
— increasing number of collisions with ob- -
. Indicators PPO SAC TD3
stacles;
— significant fluctuations in cumulative reward Success rate 0.28 0.42 0.38
between episodes. Collision rate 0.78 0.54 0.63
. Fig. 3 shows the dynamics of. changes in the Average episode
navigation success rate in a dynamic environment. duration 530 410 480
Unlike the static case, none of the investigated al- Numbor of trali
gorithms demonstrates stable and monotonic con- umber-o drammg c‘>lr11'e c.>1r11'e (')l?'e
vergence. The Success Rate values remain relatively eprsodes mitton mrton miton

low and are characterised by significant fluctuations
throughout the entire learning process.

The PPO algorithm demonstrates the most sta-
ble but low-efficiency behaviour, failing to achieve
high success rates even after prolonged training. The
SAC and TD?3 algorithms show slightly better re-
sults; however, their learning is accompanied by sig-
nificant fluctuations and policy degradation at later
stages, indicating high sensitivity to environment
non-stationarity.

The results indicate that a classic approach
to RL without explicit mechanisms for managing
task complexity is insufficient for forming a reli-
able navigation policy in complex dynamic envi-
ronments. Even algorithms with high data sampling
efficiency prove incapable of consistently generali-
sing experience in the presence of moving objects.
Table 2 demonstrates the results of algorithm trai-
ning in a complex dynamic environment.

Success rate

100k 200k 300K 400k

Applying ACL. To overcome the identified
problems of instability and low convergence of algo-
rithms in complex dynamic environments, this work
proposes using the ACL approach. Its key idea lies
in gradually and adaptively increasing the complexi-
ty of the learning environment based on the agent’s
current performance indicators. This allows for re-
ducing task complexity in the early stages of training
and avoids policy degradation.

Within the proposed approach, the following
environment parameters were adaptively changed:
the number of static and dynamic obstacles, the
movement speed of dynamic objects, the initial dis-
tance to the goal, and the sensor noise level. Training
each algorithm began in a simplified environment
with a minimal number of obstacles and low dy-
namics, after which the complexity of the environ-
ment gradually increased under the condition that

500k 600k 700k 800k 900k

Number of episodes

Fig. 3. Comparison of algorithms in a complex dynamic environment over one million episodes:

1 — PPO, 2 — TD3, 3 — SAC
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the agent achieved predetermined efficiency criteria.
These criteria included stable growth of cumulative
reward and reduced collisions.

The proposed strategy enabled forming a more
stable learning process and ensured smooth adap-
tation of the control policy to the increasing task
complexity. Unlike direct training in a dynamic en-
vironment, using ACL reduced fluctuations in po-
licy parameters and prevented sharp performance
degradation between episodes (Fig. 4).

Experimental results showed that using ACL
significantly improves learning stability, accelerates
algorithm convergence, and reduces the number of
collisions in complex dynamic environments com-
pared to training without a curriculum strategy. The
most noticeable effect was observed for the SAC and
TD3 algorithms, which, under conditions of adap-
tive environment complexity increase, demonstrated
more stable cumulative reward growth and superior
generalisation capabilities. Table 3 shows the results
of algorithm training following an adaptive learning
program.

A comparative analysis of the learning results
in static, dynamic, and curriculum-oriented envi-
ronments confirmed the appropriateness of using
an adaptive approach to forming training scenarios.
Combining RL algorithms with ACL mechanisms
allows overcoming the limitations of classical me-
thods and increasing the efficiency of mapless na-
vigation for autonomous mobile robots in complex

Success rate

and non-stationary environments. Table 4 shows the
results of algorithm training.

Conclusions

The paper presents an algorithm for mapless
navigation of a Husky autonomous mobile robot in
complex dynamic environments, based on combi-
ning ACL and a physically interpretable hybrid re-
ward function. Experiments conducted in the PyBul-
let simulator confirmed that stepwise and adaptive
increase in environment complexity is a key factor
in stabilising the training process of modern DRL
algorithms, specifically PPO, SAC, and TD3.

Experimental results confirmed the effective-
ness of the proposed approach based on ACL for
mapless robot navigation in complex dynamic envi-
ronments. It was shown that stepwise and adaptive
complication of the environment eliminates policy
degradation and ensures stable convergence of PPO,
SAC, and TD3 algorithms, increasing the navigation
success rate by 35—40 % compared to direct training
in complex scenarios.

Comparative analysis showed that the SAC
algorithm demonstrates the highest adaptability to
non-stationary conditions and the best sample ef-
ficiency, achieving a success rate up to 89 % with
a minimal number of collisions. Additionally, it
was established that the proposed hybrid reward
function with physical interpretation contributes to

500k SO0k Tk 80k 00k

Number of episodes

Fig. 4. Comparison of algorithms using ACL in a complex dynamic environment over one million
episodes: 1 — PPO, 2 — TD3, 3 — SAC
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Table 3. Algorithm Training Results

forming smoother and more stable movement trajec-
tories, which increases the suitability of learned poli-
cies for further transfer to real robotics platforms.

However, this research has certain limitations.
All experiments were conducted in the PyBullet

Indicators PPO SAC D3 simulator, leaving the challenge of the Sim-to-Re-
Success rate 0.88 0.92 0.84 al gap open for further investigation. Moreover, the
Collision rate 0.9 0.02 0.07 used LiDAR sensor model with a limited number of

Average episode beams may be insufficient for correctly identifying
duration 305 360 340 small or complex objects in real conditions. Further
Number of training one one one research will focus on implementing learned models
. - - - on a real four-wheeled mobile robot and developing
episodes million million million

mechanisms for memory and motion prediction of
dynamic obstacle using modern neural network ar-

chitectures.

Table 4. Comparison of algorithm learning results by success rate in different simulation environments

(1]

2]

3]

[4]

(5]

(6]

Algorithms Static D}/namic ACL apd dynamic
environment environment environment

PPO 82 % 28 % 88 %

SAC 95 % 42 % 92 %

TD3 83 % 38 % 84 %
Number of training one one one

episodes million million million
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[.B. Metpenko, A.T". MNMpoTacos

ANFOPUTM BE3KAPTOIMPA®IYHOI HABITALIT POBOTA HUSKY HA OCHOBI MOAEJNIEM TMWBOKOTO HABYAHHSA
3 NIAKPIMNEHHAM TA ADANTUBHOIO HABYAJIBHOI O MNAHY

Mpo6nemartuka. MobinbHi konicHi poboTH CbOrofHi LLIMPOKO 3aCTOCOBYHOTb Y BHYTPILLIHIX JTOMICTUYHUX CEPEAOBULLAX PI3HOMAaHITHUX

BMPOBHMLTB, 30KpeMa Ha cknafax, y BUPOOHMYMX Liexax i copTyBanbHUX LeHTpax. BTiM, y Takmx cepegoBuilax poboTn yHKLiOHYOTb
3a YMOB BMCOKOI MIiHNMBOCTI, A€ KOH(irypauisi npoxoAiB, PO3MilLleHHsI BaHTaXIB i MPUCYTHICTb MoAeN MOXyTb 3MIHIOBaTUCS B PEXUMI
peanbHoro Yacy. OTxe, pO3BMTOK aBTOHOMHOI HaBirauii poboTiB y CknagHux i AMHaMIYHUX CepefoBULLAX CTAe OAHIED i3 KNIOYOBUX 3aaay
POBOTOTEXHIKN.

MeTa. MeToto uiei poboTn € nigBuLLeHHA edeKTMBHOCTI HaBirauii 6e3 kapTorpadii YOTUPUKOMICHOTO aBTOHOMHOIO MOOGINbHOro

po60Ta B AVUHaMIYHUX NOFICTUYHMX cepenoBuLLax WMAXOM 3aCTOCyBaHHA aganTUBHOIO MallMHHOIO HaB4aHHA 3 I'Ii,quiI'IJ'IeHHFlM Ha OCHOBI
HaB4anbHOro nnaHy.

MeToauka peanisauii. [1na peanisauii noctaBneHoi MeTu 6yrno BUKOPUCTaHO KOMMMEKCHUIA METOAOMONYHUIA Niaxia, WO I'PYHTYETbCS

Ha Takux mMetogax:
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— MeToZ iMiTauiiHOro MoAentoBaHHs (CUMynsUisi) 3 BUKopucTaHHsaM dpisnyHoro pyuwiss PyBullet ans ctBopeHHs BipTyanbHoro
noricTM4HOro cepenoBuLLa, WO A03BONWUMO 6e3neyHo i 3 BUCOKOK YacTOTOH iTepalil MPOBOAWTU HaBYaHHS, MOAEMOYM peanbHy
KiHemaTuky YyoTupukonicHoro pobota Husky;

— MeToaM rmMMBOKOro HaBYaHHS 3 MiAKPINNEHHAM AN 3aCTOCYBaHHS 1 MOPIBHSHHSA TPbOX CyyYacHUx apxitekTyp: Soft Actor-Critic
(SAC), Proximal Policy Optimization (PPO), Twin Delayed DDPG (TD3);

— MeTopA aAanTUBHOIO HaBYaHHS 3a HaBYarnbHMM NaHOM, L0 aBTOMaTUYHO 3MiHIOE CKNadHiCTb cepefoBuLLa (KinbKIiCTb i LUBUAKICTb
nepeLLKof) 3anexHo Bif NOTOYHOI YCNILLUHOCTI areHTa.

Pe3ynbTatn pocnigkeHHA. 3anpornoHoBaHe MOEAHaHHS adanTUMBHOTO HaB4YaHHS MobinbHoro pobota Husky y cknagHmx
OVHaMiYHUX cepepoBuLLax i ribpuaHoi yHKLUiT BMHaropoay niABULLMIIO NOKa3HWK ycnilHOCTi Hagirauii Ha 35—40 % nopiBHSAHO i3 NpsiMUM
HaBYaHHAM y CKNagHuX cueHapisx. [poBeaeHni NOPIBHANBHWUI aHani3 anroputMiB MalMHHOIO HaBYaHHA NPOAEMOHCTPYBaB HavBULLY
afanTMBHICTE OO0 HecTauioHapHUX YMOB i Havikpally edeKTUBHICTb BUKOPUCTaHHS Aocsigy B anroputma SAC, skuiA JOCAr YCiLLHOCTI
y 89 % BunagkiB 3acTocyBaHHA 3@ MiHiManbHOT KiflbKOCTi 3iTKHEHb.

BucHoBku. 3anponoHoBaHo anroputm 6eskapTorpadiyHoi HaBirauii aBToHOMHOro MobinbHoro po6oTta Husky B cknagHux
OVHaMiYHUX cepeoBuLLaX, OCHOBaHUI Ha NOEAHAHHI afanTUBHOIO HaBYaHHS i Pi3MYHO iHTepnpeToBaHoI ribpuaHoi dyHKUIT BUHaropoau.
MpoBeaeHi ekcnepumeHT B cumynsitopi PyBullet nigTBepannu, wo noetanHe Ta aganTuBHe 36inblUeHHS CKNagHOCTI cepefoBuLla
cTabinizye npoLec HaB4YaHHSA Cy4acHUX anropuTMmiB rMmnbokoro HaB4aHHs 3 nigkpinneHHsam (PPO, SAC ta TD3).

KnioyoBi cnoBa: MallvHHe HaBYaHHS 3 MiAKPINNEeHHsM; HaBirauis 6e3 kapTorpadii; MoGinbHI poboTW; CUCTEMU KepyBaHHS;
aBTOHOMHICTb po6oTiB.
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SIMULATION MODEL OF A DIGITAL TWIN FOR AN NPP POWER
UNIT TECHNOLOGICAL PROCESS

Background. Modern Nuclear Power Plant (NPP) units are characterised by high structural complexity, multi-level
hierarchical Information and Control (I&C) systems, and a vast number of interconnected technological parameters.
Existing digital twin models primarily focus on individual physical processes — such as neutron kinetics, thermal hy-
draulics, or protection logic — often overlooking the comprehensive structure of control systems. The lack of a for-
malised approach for real-time assessment of subsystems’ hierarchical integrity limits the early detection of pre-accident
states and proactive safety management.

Objective. The paper aims to develop a simulation model of a digital twin for the NPP technological process based
on a system-cluster approach. This method enables the assessment of the hierarchical, self-similar scaled structure of
subsystems using fractal dimension as a quantitative metric.

Methods. The study utilises a system-cluster approach, decomposing the power unit into functional sub-clusters: power
control, protection system, coolant parameter regulation, and emergency shutdown. The mathematical framework in-
tegrates neutron kinetics equations, thermal-hydraulic relations, and logical-dynamic algorithms. To quantify structural
complexity, the information space coverage method was employed to calculate fractal dimensions. The digital twin was
implemented as a hardware-and-software complex integrated with the 1&C systems, incorporating modules for data
acquisition, structural identification, and predictive analytics.

Results. Fractal dimension values were obtained for key subclusters of the power unit, reflecting their hierarchical
complexity (notably, the maximum of 1.83 for the coolant control system and the minimum of 1.0 for the protection
system). Normalised ranges of fractal dimension were determined as indicators of normal operation. Furthermore, a
monitoring algorithm was developed to detect the loss of structural levels or subsystem degradation before functional
failures manifest. Practical implementation demonstrated the feasibility of real-time structural diagnostics and adaptive
response.

Conclusions. The proposed fractal-cluster approach ensures comprehensive modelling of the NPP technological process
by accounting for its hierarchical structure. Utilising fractal dimension as a structural diagnostic parameter expands the
capabilities of traditional control methods and establishes the necessary framework for proactive safety management
strategies based on digital twin technology.

Keywords: digital twin; power unit; fractal dimension; system-cluster approach; information and management system.

Introduction context of global challenges — such as the need for
guaranteed and uninterrupted power supply, adhe-

The modern nuclear industry plays a crucial rence to high environmental standards, rational use

role as a key element of critical infrastructure, en- of fuel and energy resources, and increasingly strin-
suring national strategic energy independence. In the gent safety requirements — scientific developments
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aimed at improving NPP management technologies
are becoming highly relevant. A priority vector for
such research is the construction of high-fidelity
digital twins of NPP power unit operating proces-
ses, which provide fundamentally new horizons for
monitoring, technical diagnostics, and predicting
the state of complex systems.

Operating processes on NPP power units are
characterised by significant dynamics, a complex
multi-layered hierarchy, and a massive array of in-
terdependent parameters requiring constant supervi-
sion. Enhancing operational safety necessitates the
application of intelligent analytical tools capable of
detecting deviations and preconditions for accident
situations in their incipient phases. In this regard,
rapid progress in digital technologies is stimulating
the realisation of the digital twin concept — a virtual
prototype of a physical object that is constantly syn-
chronised with real-time data and enables predictive
modelling and optimisation of functionality.

However, the development of digital twins for
NPP power units requires high-quality mathematical
descriptions that reflect not only the physical nature
of phenomena but also the structural complexity of
the controlled system. Methods integrating a sys-
temic approach, subdivision into subsystems (clus-
tering), and the use of fractal indicators as quanti-
tative markers of complexity level and hierarchical
structure become crucial.

A review of the literature indicates that a sig-
nificant number of studies are devoted to various as-
pects of modelling processes in Water-Water Power
Reactor (WWER) with a nominal electric power of
1000 MW. For example, [1] examines the imple-
mentation of multi-zone models for controlling re-
actor power dynamics, but without applying control
subsystem clustering or fractal indicators. Publica-
tion [2] presents a detailed thermal-hydraulic model
of the reactor core in transient regimes, but does
not consider the hierarchical structure of regulators
and actuators. Research [3] focuses on visualising
thermal processes in the reactor vessel, but with-
out integrating neutron kinetics and analysing the
control structure. Work [4] models the mechanics
of control rod actuation based on a multi-body ap-
proach, allowing for the consideration of rod move-
ment dynamics, but does not address the influence
of structural complexity on system response time.
Mathematical modelling of the nuclear fuel cycle
presented in [5] encompasses energy balance and
critical coefficients, but omits cluster decomposition
of the reactor installation.

Several studies [6—8] explore fractal approaches
and digital twin construction for complex technical

systems. However, these methods are predominantly
theoretical and not adapted to the specific struc-
ture of NPP power units. Studies [9, 10] analyse
multi-level automation and the possibility of clus-
tering control functions, but fractal dimension is not
used as a quantitative measure of complexity.

Meanwhile, proceedings [11—14] demonstrate
the potential of fractal metrics in technical monito-
ring tasks and neutron-physical modelling. However,
these approaches are not combined with the hierar-
chical cluster structure of the power unit. Research
[15] demonstrates the possibilities of modelling the
consequences of control and protection system ac-
tuation in WWER-1000, but without systemic in-
tegration with other subsystems. Consequently, the
existing literature reveals a gap: the absence of a
comprehensive formalised model for controlling an
NPP power unit based on a system-cluster approach
using fractal characteristics.

Existing solutions typically focus on individu-
al physical processes and do not consider the ho-
listic multi-level structure of the control object. In
this connection, an urgent scientific and applied
problem is the development of a fractal-cluster
mathematical model of a digital twin of the tech-
nological process of an NPP power unit, which
would integrate neutron Kkinetics, thermofluidics,
and control system dynamics into a single infor-
mation platform.

Implementing such an approach will enable
quantitative assessment of structural complexity, im-
prove reliability of operation and predict emergency
modes. This creates a foundation for implementing
new generations of I&C systems.

Problem Statement

The research aims to develop a simulation
model of a digital twin for the technological pro-
cess of an NPP power unit using a system-cluster
approach. This approach enables the analysis of the
hierarchical self-similar scaled structure of subsys-
tems based on fractal dimension evaluation.

To achieve this goal, the following tasks were
defined:

— model the technological process of an NPP
power unit using a system-cluster approach;

— investigate the hierarchical structure of the
information-control system of an NPP power unit
to facilitate the integration of digital twin algo-
rithms;

— implement the system-cluster model based
on the digital twin of the technological process of an
NPP power unit.
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Power Unit Based on a System-Cluster Approach Z, ( t) =) TRV ihes ()
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Within the framework of the system-cluster
approach for modelling complex technical objects,
the technological process of an NPP power unit is
treated as a multi-level structure with a cluster ar-
chitecture. This enables formal representation of de-
pendencies between its functional components [14].

In the proposed model, the primary cluster
(cluster 1) represents the overall operation of the
NPP power unit. It is structurally decomposed into
four functional sub-clusters that encompass key as-
pects of dynamic control and safety of the reactor
plant: power control sub-cluster (Cl,l); reactor pro-
tection sub-cluster (C,,); coolant parameter regu-
lation sub-cluster (C,;); and reactor emergency
shutdown sub-cluster (C, ).

Each of these sub-clusters characterises a dis-
tinct dynamic subsystem responsible for functio-
nally critical tasks. These tasks ensure the safe and
reliable operation of the reactor core during both
normal operation and transient or accident condi-
tions.

The power control sub-cluster C, | manages the
regulation of neutron flux and thermal power of the
reactor core. Its model is based on point neutron
equations modified to account for feedback on fuel
and coolant temperatures. The dynamics of reactor
power change and delayed neutron concentration
are described by system of equations:

dl;gt) _ p(fi‘/” P(t)+lZ::/1iCi(t)’ N
dCTt(f):%p(t)-ziq(t),

where dP is reactor power at time #, MW; p(t) is
instantaneous reactivity, a dimensionless quantity
representing the deviation from the critical state; p
is total fraction of delayed neutrons; A is neutron
generation period, s (A = 103 s); 4, is decay constant
(attenuation) of the i-th group of delayed neutrons;
C(7) is concentration of delayed neutrons of the i-th
group at time £, g, is fraction of delayed neutrons for
the i-th group.

The reactor protection sub-cluster (C,,) pro-
vides an automated response to critical deviations in
the technological parameters of the NPP power unit.
The protection system’s operation is based on moni-
toring the threshold values for temperature, pres-
sure, power, and neutron flux. The mathematical
description of the sub-cluster is implemented via the
following algorithm:

where Z(?) is the state of protection actuation for
the k-th parameter; x,(¢) is the current value of the
technological parameter; x,,,, is the threshold value
of the technological parameter.

The coolant parameter regulation sub-cluster
(C, ) is responsible for maintaining effective heat
removal from the reactor core by controlling coolant
temperature, pressure, and flow rate. The dyna-
mics of the heat exchange processes are described
by thermal-hydraulic equation:

p@ﬂn}-w:Q—v-(}, (3)
ot
where p is coolant density, kg/m?3; & is specific en-
thalpy, J/kg; v is velocity vector, m/s; Q is internal
heat sources, W/m?; ¢ is heat flux vector, W/m?2.

The reactor emergency shutdown sub-cluster
(C,,) ensures the rapid termination of the nucle-
ar chain reaction in the event of emergency. The
mathematical model of the sub-cluster is based on
introducing a step-wise negative reactivity, imple-
mented by emergency insertion of absorber rods or
boric acid injection:

p(t):pO_Apemer’ (4)

where p(7) is reactor reactivity after the emergency
protection actuation; p, is the initial reactivity value;
Ap,... 18 the magnitude of negative reactivity inser-
tion due to the emergency drop of control rods or
boric acid injection.

Within the system-cluster approach, the gene-
ralised state of the NPP power unit at the macro
level is defined by an aggregated state variable x (7).
This variable integrates key process characteristics,
including reactor thermal power, neutron density,
and total reactivity. Its dynamics is governed by a
differential equation that accounts for the interac-
tions between sub-clusters, control inputs, and ex-
ternal disturbances, formulated as:

1), (0)+ ji]ajxlj (0)+

dt
+bu, (1) + o, (1), (5)

where x,(7) is generalised state vector of the power
unit (integral parameters: power, neutron flux, re-
activity); x, (7) is states of the functional sub-clusters
(power control, reactor protection, coolant regu-
lation, and emergency shutdown); a; is structural
influence coefficients reflecting sub-cluster inter-
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actions (aq; € [0, 1]); ayx,(?) is internal dynamics
(intrinsic process evolution); bu,(?) is control inputs
(control rods, 1&C systems, pumping systems, to
name a few); w,(#) is external disturbances (load
changes, operational fluctuations, and uncertain-
ties).

Each sub-cluster state variable xlj(t) represents
a distinct physical or logical-dynamic subsystem, the
summation of which defines the overall operational
state of the NPP power unit. The structural influ-
ence coefficients a; characterise the impact of the
respective sub-clusters and can be determined via
expert judgment, statistical analysis, or system iden-
tification procedures.

Control inputs bu,(#) are generated by the [&C
system of the distributed control system. These
include signals for power regulation, operational
mode transitions, and the actuation of safety al-
gorithms. External disturbances w,(f) account for
uncontrolled factors, such as grid load fluctuations,
coolant parameter variations, and power system
transients.

Investigation of the Hierarchical Structure of
the NPP Information and Control System for
Digital Twin Implementation

According to fractal-cluster theory [7, 8, 11],
an NPP power unit is viewed as a hierarchical,
self-similar structure comprising interconnected
clusters and lower-level sub-clusters. The hierarchi-
cal organisation of the NPP technological process
control system, based on the proposed system-clus-
ter approach, is illustrated in Fig. 1.

This approach enables the local modelling of
subsystems with subsequent aggregation of results at
the macro level. Each sub-cluster can be further de-
composed into elementary functional components,
including the reactor, turbine, generator, sensors,
controllers, and actuators.

To evaluate the structural complexity of these
sub-clusters, the fractal dimension is employed. This
parameter is determined using the information space
coverage method, which accounts for the system’s
inherent hierarchy and scale invariance.

For a discrete hierarchical structure, fractal di-
mension df is determined by formula [7, 14]:

_log,, N(¢)

log, {i72) ©

where N(e) is the number of elements (nodes, sub-
systems); ¢ is scaling factor (e.g., the fraction of the
full structure into which the object is divided).
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Information and Control Systems
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Fig. 1. Hierarchical structure of the control system of an NPP
power unit based on a system-cluster approach

The power control sub-cluster C,; provides
regulation of the reactor thermal power and is de-
scribed by equation:

cbcldl_t(t):_kp (2 () =7 (1)) 4, (1),

where x,,(7) is the current thermal power; r(?) is the
power setpoint; k, is the proportional gain; u,,(?) is
the control signal sent to the actuators, measured in
real-time.

For sub-cluster C,, a fractal dimension of
d; = 1.584 was obtained, corresponding to a scaled
multi-level control structure. A decrease to d, < 1.5
may indicate structural degradation, while exceeding
d; > 1.7 suggests excessive complexity.

The reactor protection sub-cluster C,, imple-
ments emergency response logic:

1, if
x12 (t):{ > 1 xl (t)>xthrex’

0, otherwise,

)

@®)

where x,(#) is the current reactor thermal power; x,,,,
is the safety threshold; x, ,(7) is the protection actua-
tion signal (1 — active, 0 — inactive). A decrease in d,
below 0.9 may indicate reduced reliability or partial

signal channel unavailability (a pre-accident state),
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while exceeding d, above 1.2 indicates a risk of re-
sponse delays due to excessive structural complexity.

The coolant regulation sub-cluster C,; is de-
scribed by equation:

dx,; (t
Zt( )__k (x13( )_Tnom)"*'”n(t)o )
where x,,(#) is the coolant temperature; 7,,, is the

nominal temperature; u,,(f) is the control signal for
the Main Circulation Pump (MCP), measured in
real-time; k, is the thermal regulation coefficient
determining the system’s response speed.

For sub-cluster C,;, a value of d, = 1.83, was
determined, corresponding to a complex multi-level
automation structure. A drop of d; below 1.7 poten-
tially indicates structural 51mphﬁcat10n equipment
decommissioning, or signal transmission failure. A
value of d, above 1.9 indicates a risk of over-compli-
cation, Wthh may lead to synchronisation issues or
reduced response speed.

The emergency shutdown sub-cluster C,, im-
plements the reactor scram function:

1, if x,,(¢)=1 or signal MES,
X14 (t) = v ( )

0, otherwise,
where x,,(7) is the status of the emergency shut-
down function; x,,(#) is the actuation signal from
the protection system sub-cluster C, ,. For the emer-
gency shutdown sub-cluster, a fractal dimension of
d; = 1.585 was obtained, corresponding to a redun-
dant structure with high fault tolerance.

The summarised results indicate that the cool-
ant regulation sub-cluster possesses the highest
structural complexity, while the protection system is
characterised by minimal hierarchical depth. Con-
tinuous updates of the sub-clusters’ fractal dimen-
sions enable dynamic monitoring of the NPP power
unit’s technological process.

The implementation algorithm for the digital
twin model (Fig. 2) involves identifying the active
elements of the sub-clusters, evaluating the hierar-
chical depth, and calculating the fractal dimension
in real-time, followed by a comparison with pre-
defined threshold values.

For each sub-cluster in normal operation, a
reference fractal dimension df0, is determined and
stored within the I1&C system. During operation, the
current value may fluctuate due to component degra-
dation, communication channel failure, or control
logic disruptions. The deviation is calculated using
formula:

d(t )‘ s

(10)

Ad,(1)= \dfo (11)

where d;, is the reference fractal dimension; d(7)
is the instantaneous value at time 7 Under normal
operating conditions, d{7) remains close to d,.
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Fig. 2. Algorithm for implementing a digital twin model of the

technological process of an NPP power unit

A decreasing fractal dimension indicates a simpli-
fication of the control structure due to the loss of active
elements or hierarchical levels. If Ad(7) exceeds the al-
lowable tolerance, the system generates a warning sig-
nal or activates the emergency response mechanisms.

Thus, fractal dimension is used as a structural
diagnostic parameter to detect hidden disruptions in
the architecture of the NPP power unit control system.

Practical Implementation of the System-Cluster
Model Within the NPP Power Unit Digital Twin
Framework

The implementation of the NPP digital twin,
based on the system-cluster approach, relies on mo-
delling sub-cluster interactions, monitoring structu-
ral integrity, and evaluating fractal dimensions in
real-time. This provides both a high-fidelity reflec-
tion of the current system state and the ability to
predict potential deviations [14].

The digital twin is integrated with the I&C
system and includes modules for data acquisition,
structural identification, threshold comparison, vi-
sualisation, and predictive analytics.
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An adaptive interface has been developed to
monitor the power unit’s status, displaying techno-
logical parameters, fractal analysis results, and the
cluster states of subsystems in real-time. The inter-
face panel includes tabs for core reactor parameters,
dynamic fractal dimension graphs, and a radar chart
(spider diagram) of the cluster structure (Fig. 3).

An interactive graphics library was utilised for
data visualisation, enabling the construction of dy-
namic charts with automatic real-time updates. This
facilitates the prompt display of parameter shifts,
trend analysis, and the detection of potential ano-
malies within power unit subsystems.

The modular architecture ensures the flexibility
and scalability of the software complex, allowing for
future expansion through new analytical algorithms,
diagnostic modules, and predictive tools. Further-
more, integration with Supervisory Control and
Data Acquisition (SCADA) systems and NPP 1&C
systems platforms creates a foundation for deploying
the digital twin in real-world nuclear power plant
operating environments.

Conclusions

1. A system-cluster approach for modelling
NPP technological processes has been developed
and validated. The proposed simulation model pro-
vides a formal description of power unit behaviour
across normal, transient, and emergency modes, es-

tablishing a robust framework for integrating digital
twins into modern I&C systems. Unlike traditio-
nal localised models, this approach offers superior
adaptability and scalability, accurately reflecting the
complex structure of real-world NPP units.

2. The investigation of the I&C system’s
hierarchical structure established a clear corre-
lation between sub-cluster structural complexity
and functional characteristics. It was determined
that the coolant regulation sub-cluster possesses
the highest fractal dimension, indicating a signi-
ficant degree of structural interdependence. Based
on this, a structural diagnostic algorithm was deve-
loped, capable of detecting degradation and the
loss of hierarchical levels before the onset of criti-
cal functional failures.

3. The practical implementation of the NPP
digital twin with fractal monitoring confirmed the
effectiveness of the proposed approach for early
diagnostics and proactive control. Results show that
structural shifts within sub-clusters are accompa-
nied by corresponding changes in fractal dimension,
enabling the automated identification of potential
operational threats. The implemented adaptive re-
sponse mechanism facilitates the activation of pro-
tective scenarios prior to emergency escalation,
significantly enhancing the functional safety of the
NPP power unit. Thus, this research creates the
prerequisites for next-generation intelligent deci-
sion-support systems in the nuclear energy sector.
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K.}O. Bposko, N.®. byaaHos, O.B. Benukoropcbkun, KO.C. OninHunk, H.O. BuHokyposa, C.M. BonTeHko

IMITALIMHA MOLENb LIMGPOBOIO ABIMHUKA TEXHONOMNYHOIO NMPOLIECY EHEPIOBJTOKA AEC

Mpo6nemartuka. CyyacHi eHeprobnokv aToMHUx enekTpocTaHuii (AEC) xapakTepuayoTbCsi BUCOKOK CTPYKTYPHOK CKMagHicTIo,
GaraTopiBHEBOI iepapxieto iHOPMAaLNHO-KEPYUMX CUCTEM i 3HAYHOK KiMbKICTIO B3aEMOMOB'S3aHUX TEXHOJOMYHUX MapameTpiB.
Bioomi mopeni umdpoBrx ABIMHMKIB 30e6inbLIOro opieHToBaHi Ha okpeMi dhisnyHi Npouecyu (HEWTPOHHY KiIHETUKY, Tennorigpasniky abo
noriky 3axucTy) 6e3 KOMMNEKCHOro BpaxyBaHHsi CTPYKTYPHOI opraHi3auii cuctem ynpasniHHs. BigcyTHicTb cdbopmanizoBaHoro nigxogy
[0 OLjiHIOBaHHS iepapXi4Hoi LiniCHOCTI NiAcMCTEM y pexuMi peanbHOro Yacy obMexxye MOXXIUBOCTI paHHbOTO BUSIBIIEHHS NepeaBapifiHmX
CTaHiB i NPOAKTMBHOrO KepyBaHHs1 6e3nekoto.

MeTa gocnigxeHHs. Po3pobneHHs imiTauinHoi Mogeni umdpoBoro ABiliHMKa TEXHOMOrYHOro npotiecy eHeprobnoka AEC Ha ocHoBi
CMCTEMHO-KINacTEPHOrO Miaxoay, Lo A03BOMSE OLHWUTY iepapXiyHy caMonodibHy macluTaboBaHy CTPYKTypy NiACUCTEM 3 BUKOPUCTAHHSAM
KiNbKICHOT BENMYMHM hpakTanbHOI PO3MIPHOCTI.

MeToauka peanisauii. [JocnigkeHHs BWKOHAHO Ha OCHOBI CMCTEMHO-KNACTEPHOro nigxody 3 AeKOMMOo3uUierd eHeprobrioka
Ha yHKUiOHanbHI MigKNacTepHi CTPYKTYpWU: KepyBaHHS MOTYXHICTIO, ChpautoBaHHs CUCTEMW 3axXUCTy, PErynioBaHHs napameTpis
TENMOoHOCIA Ta KOHTPOSOBAaHHS aBapiHOl 3ynuHKW. MatemaTuyHuin anapaT Mogeni MNOedHYE PIBHAHHA HENTPOHHOI KiHEeTUKW,
TennorigpasrniyHi CNiBBIAHOLWEHHSA Ta NOriko-guHaMiYHi anropuTMu. [Ons KinbKiCHOT OLiHKM CTPYKTYPHOI CKNaAHOCTI 3aCTOCOBaHO MeTOA
noKpuTTS iHOPMaLiHOro NpocTopy 3 0b4YNCrEHHsIM dpakTanbHOI po3mipHoCTi. Peanisauito uudpoBoro ABilHUKA 34iCHEHO Y BUrMAi
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nporpamMHo-anapaTHOro KOMMsekcy, iHTErpoBaHoro 3 iHPopMaLinHO-KEPYIOYO CUCTEMOL, 3 BUKOPUCTaAHHSM MOAYMiB 36MpaHHs AaHuX,
CTPYKTYPHOI iaeHTudiKaLii Ta NPOrHO3HOro aHaniay.

Pesynbtatn pocnigxeHHs. OTpyMaHO 3HayeHHs ppakTanbHOi PO3MIPHOCTI ANs KMOYOBMX MigknacTepiB eHeprobnoka,
o BigobpaxatloTb iXHK iepapXiyHy CKMafHICTb (30Kkpema, MakcumarnbHe 3HauveHHst 1,83 Ans cucTeMu perynioBaHHsi TEmnnoHocis
1 MiHIManbHe 3Ha4eHHs1 1 Ans cuctemMm 3axucty). BusHaueHo HopmoBaHi AianasoHn dpakTanbHOI PO3MIPHOCTI SIK iHAMKATOPU LUTATHOroO
YHKLiOHyBaHHsi. PO3po6reHo anropMTM MOHITOPUHTY BiOXWUMEHb, SKUIA J03BOMSIE BUSBNSATN BTPATy CTPYKTYPHUX piBHIB abo aerpaaadito
nigcucTemM o NosiBu hyHKLioHanbHKX 360iB. [MpakTuyHa peanisauis LMdpoBoro ABiltHMKa NPOAEMOHCTpYBaria MOXIUBICTb OnepaTUBHOMO
CTPYKTYPHOrO AiarHOCTYBaHHS Ta aAanTUBHOIO pearyBaHHsI.

BucHoBkuW. 3anponoHoBaHWi dpakTanbHO-KNacTepHUin niaxia 3abesnedye KOMMNMIEKCHE MOAEMOBaHHS TEXHOMONYHOro npoLecy
eHeprobnoka AEC 3 ypaxyBaHHsIM 0ro iepapXi4Hoi CTPYKTYpW. BukopuctaHHsi opakTanbHOi pO3MipHOCTI SIK CTPYKTYPHOTO AiarHOCTUYHOTO
napamMeTpa po3LUNPHE MOXIMBOCTI TPaAMLLIHUX METOAIB KOHTPOTIO | CTBOPHOE NepeayMOBY Af1s1 BNPOBaKEHHSI MPOaKTUBHUX CTpaTerii
KepyBaHHsi 6e3MeKo Ha OCHOBI LIMPOBOro ABiHMKA.

Knro4yoBi cnoBa: uMdpoBuit ABIMHKK, eHeprobnok; dpakTanbHa PO3MIpHICTb; CUCTEMHO-KNAcTepHWU nigxig, iHdopMauinHo-
Kepytoya cuctema.
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MICROSERVICE ARCHITECTURE AND ALGORITHMS OF A MODULAR AUTOMATION
SYSTEM FOR SMALL BUSINESS TECHNOLOGICAL PROCESSES

Background. Small and medium-sized businesses in Ukraine operate under two simultaneous pressures: a prolonged
martial law with strikes on energy infrastructure, and the need for digital transformation to remain competitive. Existing
ERP and CRM systems assume stable infrastructure and large implementation budgets and are poorly suited to par-
tial-availability operation, fast migration between on-premises and cloud environments, and phased deployment within
tight budgets. This creates a need for architectural solutions for the class of small multi-channel retail-service businesses.
Objective. The paper aims to develop the architecture and algorithms of a modular digital automation system for the
multi-channel retail-service small business class under martial law conditions, and to propose a verification and valida-
tion methodology for the microservice implementation of its components.

Methods. The architecture follows the principle of one microservice per business function and distributes responsibilities
among nine services. Service interactions go through standardised APIs (REST, gRPC) and asynchronous messaging
(RabbitMQ). The verification and validation methodology covers unit, contract, integration, end-to-end, and chaos
testing. Validation was carried out on four enterprise types: retail with service support, e-commerce, food service with
catering, and a full production-and-sales model.

Results. The architecture supports partial-availability operation when individual services fail, portability between
on-premises and cloud infrastructure, phased deployment within tight budgets, and the absence of vendor lock-in due
to the open-source stack. The proposed verification and validation methodology covers five testing levels and ties each
architectural concern to a specific check type.

Conclusions. The modular microservice architecture is suitable for the class of multi-channel retail-service small busi-
nesses operating under unstable infrastructure conditions. Further work covers the collection of quantitative operational
metrics and the integration of machine-learning-based forecasting modules.

Keywords: microservice architecture; small business; digital automation; multi-channel sales; verification and valida-
tion; martial law.

Introduction

Small and medium-sized businesses (SMBs) in
Ukraine form the backbone of the country’s econo-
my: according to OECD estimates, these enterpris-
es comprise 99.9 % of all business entities, provide
81.6 % of business employment, and generate 70.2 %
of added value. Since 2022, this sector has been ope-
rating under systematic constraints: infrastructure
destruction, electricity outage schedules, mobilisa-
tion of personnel, relocation from combat zones,
and reduced consumer purchasing power. According

to UNDP data, only about 57 % of SMBs were ope-
rational in March-April 2022; by 2023, this figure
partially recovered to 84 %, and it has remained at
approximately 85 % throughout 2024—2025. Along-
side these crisis-related limitations, the demand
for digital tools is rising: in 2024, Ukrainians spent
UAH 239 billion on online goods and services, a
25 % increase from 2023, and the share of e-com-
merce in retail turnover reached 10 %. This creates
a contradiction between limited enterprise resour-
ces and the simultaneous growth in requirements for
digital support of operational processes.
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Analysis of Previous Research and Publications

The issue of ensuring the functionality of a
small business as a cyber-physical system supported
by a digital twin is addressed in the authors’ previous
work [1]. Physical models for cyber-physical systems
that combine software control levels with real pro-
duction processes are discussed in [2]. The question
of evaluating the reliability of information obtained
from sensors in cyber-physical systems is investiga-
ted in [3]. A systemic strategy for guaranteed safety
of complex engineering systems, where the software
component ensures continuous operation, is formu-
lated in [4]. The classic approach to software archi-
tecture design based on architectural characteristics
and decision-making heuristics is summarised by
L. Bass, P. Clements, and R. Kazman [5]. Princi-
ples of building microservice systems, service lifecyc-
le, and observability issues are thoroughly elaborated
by S. Newman [6]. The REST architectural style
and its application in distributed systems are for-
mulated in R. Fielding’s dissertation [7]. A gene-
ralised definition of microservice architecture as a
paradigm for building corporate systems is intro-
duced by M. Fowler and J. Lewis [8]. Basic prin-
ciples of building distributed systems (asynchronous
communication, fault tolerance, state consistency)
are systematically presented by A.S. Tanenbaum and
M. van Steen [9]. Engineering aspects of software
architecture design tied to specific classes of prob-
lems are considered by I. Horton [10].

While these proceedings address individual
components of the problem, they do not encom-
pass the specific class of enterprises in question:
multi-channel retail and service SMBs operating
during martial law conditions. The issue of forma-
lising system automation requirements under unstab-
le infrastructure conditions remains unresolved, as
does the construction of an architecture with an ex-
plicit link between technical solutions and business
requirements for this particular class of enterprise.
Additionally, the organisation of verification and
validation of microservice components within limi-
ted resources requires further investigation.

Problem Statement

The paper aims to develop an architecture and
algorithms for a modular system for automating
technological processes in multi-channel retail and
service SMBs based on a microservice approach, as
well as to establish a methodology for verifying and
validating the microservice implementation of its
components.

The Challenge of Automating Small Businesses
During Martial Law Conditions

Since 2022, small businesses have been opera-
ting under conditions that systematically differ from
the peaceful model of information system operation.
Attacks on Ukraine’s energy infrastructure, which
began in October 2022, resulted in damage to ap-
proximately 50 % of the country’s generating capa-
city as of early 2023. Available generating capacity
fell by 51 % between the beginning of 2022 and
April 2023. In November 2022 alone, up to 55 %
of electricity supply was lost on some days, and the
average Ukrainian household spent approximately
five weeks without electricity during the period Oc-
tober-December 2022. In subsequent years, power
outage schedules became a constant element in pro-
duction planning.

Mobilisation, evacuation, and relocation of
personnel reduce the available workforce and force
a portion of employees to work remotely. Damage
to warehouses and disruptions to supply chains re-
quire the inventory system to quickly readjust sup-
ply chain routing. Businesses remain in a state of
cautious recovery with limited resources for infra-
structure investments, rendering traditional models
for implementing large ERP platforms unsuitable
for SMBs. While e-commerce volume in Ukraine
reached UAH 239 billion with a 25 % year-on-year
growth, and the national digitalisation strategy for
the economy [11] necessitates that businesses simul-
taneously support both physical and online sales.
This significantly increases demands on the system’s
integration capabilities.

These constraints yield six architectural re-
quirements for the small business automation system:
operation in degraded mode upon failure of indi-
vidual components; portability between on-premises
and cloud infrastructure; phased deployment from
critical modules to peripheral ones; low Total Cost
of Ownership (TCO) through an open-source tech-
nology stack; multi-channel integration within a
unified data model; remote access with audit trails.
Traditional monolithic ERP and CRM systems only
satisfy a subset of these requirements, necessitating a
transition to a microservice architecture.

Business Profile of the Target Domain

The targeted class of activity is defined as
multi-channel retail and service small busines-
ses. These are enterprises with up to 50 employees
that simultaneously sell products through a physi-
cal point of sale, an online store, and a service de-
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partment or catering service. They require inventory
management with warranty and after-sales support,
operate on thin margins, and have limited IT bud-
gets that preclude the implementation of large ERP
platforms. This class includes retail stores with re-
pair services, small food establishments with cate-
ring, online stores with their own warehouse, and
small manufacturing enterprises with their own retail
network. Information flows in such businesses cover
procurement and replenishment of inventory, ware-
house accounting, sales through physical and online
channels, after-sales service, financial settlements,
and personnel accounting.

Automation System Architecture

The architectural solution is tailored to the six
requirements outlined in the previous section. De-
composition into independent microservices based
on business functions, aligned with typical deploy-
ment patterns for microservice architectures [12],
implements the requirements for partial availabili-
ty and phased implementation: each service has its
own database and deployment lifecycle, preventing
cascading failures. Containerisation of services and
declarative infrastructure description ensure porta-
bility between on-premises servers and the cloud.
An open-source technology stack (ASP.NET Core,
PostgreSQL, MongoDB, RabbitMQ, gRPC) reduc-
es ownership costs and eliminates vendor lock-in.
A single Product catalogue and Webretail/Shop

adapters with support for REST, WebSocket, MQTT
for external integrations facilitate multi-channel
functionality. Web access and auditing are imple-
mented through a Gateway with JWT authentication
and Identity with role-based access control.

The overall system architecture is depicted in
Fig. 1. The architecture consists of three horizon-
tal layers: the client channel level (physical point of
sale, web storefront, mobile application, IoT devi-
ces), the API gateway and security level (Gateway,
Identity), and the business services and data level
(Act, Service, Product, Financial, Shop, Webretail,
Fileservice each with its own persistent storage).
Asynchronous events and commands are transmitted
through a message broker.

Five architectural characteristics have been de-
fined for the system: resilience through the isolation
of failures in individual services, portability through
containerisation, scalability through independent
horizontal scaling of critical services, evolvability
through clear contracts between services, and low
TCO due to the use of an open-source technology
stack. These characteristics serve as criteria for veri-
fication and validation.

Microservice Implementation of Components

Each service implements a defined area of re-
sponsibility, has its own data store, and its own set
of algorithms. A list of components is summarised
in Table 1.

e e — -,

API gateway & securlty

Identity
JWT, RBAC, audit

Gateway
REST routing, rate limit

Business services

E\(Act) (Sew.ce) ((prosuee ) ((rnancir ) ("snop ) (‘webretan | (F..esew.ce)g

___________________

Fig. 1. System architecture: components and interactions
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Table 1. List of system microservices

Service Area of Responsibility Key Algorithms
. . . L URL template routing, rate limiting, JWT
Gateway Single point of entry, routing, rate limiting p 'g . 8
pre-verification
. . .. . JWT issuance and verification, RBAC,
Identity Authentication, authorisation, roles, audit . .
action logging
Act Documents, Statements, invoices, receipts, Verification of related data, number genera-
inventory tion, cancellation processing
. . . Resource planning, stage completion
Service After-sales service, catering events p 5 . 8 p
tracking
Product catalogue, inventory balances, product | Data normalisation, balance recalculation,
Product . . . .
operations RabbitMQ notifications
Financial Financial transactions, payments, currencies, Transaction confirmation, currency
receipts conversion, logging
Shop Business units, statistics, personnel accounting Salary calculation, indicator aggregation
Webretail Frontend solutions for retail and online store Storefront synchronisation, cart processing
. . . . Type checking, size optimisation, access
Fileservice File storage, media, documents P & contrrc)) |

The technological stack is unified: ASP.NET
Core for service implementation and REST APIs,
PostgreSQL for critical data, MongoDB for dynamic
structures (Service uses both). Interaction between
services is organised in two types: synchronous re-
quests via REST and gRPC (gRPC for inter-ser-
vice communication with strict typing) and asyn-
chronous events through RabbitMQ. The sequence
of processing a typical order placement scenario is
shown in Fig. 2.

The order processing algorithm consists of the
following steps. A user submits a request via We-
bretail. The request passes through Gateway, where
JWT verification is performed in the Identity service.
Upon success, the request is forwarded to Product
for stock reservation. Product publishes a reservation
event in RabbitMQ, which Financial (amount cal-
culation) and Webretail (storefront update) are sub-
scribed. After payment confirmation, Financial pub-
lishes a transaction completion event, subscribed to

[veer e ) J(

'
| submit order

POST /order

==

) )

i
i

1

i

i

i

1 1
publish: stock.reserved

| delivet event
i
h

deliver event 1
L L

T
compute tdtal -> /pay

i
| confirm & pay |
—_— H

'
POST /paymient.confirm
T

create invoice & receipt

'
'
'
'
'
'

.
publish: paymlent.confirmed

1
| deliver event |
[ —
i

! deliver event |

T T
cofnmit stock decremént

'
'

'

'

' .

' deliver event
'

'

'

'

'

: update sales stats
H :

' '
' '
' '

Fig. 2. Order processing sequence between services
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by Act (document generation), Product (inventory
deduction), and Shop (statistics). In case of failure
at any stage, a compensating transaction is triggered
to roll back the system state.

Examples, Verification, and Validation

The system has been tested on four types of
enterprises belonging to the targeted class. In a bi-
cycle shop with a repair workshop, active services
Product, Shop, Service, Financial, Act supported a
catalogue of bicycles and spare parts, a cash regis-
ter zone, service requests for repairs, fiscal receipts,
and work completion certificates. In an online store,
services Webretail, Product, Financial, Fileservice,
Act, Identity provided a web storefront, shopping
cart, integration with a payment gateway, and order
processing with logic for returning to the visitor da-
tabase in case of failure. In a restaurant with cate-
ring, services Product, Act, Financial, Service, Shop
maintained a menu catalogue, inventory write-off
records, expense accounting by shift, catering event
planning, and personnel management. In a full pro-
duction-to-sales cycle model, all nine services were
active, covering raw material procurement, produc-
tion stages, warehouse accounting, sales, and finan-
cial analysis.

Verification of the microservice implementa-
tion is performed according to modern practices at
five levels. Unit testing checks the correctness of the
business logic of each service in isolation from exter-
nal dependencies. Integration testing verifies the in-
teraction of a service with its own database, message
broker, and adjacent services. Contract testing crea-
tes tests from the provider and consumer side for
each gRPC and REST contract, allowing updates to
individual services without a full system regression.
End-to-end testing* reproduces typical business

scenarios (order placement, service request, salary
calculation) that pass through all involved services.
Resilience testing (chaos tests) intentionally disables
services and damages connections between them to
test the system’s transition into degraded mode.

Validation links each architectural characteris-
tic to a target verification type (Table 2).

Quantitative indicators from pilot launches (re-
sponse time, throughput, error rate, recovery time
after failure) are not provided in this publication, as
accumulating such data requires long-term observa-
tion. This is a subject of separate research.

Conclusions

1. Existing business automation solutions (SAP
ERP, Microsoft Dynamics 365, Oracle NetSuite,
BAS ERP, Parus) are primarily designed for stable
infrastructure and significant implementation bud-
gets, fail to sufficiently address the specificities of
operating in conditions of unstable infrastructure
and limited resources. This work formulated six spe-
cific requirements for a multi-channel retail and ser-
vice automation system for small businesses in mar-
tial law conditions and identified five architectural
characteristics: resilience, portability, scalability,
evolvability, and low TCO.

2. A modular microservice architecture is pro-
posed, where each architectural solution is tied to a
specific requirement of the targeted class of activity
and algorithms for the interaction of nine services
through standardised APIs and a message broker.
Unlike existing monolithic solutions, the proposed
architecture ensures operation in degraded mode
upon failure of individual components, portabili-
ty between local and cloud infrastructure, phased
deployment, and the avoidance of vendor lock-in
thanks to an open-source technology stack.

Table 2. Linking architectural characteristics to verification types

Characteristic Type of Verification Example Scenario
. . Disabling Fi ial: Webretail ki ders in “awaiti t” state;
Resilience Chaos testing isabling Financia . e .re ail keeps qr ers in “awaiting payment” state;
after Financial recovery, it processes the queue
.. . Deploying the entire stack from local hosting to the cloud based on a
Portability Migration run ploying . o . & .
manifest, verifying data integrity
. . Increasing requests to Product by 10 times: horizontal scaling of instanc-
Scalability Load testing g 1eq . Y . . &
es without affecting other services
- . Updating Identity with the addition of a role: backward compatibilit
Evolvability Contract testing p & fywi . ! . . W palibritty
with consumers is maintained
Low TCO Calculated validation Comparing required resources and licenses with market prices for the
SME segment
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3. Based on the proposed architecture, the
problem of building an enterprise information sys-
tem is solved, which maintains functionality during
power outages and internet connectivity issues and
integrates all sales channels in a single environment.
A verification and validation methodology is pro-
posed that covers five levels of testing and links each
architectural characteristic to the appropriate verifi-
cation type. The practical implementation has been
tested on four types of enterprises: a bicycle shop
with a repair workshop, an online store, a restaurant

with catering, and a full production-to-sales cycle
model.

4. Further work involves accumulating quanti-
tative performance indicators of the system (average
response time, throughput, error rate, recovery time
after failure) over an extended monitoring period,
expanding the system with modules for demand
forecasting and inventory optimisation based on ma-
chine learning, as well as integrating with industrial
IoT devices for managing small-scale manufacturing
processes.
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MIKPOCEPBICHA APXITEKTYPA TA ANTOPUTMU MOAYNbHOI CUCTEMW ABTOMATW3ALIT TEXHONOIMYHMX MPOLIECIB
MAJOIro BIBHECY

Mpobnematuka. Manuii i cepeaHin 6isHec B YkpaiHi npauoe B yMoBax OAHOYACHOI Aii ABOX BUKIUKIB: JOBrOTPUBANUA BOEHHWUI
CTaH 3 yaapamu no eHepreTuYHii iHppacTpyKTypi 1 HeOBXiAHICTb LMdPOBOI TpaHcdopMaLlii ANst 36epexeHHS KOHKYPEHTOCMPOMOXHOCTI.
HaseHi ERP- i CRM-cuctemmn pospaxoBaHi Ha cTabinbHy iHpacTpyKTypy i Benuki GropkeT BNpoBagXeHHS i cnabo npucTocoBaHi
[0 pexvMy 4acTkoBOi pobOTH, WBUAKOI Mirpauii MK BMACHUM i XMapHUM cepefoBULLEM, NMOETanHOro po3ropTaHHs 3a obMexeHoro
6rooxeTy. Lle ctBoptoe noTpeby B apxiTEKTYpHUX PilLEHHSAX ANA Kriacy manoro TOproBo-cepBicHOro 6isHecy 3 6GaraTtokaHanbHOK
peanisauieto.

MeTa. Po3pobutn apxiTektypy # anropuTMm MOAYIbHOI cMcTeMM UMAPOBOI aBTOMaTu3aLlii aAnsi 6aratokaHanbHOro TOProBo-
cepBicHOro manoro 6i3Hecy B yMOBax BOEHHOrO CTaHy Ta 3anponoHyBaTy MeTOAO0NOri0 BepudikaLii i Baniaauii mikpocepsicHoi peanisauii
i1 KOMMOHEHTIB.

MeToauka peanisauii. ApxiTektypa nobygoBaHa 3a NpUHLMNOM «MIKPOCEPBIC Ha Bi3Hec-(yHKLi0» 3 PO3MOAINOM MiX AeB'aTbMa
cepsicamun. B3aemopia npoxoanTb yepes ctaHaaptmsosaHi APl (REST, gRPC) ta acuHxpoHHui obmiH nosigomnenHamu (RabbitMQ).
MeTtoponoris Bepudikauii i Banigauii cnMpaeTbCcs Ha Cy4YacHi NPakTVKM TECTYBaHHA MIKPOCEPBICHMX CUCTEM: MOAYIbHE, KOHTPaKTHe,
iHTerpauiiHe, HacKpi3He Ta xaoc-TecTyBaHHs. AnpobaLito NpoBeAeHO Ha YOTUPLOX TUMax MiANPUEMCTB.

PesynbTaTtn gocnimkeHHs. ApxiTektypa 3abesnedye poboTy cUCTEMM B PEXUMI HaCTKOBO| AOCTYMHOCTI Y pasi BiAMOBU OKPEMMX
CepBiciB, NEPEHOCHMMICTb MiX JTOKAINbHO | XMapPHO iHPPACTPYKTYPOLO, NOEeTanHe PO3ropTaHHsi 3a 0OMeXeHOro OrooKeTy 1 BigCYTHICTb
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BEHZOP-NOKY 3aBASKU Bigkputomy cteky. MeTtoponoris Bepudikauii i Banigauii nokpvBae n'sATb PiBHIB TECTYBAHHS i NMPUB’'A3YE KOXHY
apxiTeKTYpHY BUMOTY [0 KOHKPETHOro TUMy nepeBipKu.

BucHoBku. MoaynbHa MikpocepBicHa apxiTekTypa npuaaTtHa Ans knacy 6aratokaHanbHOro TOproBo-CepBiCHOro mManoro GisHecy
B ymMoBax HecTabinbHoi iHppacTpykTypw. MoganbLia poboTta nepeabavae HaKOMUYEHHS KiNbKICHUX NOKa3HUKIB ekcrnyaTadii Ta iHTerpauito
i3 NPOrHO3HUMK MOAYMSAMM Ha OCHOBI MaLLUMHHOTO HaBYaHHSI.

KntoyoBi crnoBa: mikpocepBicHa apxiTekTypa; Manuii bisHec; uMdgpoBa aBToMaTu3aLis; 6araTtokaHanbHa peanisadisi; Bepudikadis
i Banigauisi; BOEHHUI CTaH.
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