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ABSTRACT

Context. With the increasing use of Wi-Fi wireless networks, the risk of attacks specific to them is also rising. Traditional pro-
tection methods, which usually rely on precise thresholds, do not reflect the actual uncertainty of the conditions in which wireless
networks operate. Due to the openness of the radio channel, its instability, dispersion, and the presence of noise, a promising direc-
tion is the use of fuzzy logic algorithms, which allow for taking into account the incompleteness and ambiguity of data when assess-
ing the risks of Wi-Fi wireless networks.

Obijective. Develop a fuzzy logic algorithm for assessing the state of Wi-Fi networks, which allows adaptively determining the
level of risk by analyzing wireless network parameters and making decisions regarding security system actions.

Method. A fuzzy-logic-based algorithm for analyzing the operational state of a wireless Wi-Fi network is proposed. The algo-
rithm is based on the integrated analysis of six network parameters using elements of fuzzy logic. It includes the construction of
membership functions for the input variables, the formation of a fuzzy IF-THEN rule base, and a defuzzification mechanism that
provides a continuous numerical assessment of the network risk level. To evaluate the effectiveness of the proposed approach, a
comparative simulation study was conducted against the classical threshold-based decision-making method. The study was carried
out in the MathCAD and MATLAB environments to enable cross-validation of the algorithm’s functionality. Three network opera-
tion scenarios were considered, with 100 network states simulated for each scenario.

Results. The simulation results obtained in the MathCAD and MATLAB environments coincide up to the third decimal place,
confirming the correctness of the software implementation of the algorithm. Comparative analysis showed that the threshold-based
method produces binary decisions and is highly sensitive to random fluctuations in network parameters, which leads to an increased
number of false alarms. The proposed fuzzy-logic-based algorithm provides a continuous risk assessment, demonstrates lower result
variance, and exhibits a stable response to changes in network conditions. Under unstable network operating conditions, the algo-
rithm enables discrimination between noise and interference effects and the initial phases of attacks, while also ensuring a gradual
increase in the risk level without abrupt transitions between linguistic levels. The obtained results confirm a reduction in Type | er-
rors and an improvement in decision-making informativeness.

Conclusions. The fuzzy logic-based Wi-Fi network state analysis algorithm proposed in this work enables more adequate deci-
sion-making regarding the network’s condition. The use of fuzzy logic allows adjusting decisions depending on changes in network
operating conditions in real time and can be integrated into intrusion detection systems or advanced wireless network cybersecurity
tools.

KEYWORDS: Cybersecurity, Wi-Fi, intrusion detection systems, fuzzy logic, risk assessment.

ABBREVIATIONS
Auth_Fails is a number of failed authentications per
minute;

I1oT is an Industrial Internet of Things;
Probe_Rate is a frequency of probe requests;
ROC is a Receiver Operating Characteristic;

Clients is a number of connected subscribers;

Com_Rule is a comprehensive assessment accord-
ing to all rules;

ETX is an Expected Transmission Count;

IDS is an intrusion Detection System;

IEEE is an Institute of Electrical and Electronics
Engineers;

© Antipov I., Vasylenko T., 2026
DOI 10.15588/1607-3274-2026-1-1

RSSI_Var is a signal level variance;

S1,2, 3isascenario 1, 2, 3;

Traffic_Anomaly is a percentage of anomalous traf-
fic;

Wi-Fi is a wireless fidelity;

WPA is a Wi-Fi Protected Access.
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NOMENCLATURE
a is a the first point of the trapezoid,
Ay is a fuzzy sets of the corresponding terms;

b is a the second point of the trapezoid,;
By is a fuzzy sets of the corresponding terms;

c is a the third point of the trapezoid;
d is a the fourth point of the trapezoid,;
j is a number of the linguistic term;

X; is an input parameter;

y is an output parameter;

wjj is a membership function.

INTRODUCTION

In the modern world, wireless networks are extremely
relevant and play an important role in people's lives.
Many companies successfully use wireless local area
networks to manage production processes, while hospitals
deploy wireless networks to improve operational effi-
ciency and convenience. The basic standard for wireless
local area networks is the IEEE 802.11 standard, various
versions of which regulate data transmission in the 2.4
and 5 GHz bands, as detailed in [1-4]. In practice, the
actual communication range usually does not exceed 200
meters.

Since 802.11 standard devices communicate with each
other over the radio spectrum, any other station operating
in this band can also receive this data. To ensure at least a
minimal level of wireless network security, encryption
mechanisms based on WPA and WPAZ2 algorithms [5, 6]
are used, as well as intrusion detection systems (IDS) [7].

This work considers an algorithm for analyzing the
state of a wireless Wi-Fi network using elements of fuzzy
logic. This algorithm allows making decisions regarding
the presence of potential security threats, taking into ac-
count various or rapidly changing conditions that tradi-
tional intrusion detection systems (IDS) [8] do not con-
sider.

The object of study is the operation process of a wire-
less Wi-Fi network and its functional parameters, which
characterize the security state during subscriber access
and data transmission.

The subject of study is methods and models of fuzzy
logic assessment of risk levels in Wi-Fi networks based
on the analysis of technical parameters (signal level,
number of connected clients, number of failed authentica-
tions, traffic anomalies, signal level variance, and fre-
quency of probe requests).

The purpose of the work is to develop and investi-
gate a fuzzy logic algorithm for assessing the security risk
level of a Wi-Fi network based on a set of its technical
indicators. The algorithm should provide automated inter-
pretation of traffic characteristics, connection states, and
client behavior, generating both quantitative and linguistic
risk assessments in real time.

© Antipov I., Vasylenko T., 2026
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1 PROBLEM STATEMENT
The input data are represented by a vector of observed
parameters: X ={X, X5, %3, X4, %5, %X}, Where x, =RSSI,
dBm [-90,-30]; Xo =Auth_Fails [0,20];
Xz =Traffic_Anomaly [0, 100]; x4 =Clients [0, 50];
X5 = RSSI_Var[0, 25]; xg = Probe_Rate [0, 20].
It is necessary to construct fuzzy membership func-
tions for each variable: w;; (x): X; —-[0,1].
The output variable is the network state risk level:
y = Risk _ Level [0,1], which is also described by a set

of linguistic terms:
{no _risk,low _ risk, medium _risk, high _ risk} .

A Mamdani-type fuzzy rule base should be formed:
Ry : IFx € Ay, AND...ANDxg € Ag, THENy € By .

Quality criteria include:

— correctness of the fuzzy interpretation of network
states;

— consistency of
MATLAB environments;

— the ability of the algorithm to generate values of
corresponding to expected scenarios (“no risk,” “low,”
“medium,” “high”);

— stability of results under variations of input pa-
rameters.

Additional constraints: all input parameters must
belong to their allowed intervals; membership func-
tions must provide full coverage of the respective uni-
verses; the rule base must be minimally sufficient yet
adequate to account for all typical network states.

results in MathCAD and

2 REVIEW OF THE LITERATURE

Fuzzy logic is not merely a theoretical tool; it is ac-
tively used in practice for ensuring security and assessing
risk in various types of wireless networks, as evidenced
by a large number of published works on this topic.

In [9], the authors propose a model for analyzing in-
formation security risks in 11oT. They developed several
fuzzy inference systems for assessing overall risk. The
model reflects real conditions of attacks and threats, but it
is tailored to 10T systems rather than traditional Wi-Fi
networks, which have their own specific characteristics.

The study in [10] demonstrated the use of fuzzy logic
to detect jamming attacks in wireless mesh 10T networks.
The authors used ETX metrics, the number of retransmis-
sions, undelivered packets, and packet delivery ratio as
input parameters. The system was evaluated using stan-
dard metrics (accuracy, precision, recall, ROC). This
work demonstrates that the fuzzy approach can be effec-
tive even in complex attack scenarios at the physical and
data link layers. Despite the high effectiveness of this
method against jamming attacks, it may be less suitable
for typical Wi-Fi attacks, as it relies on a limited set of
parameters that are not fundamental for Wi-Fi networks.

The work in [11] is devoted to improving the accu-
racy of IDS. To achieve this, the authors combine fuzzy

OPEN a ACCESS




p-ISSN 1607-3274 Panioenexrtpownika, indopmatrka, ynpasminss. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

logic, neural networks, and a genetic algorithm. This
study demonstrates that fuzzy logic can be successfully
integrated with modern machine learning methods to
achieve higher efficiency. However, such a method is
complex to implement and requires significant resources,
which may be critical for a real Wi-Fi network.

The publication [12] investigates IDS based on fuzzy
logic. The authors showed that using fuzzy models with
classical membership functions can significantly outper-
form traditional threshold-based approaches in terms of
accuracy, especially when dealing with limited or noisy
data. Since this model uses triangular membership func-
tions and lacks a learning mechanism, it limits the flexi-
bility of the wireless network under dynamic network
conditions, when monitoring is most necessary.

Few studies consider the combination of risk assess-
ment with security at the Wi-Fi level. Most research fo-
cuses on loT/loT, where network structures and charac-
teristics differ significantly.

Therefore, the development of fuzzy logic algorithms
for risk assessment in Wi-Fi networks remains a relevant
and timely task.

3 MATERIALS AND METHODS

The main element of using fuzzy logic is the member-
ship functions. They determine the degree of belonging of
an output variable to a linguistic term. Most often, trian-
gular membership functions are used because they are
simple to compute and clearly illustrate the process of
fuzzy evaluation of wireless system parameters. However,
in real systems, they are not sufficiently informative.

In this work, trapezoidal membership functions are
used to describe fuzzy linguistic variables, which are well
suited for changes in real Wi-Fi network parameters such
as signal strength, the number of connected clients, the
frequency of failed authentications, and the traffic anom-
aly index. Membership functions of this type simplify the
construction of fuzzy logic rules for wireless networks.

The work describes membership functions for work-
ing hours in a secured enterprise. Analogous membership
functions should be created for different scenarios (work-
ing hours, vacation periods, nighttime). For instance, dur-
ing nighttime, when only stationary devices (e.g., cam-
eras) operate in the enterprise, if the system detects that
30 subscribers are connected to the network, this is con-
sidered an anomaly, unlike during working hours.

The general formula for a trapezoidal membership
function is as follows:

ujj = 1b<x<c, (1)
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To determine the signal level, we use three linguistic
terms: “weak” with trapezoid points [-90;-80;-70], “me-
dium” [-80;-70;-60;-50], and “strong” [-60;-50;-40;-
30].

The membership functions for the signal level are
shown in Fig. 1.

ullixl)
pl2xl)

nl3cxl)

100 -80 —60 ) -0 0
xl

Figure 1 — Signal level membership functions

To determine the number of failed authentications, we
use three linguistic terms: “low level” [0;0;1;3], “medium
level” [2;5;8;12], and “high level” [10;15;20;20]. The
membership functions for the number of failed authenti-
cations are shown in Fig. 2.

p21(xn)?

w220z’

w23’
03

N\

o 5 10 15 2

Figure 2 — Membership functions- of the number of failed au-
thentications

When determining the percentage of anomalous traf-
fic, three linguistic terms were wused: “normal”
[0;0;10;30], “suspicious” [20;40;60;80], and “critical”
[70;85;100;100]. The membership functions for the per-
centage of anomalous traffic are shown in Fig. 3.

p310x3)0

e’

sy’
0.2

N

o 20 20 80 50 100

x3
Figure 3 — Membership functions of the percentage of anoma-
lous traffic

When determining the number of connected subscrib-
ers, three linguistic terms are used: “few” [0;0;5;15],
“normal” [10;20;30;40], and “many” [30;40;50;50]. The
membership functions for the number of connected clients
are shown in Fig. 4.

a1z
pazcxs)”

[
0.

0 10 20 30 40 50
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Figure 4 — Membership functions of the number of connected
clients

To determine the signal level variance over a short in-
terval, three linguistic terms are used: “stable signal”
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[0;0;2;4], “moderate instability” [4;6;10;12] , and “high
signal instability” [10;14;25;25]. The membership func-
tions for the signal level variance over a short interval are
shown in Fig. 5.

:-:.. \

Figure 5 — Membership functions of the signal level dispersion
over a short interval

To determine the frequency of probe requests, three
linguistic terms are used: “low frequency” [0;0;10;20],
“moderate frequency” [20;30;50;60], and “high fre-
quency” [50;70;120;120]. The membership functions for
the frequency of probe requests are shown in Fig. 6.

u1(x6)
62(x6)"

63(x6)°
" \

0 ) 100 150
x6

Figure 6 — Probe frequency membership functions

The output variable of the fuzzy system in this work is
the “Risk Level.” It represents a generalized assessment of
the state of the wireless network and is used for decision-
making. The variable is formed based on a combination of
the system’s input parameters. Each of these parameters
can partially correspond to different linguistic states, so the
risk assessment result is also expressed as degrees of
membership to the corresponding linguistic terms. For the
output variable, four linguistic terms have been defined to
represent the level of threat: “no risk” [0;0;0;0.3], “low
risk” [0.2;0.3;0.5;0.6], “medium risk” [0.4;0.5;0.8;0.9],
and “high risk” [0.7;0.8;1;1]. The membership functions of
the output variable are shown in Fig. 7.
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Figure 7 — Membership functions of the output variable

This representation helps to avoid abrupt jumps in de-
cision-making and ensures smooth changes in the sys-
tem’s response with small variations in network parame-
ters.

To create a security system for a wireless Wi-Fi net-
work, six input parameters and one output parameter were
used. Considering all possible combinations would re-
quire 729 rules. To prevent overloading the system while
still demonstrating its effectiveness, a simplified rule base
was developed in this work, where the system’s response
is determined by the factors that most significantly influ-
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ence network risks. For example, if the system indicates
that traffic is anomalous, the number of users or the signal
level becomes almost irrelevant — the risk will still be
high. Similarly, if the number of failed authentications is
high and there is simultaneously a large number of probe
requests, this almost always indicates the presence of an
attack.

Algorithm processing procedure:

1. At the first stage, data is collected. In real time, the
security system receives data from the access point or
through specialized software that analyzes the data trans-
mission environment.

2. At the second stage, membership functions consist-
ing of linguistic terms are assigned to all six input pa-
rameters and the single output parameter. In our case,
trapezoidal functions are used, which evaluate each pa-
rameter from O to 1.

3. The third stage involves creating the rule base. In
this work, rules were developed using several experts and
statistical analysis of medium-sized wireless Wi-Fi net-
works. The resulting rule base contains 20 rules in an
“IF-THEN” format.

4. At the fourth stage, all rules are evaluated to deter-
mine how well they correspond to the current state of the
wireless network. Computation is carried out using fuzzy
logic by calculating the minima of the membership func-
tions, as this method is classical for the Mamdani-type
system used in this work.

5. After transforming features into fuzzy linguistic
variables and computing them, a comprehensive assess-
ment of all parameters is performed. This stage involves
combining all rule sets that are above zero into a single
function that characterizes the network risk level using the
maximum operation. If several rules indicate a high secu-
rity risk at different levels, they are aggregated. Aggrega-
tion is performed by taking the highest values at each
point. As a result, a curve is obtained that characterizes
the current state of the wireless network.

6. After the comprehensive evaluation of all parame-
ters, the defuzzification process is performed to convert
the linguistic variable into a numerical value.

7. Based on the number obtained after defuzzification,
the system determines the security state of the wireless
network according to the corresponding risk level:

—0-0.299 - no risk (normal operation),

—0.3-0.599 — low risk (enhanced monitoring),

— 0.6-0.799 — medium risk (event logging),

— >8 — high risk (automatic blocking or administrator
notification).

8. At the final stage, the resulting security decision of
the system is made.

9. As an additional but very important function, im-
plemented after decision-making, feedback allows the
security system to learn responses to attacks it has already
encountered, adjust membership functions, or modify the
system’s response to specific activities.

The structural diagram of the algorithm implementing
network analysis functions using fuzzy logic is shown in

Fig. 8.
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4 EXPERIMENTS

The purpose of the experiment is to verify the func-
tionality of the proposed wireless network protection
model. To simulate the operation of the proposed security
system, which uses elements of fuzzy logic, two software
environments were employed: MathCAD and MATLAB.

Using two independent software environments al-
lowed verification of the correctness of the proposed algo-
rithm and detection of possible errors. MathCAD enables
step-by-step implementation with mathematical descrip-
tions and graphical visualization, but errors may occur
during algorithm development. Therefore, MATLAB was
also used, which performs all calculations automatically
and provides only graphical visualization of the algo-
rithm.

Data collection
and analysis of the
current state of the

network

Scenario definition
{working hours,
non-working

hours, holiday
season, holidays)

‘ Fuzzy input data

System update ‘

{} N
Formation of a
fuzzy logic rule

base

L

i ™
Implication of the
results

L

Comprehensive
parameter

4

‘ Defuzzification ‘

¥

[ Risk assessment ]

‘ Decision making

¥

[ Svstem reaction ]

Performance
evaluation

‘ System training

Figure 8 — Block diagram of an algorithm that implements
network analysis functions using fuzzy logic
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During the implementation of the algorithm in both
software environments, identical operating conditions
were applied (the same six input parameters, the same
membership functions, the same rule base with 20 rules,
the same defuzzification method — center of gravity, and
identical test input combinations).

According to (1), in both software environments, the
rules were implemented prior to the realization of the
trapezoidal membership functions for the input and output
parameters.

For implementing the relationships within the rules,
the Mamdani model was used with the t-norm as the
minimum operator. The rules implemented in the Math-
CAD environment are shown in Fig. 9

1. RI1 = p33(x3) 1. RI1 = min(pd3(x4) . p32(x3))
2. R2 = min(p32(x3). p22(x2)) 12 R12 = min(pd3(x4) . p23(x2))
3. R3 = min(p32(x3) . pd3(x4)) 13 R13 = min(p42(x4) . p31(x3))
4. R4 = min(p31(x3). pdl(x4)) 14 R14 = min(p53(x5) . p63(x6))
5. RS = min(p23(x2) . p63(x6)) 15 R15 = min(p53(x5) . p32(x3))
6. R6 = min(p22(x2) . p62(x6)) 16 R16 = min(p5S1(x5) . p61(x6))
7 R7 = min(p21(x2) . p31(x3)) 17 R17 = min(p31(x3) . p21(x2))
8. RS = min(pll(x1) p53(x5)) 18 RIS = min(p31(x3) . p51(x5))
9. R9 = min(pll(x1) p52(x5)) 19 R19 = min(p31(x3) . p61(x6))
10 R10 := min(pl3(x1) . pS1(x5)) 20 R20 = min(p31(x3) . pd1(x4))

Figure 9 — Rule base

For horizontal truncation, the MIN implication was
used.

To perform a comprehensive evaluation of the pa-
rameters across all rules, the S-norm function using the
maximum value was applied:

Com _ Rule = max(Rulel(y), Rule2(y)...Rule20(y)) .

To obtain a result, the system must convert the set of
values into a single number. For this purpose, defuzzifica-
tion is used, employing the center of gravity method:

> (y-Com_Rule(y))

Y
Risk = D" (Com_Rule(y))
y

To compare the classical threshold method of analyz-
ing a wireless Wi-Fi network and the proposed algorithm
that analyzes the network using elements of fuzzy logic, a
comparative experimental study was conducted using the
MathCAD software environment. Three scenarios were
considered. S 1 — normal network operation; S 2 — unsta-
ble conditions (large signal dispersion, fluctuations in
traffic parameters caused by noise, interference and dy-
namic changes in the communication channel, without
active attacks); S 3 — the initial phase of the attack (high
level of unsuccessful authentications, high frequency of
probe requests). For each scenario, a sequence of 100
network states was generated and processed, the same for
both network analysis methods.
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5 RESULTS

To demonstrate the operation of the security system,
modeled input parameters were fed into the model. As an
example, the network state “No Risk” is shown. Input
data: x;= -50; X, =2; X3=9; X4=35; X5= 2; Xg = 15.
The results are shown in Fig. 10a, implemented in
MATLAB, and Fig. 10b, implemented in MathCAD.

In Fig. 10a, all 20 rules are shown, indicating which
rules are activated and to what extent, with implication
applied. For each rule, the resulting membership function
is displayed, and at the very bottom, the aggregated mem-
bership function after the comprehensive evaluation, con-
sisting of all activated rules, is shown. Additionally, the
numeric result is shown above the resulting membership
functions.

In Fig. 10b, the input data and the resulting value are
demonstrated, matching the MATLAB results up to the
third decimal place. The resulting membership function is
also shown, which completely coincides with the one ob-
tained in MATLAB.

pi_cwr=-55 weB_aBT =0 swoM_Tpad =22 nla s =34 awc_car =16 probeaan = M guiput = 0,489

1 | [ ] L 1] [ 1 [ Fl
2[ ] b I_r: A [ ] [ ] [ | [ L]
a1 [ ] | [ % I ==|\ [y
4[ | [ ] (=N ] L 1 SN
s - | | I | [ ] [ 1 | ri

[} — P N L ] [ ] [ | i — -y

¢, E | - - = — [ ] | |  — |
8 ] [ ] Hi ] [ ) 2 [ ] [ ]
)] e | | E | s 1 [0 [ ] [
w__ = [ ] [ ] [ ] [ ) [ ] Y

e} | L1 = [ —== [ ] [ ] rany|
12[ | = [ ] = [ ] [ ] [ ]
13l ] [ ] = = [ ] [ ] L=
14 ] [ | L] ] ] [ ] ] 7

15[ ] [ ] s | EE | 2] 1 L]
16[ ] [ ] I ] T I | L1 H— TR

170 ] [ ] (=N ] [ ] [ | [ 1
sl __] ] [ = — L ] | ] [ ] B ]
w1 - [ — L ] | [ ] —
20[ | E L | L ] [ | [ |
20 | a0 o 20 ol w0 o ;0o !5 o 120 [=K 1

["W‘: [65.9.22.34.16:21) |E"'ﬂ pownts: 1pq ”MM _3:_] ﬂ ;"!.'.J _.'lL”

|m1.lgm_wiamn]m{mmnu)(t| ” | ciosw | l

a

Signal Level x1=-33 04

Number of Authentications x2=¢

Percentage of Anomalous Trafic  x3 =22 03r

Number of Connected Clients x4 = 34 Com_Rule(y)02-

Signal Level Variance over a Short Interval x5 = 16

ol
Probe Request Frequency  x6 =21

Risk = 0.489 ° 02 04 06 08 1
pis_cur=-50 wes_asT=2 awom_tpah=9 nig aG=40 pguc_cwr=2 probeaan =155001 = 0.298 ¥
AT —1 i ] E ra| b
2 1 e == D T ]I ) . C mir
oy I | | | [ Figure 11 — In the network under study, the status is “Risk is
4 [ N s R . . . . .
s I i i T, o I s N s low” : a — implementation in MATLAB; b — implementation in
6 [ | || | [ ] [ ] [ ] [ ] L\l
] w— ) . Y e MathCAD
s || — — [ 0 L 7 | 0 | 7
9l 1] [ ] [ ] [ 1] [ ] il ] L_£_\J - - = - = =
W i I I I I il i ‘ i ‘ Inil_ﬂ-r 60 wen_amv=T me;_lalﬂ] 18 nlia_oﬁ 4:1 nllne_wr Irs rreln—un Ilz m,:w“.rg.lm
1l L A ' = — 0 EE O | ) I ] ][ |
£ I T — | ] [ | — s L = A& I T ]

Tl =l = e e e == e = e = = = s
: | — o7 = | — |
15 J I A L] = LA 8 o [ 72 o T o s ) . B 59
16 .| ] [ ] [ [ | N— B—1 Ci ] ST 1T ] =
17 T S— 1 J g e 8 | [ % = e emew (sl
18 ] | ] I ] [ 1 [ ] | | E— | ~— ol 1 [ 1 ni | I ] ‘TR C.1 ] ol
L1 — JU T ‘ Y ~—] T e O ] O I I (|
o] — | I [ t— ][ 1 & i T S T | YU T
90 .30 0 20 0 100 0 50 0 25 ol 120 Gl ] BT L [ I _‘_: [ ] [ T ]
s Flot points: T . T (- T [ L T
| IPuli | [.60.2.9:40.2,15] " Ppomnis: 101 “ left | right I down | up | i Vi ] ] i i T — Y
15[ I ] Ors) | e TmmE | Al
Opened system Untitled, 20 rules 16[ | [ | [ | [ 1] [ | [ 1 [ |
| || b | oms | | vC I B B I i TeT b [
a s CJ B I ] [ - Ce—
; 1] —— | — B [ ] [ ] [ ] = ]
Signal Level x1=-50 1 T T a1 1 | — B <1 [ | [ | | |
Number of Authentications  x2=2 osk i 80 a0 @ | oo B | 1000 150 i1 25 0 120 'ﬁ
Percentage of Anomalous Traffic  x3=¢ ||# Itﬁu proints: ”m " |
L 4 (60,7 18:40.05:62] 101 leh | rght | dowm | up
Number of Connected Clients x4 = 35 {”.omjlul:{y)o6
Signal Level Variance over a Short Interval x5 =2 v 1 |0‘plﬂ-d system Unbitied, 20 ndes || Halp I Close I |
Probe Request Frequency  x6= 15 02r 1
Risk - 0298 CRE SR YRR TR TR a
¥ Signal Level x1 = —60 08 . . . .
b Number of Authentications  x2 =3
. P s L. Percentage of Anomalous Trafic  x3=15 o8 b
Figure 10 — In the network under study, the status is “No risk” : Nurmber of Connected Clients
. . . . . . xd=24 ‘Com_Rule(y)0 4 —
a —implementation in MATLAB; b — implementation in Signal Level Variance over a Short Interval  xs=35
MathCAD Probe Request Frequency  x6 =23 o3
Risk = 0497 0 02 12:4 0‘6 C:S 1

For the network state “Low Risk,” the results are
shown in Fig. 11. Input data: x = -55; X, = 9; x3= 22;
Xg4 = 34; X5=16; Xg =21

For the network state “Medium Risk,” the results are
shown in Fig. 12. Input data: x = —60; X, = 3; x3= 15;
X4 = 24; X5=5; Xg = 25.

For the network state “High Risk,” the results are
shown in Fig. 13. Input data: x; = —75; X, = 15; X3= 85;
Xq4 = 45; X5=19; Xg=44.
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Figure 12 — In the network under study, the status is “Risk Me-
dium” : a — implementation in MATLAB; b — implementation in
MathCAD

For S1-3, 100 consecutive network states were gener-
ated. The values presented in Tables 1 and 2 correspond
to statistical characteristics (mean and standard deviation)
calculated over these 100 simulations. Table 3 presents
representative risk values illustrating the transition dy-
namics during the initial attack phase.
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Figure 13 — In the network under study, the status is “Risk is
high” : a — implementation in MATLAB; b — implementation in
MathCAD

The threshold-based method produces binary deci-
sions for each network state (attack / no attack). There-
fore, the values presented in Tables 1-3 represent the
alarm frequency calculated over 100 simulated network
states rather than a continuous risk level. In contrast, the
proposed fuzzy-logic algorithm provides a smooth risk
assessment that reflects gradual changes in network con-
ditions.

Table 1 — Risk assessment results for different Wi-Fi network
scenarios

Scenario Alarm frequency Fuzzy-logic risk
based on threshold
value

S1 5% 0.18

S2 62% 0.46

S3 88% 0.82

Table 2 — Stability of methods
Method Mean alarm Standard deviation

frequency

Alarm frequency based 0.62 0.31

on threshold value
Fuzzy-logic risk 0.47 0.08

Table 3 — Risk evolution during the initial phase of the attack

Network state | Threshold-based Fuzzy-logic algorithm
index decision
1 0 0.32
20 0 0.48
40 1 0.66
60 1 0.78
80 1 0.86
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cision used during calculations), which confirms the cor-
rectness of the implementation of the fuzzy-logic-based
wireless network protection system. The dual implemen-
tation of the algorithm demonstrated consistent results,
indicating the reliability of the proposed approach to net-
work risk assessment. The actions of the fuzzy-logic algo-
rithm depend on the risk level determined by the system
at a given moment.

When the system determines the result “Low Risk,” it
means that the network is operating in normal mode with-
out any suspicious activity, i.e., all network parameters
are within acceptable limits. In this case, the system con-
tinues its regular operation and periodically logs the net-
work status (RSSI, number of clients, traffic). No addi-
tional actions are taken so as not to overload the security
system.

For example, the signal level is stable, the number of
clients corresponds to the expected value for the given
time and day of the week, failed authentications are rare,
and the traffic shows no anomalies.

With “Medium Risk,” the wireless security system de-
tects certain deviations in the analyzed indicators, but
these deviations are not significant. In such a situation,
occasional network malfunctions, repeated authentica-
tions, or signal instability may occur. This indicates that
the likelihood of an attack is not high, but the network
still requires increased monitoring. In this case, the sys-
tem begins enhanced monitoring of the network: it col-
lects data more frequently (for instance, if under normal
conditions data is received every minute, it may start re-
ceiving updates every 10 seconds); it begins recording an
extended list of parameters in the log (probe requests,
traffic anomalies); it analyzes nearby access points (in
case a rogue access point attack is being attempted). The
system may also limit data transfer rates for certain suspi-
cious clients or request re-authentication from them. At
this risk level, the administrator receives a notification
about the network status

For example, if the security system detects a decrease
in signal strength for several clients and a slight increase
in the number of probe requests, but without any loss of
connection.

When a “High Risk” level is identified, it means that
the wireless security system has detected signs of an on-
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going attack (a suspicious client, password-guessing at-
tempts, or atypical traffic). In this situation, an entry is
made in the security log, recording the time, MAC ad-
dress, and other signal parameters. The system sends a
notification to the administrator marked “WARNING”,
may block suspicious clients, and also forwards a signal
to the intrusion detection system to compare signatures
with a database of known attacks.

For example, if a client or several clients exhibit sus-
picious activity — changes in signal strength, authentica-
tion errors, and traffic that is not typical for the user — this
is highly likely to indicate the beginning of a man-in-the-
middle attack.

In the case of “Critical Risk,” the network exhibits ac-
tivity that clearly indicates an active attack on the Wi-Fi
wireless network: eavesdropping on communication
channels, rogue access points, mass authentication re-
quests, or a sharp increase in probe requests. During such
aggressive activity, the security system responds immedi-
ately, blocking the malicious activity. This may include
complete traffic blockage in a specific segment, after
which the administrator is notified of the threat. A secu-
rity log entry is also created, containing all current pa-
rameters.

For example, if the traffic is abnormal, there is a high
number of authentications, and the signal strength drops
sharply, this may indicate a DoS attack, an access point
spoofing attack, or network client scanning.

Traditional algorithms use fixed thresholds. If a low
threshold is set, a high percentage of Type | errors
(missed attacks) will occur. Conversely, if the threshold is
set too high, a large number of Type Il errors (false posi-
tives) will occur. Both cases negatively affect the opera-
tion of the wireless network. Choosing the “golden mid-
dle” is practically impossible.

The experimental results (Tables 1-3) demonstrate a
fundamental difference between the classical threshold-
based approach and the proposed fuzzy-logic-based risk
assessment algorithm when applied to Wi-Fi network
monitoring.

First, the results presented in Table 1 show that under
normal operating conditions (S1), the threshold-based
method generates a nonzero alarm rate (5%), indicating
the presence of false positives caused by random fluctua-
tions in network parameters. In contrast, the fuzzy logic
algorithm produces a low continuous risk value (0.18),
which reflects a more adequate interpretation of minor
deviations and helps to avoid unnecessary alarm trigger-
ing.
Under unstable but benign conditions (S2), character-
ized by increased signal variance and traffic fluctuations,
the limitations of the threshold-based approach become
more evident. The alarm rate increases to 62%, which
complicates reliable decision-making and may lead to
excessive security responses. At the same time, the fuzzy
logic algorithm assigns a moderate risk level (0.46), indi-
cating a degradation in network conditions without ex-
plicitly classifying it as an attack. This behavior confirms
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DOI 10.15588/1607-3274-2026-1-1

the ability of the proposed algorithm to distinguish be-
tween channel-induced instability and malicious activity.

During the initial phase of an attack (S3), both meth-
ods detect anomalous behavior. However, their results
differ significantly in terms of interpretability. The
threshold-based method rapidly switches to a high alarm
rate (88%), providing only binary information. In con-
trast, the fuzzy logic algorithm generates a high but un-
saturated risk value (0.82), enabling the system to track
the progression of the attack and to provide adaptive secu-
rity responses.

The robustness of both methods is further illustrated in
Table 2. The standard deviation of the fuzzy logic risk
values is significantly lower than that of the threshold-
based alarm rate (0.08 versus 0.31). This indicates that the
proposed algorithm provides a more stable assessment
under varying network conditions and is less sensitive to
random noise and short-term parameter fluctuations.

The temporal evolution of risk during the initial attack
phase, shown in Table 3, highlights an important advan-
tage of the fuzzy logic approach. While the threshold-
based method produces abrupt transitions from “no at-
tack” to “attack,” the fuzzy logic algorithm reflects a
gradual increase in risk as network conditions deteriorate.
This property is particularly important for early attack
detection and proactive security management in wireless
networks.

The proposed fuzzy logic algorithm does not merely
replicate threshold-based decisions but extends them by
providing a continuous, interpretable, and noise-resilient
risk assessment. This makes the approach more suitable
for real Wi-Fi network environments, which are inher-
ently characterized by parameter variability, channel
noise, and transient states.

The proposed algorithm, which uses elements of fuzzy
logic, introduces four output terms, allowing the reduction
of both Type | and Type Il errors.

The developed algorithm for network state decision-
making is recommended for implementation within an
intrusion detection system in companies, offices, and
other environments using IEEE 802.11 wireless networks.
Such network protection is particularly advisable in loca-
tions where valuable information is stored and there is a
risk of unauthorized network access. The proposed model
is relevant because it does not require significant re-
sources, is user-friendly, and significantly enhances the
security of the wireless network. Moreover, a fuzzy-logic-
based decision-making model can detect attacks whose
signatures are unknown.

In combination with the methodologies discussed in
[13, 14], this algorithm can serve as a reliable protection
system for Wi-Fi wireless networks.

CONCLUSIONS
The problem of improving decision-making reliability
in Wi-Fi network state analysis under conditions of uncer-
tainty is addressed in this work.
The scientific novelty of the obtained results consists
in the development of a fuzzy-logic-based algorithm for
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Wi-Fi network state assessment that enables adaptive in-
terpretation of network parameters using fuzzy rules and
membership functions. The proposed approach allows
smoother transitions between network states and reduces
the impact of abrupt parameter changes, which improves
the adequacy of anomaly detection compared to thresh-
old-based methods.

The obtained results enable more stable identification
of abnormal network conditions and contribute to reduc-
ing false alarms in dynamically changing environments.

The practical significance of the results lies in the
possibility of using the developed algorithm in Wi-Fi
monitoring and security systems operating in automatic or
expert-assisted modes. The results of modeling confirm
the applicability of the proposed approach for practical
network state analysis tasks.

Prospects for further research include extending the
set of analyzed parameters and conducting quantitative
evaluation of detection efficiency in real-world wireless
environments.
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AHOTALIA

AKTyalIbHiCTh. 31 3pOCTaHHAM BUKOpUCTaHHs Oe3nmpoBianux mepesk Wi-Fi migBuIyeTbcs pus3uk artak, crerupiuHux came Uil HHX.
TpaauuiitHi METOIH 3aXKUCTY sIKi 3a3BUYail BAKOPUCTOBYIOTH YIiTKi MMOPOTH, HE BiJOOpaKarOTh PealibHOT HEBU3HAYCHOCTI YMOB B SKUX (PyHK-
LIOHYIOTh Oe3MpoBifHI Mepexi. Uepes BIIKPUTICTh pajiiokaHaly, HeCTaOUIBbHICTb, PO3CIIOBAHICTh Ta HASIBHICTH LIyMY, NEPCHEKTHBHUM Ha-
IPSMKOM € BUKOPUCTAHHS HEYiTKO-JIOTIYHUX AITOPUTMIB, IO JO3BOJIAIOTH BPAXOBYBaTH HEIIOBHOTY Ta HCOJHO3HAUHICTh JJAHUX IIPU OLHIO-
BaHHI pu3uKiB 6e3nposianux mepex Wi-Fi.

Merta. Po3poOUTH HEUYITKO-JIOTTYHHUIA aIrOpuT™ OLiHIOBaHHs crany Wi-Fi Mepex, sKuii 103BOJIsIE alalITHBHO BU3HAYATH PIBEHb PH3HUKY,
aHAJIi3yI04H MapaMeTpH Oe3MPOBiTHOI Mepexi Ta IPUHMAaTH PIlICHHS MO0 Ailf cHcTeMH Ge3MeKH.

Metoa. 3anpornoHOBaHO HEYITKO-JIOTIYHMI AITOPUTM aHali3y craHy (yHKIioHyBaHHs Ge3mnpoignoi Wi-Fi Mepexi, mo Gasyerbest Ha
KOMIUIGKCHOMY aHali3i HIECTH MEPEKEBHUX MapaMeTpiB i3 BUKOPUCTAHHSIM €IIEMEHTIB HEUITKOI JIOTiKH. AJITOPUTM BKIIFOYAE TOOYI0BY (DyHK-
LIl HaJIeXKHOCTI JUIs BXIIHUX 3MIHHMX, (opMyBaHHs 6a3u HediTkux npasui tuny IF-THEN Ta mexanism nedasudikauii, mo 3adesneuye
OTPHMaHHS Oe3lepepBHOI YHCIOBOI OLIHKK PIiBHS PU3HKY Mepexi. It OIiHIOBaHHS e(eKTHBHOCTI 3allpOIIOHOBAHOTO IiJXOAY IPOBEICHO
MOPIBHSJIbHE IMITaIlifiHE MOETIOBAHHS 3 KIACHYHHM MOPOrOBHM METOIOM MPUHHATTS pilieHb. J{oCTHiKeHHsT BUKOHAHO y CepeqoBHUINax
MathCAD ta MATLAB i1 B3aeMHOI TI€peBipKH MpPaIe3aTHOCTI aaropuTMy. PO3MIssHYyTO TpH cleHapil (yHKIIOHYBaHHS Mepexi, Ui
KOXHOTO 3 sIKHX 3MozesboBano 100 cTaHiB Mepexi.

PesyabTaTn. PesynpraTn iMiTanifHOTO MOZENMIOBaHHS 30iraloThCsA 3 TOYHICTIO IO TPETHOTO 3HAKY B JBOX IPOrPaMHHX CEpPEIOBHUIINAX
MathCAD ta MATLAB. 3anpornoHoBaHHii aIrOpuT™M KOPEKTHO pearye Ha 30UIbLIEHHS KiIbKOCTI HEBIAIMX CIpod aBreHTH(iKALil Ta Ha
aHOMaJIbHI 3MiHHM Tpadiky. BUKOPHUCTaHHS €JIEMEHTIB HEYIiTKOI JIOTIKH J03BOJISIE YHUKHYTH Pi3KHX CTPUOKIB MK PIBHSAMH PH3HKY «HH3b-
KHUIi», «CepeHili», «BHCOKHII», 0 3MEHIIY€ KibKiCTh XHOHUX TPHUBOT Ta MiHIMi3ye HOMUIKH IEpPIIOTo poxy. Mozels yCHilHo po3pi3Hsie
HOpMaJIbHI 3MIHM PIBHS CHUTHANY Ta HeOe3medHi. 3anponoHOBaHUI alrOPUTM 3[aTeH CaM pearyBaTH Ha MOTEHIIHHI 3arpo3u: MOHITOPHHT,
TTOCUJICHE JIOTYBaHHS, 0OMEXEHHsI IOCTYIY, OJIOKYBaHHS KIJIi€HTA Ta CHOBIIIATH aJMIHICTpaTopy.

BucHOBKH. 3a11porioHoBanuil y po6oTi HeiTKO-JIOr4HMi anroput™ aHanizy crany Wi-Fi Mepexi Ha OCHOBI HediTKO[ JIOTIKH Ja€ 3Mory
OLNBIN aIeKBATHO yXBAIIOBATH PIllICHHS OO CTaHY Mepeki. BUKOpHUCTaHHS HEUiTKOI JIOTIKY JO3BOJISIE KOPUIYBATH PIillICHHS 3aJICKHO Bil
3MiHH YMOB (DYHKIIIOHYBaHHS MEpExki y PeKHMi peabHOTO Yacy Ta MOXe OyTH IHTErpOBaHa y CHCTEMH BUSBICHHS BTOPTHEHb 400 PO3ILIH-
peHi 3aco0u Kibep3axucTy Oe3MpOBITHUX MEPEK.

KJIFOYOBI CJIOBA: ki6ep6esneka, Wi-Fi, cucreMu BUsSBICHHS BTOPTHEHB, HEUIiTKA JIOTIKA, OLIHKA PU3HKY.
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ABSTRACT

Context. In special conditions, particularly during emergencies, when satellite and terrestrial communication channels become
vulnerable or completely unavailable, communication via meteor burst channels can effectively serve as a backup or even a primary
path for information transmission. The operational range of such a radio channel can reach up to 2000 km, and the absence of “dead
zones” ensures broad territorial coverage that is comparable to other types of long-range radio communication.

Objective Improvement of the method for one-way message transmission via meteor burst communication channels and its im-
plementation algorithm, enabling minimization of message delivery time at a given reliability level.

Method. Further development was achieved for the method based on minimizing the message structure through merging the ad-
dress field with the synchronization flag. Additionally, a hybrid synchronization algorithm combining threshold and non-threshold
signal processing is applied for the first time. To enhance reliability, the majority algorithm is utilized instead of classical ARQ
methods through repeated message transmission.

Results. An improved method for alert transmission over meteor-burst channels has been proposed, ensuring minimized delivery
time and high reception reliability. Based on this method, a transmission protocol was developed, the message delivery time was
evaluated, and synchronization techniques were identified, confirming the method’s effectiveness. The practical value lies in the
development of an implementation algorithm suitable for deployment on DSP and FPGA platforms in alert systems without relying
on satellite communication channels.

Conclusions. The proposed method and implementation algorithm enable the minimization of short message delivery time at a
specified reliability level and improve communication reliability under challenging conditions.

KEYWORDS: alert system, meteor radio channel, transmission protocol, synchronization, transmission time, delivery time.

_ ABBREVIATIONS o _ MRL is a Meteor Radio Line.
ITU is an International Telecommunication Union; NOMENCLATURE

ITU-R is an International Telecommunication Union Nie is a lenath of the inf i load) field of
Radiocommunication Sector; ine is a length of the information (payload) field o
the message packet;

MBC is a Meteor Burst Channel; . : .
MRC is a Meteor Radio C ication: T IS @ duration of a usable meteor trail;
15 a Meleor Radlo Lommunication, Vine IS an information transmission rate;

SNR is a Signal-to-Noise Ratio; Nss is a length of the preamble for bit synchronization;
FSK'is a Frequency Shift Keying; N is a length of the start-of-packet flag;

MSK is a Minimum Shift Keying; N, is a length of the time field  in the message struc-
DSP is a Digital Signal Processors; ture;

FPGA is a Field-Programmable Gate Array; Nks is a length of the checksum field;

ARQ is an Automatic Repeat Request; N« is a length of the end-of-message flag;

DMF is a Digital Matched Filter; N+ is a length of the status (message type) field;

P+ is a radiated power of the transmitter;

BS is a Base Station; > -4 c )
Gr is a receiving antenna gain at the operating fre-

SS is a Subscriber Station;

EPMR is a Energy Potential of Meteor radio line; quency i . .
RSL is a Received Signal Level: Gy is a transmitting antenna gains at the operating fre-
' quency

PBS is a Preamble for Bit Synchronization; Py is a galactic noise power:
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AF, is a spectrum width;

Psioy is a signal level at the receiving point;

K is a location-dependent coefficient of the galactic
noise model;

f is an operating frequency.

INTRODUCTION

In emergency and critical situations, where commonly
used communication channels — such as satellite and ter-
restrial links — become vulnerable or unavailable, meteor
burst communication (MBC) can serve as a backup or
even primary means of information transmission. The
radio channel range (up to 2000 km) and the absence of
so-called “dead zones” allow for wide-area coverage,
placing meteor communication alongside other types of
beyond-line-of-sight communication.

The intermittent nature of MBC and the random wait-
ing time for a meteor trail with sufficient electron density
to support data transmission limit its applicability for real-
time high-volume information exchange. However, it can
be used effectively in alerting systems.

A key temporal parameter in message transmission
systems is the delivery time of a fixed-length message, as
the informational value decreases with increased delay.
This parameter directly depends on the transmission pro-
tocol being used.

One of the widely employed protocols for unidirec-
tional (paging) communication is POCSAG (Post Office
Code Standardization Advisory Group), recommended by
the ITU-R as an international standard and registered as
RPCN I (Radio Paging Code No. 1). Its main characteris-
tics are described in [1]. Another protocol developed by
PHILIPS, APOC (Advanced Paging Operations Code), is
generally compatible with POCSAG but additionally al-
lows the substitution of frequently used words and
phrases with encoded three-byte messages [2]. However,
both protocols, in their original form, are not suitable for
use under MBC conditions and require modification [3].

A specialized protocol has been proposed for deliver-
ing alert signals with a predefined information payload,
which accounts for the specific characteristics of MBC
and aims to minimize message delivery time with optimal
software and hardware cost-efficiency. This is achieved
through the selection of an appropriate message structure,
the use of clock and frame synchronization methods, and
the implementation of an algorithm to enhance transmis-
sion reliability. The protocol also includes the option for
cryptographic protection of transmitted data.

According to the proposed approach, transmission is
carried out continuously over a specified period, with
periodic repetition of the same message. Minimum Shift
Keying (MSK) is selected as the modulation technique,
offering sufficient data rate while ensuring a high prob-
ability of correct reception even at low signal-to-noise
ratios (SNR). MSK demodulation and synchronization
require relatively low computational resources, enabling
implementation using digital signal processors (DSPs) in
combination with field-programmable gate arrays
(FPGAS).
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To further enhance transmission reliability, a major-
ity-voting principle [4, 5] is proposed, whereby the value
of each message element is determined by the majority of
matches among repetitions. This method is well aligned
with continuous message replication during the transmis-
sion period and is simple to implement.

The transmission time of a single message may vary
from several seconds to several minutes, depending on the
energy budget of the radio link, the message length, data
rate, required reliability level, and the time of day and
season.

Thus, the development of a method that integrates
message structure optimization with a hybrid synchroni-
zation algorithm (combining threshold and non-threshold
processing) and a majority-voting principle for repeated
transmissions is of current relevance. This approach re-
duces delivery time and increases the probability of suc-
cessful reception under the specific conditions of meteor
radio channels, extending existing ARQ methods and
paging protocols.

The object of study is the process of transmitting
alert signals over meteor radio channels under conditions
where conventional satellite and terrestrial communica-
tion lines are compromised or unavailable.

This process is characterized by the need to ensure the
reliable delivery of information within short meteor burst
windows, considering variable meteor trail parameters
and the overall energy potential of the radio link.

The object of study is the process of unidirectional
alert message transmission via meteor radio channels un-
der conditions of limited availability of traditional com-
munication paths, using an improved method that com-
bines message structure optimization and hybrid synchro-
nization to increase the probability of successful delivery.

The subject of study is the development of special-
ized communication protocols, signal structures, and syn-
chronization methods aimed at improving the message
transmission method to ensure efficient and timely deliv-
ery of alerts via meteor radio channels.

The purpose of the work is to develop an improved
method for unidirectional alert message transmission via
meteor channels, along with its implementation algorithm
and technical solutions that ensure the minimization of
message delivery time at a specified level of reliability
and the efficient use of available resources.

1 PROBLEM STATEMENT

Let the energy potential of the meteor radio line,
EPMR the fixed length of the information message, Lmsg
and the required reliability level for message delivery
Rreq be given. Also known are the average duration of a
useful meteor trail ttrail, which defines the maximum
allowable transmission time for a single message, and the
information transmission rate Vinf, determined by the
constraints of the Meteor Burst Channel (MBC) and the
required signal-to-noise ratio (SNR).

It is necessary to determine the information message
structure Smsg that provides the minimum transmission
duration Tmsg for a given informational payload. Addi-
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tionally, it is required to develop a synchronization
method Syn, minimizing the synchronization establish-
ment time Tsyn under conditions of low SNR. To ensure
the specified reliability level Rreq, the number of message
repetitions Nrep must also be determined, with subse-
quent processing based on the majority-voting principle.

Thus, the research task is to develop a synchronization
method Syn and to determine the optimal transmission
parameters (message packet structure Smsg, number of
repetitions Nrep), that minimize the message delivery
time Tdel.

Tdel —min subject to the following constraints:

— the duration of information packet transmission
should not exceed the average duration of a useful meteor
trail: T msg <ttrail,

— the probability of successful message reception must
be no less than the specified reliability level:
pruccess > Rreq;

— the energy potential of the meteor radio line remains
constant and cannot be altered during the transmission:
EPMR = const.

Consequently, the stated problem is to develop an op-
timized method for transmitting short unidirectional mes-
sages via MRC, ensuring minimal alert signal delivery
time under specified meteor radio line parameters and
communication reliability requirements.

2 REVIEW OF THE LITERATURE

The use of meteor burst communication (MBC) for
alert systems and as a backup means of information deliv-
ery under emergency operating conditions has been stud-
ied for a considerable time; however, most attention has
historically been focused on MBC systems with Auto-
matic Repeat reQuest (ARQ) mechanisms [6-11].

A concise description of the key characteristics of
such systems, as well as the equipment employed, is pro-
vided in the monograph [15].

Variants of one-way transmission protocols for alert
signals, whose effectiveness depends on the characteris-
tics of MBC systems, are presented in [1-3, 16-23] and
numerous other publications. The analysis of these proto-
cols and the methods for improving message transmission
efficiency led to the proposal of a specialized protocol for
delivering alert signals with a specified information vol-
ume, tailored to the specific features of MBC and aimed
at minimizing message delivery time with optimal soft-
ware and hardware resource usage.

The methods of modulation, demodulation, error-
resilient coding, as well as frame and clock synchroniza-
tion considered in [24-26], which are oriented toward
implementation using Digital Signal Processors (DSPs)
and Field-Programmable Gate Arrays (FPGAs), formed
the basis for developing solutions that enable realization
of the proposed protocol while minimizing delivery time
and ensuring the required reliability. The results of ex-
perimental studies conducted in [27-29] were also taken
into account.
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3 MATERIALS AND METHODS

The proposed method represents an improved ap-
proach to unidirectional alert signal transmission via me-
teor radio channels, enabling the minimization of message
delivery time while maintaining a specified level of recep-
tion reliability.

Unlike conventional ARQ (Automatic Repeat re-
Quest) techniques and standard paging protocols, the
method optimizes the message structure by minimizing
service fields and merging the address field with the syn-
chronization flag. This reduces the transmission duration
within the limited “window” of meteor burst availability.

A distinctive feature of the method is the integration
of a hybrid synchronization algorithm that combines
threshold and non-threshold signal processing with a ma-
jority voting principle to enhance transmission and recep-
tion reliability without relying on complex error-
correcting codes.

This approach increases the probability of correct re-
ception and ensures method effectiveness even under low
signal-to-noise ratio conditions.

The implementation algorithm with a step-by-step de-
scription is presented in Table 1.

Table 1 — Step-by-step description of the implementation
algorithm

Step | Description Purpose / Expected Effect

1 Select base parameters: fre- Ensure sufficient energy
guency, power, antenna gain potential for stable link

2 Calculate energy potential Verify link budget and
(EPMR) required SNR

3 Set transmission parameters: Match parameters to me-
data rate, message length, teor trail duration
modulation

4 Optimize message structure: Reduce transmission time

minimize overhead, combine within time window
address and sync flag
5 Apply hybrid synchronization:

threshold + threshold-free

Shorten sync time, increase
reliability

6 Generate and detect flags Accurately detect message
using digital matched filter boundaries and address
7 Transmit with majority voting | Improve error resistance
without complex codes
8 Make final decision and verify | Deliver alert with required
checksum reliability

The reduction of message delivery time and the in-
crease in reception probability in the proposed method are
achieved through the following:

— the use of a majority voting algorithm applied to
multiple message repetitions instead of classical error-
correcting codes, which reduces redundancy;

— optimization of the data packet format in accordance
with the limited time window of the “useful” ionized trail;

— the application of MSK modulation, which ensures
the required transmission speed even under low SNR
conditions with moderate computational overhead.

The structural diagram of the proposed method is
shown in Figures 1-3.

To justify the proposed method, a detailed description
of the implementation of each stage is provided below.

A systematic analysis of the available publications
made it possible to identify the key principles for design-
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ing an alert system under conditions where conventional
communication channels are unavailable and to propose a
dedicated protocol for information delivery via meteor
radio channels (MRC).

A transmission algorithm without feedback requires
prior selection of the main parameters of the base station
(BS), such as operating frequency, transmitter power, and
antenna gain (G) of the transmitting antenna, as well as
the parameters of the receiving system, including the an-
tenna gain (G) of the receiving antenna, the receiver noise
figure, and the level of galactic noise. These parameters
determine the energy potential of the meteor radio link
(EPMR) and must be sufficient to provide reliable service
within the designated geographical area at any time of day
and throughout the year.

The specified energy potential of the meteor radio link
(EPMR) and the required length of the information mes-
sage determine the data rate, modulation method, and the

structure of the information message, which together de-
fine the transmission protocol.

Since the “time window” is limited by the duration of
a usable meteor trail, it is essential to minimize the over-
head portion of the information message — namely, the
length of the preamble for clock synchronization, the
flags for frame synchronization, the addressing segment,
and message type indicators. The total message duration
must not exceed 0.3 seconds.

Figure 1 shows the proposed format of the information
message, which includes a preamble for bit synchroniza-
tion (PBS) composed of Nss alternating “1” and “0” bits, a
start-of-packet flag (F) of Ng bits in length, message
status information (T), the payload consisting of Nyyg in-
formation bits, a checksum (CS) of Ngs bits, and an end-
of-message flag (F*).

-t Length of information message g
Bit length—— ~—Information packet—»
1. ] Nss| 2 23 ...INE 4. [Ny|] § 2 3 Nine| 42 3...|Nks|2 2 3 ...|Ne
PBS F T INF KS F*
-t Usable meteor trail duration g

Figure 1 — Format of the information message transmitted via the meteor burst channel (MBC)

The preamble is necessary to ensure clock (bit-level)
synchronization. It can also be used as an indicator for
detecting the start-of-packet transmission flag.

To perform bit synchronization, it is proposed to di-
vide the clock interval T into N equal subclock intervals,
each assigned an address A;, where j=1,2,...N. The goal of

the analysis is to determine the subclock interval during
which the accumulated value of the processed signal
samples reaches its maximum over the duration of one
clock period. A simplified version of this algorithm (for
N=4) is illustrated in Figure 2.

1 2 3 4 1 2 3 41

T >
t

2 3 4 1 2 3 4
Reset the counter

\
1 2 3 4 1 2 3 4

and accumulator
Max A3 E /’AAA/
-
t

1 2 3 1 2 3 4

Figure 2 — Simplified clock synchronization algorithm based on the preamble

To make a reset decision, the value Ajmax must be re-
peated at least P times within the duration of the pream-
ble. The decision threshold P depends on the preamble
length and the energy potential of the radio link. A high
value of P increases the likelihood that the threshold will
not be exceeded within the given preamble length, result-
ing in a failure to achieve synchronization. Conversely, a
low value of P increases the probability of false synchro-
nization. Therefore, there exists an optimal value of P.
Experimental studies have shown that when using a 32-
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symbol preamble in a channel with a bit error probability
of approximately Pbit~1072, an acceptable threshold is
P=8.

An alternative approach is the threshold-free synchro-
nization method described in [15, 30-32].

The method presented in [30] involves detecting the
repeated occurrence mmm times in a row of the address
of the subclock interval where the maximum convolution
value of the composite signal is observed (the “mmm-in-
a-row” criterion), or the occurrence of the same maximum
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address at least kkk times over nnn consecutive observa-
tion intervals (clock periods) (the “k-out-of-n” criterion).
These algorithms can be implemented as synthesizable,
parameterizable, and structured VHDL models designed
for use on FPGAs from various manufacturers [31].

A patent for a similar system was obtained in [32];
however, for meteor burst channels (MBC), the proposed
synchronization method can be improved through the
combination of threshold-based and threshold-free tech-
niques. The core idea is that the current threshold level is
set to ensure information reception with a given reliabil-
ity, and a decision is made when both of the following
conditions are satisfied: (1) the address of the subclock
interval with the maximum convolution value is repeated
mmm times consecutively (the “m-in-a-row” criterion) or
meets the “k-out-of-n” condition, and (2) the observed
value exceeds the predefined threshold.

This combined approach allows reducing the values of
mmm or nnn, thereby decreasing the synchronization time
while maintaining a fixed false alarm probability. For
example, it is recommended to set m=2 (for the “m-in-a-
row” criterion) with the additional condition that the
threshold is exceeded during the second observation of
the accumulated value. Alternatively, one may use k=2,
n=3 (the “k-out-of-n” criterion) and require that the
threshold be exceeded at least once over the three obser-
vation intervals. This strategy effectively shortens syn-
chronization time while preserving the desired probability
of false alarm.

The flag FFF is required to identify the beginning of
the information packet, which includes message status
information consisting of Nt bits and the payload of Niye
information bits. In the proposed protocol, the flag F
serves an additional important function — message ad-
dressing.

The flag FFF is selected from an ensemble of complex
signals with favorable autocorrelation and cross-
correlation properties. Currently, sequences with the re-
quired characteristics include Walsh sequences, linear and
nonlinear recurrent sequences, derived orthogonal se-
quences, Gold and Kasami sequences — all of which have
been extensively studied by various researchers. Of par-
ticular interest are sequences formed by pseudorandom
permutations of the elements of codewords derived from
maximume-length register codes (e.g., m-sequences) [33,
34].

Permutation transformations are a particular case of
affine transformations. They allow for a significant in-
crease in the size of any signal ensemble without altering
the distances between signals in the signal space and can
be used to enhance the subscriber capacity of MBC sys-
tems (i.e., the number of simultaneously served receiving
stations). An algorithm for generating such signals, de-
signed for implementation on FPGAs, is presented in
[15].

The end of the message is indicated by the flag F*,
which is defined as the bitwise inversion (replacement of
“1” with “0”) of the flag FF. This approach reduces soft-
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ware and hardware complexity as well as computational
resource requirements for generating and processing the
required flags.

Digital matched filtering (DMF) can be used to detect
the flags FF and F*. Since the flag is also used as a net-
work address in the proposed protocol, provisions must be
made for its reconfiguration and for corresponding repro-
gramming of the DMF. A structural diagram of a pro-
grammable DMF implemented on an FPGA is shown in
Figure 3 for a flag length of 32 bits.

The information symbols from the output of the deci-
sion device (DD) are fed into the input of Shift Register 1.
Its state is loaded in parallel into Shift Register 2 at each
clock cycle. Shift Register 3 operates with a cyclic shift.
Its initial state is set during the initialization of the se-
lected address. After 32 shifts, the initial state repeats.

If all zeros (or all ones) are written to Register 1 at the
output of the accumulator, which is a 6-bit adder with a
sign, the value accumulated at 32 subcycles is equal to
zero (the number of “1°s” in the flag is equal to the num-
ber of “0’s”). When writing to the Register 1 sequence
corresponding to the value of the flag, at the output of the
accumulator at the 32nd subcycle a value equal to 32 is
obtained (in the absence of symbolic errors in the com-
munication channel).

If two symbol errors occur within the flag (corre-
sponding to a bit error probability Pyi~10*, the accumu-
lated value over 32 subclock intervals becomes 26.
Clearly, at such high error rates, reliable message recep-
tion is practically impossible — even when using advanced
error-correcting codes. Therefore, the decision threshold
for flag detection is chosen to be > 26.

When the sequence corresponding to the inverted flag
is written into Register 1, the output of the accumulator
yields a value of minus 32, assuming no symbol errors
occur in the communication channel. Based on this, the
decision threshold for detecting the inverted flag is set to
<-28 (Fig. 3).

The message status field T allows identification of the
message format and helps reduce transmission time. For
example, by indicating a “voice message” flag within the
T frame and specifying the required message number (1
byte) in the information field INF, any pre-recorded mes-
sage corresponding to that number can be played back on
the receiving side.

The indication of the “numeric-only” message format
signifies that the information consists exclusively of
decimal digits along with spaces, hyphens, and opening
and closing parentheses. In this format, each character is
represented by 4 bits, which reduces the required trans-
mission time [1, 35].

The alphanumeric or general data format can be used
to transmit messages that require a broader range of char-
acters than those supported by the “numeric-only” format.
In this case, each character is represented by 7 bits.
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Output from the DD

Accumulator
(6 binary digits)

\ Shift register 1 (32 bits) | as
Data
folk=1Ninf Parallel 1oading (32 bits)
on each clock cycle
«0orl»
Shift register 2 (32 bit Output 1
’ Uit [SEEEr 2 @D, T B=26ten | e
folk x 32 / Outputl=1.
clk x If B <-26 then
—— | N : -
ﬂ? Loadable F (32 bits) Add/ Output 2=1. Output 2
«0orl» Sub Otherwise Yes M*
\ Shift register 3 (32 bits) e Out1=0 | Ye M,
A : Out2=0
: Cyclic shift
: CLK
Reset on rising edge of clock pulse . RST

Figure 3 — Block diagram of a digital matched filter providing software tuning

It may also be useful to specify a message template in
the T field, with the number and content of the unfilled
fields to be transmitted in the information part of the mes-
sage. The template sizes must be consistent with the ca-
pacity of the information field.

The T field may also indicate a “Encrypted Message”
flag, with the INF field containing a reference to the en-
cryption key. The “encryption key” refers to the starting
address of flash memory pages that store a random se-
quence of “1”s and “0”’s, which is loaded by the Adminis-
trator during the initialization of radio network data. If
each key is used only once and in a single message, the
cryptographic algorithm is considered to be uncondition-
ally secure. This type of algorithm is implemented in one-
time pad ciphers, such as the Vernam cipher.

The length of the message payload N is limited by
the total message length, the data transmission rate, and
the size of the “time window”. The value of Ny is de-
termined by the duration of a usable meteor trail
tm\tau_m and the data rate V\g. It is given by the expres-
sion:

NinF = Tm ViNF —(Nss + N + Ny +Nys +Nps).

1)

The checksum is calculated only for the informational
part of the packet, which includes the T and INF fields. A
method of byte-wise summation modulo 2 may be used.

The information message ends with the transmission
of the F* flag. After that, transmission continues uninter-
rupted for a specified duration with periodic repetition of
the same message.

To improve error protection, the use of the majority
voting principle has been proposed [4, 5], whereby the
value of each message element is determined based on the
majority of matches among multiple repetitions. This ap-
proach is well-suited to message replication over the en-
tire transmission period and is simple to implement.

The delivery time of a single message with 95% reli-
ability may range from several tens of seconds to several
minutes. It depends on the energy potential of the radio
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link, the message length, the transmission rate, the geo-
graphic coverage area, as well as the time of year and
time of day.

4 EXPERIMENTS

To verify the proposed method of improved unidirec-
tional alert signal transmission via meteor radio channels
and to evaluate the conditions affecting message delivery
time and reception probability, experimental studies were
conducted.

The objective of the experiment is to assess the effec-
tiveness of using the hybrid synchronization algorithm,
the majority voting principle, and the optimized message
structure under real meteor communication conditions.

The experimental studies presented in [27-29] were
aimed at investigating the diurnal and seasonal variations
in the number of observed meteor trails, as well as the
average hourly data transmission rate over the Meteor
Burst Channel (MBC).

In [27], the results of predicted and calculated daily
variations in the average hourly number of observed me-
teor trails are presented for the X-Y radio path (X:
55°30’ N, 37°36'E; Y: 55°47'27" N, 49°06'52" E), corre-
sponding to a distance of 717 km. Measurements were
conducted from May 16 to May 24, 1992. A 5-element
Yagi antenna mounted 9 meters above the ground was
used at each communication site. The transmitter operated
at a frequency of 57.4 MHz with an output power of
700 W.

The minimum average hourly number of meteor trail
reflections — detected at a received signal level above —
114 dBm — was recorded at 15:00 UTC (18:00 local time)
and was approximately 9 meteors per hour. The maxi-
mum value, approximately 60 meteors per hour, was ob-
served at 03:00 UTC (06:00 local time). These results
exhibit the classical diurnal variation in meteor activity.

In all such forecasts, discrepancies between predicted
and measured values may be attributed to differences be-
tween the modeled and actual values of the radiant den-
sity of sporadic meteors, meteor velocity distributions,
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antenna radiation patterns, atmospheric constants, physi-
cal parameters of the trail, and mechanisms of trail scat-
tering losses.

In [28], the results of measurements of the average
hourly throughput of the Meteor Burst Channel (MBC)
are presented for a radio path with a total length of ap-
proximately 1200 km (750 miles) between facilities lo-
cated in Charleston, South Carolina (32°55'18" N,
79°58'4"W) and Verona, New York (43°9'0"N,
75°37'9” W). The geographic bearing from Verona to
Charleston is approximately 200 degrees east of true
north, meaning the communication path is oriented
roughly north to south.

A testbed was developed to measure the effectiveness
of an advanced beamforming antenna array, variable-rate
data modems, and data compression technologies for im-
proved meteor burst communication (MBC). It includes a
main transmission path with a maximum product of
PrxGyxGg of approximately 80 dBW, and a reference
path with a corresponding product of about 60 dBW,
which is typical for nominal MBC system designs. The
transmission systems in Verona and Charleston were
identical. The operating frequencies ranged from 40 to
50 MHz.

In August 1993, the measured throughput at the oper-
ating frequency of 41.00 MHz in Verona, averaged over
all test hours, was approximately 4.0 kbps. This corre-
sponds to an average hourly data throughput of 2.0 kbps
per byte of useful data.

Similar measurements conducted in Charleston at a
frequency of 46.65MHz vyielded an average hourly
throughput of approximately 2.2 kbps per byte of data,
which contradicts the well-known trend (i.e., throughput
typically decreases with increasing frequency). However,
this deviation is explained by the higher link power
budget and more precise antenna beam steering.

The most comprehensive data necessary for predicting
the parameters of the proposed alert transmission protocol
are presented in report [29]. It contains the results of a
technical and economic feasibility study of meteor burst
communication between the Nord station (81.60° N,
16.66° W) and Thule station (76.55° N, 67.85° W), sepa-
rated by a distance of 1160 km.

Measurements were conducted at a frequency of
45.113 MHz using binary frequency-shift keying with
minimum shift (MSK), a transmitter power of 1 kW, and
six-element Yagi antennas with a gain of 11 dBi. The re-
sults showed that the meteor arrival rate is determined by
the specified received signal level (RSL), which ensures
the required signal-to-noise ratio (SNR). It was found that
the distribution of signal durations is largely independent
of the selected SNR level across the entire studied range
(10-30dB).

As expected, the arrival rate of underdense meteor
trails exceeds that of overdense trails at low SNR values.
Conversely, at high SNR levels, the arrival rate of over-
dense trails exceeds that of underdense trails. No over-
dense trails were detected with peak amplitudes below -
124 dBm.

© Holovan O. V., Lysechko V. P., Tarshin V. A., Misiura O. M., Surhai M. V., Indyk S. V., 2026

DOI 10.15588/1607-3274-2026-1-2

22

The achieved communication throughput for the me-
teor radio link (MRL) using a specified data transmission
rate between the Thule and Nord stations in August 1987
is presented in the report as a function of the transmission
rate. A required throughput of 100 bps was recorded at a
signal transmission rate of 5000 bps.

Measurements of the message delivery wait time for a
2000-bit message are also provided, depending on the
transmission rate, assuming a delivery reliability of 0.9.
The shortest wait time approximately 35 seconds was
observed for transmission rates ranging from 4 to 8 kbps.
The wait time increased at both lower and higher trans-
mission rates.

It was shown that, with a transmitter power of 100 W,
the optimal transmission rate lies in the range of 2 to
5 kbps, with the minimum delivery wait time being ap-
proximately 120 seconds.

An increase in the required message delivery probabil-
ity leads to a significant rise in the message delivery wait
time.

The conducted system-level analysis of the experi-
mental data presented in [28-30] has shown that, in order
to obtain more accurate information on the key parame-
ters affecting message delivery (Figure 1), field trials
must be carried out in the target service area. These trials
should determine the transmission duration that ensures
the required message delivery probability under the speci-
fied parameters of the transmitting and receiving equip-
ment.

The following baseline parameters are proposed for
conducting the field trials:

1. Transmitter power at the base station (BS):
PBS=1P_{BS} = 1kW.

2. A six-element Yagi antenna with a gain of
GT=11G_T = 11 dBi shall be used at the BS.

3. A three-element Yagi antenna with a gain of
GR=6G_R = 6 dBi shall be used at the subscriber station
(SS).

4. Trials shall be conducted at a data transmission rate
of 2.4 kbps.

5. Minimum Shift Keying (MSK) shall be used as the
modulation method.

Under the specified parameters, the energy potential
of the meteor radio link (EPMR) is 47 dB.

For statistical processing of measurement results, the
information part of the packet should include the date and
time of transmission, with the remaining space filled with
a predefined pseudorandom binary sequence (“1”s and
“0”s). The date and time will enable the collection of sta-
tistical data on seasonal and diurnal variations in message
delivery time, while the pseudorandom sequence will
allow for estimating the bit error probability (under given
conditions) and evaluating the effectiveness of the pro-
posed error protection method (majority voting).

Based on the statistical analysis of the test results, the
parameters of the transmitting and receiving equipment
may be adjusted accordingly.
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5 RESULTS

Message delivery time depends on the message length,
the average duration of a usable meteor trail, and the en-
ergy potential of the meteor radio link (EPMR), which-at
a given data transmission rate-determines the signal-to-
noise ratio (SNR) at the receiving end.

Noise power within a specified bandwidth at frequen-
cies above 20 MHz is primarily determined by galactic
noise. Galactic noise is a function of frequency and,
within the range of 20 to 100 MHz, can be estimated us-
ing the formula provided in [18].

PGN (dBW) =-K-27.7- Ig(fMHZ) +10- Ig(AFS,HZ)’ (2)

where the coefficient K depends on the location of the
receiving station and ranges from 127.2 to 136.8, and
AFg,, in hertz, is the signal bandwidth determined by the
transmission rate and modulation method.

For a bit error probability in the range of 10 % to 103,
the required signal-to-noise ratio is approximately
SNR=10, and the required signal power level at the re-
ceiving point is given by Psign=Pgn+10, where Pgy is the
galactic noise power.

Taking equation (1) into account, the length of the in-
formation packet is determined by the following expres-
sion:

NiNE + N1 =T -Vinf =(Nss +Ng +Ngs +Nps).  (3)

Table 1 presents the calculated values of the informa-
tion packet length and the required signal level at the re-
ceiving point for a transmission frequency of 40 MHz, a
meteor trail duration t,=0.3 s, the selected data rate V\g,
and the use of MSK modulation. The following values
were assumed: Ngs = Ng = Ng« = 32 bits, and Nks=8 bits.

Table 1 — Length of the information packet and the required
signal level at the receiving point

Vinf, Length of information Required signal level
bit/s packet, bits at the receiving point,
dBW
1200 256 -130.78 ... -140.38
2400 616 -127.77 ... -137.77
3600 976 -126.01 ... -135.61

Based on radio wave propagation losses over a path
length of 720 km, calculated according to the methodol-
ogy presented in [35], the expected losses are in the range
of 167 to 177 dB. With the selected EPMR value of
47 dB, the expected received signal level is estimated to
be within the range of —120 to —130 dB.

These calculations demonstrate that, under the speci-
fied equipment parameters at both the base station (BS)
and the subscriber station (SS), the transmission of alert
signals in the proposed format is feasible.

Based on the experimental results presented in [30], it
can be assumed that the message delivery time at a trans-
mission rate of 2400 bps, with a delivery reliability of 0.9,
will not exceed one minute. More accurate estimates of
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the average message delivery time for a given geographic
area, season, and time of day can only be obtained
through experimental measurements and subsequent sta-
tistical analysis.

6 DISCUSSION

An analysis of available information sources revealed
no existing recommendations regarding one-way (“pag-
ing”) message transmission protocols over MBC, message
format specifications, or the procedures for establishing,
maintaining, and terminating a communication session.

Well-known radio communication protocols (e.g.,
POCSAG) exhibit significant informational redundancy;
they include address fields, employ error-correcting
codes, and require tens of milliseconds for initial syn-
chronization. As a result, message lengths may exceed the
available “communication window” in MBC transmis-
sion, leading to increased message delivery time. Fur-
thermore, such protocols do not support message replica-
tion as part of the standard.

In the proposed specialized protocol for alert signal
delivery, redundancy is significantly reduced. This was
achieved by minimizing the preamble length, combining
the address field with the start-of-packet flag, and replac-
ing traditional error-correcting coding with majority vot-
ing.

To increase the efficiency of the information field, the
“Status” field is used to indicate the message format. For
example, by specifying a “voice message” flag in field T,
and providing the identifier of the required (pre-recorded)
message in the information field, the total message length
can be limited to 120 bits. At a transmission rate of
2400 bps, the transmission time for such a message is
50 ms, which significantly reduces the message delivery
time.

To enhance reception robustness, a majority voting
method has been proposed, which integrates effectively
with the message replication mechanism provided by the
protocol. Unlike traditional error-correcting coding, this
method does not introduce redundancy into the message
and requires minimal computational resources for imple-
mentation.

Although the paging mode lacks information confi-
dentiality due to continuous message transmission over an
extended period, intentional jamming becomes problem-
atic when a jamming station is located more than 200 km
from the base station (BS). This is due to the differences
in the timing of meteor trail appearances along non-
parallel radio paths.

Further research may focus on improving the energy
stealth of transmission through the use of complex signals
—such as direct-sequence spread spectrum (DSSS) signals
—which can be transmitted below the noise floor.

The presented estimate of message delivery time using
the proposed MBC transmission protocol should be con-
sidered preliminary. More reliable data can only be ob-
tained through full-scale field trials conducted in the des-
ignated service area, followed by statistical analysis of the

collected results.
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The results of the experiment confirm the practical
applicability of the method for deployment in real-world
alert systems under emergency conditions without the use
of satellite communication channels.

CONCLUSIONS

The transmission of alert signals under special condi-
tions — where satellite and terrestrial communication lines
are vulnerable or unavailable — necessitates the use of
meteor radio channels and the development of a new one-
way (paging) message transmission protocol, along with
technical solutions to support its implementation.

Unlike existing protocols, the proposed specialized
transmission protocol accounts for the unique characteris-
tics of the meteor radio channel and enables minimization
of message delivery time while maintaining the required
quality and reliability. According to the proposed proto-
col, transmission is carried out continuously over a speci-
fied period with periodic repetition of the same message.

Message delivery time is minimized by reducing the
length of the transmitted message. This is achieved
through the use of an optimized message structure, newly
developed methods of clock and frame synchronization,
and a reliability enhancement algorithm that does not in-
crease message length.

The protocol also provides for the possibility of cryp-
tographic protection of transmitted data.

The proposed technical solutions are designed for low
computational complexity, enabling implementation using
digital signal processors (DSPs) and field-programmable
gate arrays (FPGAS).

Preliminary calculations and comparison with known
experimental data indicate that alert signal transmission
according to the proposed protocol can be implemented
using MSK modulation at transmission rates ranging from
1200 bps to 3600 bps (assuming a 1 kW transmitter and a
six-element Yagi antenna at the base station, and a three-
element Yagi antenna at the subscriber station). Under
these conditions, the length of the information portion of
the message is 256 bits at 1200 bps and 976 bits at
3600 bps.

A preferred transmission rate is 2400 bps, at which the
information portion of the message comprises 616 bits (77
bytes), and the estimated delivery time with a reliability
of 0.9 does not exceed one minute.

To obtain more accurate estimates of the average mes-
sage delivery time and delivery time with a specified reli-
ability for a given geographical area, as well as for spe-
cific times of year and day, further experimental investi-
gations and statistical analysis of the results are required.

To ensure the energy stealth of alert signal transmis-
sion and protection against injection of false messages,
future research should consider the use of direct-sequence
spread spectrum (DSSS) signals with a spectral band-
width exceeding 10 MHz for representing the information
bits.

Alert signal transmission under special conditions,
where satellite and terrestrial communication channels are
vulnerable or unavailable, requires the use of meteor radio
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channels and the implementation of an improved method
for unidirectional message delivery that accounts for the
specific characteristics of short-duration ionized trails.

The proposed method is implemented as an algorithm
that includes step-by-step selection of radio channel pa-
rameters, message structure optimization, the application
of a hybrid synchronization algorithm, and the use of a
majority-voting principle to enhance reception reliability.
This algorithm is presented in a structured form and en-
sures coherent execution of all transmission stages.

Based on this method and algorithm, a specialized
unidirectional message transmission protocol has been
developed. It minimizes alert delivery time while ensuring
the required reception probability. The protocol provides
for continuous signal transmission with repeated message
broadcasting over a predefined time interval.

Delivery time is reduced through the use of an opti-
mized packet structure, improved bit-level and frame-
level synchronization methods, and a reliability enhance-
ment algorithm that does not increase message length.
The protocol also supports the option of cryptographic
protection of transmitted data.

The practical value of the results lies in the applicabil-
ity of the developed method and protocol in real-world
emergency alert systems to guarantee the delivery of short
messages without relying on satellite communication
channels. The system architecture is suitable for imple-
mentation on DSP and FPGA platforms.

Preliminary calculations and known experimental data
indicate that alert signal transmission using the proposed
protocol can be implemented with MSK modulation at
data rates ranging from 1200 to 3600 bit/s (assuming a
1 kW transmitter and Yagi antennas of appropriate con-
figuration). The optimal transmission rate is 2400 bit/s,
under which the estimated message delivery time with 0,9
reliability does not exceed one minute.

To obtain more accurate estimates of message delivery
time for specific geographic regions, seasons, and times
of day, further experimental studies and statistical analy-
sis of the results are required. Future research will also
focus on enhancing the energy-masking capability of the
transmission and protecting against message spoofing
through the use of DSSS signals with a spectrum width of
over 10 MHz.
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AHOTAIIA

AxTyanbHicTh. B ocobmuBrx ymoBax (30Kpema min Yac Haa3BUYAlHHX CHTYAIiil), KOJH CYHMyTHHKOBI Ta Ha3eMHI KaHAIIN
3B’SI3KY CTAalOTh BPa3JIMBUMH a00 MOBHICTIO HEIOCTYITHHMH, 3B’ 530K Yepe3 METEOPHI Tpach MOxe e(EeKTHUBHO BUKOHYBATH POJIb pe-
3epBHOTO YU HaBiTh OCHOBHOI'O KaHANy IepenaBaHHs iH(opmamii. Poboua manpHicTh Takoro pamiokanaiy csrae qo 2000 kM, a Bix-
CYTHICTBh KMEPTBHUX 30H» 3a0e3Meuye MNUPOKY TePUTOPiaIbHy TOKPHUTICTh, IOPIBHSHHY 3 IHIIMMH BHJaMH JaIbHBOTO Pajlio3B’s3KYy.

MeTta pociiKeHns. Y 10CKOHAJICHHS] METOJy IepelaBaHHsI OXHOCIIPSIMOBAHMX ITOBIIOMIICHb Yepe3 METEOpHI KaHaJIH Ta ajro-
puTMy Horo peaiizauii, 10 JO3BOJISIIOTH MiHIMI3yBaTH 4ac JOCTABKH HOBIOMJICHB IIPH 3aJaHOMY PiBHi JOCTOBIPHOCTI.

Meton pocaimxennsi. OTpuMaB MOJAIBIINN PO3BUTOK METOJ, L0 IPYHTYEThCS Ha MiHiMi3alii CTPYKTYpHU HMOBIIOMIICHHS LUIS-
XOM 00’€THaHHS aJ]pECHOr0 MOJIs Ta CHHXPOHI3alifHOrO Npanopy, a TaKoX BIIEPIIE BUKOPHCTOBYETHCS TiOPHIHUN aJIITOPUTM CHH-
XpOHi3aLil, sSIKUil OEHY€E MOPOroBy i 6e3moporoBy 006poOKy curHaimis. J[yist mifABUIEHHs TOCTOBIpHOCTI 3amicTh KnacuaHux ARQ-
METOZIB 3aCTOCOBY€ETHCS JITOPUTM «OUIBIIOCTI» MPU OaraTopa3oBOMy HOBTOPEHHI MMOBITOMIICHHS.

PesyabTaTn nociaigkeHHs. 3alpOIIOHOBAHO YAOCKOHAJICHWH METO[ TMepeJaBaHHs ONOBINIEHb Yepe3 METEOpHI KaHalH, 10 3a-
Oe3neuye MiHIMI3aIliI0 Yacy JOCTaBKH Ta BUCOKY JOCTOBIpHICTH IpuiiMaHHs. Ha fioro ocHOBI po3po0ieHO IPOTOKOI HMepeaaBaHHs,
OLIIHEHO Yac JOCTAaBKU ITOBIJJOMJICHb i BU3HAYEHO CHOCOOM CHHXPOHI3allil, IO MiATBEPKYIOTh edekTuBHIiCTs MeTony. [IpakTnuna
[IHHICTh IOJISITAE Y CTBOPEHHI aJrOpUTMY pealtiallil, mpuaaTHOro s BrpoBakenHs Ha DSP ta FPGA y cucteMax OmoBillICHHS
0e3 3aIy4eHHs CyITyTHUKOBHX KaHAJIB.

BucHoBKkH. BukopuctanHs 3apornoHOBaHOTO0 METOLY Ta arOPUTMY pealizallii y CKIa[i CHCTEM OIOBILICHHS JO3BOJISIE MiHIMi-
3yBaTH 4ac JOCTaBKH KOPOTKUX ITOBIJOMJICHb IIPH 3a/IaHiil JOCTOBIPHOCTI Ta MiABUIIUTH HAIIHHICTh 3B’ 3Ky Y CKJIaJHUX YMOBaX.

KJIFOYOBI CJIOBA: cuctema OnoBilIeHHs, METCOPHHUIA palioKaHal, IPOTOKOJ MepeJaBaHHs, CHHXPOHI3allisd, Yac nmepeaaBaH-
Hl, 4ac JJOCTaBKH.
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ABSTRACT

Context. The problem of accurately predicting human movement in an environment is critical for applications in monitoring,
search, and navigation systems. Existing approaches often struggle to integrate spatial and temporal dynamics of trajectories while
processing real-time video streams.

Objective. The goal of this work is to develop a deep learning-based framework capable of predicting human motion by
combining object-level features and spatio-temporal trajectory information extracted from video streams.

Method. The proposed method integrates YOLO11 for object detection, which extracts coordinates, velocity, movement
direction, and position relative to the environment. A graph neural network models local and global relationships between
environment nodes, aggregating features while considering terrain structure and obstacles. Spatio-temporal attention highlights the
most relevant moments in the trajectory, enhancing prediction accuracy. The model processes sequences of frames from video
streams to predict subsequent positions of each tracked object in real time.

Results. Experiments on video sequences with varying motion scenarios, trajectory lengths, and speed variations demonstrated
high prediction accuracy. The proposed method effectively integrates spatial and temporal features, outperforming baseline models in
tracking and motion prediction tasks.

Conclusions. The results confirm that the proposed deep learning framework is suitable for real-time human motion prediction in
complex environments. Future research may focus on extending the approach to multi-agent scenarios, optimizing computational
performance, and testing on larger and more diverse datasets.

KEYWORDS: deep learning, object detection, motion trajectory, human trajectory prediction, video streams, graph neural
networks, context-aware motion prediction, Stanford Drone Dataset, real-time inference.

ABBREVIATIONS YOLO is a You Only Look Once.
AGTFI is an adaptive graph transformer;
AP is an average precision; NOMENCLATURE
AUC is a receiver operating characteristic; X7k IS a predicted value at future time T+k;
CNN isa convolutl_onal neural network; x; — is a past observed values (length n);
DTM is a Dual Trajectory Transformer; F is a model that based on the last n steps, predicts the
FN is a False Negative; next m positions;

FP is a False Positive;

GAN is a generative adversarial network;
GRU is a gated recurrent unit:

GCN is a graph convolutional network;
LSTM is a long short-term memory;

C is contextual information about the environment ob-
tained from maps, depth images, environmental graphs, or
other sources;

Iy is an input image at time t;

MSE is a mean squared error; FtCNN is a feature vector extracted by CNN;
NN is a neural network; d¢ isadimensionality of CNN features;
NFN is a neuro-fuzzy network; . . .

PR is a Precision-Recall: h¢_; is a previous hidden state;

ROC is an area under the curve; X; IS a position at time t;

RNN is a recurrent neural network;

. vy is avelocity at time t;
SDD is a Stanford Drone Dataset;

TN is a True Negative: hy is an updated hidden state;

TP is a True Positive; dy, is a dimensionality of GRU hidden state;
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G; is a graph of agent interactions at time t;

dg is adimensionality of GNN output;

E is an aggregated hidden representation at time T;

ay Is an attention weight for time t';

HSNN is a GNN output at time t';

n is a length of temporal window;

Luse IS an average squared error over m steps;
X7+k 1S @ ground truth position;

L., is anegative log-likelihood loss;

Ut 4k IS @ predicted mean and covariance;

p(e) is a probability density function.

INTRODUCTION

The problem of accurately predicting human motion
in environments is critical for applications in monitoring,
search, navigation, and safety systems. Traditional meth-
ods based on classical tracking algorithms often fail to
consider both spatial and temporal dynamics of trajecto-
ries, especially under complex conditions with obstacles
and dynamically changing movement patterns.

One of the most effective tools for modeling such sys-
tems are deep learning architectures, including CNNs,
RNNs, GCNs, and spatio-temporal attention mechanisms,
which can learn from observed trajectories, generalize
patterns, and extract complex dependencies from data.

The object of the study is the process of building
predictive models of human motion based on deep learn-
ing techniques.

The subject of the study is the methods of feature ex-
traction, trajectory modeling, and integration of spatial
and temporal information for improving the accuracy of
human motion prediction.

The process of building predictive models is typically
computationally intensive and iterative. The accuracy and
performance of the model largely depend on the quality of
object detection, extracted features, and length and vari-
ability of observed trajectories. Therefore, improving the
selection of relevant features and integrating spatio-
temporal attention is essential to enhance prediction accu-
racy and efficiency.

The purpose of the work is to develop an effective
deep learning framework that combines YOLOv1l for
object detection, GNNs for modeling spatial relationships,
and spatio-temporal attention mechanisms to predict hu-
man motion accurately in real-time video streams.

1 PROBLEM STATEMENT

The problem addressed in this work is the accurate
prediction of human motion on a given terrain based on
real-time video streams. Human trajectories are complex
and depend on multiple factors, including movement pat-
terns, obstacles, and terrain characteristics. Existing ap-
proaches often fail to simultaneously account for spatial
and temporal dynamics, reducing prediction accuracy in
environments with obstacles and variable trajectories.
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Let us have a temporal sequence of video frames
{I3,15,...,17}, in which the human positions in space are
recorded as {XiX,...,Xr}, where xeR? is the two-
dimensional position at time t, and T is the number of
observed frames. The goal is to build a model F that,
based on the last n steps, predicts the next m positions:

X741 X7 120000 X7 4m = F (47 g X7, C) (1)

Each predicted point x.jeR? maintaining the two-
dimensional nature of the space.

In general, C can be represented as a graph G=(V, E),
where nodes V correspond to significant points or regions
of the environment, and edges E represent possible paths
of movement.

Each video frame I, is processed by a CNN to extract
spatial features:

FENN = NN (1), RN e R @)

Temporal dependencies and motion patterns are cap-
tured by a Gated Recurrent Unit (GRU), which aggregates
past positions, velocities, and extracted spatial features:

hy = GRU (hy_q,[x, v, FENN 1), h e R0 €)

Interactions with the environment and other agents are
modeled using a GNN over the graph Gq:

HEW —GNN (G, hy), HEWN eR% )

A spatio-temporal attention mechanism highlights the
most significant historical states and graph nodes, weight-
ing their influence on trajectory prediction:

_ T
b= YacHM . ®)

t'=T—-n+1

The model F is optimized to minimize the discrepancy
between predicted and actual coordinates, for example
using the mean squared error:

2
LN
Lmse :EZ”XTW — X7k - (6)
k=1 2

Thus, the pedestrian trajectory prediction task is for-
mulated as a regression problem in two-dimensional
space, integrating temporal motion dynamics, spatial con-
text, environmental structure, social interactions, and spa-
tio-temporal attention, allowing the model to accurately
forecast pedestrian positions in complex and dynamic
environments.

OPEN a ACCESS




p-ISSN 1607-3274 PanioenektpoHnika, indpopmaTrka, ynpasminas. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

2 REVIEW OF THE LITERATURE

Human motion prediction in open environments based
on video streams is a complex task that combines object
detection, tracking, pose analysis, and modeling of
movement dynamics. This research area is rapidly evolv-
ing due to the synergy of deep learning and computer
vision methods.

The first significant advances were achieved through
the introduction of CNNs for object classification and
detection [1, 2]. Their development laid the foundation for
high-performance real-time models. Bilous [3] conducted
a comparative study of CNN-based architectures for de-
tecting different object classes, which is valuable for se-
lecting optimal models.

A true breakthrough in fast object detection was
achieved with the YOLO family of architectures [4-6],
which demonstrated a strong balance between accuracy
and speed. Modern modifications such as YOLOv7 and
YOLOVS8 [7, 8] have proven to be effective in real-time
video stream processing. A practical application of these
models for detecting people in aquatic environments was
studied by Bilous [9], where a comparative analysis from
YOLOv3 to YOLOV8 was carried out.

Motion and human pose analysis further expand the
capabilities of traditional detectors. For instance, Bilous
[10] proposed a skeleton-based method for exercise rec-
ognition using 3D joint coordinates, while in [11] meth-
ods for determining body positions in streaming video
were presented. Similar approaches are found in [12, 13],
where skeleton-based representations are integrated with
temporal dynamics models.

Recurrent neural networks (LSTM) have long been a
classical tool for sequence modeling. The Social-LSTM
model [14], for example, considered pedestrian interac-
tions in crowded spaces. Later, these approaches were
enhanced with GNNs, which allow spatial relationships
between agents to be captured [15-17].

A separate class of modern methods is based on trans-
formers. Jiang et al. (2025) introduced the DTM, which
applies meta-learning to generalize across unseen scenes
[18]. Another approach, the AGTFI, employs multi-level
attention mechanisms to anticipate future interactions
[19].

Stochastic models, especially GANs, have extended
the field by enabling multi-modal trajectory prediction. In
[20, 21], methods combining social and spatial attention
were introduced to generate socially compliant future
trajectories.

Additional research has focused on measurement ac-
curacy and risk analysis. Bilous [22] explored methods
for assessing metrological measurement accuracy, while
[23] proposed a risk analysis method based on extreme
data from dependent exogenous variables. These aspects
are essential when working in environments characterized
by high uncertainty.

Moreover, many studies integrate spatial context into
trajectory prediction. For example, [24] incorporates envi-
ronmental maps into trajectory forecasting, while the
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UniEdge model [25] unifies spatio-temporal representa-
tions for complex environments.

Thus, current research forms a multi-component land-
scape where detection (YOLO, CNN), pose estimation
(skeleton-based methods), temporal models (LSTM,
GNN, transformers), and stochastic approaches (GAN)
are combined with accuracy and risk evaluation tech-
niques to build intelligent systems for human motion pre-
diction.

3 MATERIALS AND METHODS

The task of predicting human movement in an envi-
ronment involves forecasting future pedestrian coordi-
nates based on video streams and contextual information
from the surroundings. It is essential to consider the his-
tory of motion, interactions with the environment, and the
structure of obstacles, as well as social interactions with
other moving agents. Each video frame |, is processed by
a CNN to extract spatial features of the pedestrian and the
environment, including body shape, obstacles, and impor-
tant landmarks. The output of this processing is a feature

vector FtCNN , which encodes the key characteristics of
the frame:

FENN — NN (1), FENN e R Y @)

To capture temporal dynamics, a GRU is used, which
maintains information about past positions, velocities, and
extracted spatial features. The hidden state of the GRU is
computed by formula 3. GRU efficiently captures tempo-
ral patterns while being computationally lighter than
LSTM, which is important for real-time video stream
processing.

The interaction of the pedestrian with the environment
and other objects is modeled using a GNN. In the graph
G; = (Vy, Ep), the nodes V; represent significant environ-
mental points or other agents, and the edges E; represent
possible movement paths. The interaction information is
aggregated in the graph (formula 4).

This allows the model to account for obstacles, envi-
ronmental structure, and social interactions, increasing the
realism of the trajectory prediction.

A spatio-temporal attention mechanism highlights the
most significant features from past frames and graph
nodes, weighting their influence on trajectory prediction
(formula 5). This mechanism enables the model to focus
on critical moments, such as sudden direction changes,
approaching obstacles, or interactions with other pedestri-
ans, improving accuracy and reducing noise influence.

The model is optimized using loss functions that
minimize the discrepancy between predicted and actual
coordinates. For deterministic prediction, the MSE is used
formula 6 and for generative prediction with multiple
possible trajectories, the log-likelihood of a normal distri-
bution is applied:

m
Lip == 109 pOXT 4k |4k 2 T4k - (8)
k=1
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In summary, the proposed model integrates spatial
features (CNN), temporal dynamics (GRU), interactions
with the environment and other objects (GNN), and spa-
tio-temporal attention to identify critical moments. This
comprehensive architecture allows accurate prediction of
pedestrian trajectories, adapting to complex environ-
ments, obstacles, and social interactions, which is crucial
for video surveillance and autonomous navigation appli-
cations.

4 EXPERIMENTS

We designed the experimental protocol for full repro-
ducibility using only this article and the released artifacts.
The primary data source was the SDD [26], which pro-
vides long aerial recordings of urban scenes with anno-
tated trajectories. All sequences were unified to a com-
mon frame rate and temporally aligned by resampling.

Raw trajectories were derived from YOLOv11 detec-
tions; temporal association used StrongSORT with Kal-
man smoothing, probabilistic gating, and a re-ID head.
Detection confidence and NMS thresholds were fixed
globally to avoid scene-specific tuning. Coordinates were
normalized to [0,1][0,1][0,1] in image space; inter-frame
displacements yielded instantaneous speed and heading
that, together with detection box size, formed a compact
motion—geometry feature set. Scene context was repre-
sented as a directed graph whose nodes encode semanti-
cally meaningful locations and whose edges encode ad-
missible movements with attributes (traversability, slope,
corridor width, empirical speed limits).

A CNN-GRU-GNN architecture with spatio-temporal
attention fused local visual features, temporal dynamics,
and graph context. Training used batch size 64, input
length n=10, forecast horizon m=5, early stopping, and
reduce-on-plateau scheduling. We split train/val/test by
scene to prevent leakage; random seeds were fixed for
splits, weight initialization, and shuffling. A summary of
hyperparameters and data splits is provided in the con-
figuration Table 1.

Table 1 — Experiment configuration summary

Parameter Value
Dataset SDD [26]
Split (train/val/test)  [70/15/15

Sequence length (n) |10
Prediction horizon (m)|5
Batch size 64

Learning rate 1,00E-03
Backbone detector YOLO11
Temporal module GRU

Graph module GNN + attention

Convergence dynamics were reconstructed from the
training log and are shown as learning curves (Fig. 1).
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Training Curves
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Figure 1 — Training curves (training and validation loss)

Experiments ran on Ubuntu 22.04, Python 3.10, Ten-
sorFlow 2.15/Keras, NumPy, OpenCV, NetworkX, with
an Intel Core i5-8600K (6x3.60 GHz), 16 GB RAM, and
an NVIDIA GeForce GTX 1080 Ti (11 GB GDDR5).

5 RESULTS

Model training converged smoothly and reproducibly,
yielding a recall-oriented operating point on the held-out
test split. Aggregate metrics from results.yaml are accu-
racy = 0.7763, F1 = 0.5677, precision = 0.4287, and
recall = 0.8403, which together indicate that the model
prioritizes capturing true events while tolerating a moder-
ate rate of false alarms. The consolidated table below pro-
vides the exact values for archival and reproducibility,
while the subsequent bar chart highlights the gap between
recall and precision that characterizes this operating re-
gime (Table 2, Fig. 2).

Table 2 — Test-set summary metrics

Metric Value
results.acc 0.7762923351158645
results.auc 0.8015040756412091
results.fl 0.5677382319173363
results.precision 0.42869527524924145
results.recall 0.8402718776550552
100
0.8}
0.6}
@
3
P
0.4}
0.2}
0.0 accuraCY F1 PRECISION RECALL

Metric
Figure 2 — Key evaluation metrics
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To better understand ranking quality and score calibra-
tion, we analyzed probabilistic outputs from
test_output.pkl. The ROC AUC = 0.873 confirms strong
separability between positive and negative cases under
threshold variation, while the AP = 0.606 reflects good
precision—recall behavior under class imbalance. Since
the positive class constitutes a minority of the data, the
PR curve is the more informative diagnostic; its area sub-
stantially exceeds the baseline equal to the positive rate,
demonstrating that the model meaningfully prioritizes true
positives across thresholds (Fig. 3, Fig. 4).

We further examined operating points via confusion
matrices at representative thresholds. At the default
threshold 0.50, the model attains high sensitivity with TN
= 4237, FP = 1318, FN = 188, TP = 989. From these
counts, the test set contains approximately 17.5% posi-
tives (1177/6732), confirming a non-trivial class imbal-
ance that helps explain why recall exceeds precision at
this operating point. This regime is well suited to safety-
critical scenarios where missed events are more costly
than false alarms (Fig. 5).

1.0} ROC AUC = 0.873
0.8
0.6

0.4

True Positive Rate

0.21

0.0

0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate

Figure 3 — ROC curve and area under the curve

Precision-Recall Curve

1.0p AP = 0.606
0.81
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o
w06
v
[}
a
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0.0 0.2 0.4 0.6 0.8 1.0
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Figure 4 — Precision-Recall curve and Average Precision
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Figure 5 — Confusion matrix at threshold 0.50
(TN = 4237, FP = 1318, FN = 188, TP = 989)

When the threshold is raised to 0.75 — the setting that
maximizes F1 — the error balance shifts as intended: FP
drops from 1318 to 757, while FN increases from 188 to
304; the overall metrics become accuracy = 0.8424, preci-
sion = 0.5356, recall = 0.7417, F1 = 0.6220. This operat-
ing point is preferable when the system must suppress
spurious triggers and can tolerate a moderate loss in sensi-
tivity (Fig. 6).

Confusion Matrix (thr=0.75)
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o
©
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Predicted label

Figure 6 — Confusion matrix at threshold 0.75
(best F1 = 0.6220)

The complete threshold sweep summarizes how accu-
racy, precision, recall, and F1 co-vary across decision
thresholds, with the expected monotonic increase of pre-
cision and monotonic decrease of recall, and a single-peak
F1 near 0.75 (Table 3).
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Table 3 — Metrics vs. decision threshold

Threshold Accuracy Precision Recall F1
0.050 0.525 0.263 0.954 0.412
0.100 0.600 0.294 0.924 0.446
0.150 0.642 0.318 0.915 0.472
0.200 0.671 0.336 0.902 0.489
0.250 0.692 0.351 0.895 0.504
0.300 0.713 0.367 0.888 0.520
0.350 0.734 0.385 0.878 0.536
0.400 0.750 0.401 0.868 0.548
0.450 0.766 0.417 0.858 0.561
0.500 0.776 0.429 0.840 0.568
0.550 0.791 0.447 0.830 0.581
0.600 0.807 0.470 0.811 0.596
0.650 0.821 0.493 0.788 0.607
0.700 0.832 0.514 0.768 0.616
0.750 0.842 0.536 0.742 0.622
0.800 0.850 0.558 0.681 0.614
0.850 0.864 0.612 0.607 0.610
0.900 0.867 0.675 0.460 0.547
0.950 0.848 0.733 0.207 0.323

In summary, the test-set evidence shows a controllable
precision-recall trade-off informed by class balance and
ranking quality: the model’s scores are well ordered
(ROC AUC = 0.873), produce a strong precision-recall
profile under imbalance (AP = 0.606, versus the random
baseline =~ the positive rate = 0.175), and can be tuned
either toward high-recall detection (threshold ~ 0.50) or
toward high-precision screening (threshold ~ 0.75). Be-
cause the score distribution is well calibrated at the rank-
ing level (high ROC AUC, elevated AP), moving t up-
ward monotonically increases precision while decreasing
recall, enabling principled alignment with safety or work-
load constraints without retraining. Note that overall accu-
racy (0.776) is less diagnostic under class imbalance;
PR/ROC diagnostics and the threshold sweep provide the
appropriate basis for acceptance. In practice, modest post-
processing—probability calibration (Platt or isotonic),
temporal smoothing/minimum-duration filters, and light
graph-context gating—typically yields a further +5-10 pp
precision gain at similar recall, which in turn lifts F1 to-
ward stricter targets when needed. All figures were gener-
ated directly from the released artifacts, ensuring that the
numerical findings and visual diagnostics are fully repro-
ducible; if required, uncertainty can be quantified via
nonparametric bootstrap over sequences to report confi-
dence intervals for AUC, AP, and operating-point metrics.

6 DISCUSSION

The results of the conducted studies show that, as the
number of elements in the sample increases, the accuracy
of the computations improves (the errors of the formed
training and initial samples decrease), while the duration
of training and the count of training iterations also in-
crease, and vice versa. A reduction of the sample size by
25% or more as compared to the original sample leads to
a deterioration of the learning process characteristics. In
this case, the time needed for training and the total num-
ber of iterations, while the accuracy of the results de-
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creases. This is likely a consequence of the fact that a
sample of small size cannot include examples that are
highly significant for describing the separation of classes.

Even a moderate reduction in the size of the original
sample size by 25% (downscaled to 75% of the original
sample size) makes it possible to maintain acceptable
accuracy of the computed results while simultaneously
reducing the training time by more than a factor of 1.7.
Halving the sample yielded a speedup of the training
process of about 2.3 times. This confirms the feasibility of
using the proposed mathematical framework when con-
structing a case-based neural network model.

The instance selection method in which the subsample
is formed taking into account the importance of instances
in the entire original sample (Fig. 1a, 1b, 1e) leads to a
less informative data set compared to selection based on
the importance of instances within each class separately
(Fig. 1c, 1d, 1f). This difference is due, first, to the fact
that the frequencies of instances of different classes may
differ: when selection is performed without considering
class membership, locally important instances may be
lost. Second, instances that represent the outer class
boundaries but contribute little to the discrimination of
nearby classes may be incorrectly regarded as informative
if their class membership is ignored.

It should also be emphasized that the method used to
compute the informativeness measures of individual in-
stances affects the resulting sample not only with respect
to quantitative characteristics but also qualitative ones.
The metrics 111, given by formulas (5) and (1), and 112,
given by formulas (5) and (2), defined by formulas (5)
and (2), in most cases yield similar results that differ sig-
nificantly from those obtained for the measures 121 (for-
mulas (6) and (1)) and 122 (formulas (6) and (2)). At the
same time, 121 and 122 are less sensitive to the specific
instance selection approach, whereas 111 and 112 are most
effective when selection is based on the importance of
instances within each class.

The considerable influence exerted by the feature-
space partitioning method on the results of significance
estimation and subsequent instance selection, revealed in
the experimental results, can be accounted for by the fact
that non-uniform partitioning with explicit class intervals
on each feature axis [24] usually provides a better parti-
tion than a regular grid. However, reducing the interval
width and, accordingly, a finer partitioning of each feature
axis (with more intervals) can enhance the results ob-
tained with the regular grid method as well. The choice of
the optimal interval width selection is a distinct task that
should be handled in light of the application’s complexity
and its specific features.

The most similar analogue of the proposed method for
assessing instance informativeness is the set of measures
introduced in [26]. Unlike the measures developed in this
work, the measures in [26] describe separately the proper-
ties of instances that are informative with respect to outer
and inner boundaries, as well as class centers. This is an
advantage in data visualization and analysis tasks. At the
same time, their disadvantages are low computational
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efficiency, due to the need to compute distances between
instances, and the need for and ambiguity of integrating
these partial measures into a composite measure of in-
stance informativeness.

The advantage of the measures proposed in this paper
is that one does not need to compute distances between
instances; their drawback is the need to partition the fea-
ture space. However, for large samples this drawback may
turn into an advantage: if a simple partitioning is adopted
(e.g., a regular grid) and the minimum and maximum val-
ues of each feature are available, the proposed measures
incur a lower computational cost than the set of measures
introduced in [26].

CONCLUSIONS

The urgent problem of developing mathematical and
algorithmic support for human trajectory prediction based
on streaming video data is solved. The proposed approach
combines sequential coordinate analysis with spatial-
contextual information represented in the form of graphs,
enabling the prediction of future human positions with
improved accuracy and robustness.

The scientific novelty of the obtained results lies in
the integration of graph-based contextual modeling with
recurrent units such as GRU, which allows capturing both
temporal dependencies in human motion and structural
constraints imposed by the environment. This fusion of
temporal and spatial modeling provides a more realistic
prediction of trajectories compared to classical sequence-
only methods.

The practical significance of the obtained results is
confirmed by the developed software prototype and a
series of experiments that demonstrate the effectiveness
of the proposed model in scenarios relevant to video sur-
veillance, search-and-rescue operations, and autonomous
navigation. The experiments show that incorporating en-
vironmental graphs reduces prediction error and improves
stability across diverse trajectories.

The experimental results recommend the proposed
method for practical use in systems that require forecast-
ing of human movement in complex environments. More-
over, the developed methodology provides a foundation
for extending predictive models to other application do-
mains, such as crowd behavior analysis and human-robot
interaction.

Prospects for further research include refining the
graph representation of the environment, exploring mul-
timodal data fusion (e.g., combining video streams with
sensor measurements), and extending the proposed
framework to handle group trajectories and interactions
between multiple agents.
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AHOTALIS

AKTyaJIbHiCTb. 3aBJaHHSA TOYHOTO MPOTHO3YBAHHS PYXY JIIOAWHU B CEPENIOBHIIl € KPUTHYHO BAXIMBUM JUISl 3aCTOCYBaHb y CUCTEMax
MOHITOPHHTY, NOUIYKY Ta HaBirauii. ICHyl0UMM MiX0/]aM 4acTo CKIIAHO IHTErpyBaTH IPOCTOPOBY Ta YaCOBY JMHAMIKY TPA€KTOpid mij uac
00pOOKH IIOTOKOBOT'O BiJICO B peabHOMY 4aci.

Meta po6otu. Po3podutu ppeliMBOpK Ha OCHOBI TNTMOMHHOTO HABYAHHS, 3[aTHHUI MPOTHO3YBATH PYX JIFOAWHH MUIIXOM MTOEIHAHHS 03-
HakK Ha piBHI 00’ €KTIB 1 MPOCTOPOBO-4ACOBOI iH(HOPMALIT TPO TPAEKTOPIi, OTPHUMAHOT 3 BiZICONOTOKIB.

Merton. 3anpornonoBanuii miaxig inrerpye YOLO11 s nerexuii 00’€KkTiB, 1[0 Jae 3MOTY OTPHUMYBAaTH KOOPAHWHATH, HIBUIKICTh, Ha-
IpsIM PyXy Ta HOJIOKCHHS BITHOCHO oToueHHs. ['padoBa HepOHHA Mepeska MOJIEIIOE JIOKaNbHI i I100anbHi 3B”SI3KH MK BY3JIAMH CEpeJio-
BHIIIA, arPETyI0YX O3HAKHU 3 ypaxyBaHHSM CTPYKTYypH MICIIEBOCTI Ta mepemkoa. [IpoctopoBo-uacoBa yBara BUAiIs€ HalpeleBaHTHIII MO-
MEHTHU TPAEKTOPIl, MiJBHIIYIOYM TOYHICTH mnepeabaucHHs. Monens 00po0Iise MOCiIOBHOCTI KaJpiB i3 BiICONOTOKIB i B pealbHOMY 4Yaci
IIPOrHO3Y€ HACTYIIHI MO3HUII{{ KOXKHOT'O BiICTE€XXYBaHOTO 00’ €KTa.

PesyabraTu. ExcriepiMeHTH Ha BiZICOMOCIIIOBHOCTSIX 13 PI3HUMH CLEHAPISIMU PYXY, TOBXHHAMH TPAEKTOPIl 1 BapialisMi MIBUAKOCTI
MMOKa3ajd BHCOKY TOYHICTh MPOTHO3YBaHHs. 3alpONOHOBAHHMH METOJ €(DEeKTHBHO MOEIHYE MPOCTOPOBI Ta YacOBI O3HAKH W IMEpeBepIIye
6a30Bi MOJIeNI B 3a71a4aX TPEKiHTY Ta nepeadadeHHs pyXxy.

BucnoBku. OTprMaHi pe3yIbTaTH MiATBEPAXKYIOTh IIPUIATHICT 3aIIPOIIOHOBAHOTO (hpeiMBOPKY ITHOMHHOTO HABYAHHS JUIS IPOTHO3Y-
BaHHS PyXy JIIOJJMHU B PEaJbHOMY Yaci y CKIAIHHUX cepefoBHIax. [lomanpiii JOCITIIKEHHS MOXYTh OYTH 30Cepe/XKeHi Ha PO3LIMPEHHI
MiIX0/1y 10 OaraToareHTHUX CLEHApiiB, ONTHMI3allil 004YHCIIIOBAILHOT IPOAYKTHBHOCTI Ta TECTYBaHHI Ha OUTBIIMX 1 PI3HOMAHITHIIINX Ha0O-
pax JaHUX.

KJ/IIOYOBI CJIOBA: riuOuHHe HaBYaHHS, NETEKLisA 00 €KTiB, TPAeKTOpis pyXy, MPOTHO3YBAHHS TPA€KTOPIiil JIIOAUHY, IOTOKOBE
Bizeo, rpad)oBi HEMPOHHI MepEXKi, KOHTEKCTHO 00i13HAHE MPOrHO3yBaHHs PyXy, Habip manux Stanford Drone, poGora B peanbHOMY Yaci.
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ABSTRACT

Context. To ensure sustainable yield, plant health must be constantly monitored with timely measures applied to prevent disease
spread. Traditional approaches rely on manual inspection of plants, while neural networks require large amounts of annotated data to
train. Both manual inspection and data annotation require expert knowledge and are time-consuming. Close-up photos of leaves are
often used for training as they are easier to collect from the Internet. However, this complicates disease spread estimation at a scale.
Cabbage is one of the plants widely grown in Ukraine, but existing research focusing on cabbage health monitoring is limited.

Objective. The goal of this work is to build a neural-network-based cabbage disease and pest detection system, which can be
trained in on a small number of training images. At inference the system should detect pests on plant images at a distance of a whole
plant.

Method. Given that existing plant disease datasets, such as IP102 and PlantDoc mostly contain close-up images of diseased
plants, the networks trained on such datasets suffer from lack of generalization to images at a distance. To select the best object de-
tection model, state-of-the-art object detection architectures, namely YOLO 8, 9, 10, 11, and RT-DETR have been analyzed in the
work. To increase detection distance multi-image loss is proposed to improve hyperparameter search using Tree-Structured Parzen
Estimators. Also, to improve detection quality, a novel cabbage disease dataset has been collected in Dnipro region, Ukraine. The
new classes include crucifier flea beetle (widespread pest in Dnipro region) and damaged leaf. When the pest is not visible, but leaf
damage is taken, determining specific pest might not be possible. Therefore, we introduce additional damaged leaf class, that cap-
tures generic plant damage. This also enables tracking of plant healing rate, when measures to stop pest spread have been taken. We
combine collected images with the larger IP102 dataset to increase the number of pests covered to form new Cabbage+IP102 dataset.

Results. 1) Tree-Structured Parzen Estimators search on the multi-image loss has improved the YOLO 11 M performance from
0.3642 to 0.3892 mAP50-95 on images taken at a distance. 2) Collected dataset has enabled detection of cabbage plant health prob-
lems at a distance, including cases when the pest is currently not visible, but the damage is present.

Conclusions. In this work, the cabbage pest and damaged leaf YOLO 11 M detection system has been presented. The detector
architecture has been selected as the best-found during analysis on 2 datasets. The developed system requires only 7 annotated cab-
bage images to be trained and to perform pest and damaged leaf detection on high resolution images (2016x2016) of whole cabbage
plants. The final model can be used to monitor cabbage health problems, damage, and rate of healing using images taken at a dis-
tance.

KEYWORDS: agriculture, deep learning, plant health monitoring, pest detection, leaf damage estimation, yolo 11, brassicaceae
family.

ABBREVIATIONS {D}i"fgxdet is a maximum number of possible detections

YOLO is a You Only Look Once family of single- -

stage object detection mfde_'s’ _ . D is a tuple with object detection information, which

RT-DETR is a R_ea —Tlme_Detectlon Transformer, a typically takes form (Shape, ObjectnessScore;,
transformer-based object detection model; ClassProbabilities,):
(VA

TPE is a Tree-Structured Parzen Estimators hyper-

parameter optimization method.

for a given network;

fis a training loss function;

MAPso g5 IS @ mean average precision detection met-
ric;

p(x|ly) is a TPE hyperparameter kernel density esti-
mate.

NOMENCLATURE
M is an input image of shape WxHxC, where W,H,C
are (vgldth_, he:jgr:t atr_1d the nuTbetrv\(l)f T(olt(;r tcf;acne!s; y INTRODUCTION
(x) is a detection neural network, that takes image Increasing plant yields per hectare is an important ag-

. Mg N _ s
as an input and returns {p} 77 predictions; ricultural problem. Traditional methods of plant health
monitoring rely on manual inspections and visual diag-
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nostics, which can be time-consuming and labor-
intensive, particularly over large farmlands. In recent
years hardware and software assisted technologies are
widely used to monitor plant growing conditions and to
take timely actions [1]. The approaches include land fer-
tilization, spraying and irrigation of fields using autono-
mous vehicles or drones, climate and soil parameters
monitoring, while recent advancements in computer vi-
sion and machine learning have provided promising solu-
tions for automating the detection of plant pests and dis-
eases.

Machine learning-based plant health problem detec-
tion is typically performed on datasets that capture short-
distance images of pests [2-5]. There are several reasons
for that: 1) such datasets can be collected from images
found on the Internet; 2) both annotating images in short-
distance datasets and training a neural network to detect
large disease manifestation are simpler to perform. How-
ever, in the field conditions it would have been beneficial
to automatically detect the presence of illness at a dis-
tance, which requires the use of appropriate datasets and
improved training techniques.

Annotating images of a large field with instances of
disease manifestations (e.g., malicious insects) spanning
only several pixels is a complicated problem, that requires
significant time from experts to annotate the dataset. Cab-
bage is one of the plants widely grown in Ukraine, but
existing research focusing on cabbage health monitoring
is limited.

Therefore, in this work we investigate the use of state-
of-the-art general-purpose detection neural networks for
the task of long-distance cabbage plant health monitoring
and propose a method of model hyper-parameter selection
based on Tree-Structured Parzen Estimators.

The object of this study is the process of automatic
image-based cabbage plant health monitoring.

The purpose of this study is object detection neural
networks and hyperparameter selection algorithms.

The purpose of the research is to build a neural-
network-based cabbage disease and pest detection system,
which is capable of accurate pest detection based on im-
age of the whole plant.

1 PROBLEM STATEMENT
Let M be an input image tensor of shape WxHxC,
where W, H, C are width, height and number of channels.
For RGB image C=3; let ®(x) be a detection neural net-
work, that takes image M as an input, and returns {D}i’\jgx(m

tuples with information about predicted object bounding
boxes, which typically takes form
(Shape;,ObjectnessScore;,ClassProbabilities;), where
Shape is defined depending on detection model as
(left,top,width,height) or (center,,center,,width,height)
object bounding box coordinates, ObjectnessScore is a
score whether this bounding box contains actual object,
ClassProbabilities is a vector R of class probabilities,
where K is the number of classes.
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The goal is to minimize loss function f, that defines
distance between true and predicted Shape, ObjectnessS-
core, and ClassProbabilities. The exact loss function f is
different between detection neural network models.

2 REVIEW OF THE LITERATURE

To ensure sustainable yield, plants must be constantly
monitored for diseases with timely measures applied to
prevent disease spread. Traditional approaches rely on
manual inspection of plant leaves and trunks to detect any
signs of a virus, fungi, bacteria or pests. Obviously, this
approach is time-consuming, not scalable to large farm-
lands, moreover early development of illness is easy to
miss. Therefore, the focus of recent agricultural research
is shifted towards automation of plant health monitoring.

Automated disease detection approaches are based ei-
ther on monitoring weather conditions and predicting
probability of appearance of certain disease [1, 6] or by
capturing images of plants via a smartphone or drone [1,
7]. Both approaches have certain benefits and disadvan-
tages. While weather monitoring is suitable for predicting
iliness before it occurs, it works with typicality and can-
not detect spontaneous illness spreads. In contrast, com-
puter-vision-based methods detect existing plant health
problems and can distinguish between different kinds of
illnesses, so the most effective treatment could be selected
for the specific disease or pest. In this work we focus on
computer-vision-based methods such as those that are
more precise in disease or pest detection.

Typically, image-based plant health problem detection
is formulated as classification or detection. In classifica-
tion formulation, given a close-up image of plant leaf,
trunk or fruit the task is to say what specific kind of ill-
ness there is or that no illness is present [8]. Obviously, in
this case finding regions of interest remains manual labor.
To automatically find the disease, detection methods
should be used.

Neural networks have shown high quality in solving
detection of arbitrary objects. Early approaches were 2-
stage: region proposal and subsequent classification of the
proposed regions, like R-CNN [9], Faster R-CNN [10].
Recent research has mostly shifted towards single-stage
approaches, like YOLO family of models [11-13] or
DETR [14]. Single stage approaches generally have faster
inference and higher quality.

Many research approaches were proposed in the field
of plant disease and pest detection. The authors of [2]
propose a modified YOLOv7-tiny architecture for plant
pest detection. The authors target environment with con-
strained computational resources, therefore, select the
smallest variation of the YOLOv7 family of models to
improve upon. The resulting model is 47% faster, while
offering a 3% improvement in mAP50 over the base
YOLOv7-tiny model. Training and testing are performed
on images of 21 pests, which is a subset selected from the
IP102 [15] dataset. In [5] YOLOV5M has been improved
for pest detection by introducing SwinTransformer-based

blocks.
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In [16] a modification of YOLOV10 is introduced. The
authors reduce computation complexity of the network,
while improving tomato fruit detection and ripeness esti-
mation. The authors focus on detection of overlapped and
partially occluded fruits.

In [4] the authors note an importance of cabbage
(Brassicaceae family) pests and diseases detection for
sustained yield and indicate that the field is largely unex-
plored. In the paper the authors: 1) collect a novel dataset,
that consists of 21 classes (14 pests, 3 damage symptoms,
4 beneficial insects); 2) evaluated YOLOV5, 7-11 models
on the proposed dataset.

In [3] the authors note the difficulty of detecting large
number of small pests. To resolve the issue, they 1) col-
lect a dataset of pests using a light trap; 2) propose an
improved R-CNN architecture with novel feature fusion
block to improve small pest detection.

Overall neural networks are known to require large
amounts of annotated data to be trained. While annotating
images with commodity objects can be outsourced to a
crowdsourcing platform, annotation of plant disease re-
quires expert knowledge. Thus, acquiring additional train-
ing images requires significant effort from human experts,
and therefore hard and expensive to acquire. Few-shot
learning approaches attempt to resolve the problem. Main
few-shot learning approaches include [17]: metric learn-
ing, where embedding into a metric space is learned, that
is general enough to quickly accommodate to new classes;
optimization-based, where a special optimization proce-
dure is defined, that trains “generic” model weights, that
are easy to fine-tune; model-based, where model architec-
ture is changed to include memory cells. Transfer learning
can also be used in a few-shot scenario, where learning is
performed in 2 stages: training on a large general-purpose
dataset, then finetuning on a smaller target dataset. Trans-
fer learning is widely used due to its simplicity and suffi-
ciently good results. Hence, in this work we focus on us-
ing transfer learning for few-shot neural network training.

Several few-shot learning approaches for plant pest
recognition have been proposed. In [18] metric-based
few-shot learning plant disease classification method is
introduced. Image embeddings are generated first by us-
ing ResNet-18 convolutional neural network and then
refined by a Transformer. Contrastive loss is used to per-
form the training. Mahalanobis distance is calculated be-
tween new image and existing classes to perform the clas-
sification.

The authors of [19] focus on few-shot learning of
plant pests. Pre-trained ResNet-50 backbone is used as a
part of Faster R-CNN 2-stage detection neural network.
To improve working with images of different scale multi-
input single-output feature pyramid network is used.

However, the distance at which plant health problem
detection is typically performed (typically leaf or part of a
plant) is still quite small, which complicates disease
spread estimation at a scale. Also, newer detection archi-
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tectures like YOLO 8, 9, 10, 11 presented in [20-23] or
RT-DETR [24] (a modification of DETR) still remain
mostly unexplored in the field of plant illness and pest
detection on open dataset. Research of cabbage (Brassica-
ceae family) plant health issue detection is underrepre-
sented in literature.

Therefore, in-the-field plant health monitoring is an
open research problem. In this work we: 1) propose a
method for the model hyper-parameter tuning for efficient
training with few training samples; 2) collect a few-shot
dataset for long-distance monitoring of cabbage plant
pests and leaf damage.

3 MATERIALS AND METHODS
A generalized scheme of steps taken to improve large
distance cabbage health problem detection is shown in
Fig. 1.

Diseased Cabbage Images - Data Annotation. Labels:
On-Site Data Collection Crucifer Flea Beetle, Damaged Leaf]

Extend
Existing Dataset

o Model Selection
"| YOLO v8-11, RT-DETR Families

Detection Model for
Image-Based Disease
Monitoring at a Distance

TPE-based Augmentation
Hyperparameter Selection -
Using Proposed Multi-lmage Loss

Figure 1 — Generalized scheme of research

First, we analyze existing plant pest and disease open
datasets. Then collect in-the-field images of cabbage and
annotate them with 2 new classes: crucifer flea beetle
(which is widespread in Dnipro region in 2024/25) and
damaged leaf. The latter is useful when the pest is not
visible, but leaf damage is taken. Also, plant healing can
be tracked after measures to stop pest spread have been
taken. We combine collected images with the larger
IP102 dataset to increase the humber of pests that can be
detected.

Next, we present a comprehensive analysis of YOLO
8-11 and RT-DETR architectures on 2 widely used plant
health detection datasets, namely PlantDoc [25] and
IP102 [15]. We perform transfer learning of these models.
Each model is considered in different sizes available
(nano, medium, large, etc., depending on the model), and
provide guidance on selecting the best model.

Finally, we propose multi-image validation loss for
searching model hyperparameters using Tree-Structured
Parzen Estimators to improve the quality of model train-
ing on images taken at a distance. Joined Cabbage+1P102
dataset is used. The final trained model can not only per-
form detection not only on close-up photos of leaves, but
also on plant pictures at a distance (e.g., full cabbage
plant).
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Figure 2 — Distribution of image resolutions present

Many datasets contain images of detached diseased
leaf on white background, which does not correspond to
real world conditions. In this paper we consider PlantDoc
and 1P102 datasets, that contain in-the-wild images.
PlantDoc [25] has 2 flavors: detection (with 1 or multiple
objects per image with bounding boxes) or classification
(images cropped to the bounding box). It has 17 classes,
and on average, 3.5 bounding boxes per image. 1P102
[15] dataset, which has 102 classes of pests and 7.3 times
more annotated images. It also has classification and de-
tection sets. On average, it has 1.2 bounding boxes per
image, which is less than PlantDoc 3.4 objects per image.

Distribution of image resolutions of the two datasets is
shown in Fig. 2 (Log-Log scale). Both datasets contain
vertical, horizontal and square images. Although at reso-
lutions above 1500 pixels in either dimension square im-
ages are less present. Most images have resolutions below
1500x1500 pixels. Low (below 400 pixels) and very low
(below 200 pixels) resolution images are present in both
datasets.

While IP102 and PlantDoc datasets offer a strong
baseline for training plant health-related problems, they
have some disadvantages:

1. PlantDoc contains images either of healthy leaves
or damaged by infectious diseases (bacteria, virus, fungi).
Images of pests are not present.

2.1P102 dataset has been constructed by collecting
images from the Internet and then annotating them. So
mostly, the dataset contains close-up images of pests.

For plant pest detection in real-world environment on
a farm in Dnipro region, Ukraine, we have found the fol-
lowing challenges in using these datasets for training:

1. It is desirable to capture large images of plants (e.g.,
whole cabbage plant) and estimate the number of pests on
it. In this case the pests appear to be quite small and nu-
merous, which is different from these datasets.
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2. Images of not every pest can be captured during
worktime. Some are active, for instance, very early in the
morning (e.g. slugs) and only damaged leaves can be ob-
served after the fact.

To resolve these problems, we have collected a small
dataset with images of cabbage with health problems for
few-shot training. Overall, 10 images, 7 in the train set, 3
in the test set. These images have been annotated with 2
classes: crucifer flea beetle (Phyllotreta Cruciferae) and
damaged leaf. The dataset has a high number of object
instances: 345 instances of crucifer flea beetle and 134
instances of damaged leaf. Collected dataset information
is shown in Table 1. It was farmers’ demand to perform
detection of this beetle as in farm in Dnipro region,
Ukraine in 2024 the crucifer flea beetle was widespread,
and early detection was important to save the yield of
cabbage. Annotated samples are shown in Fig. 3, crucifier
flea beetle is highlighted with violet bounding boxes, and
leaf damage with yellow.

Table 1 — Collected dataset information.

Class # train # train object # test # test object
images instances images instances

Crucifer

Flea Beetle 5 201 8 144

Damaged 7 91 3 83

Leaf

To give the neural network knowledge about different
kinds of pests given a small training dataset of cabbage
images, we extend the 1P102 dataset, which is the largest
pest dataset to the best of our knowledge. Summary of
datasets is presented in Table 2. Cabbage+IP102 is the
extended version of the dataset with our annotated im-
ages.
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Flgure 3 — Examples of the collected and annotated images

Table 2 — Comparison of detection datasets used for training

Dataset # train #test | #classes | # objects per image

IP102 15178 | 3798 102 | Min: 1, mean: 1.2,
max: 26

Cabbage+ min: 1, mean: 1.2,

1P102 15185 3801 104 max: 86

PlantDoc 2348 | 237 17 | Min: 0, mean: 34,
max: 42

It should be noted that IP102 dataset contains flea bee-
tle class. However, pests on collected images of cabbage
were not detected as such. During deeper investigation,
we have found out the IP102 dataset contains photos of
other species of flea beetle (Phyllotreta vittula) and macro
photos were taken.

To evaluate model performance, we use MAPsy g5
(mean average precision), which is a common choice. The
following formula can be used to compute the metric

I U

AP 10U, 1)

K
MAP5g_g5 = K. NI )i Z
oU k=1

where K is the number of classes, N,y is the number of
intersections over union thresholds (loU), loU is taken
from 0.5 to 0.95 at 0.05 steps, APy oui is the average pre-
cision for class k at the loU threshold loU;.

Both PlantDoc and IP102 datasets contain close-up
images (in certain cases, macro images) of pests, and
typically only one or few pests are visible. It has been
shown that searching augmentations is an effective [26]
way to improve the trained model quality. In [12] it has
been shown that by applying mosaic augmentation during
training, model detection performance can be signifi-
cantly improved.

In this work we propose to construct hyperparameter
optimization loss using multiple images to improve model
performance on images captured at a distance:

1. Validation images are rescaled to the resolution of
Wsingle stingIe-

2.4x4 grid of resolution WyigxHgrig is formed from
these images.
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3. Given landmark locations for image at row i and
column j:

(centerX(i,J-),centerY(i,j),Width(i,j),height(i,j)).
Landmark locations are updated as follows;

centerX; j -Wsingle

centerX , = + offsetX;

Wgrld b
. centerY; ; - Hg;
centery; ; = j single +offsetY; ;,
ngid
2
.. width, W,
widthy | = ——d_—snoe
grid
. height; : - Hg;
height] ; = - i _"sindle
ngid
where offsetX;;, offsetY;; are defined as follows:
Offsetxi’j = J 'Wsinglel
©)

OﬁsetYiyj =i- Hsingle-

4. mAPsg_g5 using formula (1) is computed on con-
structed images.

In this work Wsingle:Hsingle:64oy Wgrid:ngid:2560-

To perform hyperparameter search we use Tree-
Structured Parzen Estimators (TPE) [27]. The approach
has been to be effective for hyperparameter optimization
and is widely used [28].

TPE models search space for the best hyperparameters
using kernel density estimation of “bad” hyperparameters
I(x) and “good” hyperparameters g(x). Given a minimiza-
tion problem, the general density p(x|y) is defined as fol-
lows [27]:

1(x), if .
pu|w={(” nyey @)
g(x), ify>y .

where {x;} are hyperparameter observations, {y;}are the
corresponding loss function values, y is a quantile y of
the best observed y values, such that p(y<y’)=y.
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Figure 4 — Model mAP50-95 depending on model size at 25 training epochs

4 EXPERIMENTS

First, experiments to select the best model for plant
pest and disease detection are conducted. We consider
YOLO 8, 9, 10, 11 and RT-DETR families of models in
different sizes as is shown in Table 3. Size abbreviations
are the following: N — nano, T —tiny, S — small, M — me-
dium, C — compact, L — large, X — extra-large, E — ex-
tended.

To train the models we use image resolution of
640x640 pixels, which is typically used for pretraining the
detection models, and is reasonable for image resolutions
of PlantDoc and IP102 datasets (based on Fig. 2). Results
are shown on the test set. The batch size is 64, the number
of training epochs is set to 25. To improve the quality of
detection models, augmentations are used, which include
color augmentations (random variations of color hue,
saturation, value). Mosaic augmentation [12] is applied
during training to improve model generalization. It com-
bines several images into one and has been shown to im-
prove detection quality. Finally, horizontal flip with prob-
ability 0.5 is used.

Table 3 — Model sizes considered during the analysis

parameter search are performed. Parameter ranges con-
sidered are defined in Table 4. The probability of horizon-
tal flip augmentation is fixed at 0.5, which is standard
value, and is not optimized.

Table 4 — Hyperparameter search ranges

Hyperparameter Values

HSV: Hue [0.0,0.1]
HSV: Saturation [0.0,0.9]
HSV: Value [0.0,0.9]

Rectangular Images

[False, True]

Multiscale Training

[False, True]

Disable Mosaic Last Epochs [0, 25]
Degrees Rotation [0.0, 90.0]
Probability of Flip Upside Down | [0.0, 0.5]
Mosaic Probability [0.0, 1.0]

5 RESULTS

Model Family Sizes Considered
YOLO v8 N, S, M, L, X
YOLO v9 T,5,M,CE
YOLO v10 N, S, M, L, X
YOLO 11 N, S, M, L, X
RT-DETR L, X

Next, training speed experiments are conducted to see
which models require less training steps to achieve high
quality. Training is performed for 1, 2, 5, 10, 15, 20, 25,
50 epochs. These experiments are conducted on open
IP102 and PlantDoc dataset, so that the analysis can be
reused by other researchers.

Finally, augmentation hyperparameter search is used
to improve model performance on Cabbage+IP102 data-
set. Multi-image validation loss is used for TPE optimiza-
tion. This dataset has extra images with a high number of
annotations per image. We use the best model selected in
previous analysis and improve it by performing augmen-

tation hyperparameter search. 60 iterations of hyper-
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In Fig. 4 we show mAPs,_g5 of all considered models
on PlantDoc and IP102 datasets. On x axis are glops, and
not model size names, because the number of floating-
point operations is different across model versions. On
PlantDoc dataset (Fig. 4a) the test mAP50-95 results are
more noisy, likely due to smaller number of test images.
Still, YOLO 11 shows one of the best results. On 1P102
dataset (Fig. 4b), YOLO 11 models show the best results
in each size, while RT-DETR shows the worst. On this
dataset YOLO 11 M has the best result on the test set.
RT-DETR model underperforms on both datasets, show-
ing the worst mAP to gflops ratio

Note that the smallest variant (nano for YOLO 8,10,11
or tiny for the 9) has on average 67% reduction of gflops
and 16% reduction of mAP50-95 with respect to small
size. This is a higher quality degradation rate than be-
tween other adjacent model sizes. For instance, small
variants have 65% gflops reduction over medium, but
only 5% quality loss.

In Figs. 5 and 6 we show box plots plot for each of the
model versions depending on the number of training ep-
ochs for the PlantDoc and IP102 datasets correspond-
ingly. A single box plot is built based on training results
of different-sized models of the specified model family.
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As can be seen, in most cases there is mAP outlier below
each box plot. The outlier corresponds to the smallest
variation (nano or tiny) of this model version.
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Figure 6 — IP102 dataset: model mAPs, g5 depending on the

number of epochs

On both datasets training for more than 15-20 epochs
doesn’t result in substantially improved mAP for all mod-
els except the smallest ones. When training for a small
number of epochs, the best results are obtained from the
larger models.

Augmentation hyperparameter optimization values are
shown in Table 5, and final training and validation accu-
racy in Table 6. Hyperparameter optimization procedure
has been performed for 60 iterations. The best value has
been achieved on iteration 19.

6 DISCUSSION
Best-found validation hyperparameters, found using
the proposed multi-image validation loss, have several
important changes, when compared to the default aug-
mentation values proposed by the Ultralytics library. Both
color saturation and value augmentations were reduced
during the search process. During further inspection, high
changes in saturation or value result in pests being much
harder to detect by human observers. This is explained by
the fact that many pests mimic the color of plants on
which they live. Also, pest color is important to distin-

guish between similar species of pests.
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Table 5 — Augmentation hyperparameters of the initial and best-
found models

Augmentation Hyperparameter Initial Best
HSV: Hue 0.0150 | 0.0240
HSV: Saturation 0.7000 | 0.3367
HSV: Value 0.4000 | 0.0108
Rectangular Images False False
Multiscale Training False False
Disable Mosaic Last Epochs 10 8
Degrees Rotation 0.00 16.03
Probability of Flip Upside Down 0.0000 0.0760
Probability of Horizontal Flip (not searched) 0.5 0.5
Mosaic Probability 1.0000 | 0.5392

Table 6 — mAP50-95 comparison of the initial and best-found

models
Dataset mAP50—_95 mA_P50.—95
(Train) (\alidation)
Cabbage+ 1P102 0.3116 0.3642
Cabbage+ IP102+multi-image loss 0.2901 0.3892

Interestingly, using rectangular images or multiscale
training doesn’t improve quality on the multi-image vali-
dation dataset. By default (Rectangular Image = False),
all training images are squeezed into square. If rectangu-
lar images parameter is enabled, during training images
are resized to the most common aspect ratio. Validation
images always use rectangular shapes. Multiscale training
uses images of different sizes during training; actual input
image resolution is different from batch to batch. Not to
be mistaken with resize augmentation, where input image
size is the same, but the image is randomly scaled. How-
ever, in practice, using either of these parameters does not
improve mAP score on the constructed multi-image data-
set.

Example image that can be processed by the devel-
oped system is shown in Fig. 7. The image captures the
whole plant. Overall, 346 detections of crucifier flea bee-
tles and 64 instances of damaged leaf are found in this
image. The image is fed into the model in resolution of
2016 x 2016.

Figure 7 — Example fuII plant image proc-eésed by the model
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Figure 8 — Crops of full plant images, showing detections of pests only (a) and joint pests and leaf damage detection (b)

Crops of full plant images are shown in Fig. 8. In
Fig. 8 (a) detection of crucifier flea beetles are shown;
damaged leaf detections are filtered out for clarity. As can
be seen, the vast majority of bugs have been detected.
Only, blurry bug (top right) and bug in shadow region
(middle left) have been missed. Obviously, these missed
detections have no impact on the final decision. In
Fig. 8 (b) joint damaged leaf and crucifier flea beetle de-
tections are shown. Apparently, most of the bugs have left
this region of the plant. However, the system has been
able to detect severe damage taken by the plant.

CONCLUSIONS

In this work an important problem of cabbage pest de-
tection at a distance has been solved. Existing datasets,
such as IP102 and PlantDoc contain mostly macro photos
of pests and plant diseases, which complicates training of
neural networks for plant pest detection at a distance. To
resolve the problem, additional cabbage photos at a dis-
tance have been collected in Dnipro region, Ukraine.
YOLO 8, 9, 10, 11, RT-DETR neural networks have been
analyzed. The best results have been shown by the YOLO
11 M (medium) network. Finally, augmentation hyper-
parameter search has been conducted using Tree-
Structured Parzen estimator on multi-image validation set.
The developed system requires only 7 annotated cabbage
images to be trained. The final trained neural network
can detect more than 300 instances of bugs on images of
whole plants, even in cases when the bug is only 11x11
pixels on a 2016x2016 image. The developed system
can be deployed for large-scale monitoring using edge
devices. The system proposed in this work can detect
large number of pests given a full plant image, which en-
ables easier monitoring of large fields of cabbage.

The scientifical novelty of obtained results is that
1) Tree-Structured Parzen Estimator augmentation hyper-
parameter search on the proposed multi-image loss func-
tion on the validation has improved model performance
on images at a distance from 0.3642 to 0.3892 mAP50-

© Khabarlak K. S., Laktionov I. S., Gorev V. N., Diachenko G. G., 2026
DOI 10.15588/1607-3274-2026-1-4

95; 2) cabbage pest and damaged leaf dataset has been
collected.

The practical significance of obtained results is that
the developed system is used for cabbage disease moni-
toring to prevent pest spread, and in contrast to previous
systems detection is performed not on an individual leaf,
but on a picture of a whole plant, which makes plant dis-
ease monitoring on large fields easier.

Prospects for further research are to propose custom
object detection architecture for long distance plant health
problem monitoring.
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Xagapaak K. C. — 1-p ¢dinocodii, oueHTt kadeapu CUCTEMHOr0 aHai3y Ta yrnpasiinasa, HanioHaabHUM TEXHIYHUNA YHIBEPCUTET
«JlninpoBcbka momitexHika», Juinpo, Ykpaina. ROR: https://ror.org/05hkn5555. ORCID: https://orcid.org/0000-0003-4263-0871.

Jlaktionos I. C. — 1-p TexH. Hayk, mpodecop, mpodecop kadeapu NporpaMHOro 3ade3neueHHs KOMII I0TepHuX crcteM, Harrio-
HaJbHUII TexHiuHMil yHiBepcureT «J[HinpoBchka momiTexHika», Juinpo, VYkpaina. ROR: https://ror.org/05hkn5555.
ORCID: https://orcid.org/0000-0001-7857-6382.

T'opes B. M. — xanx. ¢is.-mMar. Hayk, moueHt, 3aBimyBau kadeapu ¢isuku, HarioHanpHuil TeXHIYHUH yHIBEpCUTET
«JIHinpoBCchKa mosiTexHika», J{uinpo, Ykpaina. ROR: https://ror.org/05hkn5555. ORCID: https://orcid.org/0000-0002-9528-9497.

Jsauenxo I'. T'. — kana. TexH. HayK, JOLEHT Kadeapu enekrpornpuBosa, HaioHanpHui TexHIYHKUI yHIBepeuTeT «/IHIpOBChKa
nonitexHikay, J{ainpo, Ykpaina. ROR: https://ror.org/05hkn5555. ORCID: https://orcid.org/0000-0001-9105-1951.

AHOTAIIA

AxTyanbHicTh. [l 3a0e3nedeHHs cTabLIFHOTO BPOXAal0 HEOOXiJHO MOCTIHO KOHTPONIOBATH CTaH POCIHH 1 BYACHO BXKUBATH
3axXO0JIiB JUIS 3aM00iraHHs MOIIMPEHHIO 3aXBOPIOBaHb. TpauniiiHi miaxoau 6a3yloThesl HA pyYHOMY OTJISIAI POCIIHH, B TOHU e Jac I
HaBYaHHs HEHPOHHMX MEPEeX MOTPiOHI BeNuKi oOCATH aHOTOBAaHUX NAaHUX. SIK pydHHH OIIIsAA, Tak i aHOTYBaHHs JAHUX BHMAararmoTh
EKCIIEPTHUX 3HaHb i MOTpeOyIoTh Garato 4acy. J[ns HaBYaHHS 4acTO BUKOPUCTOBYIOThCS (oTorpadii Jimcts 3 61aM3bKoi BiJCTaHi,
OCKIJIbKH 1X Jierie 3Haiitu B [HTepHeTti. OfHaK Lie YCKIIa[HIOE OL[HKY MOIINPEHHs XBOpoO Ha BenMKuX AiasHKax. Kamycra € onHiero
3 POCIHH, LIO0 HMIMPOKO BHPOILYIOThCs B YKpaiHi, aje iCHye HeZoCTaTHsI KiIbKICTh JOCIIHKEHb, NPUCBIYCHI MOHITOPUHTY 310POB’S
KaIlyCTH.

Meta. Metoro 11i€i poOOTH € CTBOPEHHSI CHCTEMH BHSBJIICHHS XBOPOO 1 IIKITHUKIB KAallyCTH Ha OCHOBI HEHPOHHOI MEpEexi, SAKY
MOXXHa HaBYMTH Ha HEBEJHMKIH KUIBKOCTI HaBYaIBHUX 300paXkeHb. IIpH BUBEACHHI CHCTEMa IIOBUHHA BHSBIISTH LIKIAHHKIB Ha 30-
OpaXXeHHSX POCIHH Ha BiACTaHI UIOT POCINHA.

Mertona. 3 orsity Ha Te, 10 iCHYI04i HabOpH JaHuX PO XBOpobH pociuH, Taki sk IP102 i PlantDoc, MicTsTh niepeBaskHO 3HIMKH
XBOPHX POCJIMH 30JIM3bKa, MEPEeXXi, HAaBUCHI HAa TAKMX HAbOpax AaHWX, CTPAXKIAIOTh BiJl BIICYyTHOCTI y3aralbHEeHHs 10 300pakeHb Ha
Bizcrani. [{ns BuObopy HaliKpaloi Mofieni BUsBJICHHs 00’ €KTiB y poOoTi OyJI0 mpoaHanizoBaHO HaiicydyacHiln apXiTeKTypH BUSIBIICH-
Hst 00’ exTiB, a came YOLO 8, 9, 10, 11 i RT-DETR. /{5 36inblieHHs BiAcTaHi BUABICHHS 3allPONIOHOBAHO (YHKIIIO BTPAT Ha ACKi-
JBKOX 300pakeHHsIX ISl TIOJIIIIEHHS MOIIYKY TilleprapamMeTpiB Ha ocHOBI Metoxy Tree-Structured Parzen Estimators (TPE). Kpim
TOTO, ISl IOJIMIIEHHS SKOCTI BUSABICHHA OyJi0 310paHO HOBHI Habip TaHWX XBOpoO KamycTH B J{HimpomeTpoBCerKiit obmacTi Ykpai-
uu. HOBi Ki1acu BKJIIOYAIOTh XPECTOLBITHY OMIIMIKY (HOLIMPEHMH IKiTHUK y J[HIPONETPOBChKii 06s1acTi) Ta MOLIKOHKEHE JIUCTSL.
Komm mxinHuka He BUAHO, ajie TONIKOKEHHS JIUCTS €, BU3HAYUTH KOHKPETHOTO IIKiTHUKA MOXke OyTH HEMOXIHNBO. ToMy MU BBO-
JMO JOJIATKOBHII KJIac IOIIKODKEHOTO JIMCTS, SIKMH (pikcye 3arajbHe MOMIKODKEHHS pociuH. Lle Takoxk J03BOJS€E BiICTEXYBaTH
MIBUJIKICTD OJ{y’KaHHSI POCJIMH, KOJIM BXKUTO 3aXOJiB JUIsl 3yMMHEHHSI MMOUIMPEHHS LIKIJHUKIB. MU 1moeaHyeMo 3i0paHi 300paeHHs 3
OinpmM  HabopoM nanux |P102, mo6 30iIbIIMTH KUIBKICT OXOIUICHMX IIKITHHMKIB 1 copMyBaTd HOBMH Habip aaHMX
Cabbage+1P102.

Pesyabraru. 1) IMomyk 3a nonomororo TPE, BHKOpHCTOBYOUH (YHKIIIFO BTPAT Ha KiJIbKOX 300paxeHHsx, mokpamus YOLO 11
M 30,3642 o 0,3892 mAP50-95 na 300pakeHHsIX, 3p00aeHix Ha BiacTaHi. 2) 3i0panuii Habip JaHUX TO3BOJIMB BHUSBISATH MPoOIie-
MH 31 3/10pOB’SIM KaITyCTSHHAX POCIUH Ha BiCTaHi, BKJIIOYAIOUX BHUIAIKH, KOJIH IIKiJHUKA Hapa3l He BUAHO, aje MOMKOIKEHHS €.

BucaoBku. Y niit po6oTi IpeCcTaBIeHO CHCTEMY BHSBICHHS IIKITHHUKIB KaIlyCTH Ta MOMIKOKEHOTro mcTs Ha ocHoBi YOLO 11
M. Apxirektypa nerekropa Oyna oOpaHa sIK Haikpamia mij Jac aHamizy 2 HaOopiB maHux. Po3poOneHa cucrema Bumarae jumre 7
AQHOTOBaHMX 300pa)KEHb KaITyCTH JUIs HAaBYAHHS Ta BHUSBJICHHS IIKITHUKIB 1 MOIMIKO/PKEHOTO JIUCTS Ha 300pa)KeHHIX BUCOKOI po3i-
npHOT 3natHoCTi (2016X2016) minux pociun Kamyctd. Kiniesa Mojeb Moxe OyTH BUKOPHCTaHa JUIsi MOHITOPUHTY TPOOJIeM 3i 3710-
POB’SIM KaIyCTH, HOIIKO/PKEHb Ta [IBUAKOCTI 3aTOEHHS 3a JOMOMOT0I0 300pakeHb, 3p00JIeHHUX Ha BiACTAaHI.

KJIFOYOBI CJIOBA: cinbcbke rocrnoaapcTBo, MHOOKe HaBYaHHS, MOHITOPUHT 3[I0POB’sI POCIIUH, BUSBICHHS LIKiTHHUKIB, OLi-
HKa nomkokeHHs aucts, YOLO 11, poauna xamycTsiHi.
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ABSTRACT

Context. At present, artificial neural networks have become widely used to solve many problems of information processing of
the most diverse nature and, above all, data mining, due to their universal approximating capabilities and the ability to learn their
parameters — synaptic weights. The process of training a multilayer network consists of adjusting the synaptic weights of each neuron
using the error backpropagation procedure, which is based on the chain rule of differentiation for complex functions and gradient-
based optimization. Deep neural networks are based on multilayer perceptrons, which have proven their effectiveness in solving
many very complex problems related to the processing and synthesis of images of various natures, natural language texts, multidi-
mensional stochastic and chaotic sequences, including audio and video signals. Unlike classical three-layer perceptrons, DNNs con-
tain dozens and hundreds of layers, and the number of their synaptic weights is commensurate with or even exceeds the number of
synapses in the biological brain. It is clear that for these neural networks, the effect of a vanishing gradient is extremely undesirable;
therefore, instead of traditional compression functions, piecewise-linear constructions are usually used here, the most popular of
which is the so-called ReLU.

Obijective. The purpose of the work is to introduce an adaptive activation function for deep neural networks based on the most
common piecewise linear function, ReLU.

Method. A new tunable activation function for deep neural networks is proposed based on the most common piecewise linear
function, ReL U, which, however, does not satisfy the conditions of G. Cybenko’s approximation theorem, but provides protection for
the learning process against the undesirable effect of vanishing gradients.

Results. A new adaptive piecewise linear function based on ReLU is introduced, which is both compressive and protected
against vanishing gradients. In this case, during the training process, not only are the synaptic weights adjusted in the network, but
also the parameters of the activation function itself. Using the proposed function allows you to reduce the number of neurons and
hidden layers in the neural network, the number of required training samples, and the time required to set up the network.

Conclusions. An adaptive squashing activation function based on the widely used ReLU for deep neural networks is introduced,
providing both universal approximating properties and preventing vanishing gradients. A training procedure using this function is
proposed, offering high performance and a simple numerical implementation. An additional circuit for tuning the parameters of the
activation functions can be quite simply introduced into existing deep neural networks that use piecewise linear activation functions.

KEYWORDS: squashing activation function, deep neural network, ReLU, gradient procedures, training signal.

ABBREVIATIONS NOMENCLATURE
ANN - Artificial Neural Networks; yj(k) — output signal of the j-th neuron of the neural
DNN - Deep Neural Networks;

ReL U — Rectified Linear Unit network at the moment of discrete time;

k — discrete time;
N — training sample size;
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(%) - nonlinear activation function of the j-th neu-

ron;
u;(k) —internal activation signal;

vj >0 — parameter defining the shape of the activation

function;
6 — bias signal (threshold);

n — number of input signals (dimension of input vec-
tors);
w;ji — tunable synaptic weight at the i-th input of the

j-th neuron;
X; (k) — signal at the i-th input of the neuron at time

moment k;
& — learning rule;
d; (k) — external training signal;

B - smoothing parameter;

E - objective function;
n(k) — non-negative learning step parameter.

INTRODUCTION

At present, artificial neural networks are widely used
to solve many problems in information processing of the
most diverse nature, and above all in data mining, due to
their universal approximating capabilities and the ability
to learn their parameters — synaptic weights. Multilayer
perceptrons have received the widest distribution here.
The universal approximating properties of multilayer per-
ceptrons were proven by the theorems of G. Cybenko and
K. Hornik [1, 2], using elementary F. Rosenblatt percep-
trons as nodes of these neural networks with so-called
squashing activation functions, among which the most

common are the so-called sigmoidal functions
(o -functions) of the form [1]:
9;06) = v (U (k) = —— 1
] Vitlj 1+e—yjuj(k)’ 1)

vj >0 —is a parameter that sets the shape of the activation

function and is usually chosen from purely empirical
markings, although in principle it can be tuned using a
gradient optimization procedure [3].

In this case, the non-linear transformation imple-
mented by a separate neuron node can be written as

Vi(K)=w; [ejo + D WiiX (k)J =V (ZWjiXi (k)] =
i-1 i-1
= (W) x(0) = (u56)).

REVIEW OF THE LITERATURE
The process of training a multilayer network consists
of adjusting the synaptic weights of each neuron using the
error backpropagation procedure, which is based on the
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chain rule of differentiation of complex functions and the
gradient optimization procedure (& — learning rule).

It is easy to see that the derivative of the o— function
(2) has the form

\V’j (uj(k)) = ijj(k)(l_ yj(k))!

and its value decreases as the sigmoid approaches its as-
ymptotes —1 or +1, which is associated with the undesir-
able effect of the vanishing gradient, which, in turn, leads
to the termination of the learning process.

Based on multilayer perceptrons, deep neural net-
works (DNNs) were developed [4-9], which demon-
strated their effectiveness in solving many complex prob-
lems related to the processing and synthesis of images of
various natures, natural language texts, multidimensional
stochastic and chaotic sequences, and audio and video
signals. Unlike classical three-layer perceptrons, DNNs
contain dozens and hundreds of layers, and the number of
their synaptic weights is commensurate with or even ex-
ceeds the number of synapses in the biological brain. It is
clear that for these neural networks, the effect of a vanish-
ing gradient is extremely undesirable, therefore, instead of
traditional squashing functions, piecewise-linear construc-
tions are usually used here, the most popular of which is
the so-called ReL U (Rectified Linear Unit), which has the
form:

Uj, Uj ZO,

9,-(k)=wj<uj(k»={ @

0 otherwise.

It is clear that there is no vanishing gradient here, and
the extremely simple derivative of (2) allows accelerating
the learning process of a separate neuron, since

:L Uj > 0,
0 otherwise.

v (U (k) ={

At the same time, function (2) is not squashing, i.e., it
does not satisfy the conditions of Cybenko’s theorem,
which means that to ensure the required quality of ap-
proximation, the number of neurons with such functions
must be very large (recall integration by the trapezoidal
method). Obviously, the gain in time when training a
separate neuron is completely leveled by the huge number
of these neurons in the network.

Therefore, it is advisable to introduce a piecewise-
linear function (simple derivatives) that is simultaneously
squashing (approximating properties) and at the same
time protected from the vanishing gradient.

MATERIALS AND METHODS

Based on ReLU, the graph of which is shown in Fig-
ure 1.
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Figure 1 — ReLU Activation Function

It is not difficult to introduce a piecewise-linear func-
tion of the form:

Uj,OSUjSl,
9300 = ;) =11 uj>1
0, Uj<0,

the graph of which is shown in Figure 2.

Figure 2 — Piecewise-linear squashing activation function

The use of this function in neural networks trained via
gradient-based optimization procedures is impractical, as
it immediately encounters the vanishing gradient problem.

Therefore, it is proposed to introduce a function of the
form:

¥ (k) =w;(uj(k) = l—a@—uﬂ,uj>L
O, Uj <0,

the graph of which is shown in Figure 3.
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Figure 3 — Piecewise-linear activation function protected from
vanishing gradient

The derivative of this function at u;(k) >1 has the
form

vjujk)) =a,

at the same time, by imposing a threshold a > ¢, it is pos-
sible to avoid stopping the learning process. Moreover, by
simultaneously excluding the parameter and the synaptic
weights, it is possible to arrive at this process.

As a target learning function, we will use the local
quadratic criterion:

2

E,(0) = 210 = 2(d, (09, (K) ®)

The process of gradient optimization of criterion (3)
by synaptic weights is implemented using the standard
d -rule [11], which in this case can be written as:

OE; (k)
Wji(k+1)=Wji(k)—ﬂ(k)aW—ji=
OE (k) de; (k)
=wij (k) —n(k) ———1 " =
wiji (k) —n( )aej(k) o,
wy (k) - (ke () L)
j I ow; (4)
oej(k) auj(k) ~

:le(k)_n(k)ej (k) uji a\NJI

= wj; (k) +n(k)e; (v’ (uj (k)] x (k) =
= wj; (k) +n(k)3 j (K)x; (K).

Procedure (4) can also be written in a simple form

wji (k +1) = w;i (k) + (k)3 j (k)x(k) ,

and since
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1, OSUj <1

v (uj (k) ={

a, Uj >1,

the learning process can be optimized for speed using the
Kaczmarz-Withrow-Hoff algorithm [12-14], which in this
case takes the form

oe; (K)w' (u; (k) ) x(k
wji (k+1) =wji (k) + eil )Wj(uli ))X( ):
[xcl
()
8 (k)x(k)
=Wj +—2 .
Xl

The procedure with additional smoothing properties
[15, 16] in a modified form can also be used:

w; (k+1) = w; (k) + rL(K)3 ; (K)x(K),
r(k+1) = Br(k) + x|,

where 0<B<1.
The quality of the learning process can be improved
by additionally tuning the parameter a at uj(k)>1,

while controlling the fulfillment of the inequality a>e.
At the same time, at each tuning cycle of the neuron, the
value is first adjusted a;(k) at u;(k)>1, and then the

synaptic weights are adjusted:

aj(k+1) = aj (k) +n(k)ej (k) (uj () -1},
wj (k-+12) = w; (k) +n(k)e; (k) (uj (k) x(K),

where
1, 0< uj <1

Wi 00) = aj (D), uj () >1
0, uj(k)<O0.

Thus, a local error backpropagation procedure is im-
plemented at the level of a single neuron. Training of the
neural network as a whole is implemented using the error
backpropagation rule, with an additional loop for tuning
the parameters of the activation functions.

EXPERIMENTS
During the experimental research, it was decided to
classify images from the “Fashion-MNIST” dataset.
Examples of images are shown in Figure 4.
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3:dress

1:trouser

0:t-shirt 2:pullover

4:coat

6:shirt 9:ankle boot

5:sandal 7:sneaker

Figure 4 — Exemplars of the Fashion MNIST sample

For experimental research, the sample was previously
divided into two subgroups, with the type and depth of the
neural network also taken into account. Thus, in the first
subgroup, the performance of activation functions is
evaluated with a fixed neural network architecture and
varying depth. The second subgroup evaluates activation
functions based on different types of the most popular
DNNE.

Note also that CNN is used across 3 depth variants:
CNN1, CNN2, and CNN3. Comparative analysis was
carried out on 4 activation functions. The CNN1 architec-
ture consists of two convolution layers, one fully con-
nected layer, and one softmax classification layer. Simi-
larly, the structure of CNN2 is arranged the same as
CNN1, but with two additional convolutional layers.
CNNS3 is deeper, with six convolutional layers and two
additional convolutional layers. All experiments account
for the average performance across five data runs.

Comparative accuracy results are shown in Table 1.
The last column of Table 1 displays the average accuracy
for each activation function across all three CNN models.

Table 1 — Accuracy testing results on Fashion-MNIST in %

Activation Function CNN CNN CNN Average
1 2 3 Accuracy
ReLU 93.5 93.9 94.2 93.9
LeakyReLU 93 92.9 93.7 93.2
Piecewise linear ReLU | 93.5 94.2 94.3 94

Let’s conduct an experiment with activation functions
on various models of popular DNNs: ResNet56V1 (1),
ResNet56V2 (2), and ResNet110 (3). First, image bench-
marks are tested at different network depths. Secondly,
benchmark images are checked on other models of com-
mon architectures. The results of the experiments are
shown in Table 2.

Table 2 — Accuracy testing results on Fashion-MNIST in %

Activation Function 1 2 3 Average
Accuracy
RelLU 88.9 90.1 90.4 89.8
LeakyRelLU 89 90.6 90.3 90
Piecewise linear ReLU 90 91.2 90.8 90.6
DISCUSSION

The first stage of the analysis aims to evaluate the
overall performance of all activation functions across im-
age and text classification tasks. The second stage aims to
determine the most successful activation functions across
all launched models. Experimental studies show that the
proposed adaptive piecewise-linear function achieves the
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best accuracy in CNN1 and CNN2 and is independent of
the DNN model type, as demonstrated in Table 2.

In the first stage of analysis, we average each activa-
tion function across all launched models using general
image benchmarks. Figure 5 summarizes the average ac-
curacy for all image benchmarks.
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Figure 5 — Average accuracy value of activation functions com-
pared to others, using different popular networks based on the
“Fashion MNIST” sample

In the second stage of analysis, an idea of the most
successful activation function for each model was ob-
tained. Table 3 shows the most successful combinations
between activation functions and launched models.

Table 3 — Successful activation functions for each deep

network
Activation Function CNN1 [ CNN2 [ CNN3 | 1|2 |3
ReLU +
LeakyReLU +
Piecewise linear ReLU + + + |+ |+

CONCLUSIONS

An adaptive squashing activation function based on
the widely used ReL.U for deep neural networks is intro-
duced, which simultaneously provides universal approxi-
mating properties while preventing the undesirable van-
ishing gradient problem. A training procedure using this
function is proposed, ensuring high speed and a simple
numerical implementation. An additional circuit for tun-
ing the parameters of activation functions can be quite
simply introduced into existing deep neural networks that
use piecewise-linear activation functions.

Scientific novelty: A training procedure using an
adaptive activation function for deep neural networks is
proposed, ensuring high speed and a simple numerical
implementation.

Practical significance: Using the proposed function
reduces the number of neurons and hidden layers in the
neural network, the required volume of training samples,
and the time required to set up the network.

Prospects for further research: Fast neural networks
for pattern/image recognition for a wide class of practical
tasks in Data Stream Mining and Big Data Mining.

ACKNOWLEDGEMENTS
The work is supported by the state budget scientific
research project of Kharkiv National University of Radio

© Shafronenko A. Yu., Bodyanskiy Ye. V., Shafronenko Ye. O., Brodetskyi F. A., Tanianskyi O. S., 2026

DOI 10.15588/1607-3274-2026-1-5

Electronics “Adaptive bagging of hybrid computational
intelligence systems based on speed-optimal online learn-
ing” (SR No. 0124U000363).

DECLARATIONS

Conflict of interest: The authors declare that they
have no conflict of interest in relation to this research,
whether financial, personal, authorship, or otherwise, that
could affect the research and its results presented in this
paper.

Author’s contributions: A. Shafronenko to introduce
an adaptive activation function for deep neural networks
based on the most common piecewise linear function,
ReLU; Ye. Bodyanskiy proposed a gradient optimization
process for the quadratic criterion over synaptic weights;
F. Brodetskyi adjusted the parameter that determines the
shape of the activation function; Ye. Shafronenko evalu-
ated the overall performance of activation functions
across image and text classification tasks; O. Tanianskyi
conducted experimental studies using activation functions
with various models of popular GNMs.

Data availability: The manuscript has associated data
in a data repository https://openarchive.nure.ua/.

Software availability: The manuscript has no associ-
ated software.

Use of artificial intelligence tools: The authors con-
firm that they did not use artificial intelligence technolo-
gies in creating the submitted work.

REFERENCES

1. Cybenko G. Approximation by superpositions of a sigmoi-
dal function, Mathematics of control, signals and systems,
1989, 2.4, pp. 303-314.

2. Hornik K., Stinchcombe M., White H. Multilayer feedfor-
ward networks are universal approximators, Neural Net-
works, 1989, 2.5, pp. 359-366.

3. Hornik K. Approximation capabilities of multilayer feed-
forward networks, Neural Networks, 1991, 4.2, pp. 251-257.

4. Poggio T., Girosi F. Networks for approximation and learn-
ing, Proceedings of the IEEE, 1990, Vol. 78, Ne 9, pp. 1481—
1497.

5. Haykin S. Neural networks: a comprehensive foundation.
Prentice Hall PTR, 2004. Vol. 2. 1994.

6. Vapnik V. N. The Nature of Statistical Learning Theory.
New York, Springer, 1995.

7. Cortes C. and Vapnik V. Support-vector networks, Machine
Learning, Sep. 1995, Vol. 20, No. 3, pp. 273-297,
https://doi.org/10.1007/bf00994018.

8. Bodyanskiy Ye., Zaychenko Yu. and Hamidov G. Hybrid
Deep Learning Networks Based on Self-Organization and
their Applications. Cambridge Scholars Publishing, 2024.

9. Kaczmarz S. Approximate solution of systems of linear
equations, International Journal of Control, 1993, No. 57
(6), pp. 1269-1271.

10. Widrow B. and Hoff M. E. Adaptive switching circuits,
1960 IRE WESCON Convention Record, 1960, pp. 96-104.

11. Bodyanskiy Ye., Kolodyazhniy V. and Stephan A. An adap-
tive learning algorithm for a neuro-fuzzy network, Interna-
tional Conference on Computational Intelligence. Berlin,
Heidelberg, Springer Berlin Heidelberg, 2001, pp. 68-75.

Received 08.10.2025.

Accepted 30.01.2025.
Published 27.03.2026.

OPEN 8 ACCESS




p-ISSN 1607-3274 PanioenexTpoHnika, indpopmatrka, ynpasminns. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

YJIK 004.8:004.032.26
HAJIAIITOBHA CTUCKATOYA AKTUBAIIVHA ®YHKIIIA JJIA IIMBOKUX HEMPOHHIUX MEPEX

la¢ponenko A. FO. — n-p TexH. Hayk, OOLEHT Kadeapu iHGOPMATUKH XapKiBCHKOTO HAI[IOHAILHOIO YHIBEPCHTETY
pamioenekrponiku, Xapkis, Ykpaina. ROR: https://ror.org/01ctj1090. ORCID: orcid.org/0000-0002-8040-0279.

Bonsinebkuii €. B. — 1-p TexH. Hayk, npod., mpod. kadeapu mTydIHOTO iHTENeKTy, XapKiBChbKHI HAaliOHATbHUI YHIBEPCHTET
panioenektpoHiku, Xapkis, Ykpaina. ROR: https://ror.org/01ctj1b90. ORCID: orcid.org/ 0000-0001-5418-2143.

Mladponenko €. O. — crapumii Bukiagad kapeapu MesiaimkeHepii Ta iHGOpMaIiHHAX pafioeIeKTPOHHUX CHUCTEM, XapKiBCHKUH
HaliOHAJIBHUI YHIBEPCHUTET PaioelieKTPOHiKy, XapkiB, Ykpaina. https://ror.org/01ctj1b90. ORCID: orcid.org/0009-0008-0872-2274.

Bponenbknii ®@. A. — crapmmii Bukianad kapeapu iHpopMaTiky, XapKiBChbKHH HAIIOHATBHUH YHIBEPCUTET paliOeNIeKTPOHIKH,
Xapkis, Ykpaina. ROR: https://ror.org/01ctj1b90. ORCID: https://orcid.org/0000-0002-0300-3886.

Tanstnesknii O. C. — acnipanT kadenpu iHpopmatiky, XapKiBCbKUil HalliOHAIBHUI YHIBEPCUTET pagioeeKTPOHIKH, XapKiB,
Vkpaina. ROR: https://ror.org/01ctj1090. ORCID: orcid.org/0009-0005-3491-4470.

AHOTAIIA

AxTyanbHicTs. Ha 11eif yac mty4Hi HeHpOHHI MepexXi OTpUMAU IHUPOKE MOMINPEHHS Ul BUPILIeHHs 0araTbox 3a/ad oIparo-
BaHHs iH(popMalil Halpi3HOMAaHITHIIIO! IPUPOAH i, EPII 3a BCE, IHTEJISKTYyaIbHOI0 aHaII3y JaHHX, 3aBJSKH CBOIM YHIBEpCAIbHUM
aNpOKCHMMYIOUMM MOXJIMBOCTSIM 1 3/aTHOCTI JJO HABYaHHS CBOiX MapaMeTpiB — CHHANTHYHUX Bar. [Iponec HaB4aHHs OararorapoBoi
MepeXi MOJIArae y HaJaITyBaHHI CHHANTHYHUX Bar KOJKHOIO HEHPOHa 3a JIOIIOMOT' 010 MPOLEypH 3BOPOTHOTO HOLIUPEHHS ITOXHOOK,
sika 0a3yeThes Ha JIAHIIOTOBOMY TPaBHJI AU(EPEHIIIOBaHHA CKIaTHUX (YHKIII Ta TpalieHTHOI mpoueaypu ontuMizamii. Ha ocHOBI
OaraTomapoBUX MEPCENTPOHIB OyJIM CTBOPEHI TAMOOKI HEHPOHHI MepeKi, IO JTOBEIH CBOIO €(EKTUBHICTH MIPH BHUPILICHH] 0araThox
Iy’Ke CKJIaHHX 3a]1a4, 0B’ I3aHUX 3 00pOOKOI0 1 CHHTE30M 300pakeHb PI3HOMaHITHOI MPUPOJIH, TPUPOJHOMOBHUX TEKCTIB, Oarato-
BHUMIPHUX CTOXaCTHYHUX 1 XaOTUYHHX MOCITIOBHOCTEH, BKIIIOUAIOYH ayAio Ta BijeocurHany. Ha BinMiHy BiJ KJIIACHYHHX TPHOIIApPO-
BuX nepcentpoHiB [HM MicTATh IeCSITKH Ta COTHI IIapiB, a KITBKICTh iX CHHANTHYHKUX Bar € CIiBPO3MipHOI0 a00 HaBITh MEPEBUIILY€E
KIJIBKICTh CHHAIICIB Y GI0JIOTYHOMY MO3KY. 3p0O3yMisIo, IO JJIsI IIMX HEHPOHHUX Mepex e(eKT 3HUKAI04YOro TpajicHTa € BKpail He-
OaxaHUM, TOMY 3aMiCTh TPAAMLIMHUX CTUCKAIOYMX (YHKLIH TYT BUKOPHUCTOBYIOTHCS 3a3BHYail KYCKOBO-JIiHIHHI KOHCTPYKLii, Haii-
O1JIbLI HOMYJISIPHOIO 3 SIKKX €, Tak 3BaHa, ReLU.

Merta. Meta poOoTu moJsrae y 3ampoBapKeHHI aJaliTUBHOT aKTHBAIIHOT (GYHKIIT A1 TTHOOKMX HEMPOHHUX MEpEK Ha OCHOBL
HalOLIBII PO3MOBCIOKEHOT KyckoBo-TiHiHHOT (yHKuii ReLU (Piecewise linear ReLU).

MeToa. 3anponoHOBaHa HOBa HAJIAIITOBHA aKTHBALilfHA (YHKIIS JUIs TIHOOKMX HEHPOHHMX Mepex Ha OCHOBI HAHOIIbII PO3IIO-
BCIOIDKEHOI KyCKOBO-JiHiIHOT (yHkii ReLU, sika ogHak He BiAmoBinae ymoBaM anpokcuMarliiinoi Teopemu JIx. [{ubenka, ane 3a-
Oe3mnedye 3aXKCT MPOLECy HABYAHHS BiJl HEOaXKaHOTO eeKTy 3HUKAIOUOTO TPpajiieHTa.

PesyabTaT. BBeneHo HOBY aJanTHBHY KyCKOBO-TiHiHHY (yHKifo Ha ocHoBi ReLU (Piecewise linear ReLU), o ogHouacHo €
SIK CTUCKAIOYO0I0, TaK 1 3aXHIIIEHOIO Bijl 3HUKAIOYOTr0 rpajieHTa. [Ipy 1poMy y mporeci HaB4aHHs y MEpeKi HAJIAIITOBYIOThCS HE JIMIE
CHHANTHYHI Bard, ajie i mapaMeTpu camol akTuBawiitnoi ¢gyHkiii. BukopucranHs 3anpomnoHoBaHoi GyHKLIT J03BOJISIE CKOPOTUTH Ki-
JIBKICTh HEHPOHIB Ta MPUXOBAHUX LIAPIB Y HEUPOHHIN Mepeski, HeoOXiAHUI 00cAT HaBYAIFHUX BHOIPOK Ta Yac HANAIITYBaHHSA Mepe-
K1 B IUIOMY.

BucnHoBkH. BBeneHo y po3mii alanTUBHY CTHCKAIOdy aKTHBAIliiHy (yHKII0 Ha OCHOBI mupoko mommupenoi ReLU mms rmubo-
KHX HEHPOHHUX Mepek, IO OJHOYACHO 3abe3Iedye yHiBepcalbHi alpoOKCHMYIOdi BIIAaCTUBOCTI 1 B TOH ke 4ac Mepeka He IOoTepIae
BiJ HeOa)kaHOTO e(peKTy 3HHKAIOUOTo IpajicHTa. 3alpoIIOHOBaHa MPOLelypa HaBUYaHHS 3 BUKOpPUCTAHHAM miel QyHkmii, mo 3abe3me-
4Yye BHCOKY LIBHJKOMIIO Ta XapaKTePH3y€eThCs IMPOCTOTOI0 YMCEIbHOI peanizanii. JonaTKoBUH KOHTYp HaJaIlITyBaHHS NapaMeTpiB
aKTUBALIIHUX QYHKIIH JOCHTH NPOCTO MOXe OyTH BBEICHHUH Yy BXKe iCHYIOUI TMOOKI HEHPOHHI MEpesXi, 10 BUKOPHCTOBYIOTh KyCKO-
BO-JTiHIHHI aKTHBAIiitHI QYHKIII.

KJIFOYOBI CJIOBA: apantuBHa cTHCKalO4a akTHBaliiHa (yHKis, riuboka HeliponHa Mepexa, ReLU, rpagientHi npouexny-
Y, HaBYAJILHUM CUTHAIL.
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ABSTRACT

Context. The study solves the relevant task of developing an interpretable and adaptive recognition system for semantic
segmentation of satellite imagery by integrating neural network feature extractors with an information-extreme classifier.

Obijective. To improve the accuracy of satellite land cover classification by developing a hybrid machine learning model that
combines a deep convolutional neural network for extracting informative features with an information-extreme classifier, enabling
the construction of highly reliable decision rules even in the presence of overlapping recognition classes in the feature space.

Method. A hybrid model is proposed that combines efficient spatial feature extraction using a convolutional neural network
(CNN) with an information-extreme intelligent (IEI) technology for data analysis, based on maximizing the information capacity of
the recognition system during machine learning. For feature aggregation, GlobalAveragePooling is applied instead of the classical
Flatten operation. Additionally, regularization techniques such as weight decay and cyclical learning rate scheduling are
implemented. The optimization of IEl model parameters is carried out using a modified Kullback information criterion, interpreted as
a measure of recognition class diversity.

Results. The developed model achieves high classification accuracy (95%) on the test set and demonstrates stable performance,
with improved efficiency of the neural feature extractor due to a reduced number of training epochs enabled by regularization
techniques. As a result of the information-extreme machine learning process, the optimal geometric parameters of the hyperspherical
recognition class containers were determined, allowing the construction of highly reliable decision rules even under conditions of
recognition class overlap in the feature space.

Conclusions. The proposed hybrid model enables the construction of highly reliable decision rules through information-extreme
machine learning, even in cases of a priori fuzzy partitioning of recognition classes in the feature space, based on the input training
matrix formed during feature extraction.

KEYWORDS: information-extreme machine learning, convolutional neural network, information criterion, optimization, hybrid
model, recognition feature extraction, land cover images.

ABBREVIATIONS f5 is an operator for forming matrix X ;
CNN is a Convolutional Neural Network; Ge

. - . is an admissible domain of the information
IEl is an Information-Extreme Intellectual (Machine)

Learning;

ReLU is a Rectified Linear Unit;

Swish is a Sigmoid-Weighted Linear Unit;

AdamW is an Adaptive Moment Estimation with
Weight Decay;

SVM is a Support Vector Machine;

k-NN is a k-Nearest Neighbors;

GAP is a Global Average Pooling.

NOMENCLATURE
M is a number of recognition classes;
N is a number of recognition features;
n is a number of feature vectors of recognition
classes in the training matrix;
Xm 1S an averaged binary feature vector of the

recognition class X2 ;
Z is a recognition feature space;
X is a working binary training matrix;
f, is an operator for forming matrix Y ;

© Dovbysh A. S., Piatachenko V. Y., Serhieiev V. M., Hrytsenko O. M., 2026

DOI 10.15588/1607-3274-2026-1-6

criterion function used for machine learning parameter
optimization;
Kim(d) is a number of events where realizations of

class X,% are mistakenly not assigned to their own class;
Kz,m (d)
realizations are mistakenly assigned to class X 0.

is a number of events where alien

107" is a sufficiently small number introduced to
avoid division by zero;

51 is an average first-order confidence across the
recognition class alphabet;

B is an average second-kind error across the
recognition class alphabet;

-B . .

Xi is an averaged structured binary feature vector
defining the geometric center of the container for
class X ;
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R; is a radius of the hyperspherical container for
class X ;

8; is a parameter equal to half the tolerance field
width for recognition features;

§ is a normalized tolerance field over the recognition
features;
Djj is an inter-center Hamming code-based distance

between class X; and its nearest neighbor X in the

binary feature space;
w is an image width;
h is an image height;
c is an image channel;
W is a convolution kernel;
k is a filter size;
y;i is aground truth label;

¥; is a model prediction;
A is a regularization coefficient.

INTRODUCTION

An important research direction in the field of
intelligent image analysis is the investigation of effective
approaches to feature extraction, which enhances the
informativeness of the input mathematical representation
and enables high-confidence classification decisions in
visual recognition tasks. These tasks have broad
applications in areas such as remote sensing, autonomous
navigation, environmental monitoring, agroanalytics,
military intelligence, and others. In particular, satellite
imagery plays a key role in identifying land cover types,
detecting changes in terrain structure, and classifying
infrastructure-related objects.

Despite the widespread use of convolutional neural
networks (CNNSs) in image processing tasks, they have a
number of significant limitations. For instance, their
decisions are often difficult to interpret, which
complicates their use in sensitive domains where
transparency is required. In addition, neural networks
demand large amounts of training data and are inflexible
during retraining, especially when the number of machine
learning objects increases under conditions of substantial
overlap in the recognition feature space.

To overcome these limitations, hybrid models that
combine the representational power of deep neural
networks with the strengths of classical decision-making
frameworks offer a promising solution. These strengths
include interpretability, robustness, and statistical
consistency. One such framework is the information-
extreme intelligent technology (IEIT), which is based on
maximizing the information capacity of the recognition
system during training. The integration of CNNs for
feature extraction with IEIT as a transparent classification
mechanism provides a foundation for the development of
flexible, adaptive, and controllable next-generation
artificial intelligence systems.
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The object of study is the process of land cover
image classification based on satellite data.

Unlike traditional neural networks, the information-
extreme intelligent (IEI) technology implements a
geometric representation of classes in the form of
containers within the feature space and enables the
construction of decision rules that are invariant to the
dimensionality and distribution of features. When
combined with a convolutional neural network (CNN)
that performs preliminary processing of input images and
generates a descriptive feature representation, this
approach offers flexible control over the trade-off
between  model accuracy, generalization, and
interpretability.

The subject of study is a hybrid machine learning
model that integrates a convolutional neural network with
an information-extreme approach to recognition.

The work investigates the architecture of the hybrid
model, develops algorithms for constructing recognition
class containers, and conducts an experimental evaluation
of model performance using the EuroSAT image dataset.
Special attention is given to analyzing the role of the
CNN as a feature extraction mechanism and examining
the influence of geometric parameters of the categorical
model on decision-making within the IEI framework.

The purpose of the work is to increase the accuracy
and interpretability of satellite image classification by
developing a hybrid machine learning model.

1 PROBLEM STATEMENT

Let us consider a formalized formulation of the
information-extreme machine learning problem for image
classification using a hybrid model. Let X be the alphabet
of recognition classes corresponding to image categories
(in our case, types of terrain). Each image X is input into a
convolutional neural network (CNN), which performs
feature extraction and transforms the image into a feature

vector zeR" in the feature space. The collection of such
vectors forms a three-dimensional brightness matrix Z of
dimensions wxhxc, which serves as the input to the
information-extreme classifier. For each recognition class
Xj € X the machine learning parameters are defined in

the radial basis of the Hamming feature space:
-B
Q; = (xi ,R;,8)). @)

At the same time, the machine learning parameters are
subject to the following constraints:
1) the value of the radius R; must satisfy the

inequality
Ri < Dij’
2) the parameter &; is constrained to lie within the
domain

o

SiS
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During the machine learning process, the following
steps must be performed:

1) In accordance with the concept of the information-
extreme intelligent (IEI) technology, the feature matrix Z

must be transformed into a binary working matrix X B by
quantizing the features according to control tolerance
levels. This transformation allows the model to adapt to
the condition of maximizing the complete probability of
correct classification decisions.

2)Based on the optimized parameters of the
containers, decision rules must be constructed in the form
of categorical mappings. These rules enable the
determination of the class membership of an input feature
vector z using its binary representation in the Hamming
feature space (1).

3) When the recognition system operates in
examination mode, the functional performance of the
hybrid model must be validated by evaluating the
classification accuracy and the statistical consistency of
the decision rules generated during the training phase.

2 REVIEW OF THE LITERATURE

In recent vyears, the increasing complexity of
recognition tasks has fueled growing interest in hybrid
approaches within neural network models, particularly
those that combine convolutional neural networks (CNNs)
with classical machine learning methods. Such integration
contributes to improved classification accuracy, especially
under conditions of limited computational resources.

In computer vision tasks, studies on the effectiveness
of hybrid models [1-3] have shown that employing CNNs
for feature extraction followed by classification using
linear algorithms can significantly reduce computational
complexity without a substantial loss in accuracy. This
highlights the potential of hybrid methods for deployment
in resource-constrained environments.

The work presented in [2] proposes hybrid CNN-SVM
and CNN-KNN architectures for image classification.
These approaches treat the CNN as a feature extractor,
combined with either a support vector machine (SVM) or
k-nearest neighbors (k-NN) classifier, and demonstrate
higher accuracy compared to standard CNNs. This
approach has proven particularly effective when working
with small datasets, as linear classification algorithms can
generalize extracted features more efficiently in such
scenarios.

The study presented in [3] demonstrated that,
following deep feature extraction via a convolutional
neural network (CNN), the use of k-nearest neighbors (k-
NN) can enhance recognition accuracy by reducing the
number of misclassifications.

In parallel with hybrid approaches, recent literature
has devoted considerable attention to increasing model
robustness against adversarial attacks, concept drift, and
data imperfections. In [4, 5], the authors propose resilient
classifier architectures that implement specialized training
mechanisms to adapt to variations in the structure of input
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data. Specifically, [4] describes a method for constructing
a resilient classifier capable of handling concept shift and
fault injection, while [5] introduces a training architecture
and algorithm that explicitly accounts for these factors.

Another research direction that has garnered interest in
the context of interpretable models is information-extreme
machine learning. This approach is based on maximizing
the information capacity of the recognition system during
training. Studies [6, 7] successfully apply the information-
extreme intelligent (IEI) technology to photographic and
video analytics tasks. Both examples demonstrate the
advantages of geometric class representation and the use
of an information criterion as a training objective
function.

The direct foundation for this study lies in [8, 9],
where information-extreme algorithms are proposed for
onboard recognition systems targeting ground objects. In
particular, [8] introduces a mechanism for constructing
recognition class containers in the feature space, followed
by optimization of their geometric parameters. Study [9]
presents an extension of this model that enables selection
of a base recognition class, improving the functional
performance of multiclass machine learning.

The hybrid model proposed in this paper may be
applied to solve the problem of deep neural feature
extraction for recognition tasks.

3 MATERIALS AND METHODS

The concept of hybrid models is well established and
widely supported in the literature [10, 11], as it leverages
the ability of neural networks to effectively extract
informative features from data while preserving the
robustness and interpretability of classical recognition
algorithms.

Accordingly, this study employs a deep convolutional
neural network (CNN) to perform efficient extraction of
informative recognition features from images for their
subsequent use in an information-extreme classifier
(Figure 1).

The model consists of three convolutional blocks,
each comprising a convolutional layer, normalization (to
stabilize the distribution of activations), and a
subsampling operation that reduces dimensionality and
enhances shift invariance.

To improve parametric efficiency, depthwise
separable convolutions are employed, which factorize the
standard kxk convolutional kernel into separate
depthwise and pointwise operations. This reduces the

number of parameters from O(kZCincout) to
O(kZCin+CmCout). Formally, the spatial convolution
operation for each channel is defined by Equation (2):

k-1 k-1
Yiic = Z in+m,j+n,cwm,n,c +be 3]

m=0n=0
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Figure 1 — Hybrid machine learning model architecture for the recognition system

The wuse of a global average pooling layer
(GlobalAveragePooling2D) allows the aggregation of
information across the entire activation map, significantly
reducing the number of trainable parameters and lowering
the risk of overfitting. Equation (3) expresses the
computation of the average feature value for each
channel c:

Ye = Xijc - (3)
H xW i—0 j=0

The activation function used is Swish [12], which
demonstrates improved properties compared to ReLU due
to the absence of “dead neurons” and its smooth transition
between activation regions:

o(x) = x-a(Bx),

o(x) =

1
" (4)
e

Model weights are optimized using the AdamW
algorithm. The total loss function, incorporating L2
regularization, is defined as:

N 2
L==>y; |09(9i)+7¥Z"Wi" ' ®)
i=1 i

The overall structure of the model is presented as a
sequential architecture that combines a convolutional
feature extractor with an information-extreme classifier
(Figure 1).

At the feature extraction stage, three convolutional
blocks are employed: the first uses a standard Conv2D
operation, while the subsequent two utilize depthwise
separable convolutions (SeparableConv2D), which reduce
the number of parameters without compromising feature
informativeness. Each convolutional block is followed by
feature downsampling using MaxPooling.

In the final stage, features are aggregated into a fixed-
length vector using GlobalAveragePooling2D, resulting in
a 512-dimensional feature map. This vector is passed to
the input of the information-extreme classifier (IEC),
which constructs a relevant input training matrix,
transforms it into a working binary matrix, and — by
optimizing the machine learning parameters using an
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information criterion — reconstructs recognition class
containers in the Hamming feature space.

At the output, decision rules are formed based on the
optimized geometric parameters of the recognition class
containers obtained during the training process.

To formalize the process of information-extreme
machine learning, we present it as a functional categorical
model that reflects the relationships among the sets
involved in constructing optimal recognition class
containers. This approach provides a clear representation
of how the transition from input features to classification
decisions is performed, taking into account both
geometric and informational criteria.

Figure 2 illustrates the functional categorical model of
information-extreme machine learning in the form of a
directed graph, where the terminal set E of information
criterion values for optimizing machine learning
parameters is shared across all optimization loops.

At each step of the learning process, the operator &
reconstructs recognition class containers in the radial
basis of the feature space, forming, in the general case, a

fuzzy partition Sﬁ‘M‘ .

¢
E<—S\Q\
/S
iR‘eM‘ y
o,
F X I

Figure 2 — Categorical model of information-extreme
machine learning

The operator 6 projects the constructed fuzzy partition

S{‘M‘ onto the distribution of binary feature vectors of the
binary training matrix X, while the operator y tests the
main statistical hypothesis regarding the membership of
feature vectors to the corresponding recognition class.
Based on the results of statistical hypothesis testing, the

set of statistical hypotheses I““ is formed, and the

operator y generates the set of accuracy metrics S‘Q‘,

where Q:LZ. The set F corresponds to the feature

vectors extracted by the convolutional neural network
from raw input data. The operator v performs the
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transformation of features into a binary form X, which is

subsequently used to construct fuzzy clusters ‘ﬁ‘w . The
operator ¢ computes the set E of information criterion

values used for optimizing the machine learning
parameters.
The mappings between the sets in the graph

correspond to the individual stages of the algorithm:
starting with feature extraction, followed by binary vector
construction, computation of informational measures,
optimization of container parameters (radii, centers,
tolerances), and culminating in the decision-making
process regarding the class membership of a given object.
This form of representation clearly delineates the logical
structure of the system and the interrelationships between
its components.

According to the categorical model (Figure 2), the
information-extreme machine learning algorithm can be
formalized as the following procedure:

P* =argmax{max Eg}. (6)
Gp GR rW{S}

Within the framework of the information-extreme
intelligent (IEI) technology, machine learning under
binary decision-making and equally probable a priori
hypotheses is implemented through a targeted search for
the global maximum of the information criterion,
averaged over the alphabet of recognition classes. As the
optimization criterion, we consider a modified version of
the Kullback information measure, proposed by the
authors, in the following form:

1
B =—[K{p ~ iR
nm
107° +np, +[K1(‘kn2 - ng) | ™)

,m
1077 +ngy —[KH) -k §91 '

xlog,[

Thus, information-extreme machine learning consists
in optimizing the geometric parameters of recognition
class containers, reconstructed in the Hamming feature
space, according to the information criterion.

4 EXPERIMENTS
To solve the problem of land cover image
classification, data from the open EuroSAT dataset [13]
were used. This dataset represents a collection of images
corresponding to different types of terrain and land cover,
based on Sentinel-2 satellite imagery obtained under the
Earth observation program Copernicus.
The images used in this study were selected based on
a proximity criterion, which a priori guaranteed their
overlap in the recognition feature space, thereby
determining the need for deep machine learning.
An alphabet consisting of six recognition classes was
constructed, characterizing the following types of digital
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terrain  image frames: “Annual Crop”, “Forest”,
“Highway”, “Residential”, “Pasture” and “Industrial”
(Figure 3). Each recognition class was characterized by a
set of 2,000 images, each with a resolution of 64 by 64
pixels.

r. P, R
Figure 3 — Matrix of representative images for the
recognition classes

All images were pre-sorted by class to ensure uniform
representation of each category within the resulting
subsets. The dataset was then stratified and divided into
three parts: a training set (70% of the data), a validation
set (15%), and a test set (15%), while preserving the
proportional distribution of classes. This approach not
only ensured balanced subsets but also minimized the risk
of model overfitting on dominant classes.

Image augmentation (e.g., geometric transformations,
brightness adjustments, flipping, etc.) was not applied, as
the goal of the study was not to increase model robustness
to variations in input data, but rather to evaluate the
effectiveness of the hybrid feature extraction and
classification approach under controlled conditions.

During the training stage of the feature extractor, a
convolutional neural network consisting of three
convolutional blocks with normalization and subsampling
operations was used. After the final convolutional layer,
GlobalAveragePooling2D was applied to aggregate
spatial information across the entire activation map and to
generate a fixed-size feature vector.

The model was trained for 50 epochs using the
AdamW optimizer, which combines adaptive weight
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updates with weight decay (L2 regularization), with a
batch size of 32. The Swish activation function was used,
as it provides smooth transitions across activation regions
and eliminates the “dead neuron” problem.

After completing the training stage of the CNN
feature extractor, the features obtained for each image
were quantized into binary form based on a system of
control tolerances. In this way, a binary training matrix of
features was formed, which served as input data for the
information-extreme classifier.

Within this approach, optimization of the geometric
parameters of the class containers (radius, center, and
tolerance field) was carried out based on the authors’
modified version of the Kullback information criterion,
taking into account statistical hypotheses regarding the
belonging of realizations to their corresponding
recognition classes.

To ensure reproducibility of the experiment, the
random number generator was fixed, and identical initial
conditions were applied at each model run.

To evaluate the effectiveness of the hybrid model,
training was conducted for a convolutional neural
network (CNN), which was used to extract features from
the input images. Based on the resulting feature vectors,
two types of classifiers were built: SVM and k-NN,
operating on the feature representations formed by the
CNN.

In order to enable a correct comparison of results,
additional SVM and k-NN classifiers were implemented,
which operated directly on the raw pixel values (flattened
RGB images of size 64x64) without prior CNN-based
feature extraction.

During the training stage of the CNN, a model was
used consisting of three convolutional blocks with
normalization and subsampling, followed by a
GlobalAveragePooling2D layer to convert the spatial
representation into a fixed-length feature vector.

The resulting feature vector was passed through a
fully connected layer of size 512 with a Swish activation
function and Dropout regularization (rate = 0.5).

The network was trained for 50 epochs using a batch
size of 32, the AdamW optimizer (learning rate = 0.001,
weight decay = 1le-4), and the sparse categorical
crossetropy loss function.

For the purpose of comparative analysis of different
classification algorithms, two experimental groups were
formed, differing in the way the input data were
preprocessed:

1. Baseline models: The SVM and k-NN classifiers
were applied directly to the input images represented as
unstructured vectors of pixel values (flattened RGB),
without any prior feature extraction.

2. Hybrid models: The same classification algorithms
(SVM, k-NN), as well as the information-extreme
intelligent technology classifier (IEIT), were applied to
feature vectors that had been previously extracted by the
convolutional neural network (CNN).
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This design enabled the evaluation of how prior deep
image processing affects the accuracy and stability of
classification.

To ensure the reproducibility of the experiments, the
random number generator was initialized with a fixed
seed (random_state = 42).

This guarantees identical outcomes across repeated
runs, as all procedures involving randomness — such as
the stratified splitting of the dataset into training,
validation, and test sets, model parameter initialization,
and stochastic elements of training — were conducted
under consistent conditions.

5 RESULTS

The software implementation of the hybrid algorithm
was designed as a sequential procedure that includes
training an artificial neural network to extract significant
features from the training matrix and constructing
decision rules based on the optimal geometric parameters
of the recognition class containers, which were obtained
during the process of information-extreme machine
learning.

Figure 4 shows the plots illustrating the model’s error
reduction and accuracy as functions of training epochs.
The analysis of Figure 4 reveals that at the early stages of
machine learning, a significant gap is observed between
the training accuracy (60.82%) and the validation
accuracy (15.99%), which indicates the initial adaptation
phase of the model before generalization is formed.

loss i

0 10 20 30 40

epoch

b
Figure 4 — Results of machine learning: a — model error
reduction; b — model accuracy.

As the training progresses and the number of epochs
increases, a trend toward stabilization is observed, and the
model reaches a performance plateau at a level of 96—
97% correct classification decisions.

At the same time, after the 35th epoch on the training
set, the wvalidation accuracy decreases, while the
validation loss increases. Nevertheless, the regularization
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mechanisms and adaptive machine learning strategies
stabilize the accuracy at the level of 97%, which is likely
a consequence of using cyclic learning rate adjustment to
escape local minima. In the course of information-
extreme machine learning, the recognition class
containers are reconstructed through the optimization of
their geometric parameters.

Figure 5 presents the plots showing the dependency of
the information criterion (7) on the radii of the
recognition class containers obtained during the process
of information-extreme machine learning.

The analysis of the machine learning plots shown in
Figure 5 demonstrates that all recognition classes from the
defined alphabet formed valid working domains; that is,
they are separable, since the first and second validity
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measures  within  the working domains exceed,
respectively, the Type | and Type Il error rates.
At the same time, the optimal radii of the recognition

class containers (given in code units) are as follows: 53

for class Xlo — “Annual Crop”, 230 for class XS -

“Forest”, 56 for class Xé) — “Highway”, 55 for class X2

— “Residential”, 56 for class Xé) — “Pasture”, and 55 for

class Xg - “Industrial”.

The quality of machine learning was evaluated using a
test set of 400 images per recognition class. The overall
recognition accuracy during testing reached 95%.

PR
AT
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. L
EE,:,_ e

Figure 5 — Plots of the dependency between the information criterion and the radii of the recognition class containers:

a—class Xlo “Annual Crop”, b - class Xg “Forest”, ¢ — class Xg “Highway”,

d —class x2 “Residential”, e — class XE? “Pasture”, f — class Xg “Industrial”

© Dovbysh A. S., Piatachenko V. Y., Serhieiev V. M., Hrytsenko O. M., 2026

DOI 10.15588/1607-3274-2026-1-6

OPEN 8 ACCESS




p-ISSN 1607-3274 PanioenextpoHnika, indpopmatrka, ynpasminss. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

Special attention should be paid to the interpretability of
the models. While deep neural networks with softmax
output provide high classification accuracy, their internal
mechanisms remain largely opaque to the user due to the
large number of parameters and complex layer interactions.

The k-NN and SVM algorithms partially improve
interpretability by allowing the analysis of proximity to
training examples or positioning relative to the decision
hyperplane.

At the same time, the proposed IEIT model ensures
significantly greater transparency of decision-making due
to its geometric interpretation in the form of recognition
class containers in the space of binarized features. Unlike
deep learning “black-box” models, this approach defines
clear boundaries between classes in the form of
hyperspherical regions, whose parameters — centers, radii,
and tolerances — have explicit mathematical meaning.

This structure not only determines the class
membership of an object but also allows assessing the
degree of proximity or remoteness of the feature vector
from the center of the corresponding container. In turn,

this enables the identification of borderline or atypical
instances.

Moreover, the geometric interpretation provides a
foundation for building trust mechanisms into the model,
which can be used to develop additional decision criteria
or to detect anomalous cases that do not correspond to any
of the training classes.

To summarize the obtained results visually, Table 1
presents a comparative analysis of the efficiency of
different image classification approaches. The comparison
includes both classical algorithms applied directly to raw
pixel data and modern neural and hybrid architectures
with prior feature extraction. In addition to classification
accuracy, the models are also evaluated in terms of their
generalization ability via macro F1-score, class-wise
recall range, and interpretability of the decision process.
This allows for a comprehensive assessment not only of
classification performance but also of the model’s
practical suitability for analysis and real-world
deployment.

Table 1 — The fragment of experimental results on model building by the formed samples

Ne Architecture Features Classifier Accuracy Macro F1 Recall Interpretability
(min/max)

1 Raw pixels + SVM 64x64 grayscale SVM 47.3% 0.44 0.10/0.92 low

2 Raw pixels + k-NN 64x64 grayscale k-NN 38.6% 0.27 0.00/0.99 low

3 CNN + Softmax CNN-features Softmax 93.8% 0.94 0.80/0.99 limited

4 CNN + k-NN CNN-features k-NN 96.75% 0.97 0.94/0.99 limited

5 CNN + SVM CNN-features SVM 96.4% 0.96 0.93/0.99 limited

6 CNN + IEIT CNN binary features IEIT 96.5% 0.95 0.93/0.99 high

6 DISCUSSION

The analysis of the plots presented in Figure 4
demonstrates a typical dynamic of adaptation during the
early stages of machine learning: the noticeable difference
between accuracy on the training and validation sets
gradually decreases as the model begins to form
generalizations. After epochs 30-35, the accuracy reaches
a plateau, which indicates the stabilization of the learning
process. An increase in validation loss in the later stages
signals the beginning of overfitting. Nevertheless, the
application of regularization techniques — particularly
weight decay implemented in the AdamW optimizer —
and the use of the GlobalAveragePooling layer made it
possible to maintain consistently high validation accuracy
at the level of 96-97%.

The information-extreme component of the model
shows a clearly expressed dependence of the information
measure on the geometric parameters of the recognition
class containers (Figure 5), which indicates the
effectiveness of using the information criterion for
optimizing machine learning parameters. In particular, for
each recognition class, a specific optimal range of radius
values was determined, within which the maximum of the
information measure (7) is achieved. This measure takes
into account the differences between intra-class and inter-
class distributions. Such optimization allows the
formation of compact yet sufficiently capacious
hyperspherical containers that accurately reflect the
statistical regularities of the input data.
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The obtained optimal parameters confirm the model’s

ability to form well-separated regions in the
multidimensional ~ feature  space, with  features
preliminarily extracted by the convolutional neural

network. As a result, each recognition class is provided
with an individually adapted geometric representation,
which reduces the risk of inter-class overlap and improves
the accuracy of classification decisions. Moreover, the
presence of clearly pronounced maxima of the functional
indicates the model’s stability to small variations in the
container parameters — an important property for practical
use in conditions of limited or partially noisy input data.

Compared to the classical CNN architecture that uses
a softmax classifier, the proposed hybrid approach has
several advantages. First, the model provides higher
interpretability due to the geometric representation of
recognition classes in the form of hyperspherical
containers. Second, the separation of feature extraction
and classification processes allows for more flexible
control of the system’s behavior, in particular, the ability
to adapt the classifier to changes in the feature space
without the need to retrain the entire network. This is
especially important in cases with small datasets or a high
level of inter-class overlap.

At the same time, the construction of class containers
in the space of binarized features has certain limitations.
This approach assumes the isotropy of the feature space,
which is not always satisfied in practice. Additionally, the
effectiveness of decision-making is highly dependent on
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the proper tuning of parameters — particularly the control
tolerance & and the boundary values of the recognition
class container radii require prior optimization or the
implementation of adaptive mechanisms.

During the experimental study, a comparative
evaluation of various image classification approaches was
carried out. The use of classical linear classifiers (SVM and
k-NN) directly on pixel-level image representations proved
to be ineffective: SVM achieved an accuracy of only
47.3%, while k-NN reached 38.6%. These results confirm
the limitations of raw pixel features and emphasize the
necessity of deep preprocessing of input data.

Applying a softmax classifier within the convolutional
neural network framework significantly improved
classification accuracy — up to 93.8%. However, a more
detailed analysis revealed considerable discrepancies in the

Softmax Confusion Matrix (Accuracy: 93.83%)

True

Fredicted

a
KNN Cenfusion Matrix (Accuracy: 96.75%)

True

Fredicted

C

recognition performance of individual classes, particularly
in cases with high visual similarity between them.

The highest performance was achieved using hybrid
models that combine CNN-based feature extraction with
classification via separate algorithms. The CNN + SVM
model achieved an accuracy of 96.4%, while CNN + k-
NN reached 96.75%. These results indicate that such
hybrid approaches not only ensure high recognition
accuracy but also preserve the structural coherence and
stability of the model’s behavior.

Thus, the hybrid architecture demonstrates superiority
over both classical and standalone neural approaches,
especially in tasks where a combination of high accuracy,
adaptability, and interpretability of results is required.

Based on the confusion matrices (Figure 6), a more
detailed analysis of model classification quality can be

SWM Confusion Matrix (Accuracy: 96.25%)

True

1 2 k] 4 5
Predicted

b

IEIT Confusion Matrix {Accuracy: 94.54%)

True

1 2 | 4 5
Predicted

d

Figure 6 — Confusion matrixes for classification neural based models:
a— CNN + Softmax, b — CNN + k-NN, ¢ — CNN + SVM, d - CNN + IEIT
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performed. Despite an overall accuracy of 93.83%, the
softmax classifier exhibits a pronounced bias in recognizing

class Xg (“Highway™) — with 38 misclassifications toward

the “Annual Crop” class and an additional 42 errors scattered
across other classes. This behavior indicates a high degree of
inter-class overlap for this category and an insufficient
capacity of softmax-based decisions to separate closely
situated representations in the feature space.

The CNN + Kk-NN (96.75%) and CNN + SVM
(96.25%) models demonstrate a significantly more stable
error distribution. In particular, the number of
misclassifications in the “Highway” and “Residential
Area” classes has been reduced by at least half. This
indicates that geometric methods relying on local or
global decision boundaries in the feature space perform
better in cases of partial overlap between classes.

The proposed CNN + IEIT model achieves an overall
accuracy of 94.54%, with its confusion matrix nearly
replicating the pattern of errors observed with the SVM
classifier. However, unlike SVM, IEIT operates with
clearly defined geometric containers featuring adaptive
radii and enables the identification of uncertainty zones.
For the “Highway” and “Residential” recognition classes,
the number of errors is identical to that of SVM, though
IEIT exhibits better clarity in other classes (e.g., “Annual
Crop™), avoiding mixing with more distant categories.

CONCLUSIONS

The relevant task of constructing an interpretable and
statistically grounded image classification system based
on deep feature extraction has been addressed through the
development of a hybrid model that combines a
convolutional neural network (CNN) with information-
extreme machine learning (IEIML).

The scientific novelty of the obtained results lies in
the proposed approach that enables the formation of
hyperspherical recognition class containers in the feature
space generated by the CNN, followed by optimization of
their parameters using an information-based criterion.
This approach ensures a balance between classification
accuracy and interpretability of the decision-making
process.

The practical significance of the proposed solution is
defined by the possibility of effectively applying the
model for satellite image classification within a modular
architecture, where the feature extractor and the classifier
can be independently adapted or enhanced for various
tasks and datasets.

Prospects for further research include the adaptation
of the proposed hybrid architecture to object detection
tasks, particularly the localization of multiple objects
within a single image and the extension of the categorical
model to operate with spatially oriented representations.
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AHOTAIIA

AxTyanbHicTh. Po3B’s3aHO akTyanbHy 3amady HOOyIOBH IHTEPIPETOBAHOI Ta AagaNTUBHOI CHCTEMH PO3Ii3HABAHHS IS
CEeMaHTHUYHOT CerMeHTallil CyITyTHUKOBUX 3HIMKIB MICIIEBOCTI IIUISIXOM ITO€HAHHS HEHPOMEpekeBUX eKCTPAKTOPIB 3 iHpopMariitHo-
eKCTPEeMaJIbHUM KJIacU(piKaTopoM .

Meta po6orn. IlixBuieHHs: ToYHOCTI Kilacudikamil CymyTHHKOBUX 3HIMKIB MICIIEBOCTI LIISXOM pO3poOKH riOpuaHOi Mopeni
MaIIMHHOTO HAaBYaHHS, KA 00’ €Hy€ TIMOOKY 3TOPTKOBY HEHPOHHY MepexKy Ui BinOopy iHpOpPMaTHBHUX O3HAK Ta iH(pOpMAaIiifHO-
eKCTpeMalbHUIl Kiacu@ikaTop, IO OO3BOJISIE OyAyBaTH BHCOKOAOCTOBIpHI BHUpIIIaibHI MpaBWiIa 3a YMOBH NEpPETHHY KIACiB
po3mi3HaBaHHA B IPOCTOP1 O3HAK.

MeToa. 3anpoNIOHOBAHO TIOPHIHY MOZEINb, IKa ITOEAHYE e()eKTUBHY €KCTPAKIIIIO IPOCTOPOBHX O3HAK 33 JOIIOMOTOI0 3TOPTKOBOL
HEHPOHHOI Mepexxu Ta iHpopManiiiHO-eKCTpeMalbHy IHTEJIeKTYalIbHy TEXHOJIOTIIO aHAli3y NaHMX, sIKa 0a3yeThcsl Ha MaKCHMi3amil
iH(opMaIiifHOT CHPOMOXKHOCTI CHUCTEMH pO3Ii3HABaHHS B MpOLECI MAaIIMHHOTO HaBYaHHS. BopHOYac mHpH eKcTpakiii o3HaK
po3mix3HaBaHHs 3aMicTh KitacuuHoro Flatten sukopucrano GlobalAveragePooling asist y3aranbHEHHS 03HaK, a TaKOX BIPOBAIKEHO
peryispusaniiiHi MexaHi3MM, 30KpeMa BaroBe 3aTyXaHHs Ta LMKJIiyHe HaBuaHHsi. OnNTuMi3alis mapaMeTpiB iHopmariitHo-
EKCTPEMAIbHOT0 MAIIMHHOTO HAaBYAaHHS BUKOHYETHCS 3a MOAM(IKOBAHUM aBTOpamu iH(opmauiitnuM kpurepiem Kynbbaxa, skuit
PO3TIIAOaEThCA SK Mipa pi3HOMaHITHOCTI KJIaciB pO3Mi3HABAHHS.

PesyabraTu. [ToGynoBana mopens 3abesnedye BHCOKY TO4YHICTH Kiacuikarii (95%) mpu TecTyBaHHI, a TAKOXK IEMOHCTPYE
CTaOUIBHICTh Ta MiJABUIICHHS ONEPATHBHOCTI HEHPOMEPEIKEBOTO EKCTPAKTOPa LIISXOM 3MEHILIECHHS KiJIbKOCTI €HOX HOro HaBYaHHS
3aBJISIKM 3aCTOCOBaHHIO peryisipusanii. 3a pesysibrataMi iHGOpMaLiiiHO-eKCTPEMaIbHOr0 MALIMHHOTO HABYAHHS BH3HAYCHO
ONTHMaJbHI T'€OMETPHYHI IapaMeTpu TrinepcepuyHUX KOHTEHHEpiB KIIaciB pO3Mi3HABaHHS, IO JO3BOJSIE IOOYHyBaTH
BHCOKO/IOCTOBIPHI BUpIIIaJbHI IpaBuUiIa 32 YMOBH IIEPETHHY KJIACiB PO3Mi3HABAHHSIC B IPOCTOPI O3HAK.

BucHoBku. 3ampornoHoBaHa TiOpHIHA MOJCNb [O03BOJSIE AJsl AlpiOPHO HEYITKOrO PO30OUTTSI B IMPOCTOPI O3HAK KIACiB
po3mi3HaBaHHs 3a c(OPMOBAHOIO B pe3yNbTaTi EKCTPAKIil O3HAK BXiTHOIO HABYAJIBHOI MATPHIEI0 MOOyIyBaTd B TMPOLECi
1HpOpMaLifHO-eKCTPEMaIbHOTO MAITMHHOTO HABYaHHS BUCOKOOCTOBIpHI BUPILIaIbHI IpaBHUIIa.

KJIFOYOBI CJIOBA: iHdopMmamiiiHo-eKCTpeManbHe MAallMHHE HaBYaHHS, 3TOPTKOBa HEHpOHHA Mepexa, iH(popMamiiHuiA
KpHTepif, onTuMizamis, ribpuIHa MO/eIIb, eKCTPaKIIis O3HAK PO3Ii3HABAHHS, 300paKEHHS MiCIIEBOCTI.

© Dovbysh A. S., Piatachenko V. Y., Serhieiev V. M., Hrytsenko O. M., 2026
DOI 10.15588/1607-3274-2026-1-6 OPEN (¢ ) ACCESS




p-ISSN 1607-3274 Panioenextpownika, indopmatrka, ynpasminns. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

JITEPATYPA
Efficientnet-Lite and Hybrid CNN-KNN Implementation for
Facial Expression Recognition on Raspberry Pi / [M. N. Ab
Wahab, A. Nazir, A. T. Z. Ren et al.] // |IEEE Access. —
2021. - Vol. 9. - P. 134065-134080.
DOI:10.1109/ACCESS.2021.3113337
SVM and KNN Based CNN Architectures for Plant
Classification / [S. Ghosh, A. Singh, Kavita, N. Z. Jhanjhi et
al.] // Computers, Materials and Continua. — 2022. — Vol. 71,
Ne 3. — P. 4257. DOI:10.32604/CMC.2022.023414
Lanjewar M. G. Development of framework by combining
CNN with KNN to detect Alzheimer’s disease using MRI
images / M. G. Lanjewar, J. S. Parab, A. Y. Shaikh //
Multimedia Tools and Applications. — 2023. — Vol. 82, Ne 8.
- P. 12699-12717. DOI:10.1007/S11042-022-13935-
4/METRICS
Model and Training Method of the Resilient Image
Classifier Considering Faults, Concept Drift, and
Adversarial Attacks / [V.Moskalenko, V. Kharchenko,
A. Moskalenko, S. Petrov] // Algorithms. — 2022. — Vol. 15,
Ne 384. — P. 1-24. DOI:10.3390/a15100384
Image Classifier Resilient To Adversarial Attacks, Fault
Injections And Concept Drift — Model Architecture And
Training Algorithm / [V. V. Moskalenko, A. S. Moskalenko,
A. G. Korobov, M.O. Zaretsky] // Radio Electronics,
Computer Science, Control. — 2022. — Vol. 3, Ne 86. — P. 1-
16. DOI:10.15588/1607-3274-2022-3-9
Shelehov I. Information-extreme machine learning of an
ophthalmic diagnostic system with a hierarchical class
structure / 1. Shelehov, D. Prylepa, Yu. Khibovska //
Artificial Intelligence. — 2024. — Vol. 29, Ne3. — P. 114-125.
DOI:10.15407/JA12024.03.114
Indopmamiitno-Excrpemansunit  Metox  JleTekTyBaHHS
M’ssaa B Cucremax IntenexryanmsHoro Bineoanamisy
Bouseit6onbroro Maruy / [A. C. Hos6um, 1. B. Ilenexos,
1. B. Tlpunena ta in.] // Bicuuk KpHY imeni Muxaiina

9.

10.

11.

12.

13.

© Dovbysh A. S., Piatachenko V. Y., Serhieiev V. M., Hrytsenko O. M., 2026
DOI 10.15588/1607-3274-2026-1-6

66

Octporpagcekoro — 2024. — Bun. 5. - C.41-51
DOI:10.32782/1995-0519.2024.5.6

Information-extreme machine learning of on-board vehicle
recognition system / [A. S. Dovbysh, M. M. Budnyk,
V. Y. Piatachenko, M. I. Myronenko] // Cybernetics and
Systems Analysis. —2020. — Vol. 56. — P. 534-543.
DOI:10.1007/s10559-020-00269-y

Information-Extreme Machine Learning of an On-board
Ground Object Recognition System with a Choice of a Base
Recognition Class / [I. Naumenko, V. Piatachenko,
M. Myronenko, T. Savchenko] // 6th International
Conference on Computational Linguistics and Intelligent
Systems, Gliwice, 12-13 May 2022: proceedings. — Gliwice
: CEUR, 2022. - P. 1139-1148.

Tan M. EfficientNet: Rethinking Model Scaling for
Convolutional Neural Networks / M. Tan, Q. V. Le // 36th
International Conference on Machine Learning, 9th June
2019: proceedings. — Long Beach:arXiv,2019. — P. 10691-
10700. DOI: 10.48550/arXiv.1905.11946

MobileNetV2: Inverted Residuals and Linear Bottlenecks /
[M. Sandler, A. Howard, M. Zhu et al.] //Conference on
Computer Vision and Pattern Recognition, Salt Lake City,
2018: proceedings. — Salt Lake City: IEEE, 2018. — P. 4510-
4520. DOI:10.1109/CVPR.2018.00474

Dasgupta R. Performance Comparison of Benchmark
Activation Function ReLU, Swish and Mish for Facial Mask
Detection Using Convolutional Neural Network /
R. Dasgupta, Y. S. Chowdhury, S. Nanda // Algorithms for
Intelligent Systems, Singapore, 2021: proceedings -
Singapore: Springer, 2021. - P. 355-367.
DOI:10.1007/978-981-16-2248-9_34

Eurosat: A novel dataset and deep learning benchmark for
land use and land cover classification / [P. Helber,
B. Bischke, A. Dengel, D.Borth] // IEEE Journal of
Selected Topics in Applied Earth Observations and Remote
Sensing. — 2019. — P. 1-9. DOI: 10.48550/arXiv.1709.00029

OPEN a ACCESS




p-ISSN 1607-3274 PanioenextpoHnika, indopmaTrka, ynpasminss. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

UDC 004.93
WELER: A COMPLEX METRIC FOR TEXT QUALITY ASSESSMENT
Dumyn A. R. - Post-graduate student at Lviv Polytechnic National University, Ukraine. ROR:

https://ror.org/0542q3127. ORCID: https://orcid.org/0000-0003-2111-2899.
Shakhovska N. B. - Dr. Sc., Professor, Rector at Lviv Polytechnic National University, Ukraine. ROR:
https://ror.org/0542g3127. ORCID: https://orcid.org/0000-0002-6875-8534.

ABSTRACT

Context. Assessing text quality is essential for reliable Al that processes language. In ASR, it reflects how faithfully speech be-
comes text; in OCR, how accurately images yield text; and in NLP, how correct and coherent outputs are.

Obijective. The goal of the work is the creation of a complex metric for text quality assessment.

Method. Classic metrics WER and CER are narrow: they capture only lexical edits, weigh all changes equally, ignore context
and semantics, and often skip punctuation and case, masking readability issues and error types. We propose WELER, a hybrid metric
that blends weighted WER and CER with a semantic component based on contextual embeddings to measure meaning preservation.
Weights can be set manually or learned (e.g., via PCA), adapting the metric to ASR, OCR, or NLP tasks. Key challenges include
computational cost, choosing optimal weights through correlation with human judgments, and the need for high-quality reference
data. Proposed WELER metric integrates accurate word and character level error counting, using Levenshtein distance as a basis,
with advanced semantic similarity methods based on contextual embeddings. This allows WELER to take into account not only what
was incorrectly recognized, but also how much this error affects the meaning and understanding of the text. The inclusion of self-
adjusting weights depending on the text category is a key feature of WELER, which allows adapting the metric to the specific re-
quirements of different applications and domains, prioritizing those aspects of quality that are most critical for a particular task.

Results. Proposed WELER metric is an alternative solution in this direction. It integrates accurate word and character level error
counting, using Levenshtein distance as a basis, with advanced semantic similarity methods based on contextual embeddings.

Conclusions. WELER, like all metrics based on reference data, relies on accurate and consistent human-verified transcriptions.
Errors in the reference data can affect the accuracy of the assessment. Therefore, for complex metrics, the quality and representative-
ness of these data are especially important, since semantic and weighted errors are much more sensitive to the quality of the annota-
tion than simple word counts.

KEYWORDS: snatural language processing, automatic speech recognition, text quality assessment, WER, CER, WELER.

ABBREVIATIONS lenar 1S @ NnUMbers of character-level insertions;

ASR is automatic speech recognition; Wier is @ weighted word error rate;

OCR is optical character recognition; W is a weighted error rate in symbols;

NLP is natural language processing; SemErr is a semantic error indicator;

WER is word error rate; o is a normalized Wyer;

CER is character error rate; B is a normalized We;

NLI is Natural Language Inference; Y is a normalized SerErr;

WELER is weight-based error rate. Embiny is a vector of embeddings of the reference text;

Embouput is @ vector of recognized text embeddings.
NOMENCLATURE

S is a number of substitutions; INTRODUCTION

D is a number of deletions (word omitted); Text quality assessment plays a crucial role in

I is a number of insertions (extra word); functionality of systems that work with text data. Espe-

N is a number of words in the template; cially artificial intelligence. In areas such as ASR, OCR,

Sc is @ number of character substitutions; and NLP, accurate text quality assessment is fundamental

D is a number of omitted characters; to determining the effectiveness of the system. For exam-

|c is @ number of extra characters; ple, in ASR, it determines how accurately spoken words

Nenar is @ total number of characters in the reference 4o converted to text, and in OCR, the correctness of text
text;, o ) extraction from images. In NLP tasks related to text gen-

Sword 1S @ numbe_zr of_word-level substitutions obtained eration, processing, and quality assessment helps deter-
from the Levenshtein alignment; mine the correctness and coherence of the obtained result

Duworg iS @ number of word-level deletions obtained [1].
from the Levenshtein alignment;

lwora IS @ number of word-level insertions obtained
from the Levenshtein alignment;

Nworg IS @ total number of words in the reference text;

Ws is an adjustable weighting factors for Syq;

Wp is an adjustable weighting factors for Dyrq;

w,_ is an adjustable weighting factors for lord;

Traditionally, WER and CER metrics have been
widely used to assess text quality. These metrics are quan-
titative measures of how well extracted data matches a
reference, usually expressed as a percentage [1]. WER
and CER are derived from the Levenshtein distance,
which defines the minimum number of editing operations
S. isanumbers of character-level substitutions: (replacements, delet.ions, or insertions) required to trans-

char ’ form one sequence into another, WER works at the word

Dcnar is @ numbers of character-level deletions; . - o
enar IS @ nUMbers of character-level deletions; level, counting errors resulting from word substitutions,
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deletions, or insertions. CER, on the other hand, focuses
on character-level accuracy, counting similar errors for
individual characters. These metrics have become the
standards for evaluating the performance of ASR and
OCR models, due to their relative ease of calculation and
straightforward interpretation.

However, despite their popularity, WER and CER
have significant limitations that hinder their ability to
fully reflect text quality. They mainly measure lexical
accuracy at a superficial level, without taking into account
semantic similarity, word importance, grammatical cor-
rectness, or the impact of punctuation errors [2]. For ex-
ample, WER penalizes minor spelling errors as well as
errors that completely change the meaning of a sentence,
leading to discrepancies between automatic evaluation
and human perception of text quality.

Due to these restrictions, there was a need to develop a
more comprehensive Evaluation metric. Such metrics
should go beyond simply counting errors at a superficial
level, integrating a deeper understanding of semantics and
context, and allowing for differential weighting of differ-
ent types of errors according to their impact on the overall
quality and understandability of the text.

Object of the research: automated text quality
assessment in Al systems (ASR, OCR, and NLP) based
on reference transcriptions/texts.

Subject of the research: the hybrid WELER metric —
its components (weighted WER, weighted CER, and a
semantic error indicator from contextual embeddings),
normalization choices, and data-driven weighting (e.g.,
PCA-based) for different task categories.

This study aims to develop a hybrid metric for as-
sessing the quality of generated text based on the use of
basic metrics and taking into account semantic and
weighted approaches. The development of such a hybrid
metric reflects the growth of the assessment of artificial
intelligence systems, moving from a purely quantitative
error count to a more qualitative, human-perceived under-
standing of “correctness”. This transition is an intermedi-
ate stage for creating more reliable and user-oriented arti-
ficial intelligence systems.

1 PROBLEM STATEMENT

We study the problem of learning a composite error
metric (WELER) for text sequences. For each example
we have a reference text R, a system output H (from
ASR/OCR/NLP), domain metadata m (e.g., language,
task type, noise), and a human quality score y in [0,1].
From (H, R) we compute three normalized component
errors in [0,1]: a weighted word-level edit error, a
weighted character-level edit error, and a semantic differ-
ence (for instance, one minus cosine similarity of sen-
tence embeddings or an NLI-based score). WELER is a
single score that combines these components with non-
negative weights that sum to one; the weights may be
fixed or predicted from m so the metric adapts to the do-
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main. Lower WELER means fewer errors (you may invert
it if you prefer “higher is better”).

The goal is to learn the weights (and, if needed, nor-
malization/adaptation parameters) so that 1 — WELER
matches the human scores y as closely as possible on the
dataset, typically by minimizing an average loss such as
MAE or MSE, or by maximizing rank agreement. We
require monotonicity (if any component error increases,
WELER cannot decrease) and, optionally, stability across
groups (e.g., languages). For decision making, a threshold
on 1 — WELER can be chosen to label outputs as accept-
able or not, tuned to maximize a target metric like F1.

2 REVIEW OF THE LITERATURE

The issue of developing additional metrics for assess-
ing the quality of work of artificial intelligence methods
with the tasks of natural language processing, optical text
recognition [3], audio-to-text conversion [3], plagiarism
detection [4], etc., is widely studied in academic circles.
In particular, the authors [5] propose the H_eval metric,
which combines semantic correctness with the traditional
WER error. This metric works much faster than
BERTScore and has a strong correlation with NLP tasks.
In [6], the metric was introduced SemDist is the distance
between the embedding vectors for the reference and gen-
erated texts obtained through RoBERTa. Semantic
evaluation has been shown to be more relevant for natural
language understanding tasks than simple WER.

SeMaScore metric [7], developed for ASR, integrates
traditional error metrics with a robust measure of seman-
tic similarity. It then computes segment scores using con-
textual embeddings. and cosine similarity. This approach
demonstrates how traditional methods can serve as the
basis for new, more sophisticated estimates. In the work
[8] proposed a metric that combines NLI score, semantic
and phonetic similarity. The proposed metric achieves a
correlation of  with human intelligibility judgments on
data with language features (dysarthria and dysphonia
discourse). Article [9] proposes the BERTScore metric,
which calculates the similarity between texts based on
contextual embeddings and shows that this approach cor-
relates better with human evaluation than traditional n-
gram metrics.

WER [10] is one of the most common metrics for
evaluating text recognition accuracy. It measures the per-
centage of incorrect words in the generated text (hypothe-
sis) compared to the reference text [1]. The formula for
calculating WER is given below

S+D+1

WER = 1)

It is important to note that the WER value can exceed
1 or 100%, especially in cases where the number of inser-
tions significantly exceeds the number of words in the
reference text. Lower WER values indicate higher accu-
racy. WER is a particularly valuable tool for evaluating
ASR and OCR performance, particularly in scenarios
where the emphasis is on free-form text recognition. This

OPEN a ACCESS




p-ISSN 1607-3274 PanioenextpoHnika, indopmaTrka, ynpasminss. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

includes applications such as document digitization,
handwriting transcription, multilingual text recognition,
book and manuscript archiving, and automating the tran-
scription of meeting notes or legal documents.

Before calculating the WER, a text pre-processing
process known as normalization is usually applied to en-
sure a fair comparison. This involves converting all text to
lowercase, removing punctuation, and standardizing
numbers (e.g., “5 momapis”. instead “5 $”) and expansion
of abbreviations.

WER is based on the Levenshtein distance, which
works at the word level. This relationship means that
WER, as a metric, is derived from an algorithm that
counts the minimum number of edit operations to trans-
form one sequence of words into another. This use of
Levenshtein distance for WER results in all word-level
errors (substitutions, deletions, insertions) receiving the
same weight. For example, the substitution of the word
“mmuetr” to “rutectu”, which is a homophone or “xur” to
“kat”, which is a completely different word, will have the
same error weight, despite their different impact on se-
mantic meaning. This insensitivity to semantic nuances is
a direct consequence of the underlying algorithm and con-
stitutes a significant limitation.

Furthermore, the need for extensive text normalization
before calculating WER, which includes removing punc-
tuation and ignoring capitalization, indicates that WER in
its standard form is not a holistic measure of text quality.
Rather, it measures lexical relevance after preprocessing.
This means that important aspects of text quality, such as
formatting and grammatical correctness, which are often
removed during normalization, are effectively ignored by
standard WER. This highlights the need for a new metric
that could explicitly include these aspects or allow for
their weighted inclusion.

CER [10] is another key metric for assessing recogni-
tion accuracy, which, unlike WER, focuses on accuracy at
the character level. CER measures how many characters
in the source data differ from the reference data, taking
into account substitutions, deletions, and insertions of
characters relative to the total number of characters in the
reference data. The formula for CER is identical to the
WER formula, but applied to characters, and is given be-
low

cer_SctDctlc @)

Dc

CER provides a more detailed error assessment than
WER. For example, minor typographical errors, such as
“onparrroans” instead of “onpamrosanus”, will result in a
full word substitution error in WER, but only a single
character substitution error in CER. This allows for a
more accurate assessment of systems where even small
errors can have significant consequences, such as in cod-
ing, formal documents, or specialized terminology.

CER is particularly useful in scenarios where word
boundaries may be absent, such as numeric data, alpha-
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numeric codes, or where accurate character recognition is
critical, such as serial numbers, financial data, passport
numbers. It is also applicable for languages that do not
have clear spaces between words, such as Chinese.

Although CER offers a more granular error estimate,
it still has a fundamental limitation of WER - the lack of
semantic understanding. Even a single character error can
significantly change the meaning of a word or sentence,
which CER alone does not capture. This means that while
CER is more accurate in indicating where an error has
occurred, it does not assess the impact of that error on the
value, which is a critical aspect of the quality of the esti-
mate.

The usefulness of CER in specific domains, such as
numeric data, codes, or languages without clear word
boundaries, suggests that a truly robust text quality metric
should be adaptive or configurable to prioritize different
levels of error (symbolic vs. lexical) depending on the
application requirements. This suggests that the coeffi-
cients for WER/CER in the hybrid metric will allow it to
be adapted to these diverse needs.

Levenshtein distance [12], also known as edit dis-
tance, is a metric that quantifies the difference between
two strings. It calculates the minimum number of charac-
ter-level editing operations (insertions, deletions, or sub-
stitutions) required to transform one string into another.
The algorithm was proposed by Vladimir Levenshtein in
1965, and it quickly became the basis for tasks such as
spell checking, DNA sequencing, and duplicate text de-
tection. The implementation of Levenshtein distance is
based on dynamic programming.

As already mentioned, the Levenshtein distance is the
main algorithm for calculating WER and CER. It is used
to align the recognized text with the reference text and
identify minimal editing operations at the word or charac-
ter level.

There are variants of edit distance that extend the ba-
sic Levenshtein distance. For example, the Damerau-
Levenshtein distance includes transpositions, i.e., the rear-
rangement of two adjacent characters, as a single editing
operation, which allows for a more accurate representa-
tion of some types of errors, such as those that occur in
typing. Weighted edit distance allows for different
weights to be assigned to insertion, deletion, and replace-
ment operations. These extensions demonstrate that even
within the edit distance paradigm, researchers have rec-
ognized that not all errors are equally important, which in
turn creates the prerequisites for the application of addi-
tional weights.

Levenshtein distance is purely lexical a comparison
metric that is not intended for semantic or contextual un-
derstanding. Its applications, such as spell checking or
plagiarism detection, are primarily concerned with string
similarity rather than semantic equivalence. However,
despite this, Levenshtein distance can serve as a structural
framework for integrating higher-level semantic informa-
tion. For example, in metrics such as SeMaScore, Leven-
shtein distance is used for initial segment alignment. This
allows for identifying relevant parts of the text, even if
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they contain errors, and then applying semantic compari-
son to these aligned parts. This approach is a way of com-
bining lexical and semantic evaluation.

To overcome the limitations of traditional metrics
such as WER and CER, researchers have developed more
sophisticated approaches that take semantic meaning into
account and allow for weighting of different types of er-
rors [13].

Semantic similarity metrics move away from simply
counting lexical errors and focus on preserving the mean-
ing of the text. They use contextual embeddings to repre-
sent words and sentences in a multidimensional space
where semantically similar texts are located closer to-
gether. Cosine similarity is commonly used to measure
this proximity.

BERTScor metric uses contextual embeddings from
pre-trained language models such as BERT or RoOBERTa
to measure semantic similarity between texts. It calculates
precision, completeness, and F1-measure by aligning to-
kens based on vector similarity. BERTScore correlates
better with human judgment than traditional n-gram met-
rics such as BLEU, ROUGE, because it is able to recog-
nize when different words or phrases convey the same
meaning, even if their surface forms are different. This is
a direct solution to the problem of lack of semantic under-
standing in WER/CER [14].

While semantic metrics offer significant benefits, they
also have their challenges. Generating contextual embed-
dings can be computationally intensive, especially for
large datasets. Furthermore, the reliance on deep learning
models can make them less interpretable than traditional
metrics. This suggests a trade-off between the enrichment
of the score and its practical applicability and interpret-
ability.

The concept of weighting different types of errors is
not new. As early as 1990, Hunt proposed a weighted
WER, where substitutions were given a weight of 1 and
deletions and insertions were given a weight of 0.5 [15].
This early example shows the recognition that not all er-
rors are of equal severity.

Composite metrics combine multiple evaluation met-
rics into a single score, often using weighted averages.
This approach allows for a more holistic assessment by
balancing different aspects of performance. For example,
in studies evaluating the user experience of chatbots,
composite metrics integrate usability, engagement, and
error rate. Weights for such metrics can be derived em-
pirically, for example, using principal component analysis
(PCA), based on empirical patterns in user interaction.

Using methods such as PCA to determine weights
provides a scientifically sound approach to assigning im-
portance to different components of a metric, moving
beyond arbitrary assignments. If a composite metric can
balance usability, engagement, and error rate for chatbots,
a similar framework can be applied to text quality as-
sessment. This allows for the flexibility to tailor the met-
ric using weights to meet the specific priorities of differ-
ent ASR, NLP, or OCR use cases. For example, character

accuracy might be a priority for serial number recognition
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in banking, while word accuracy might be a priority for
meeting transcription, and semantic relevance might be a
priority for conversational Al.

Despite their widespread use, traditional error rate
metrics have several critical limitations that reduce their
ability to provide a complete and accurate assessment of
text quality [10]. Using WER, CER, and Levenshtein dis-
tance alone or in simple combinations has significant
limitations. In particular, these metrics are characterized
by a lack of semantic sensitivity, since WER and CER
treat all errors the same, regardless of their impact on
meaning. For example, replacing “moroma” with “moroau”
may be only a single word error, but completely change
the meaning of the sentence. WER does not distinguish
“s1 mobaro ¢pykt” from “S mobiro dpyrTH”.

Another disadvantage is word order sensitivity, as
WER and CER do not take word order into account,
which can be critical for NLP tasks. For example, “coba-
Ka BKycmiia xjorauka” and “xyormunka BKycwia cobaka”
will have a high WER, even though they have not differ-
ent contexts.

In particular, traditional error rate metrics are insensi-
tive to the semantic meaning and importance of words,
WER and CER treat all errors equally, regardless of their
impact on the meaning or importance of the word, or ig-
nore specialized terminology. For example, a typographi-
cal error such as “omporrroBanus” instead of “omparrro-
Banusa” has the same WER as “mens” instead of “mens”,
despite their radically different semantic consequences.
Similarly, “camomnosara” has the same WER as “camo
nosara”. This means that the metrics do not distinguish
between critical errors that change meaning from minor
errors that do not affect comprehension. The main reason
for this is that the underlying Levenshtein distance algo-
rithm on which WER and CER are based assigns the same
weight to each editing operation, resulting in a uniform
weighting of all types of errors. This equal weighting
makes WER and CER poor indicators for human percep-
tion of quality, as people implicitly weigh errors differ-
ently depending on their impact.

Standard WER calculations often normalize text by
removing punctuation and ignoring capitalization, thereby
ignoring these critical aspects of text quality and readabil-
ity. Although punctuation and capitalization are important
for readability, WER does not take this information into
account. Grammatical errors are also not typically directly
evaluated by WER/CER. This means that if punctuation is
removed during normalization, WER cannot account for
punctuation errors, even if they are important for a par-
ticular application.

Problem of text normalization and different lengths
transcriptions is another limitation of WER and CER.
Inconsistent text normalization, for example, “5 nonapis”
instead “5 $” may artificially inflate the WER. In addi-
tion, WER depends on the length of the transcription, as
longer texts have more room for errors. The WER value
may exceed 1 or 100 %, which may be counterintuitive to

the “error rate”.
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3 MATERIALS AND METHODS

To overcome the limitations of traditional metrics and
integrate the advantages of semantic and weighted ap-
proaches, a new hybrid metric is proposed, namely an
improved error rate based on the Levenshtein distance and
the use of WELER weights.

WELER is designed as a multi-layered approach that
provides a comprehensive assessment of text quality. It
integrates quantitative error metrics WER and CER with
qualitative semantic understanding within customizable
and weighted structure.

The proposed metric uses the Levenshtein distance for
reliable alignment at both the word and character levels.
This will ensure error counting and will serve as a struc-
tural basis for higher-level analysis.

To provide semantic and contextual understanding,
WELER includes a semantic similarity component to as-
sess the conveyed meaning, which is a major limitation of
traditional WER/CER. This component assesses how well
the generated text preserves the intended meaning even if
the lexical forms differ.

Entering weighting factors will allow users to priori-
tize different aspects of text quality, such as character
accuracy, word accuracy, semantic relevance, depending
on their specific application and domain requirements.
This solves the problem of “evenly weighting” errors in
WER/CER. The weights in this approach can be either
manually entered by the user or calculated using the prin-
cipal component analysis method or based on empirical
patterns in user interaction. The goal of using the princi-
pal component analysis method is to obtain a weighted
combination of error rate metrics, where the weights will
be determined automatically, without manual adjustment.

WELER is a composite measure, potentially ex-
pressed as a weighted sum of normalized error compo-
nents or a weighted average of the accuracy components.
The goal is a single, interpretable measure that reflects the
overall quality of a text.

Weighted word error rate W, includes differentiated
penalties for substitutions, deletions, and insertions at the
word level

W -Ws “Sword +Wp - Dword +Wi - Iword
e Nword

©)

Similarly to Wygr, but at the symbol level, (4) is
calculated. This will allow get a more detailed error as-
sessment

We = Ws - Schar  Wp * Dehar + Wi - Ichar
cer = :

4
Nchar @

The third indicator used in the calculation of WELER

is semantic error indicator SemErr. It is obtained from a
semantic similarity metric, for example, BERTScore, a
modified component of SeMaScore or similar compo-
nents (depending on the specifics of the task, language,
etc.), normalized to represent “error” rather than similar-
ity (6). To calculate the semantic error indicator, it is ad-

© Dumyn A. R., Shakhovska N. B., 2026
DOI 10.15588/1607-3274-2026-1-7

visable to use the semantic distance mechanism. Semantic
distance is defined as the distance between pairs of refer-
ence and hypothetical texts in the space of embeddings at
the sentence level, usually using models such as
ROBERT®a, and cosine similarity (5)

. -h
SemDist [E, H]=1- " 5
el ©)

where E and H are vector representations of reference and
hypothetical text

Embinput ’ Emboutput
Embinput ’ Emboutput (6)

SemErr = ,
2

where Emb;,, — vector of embeddings of the reference
text; Embgygpu — vector of recognized text embeddings.

The general WELER formula is to use a weighted
combination of the above components (7).

WELER = oW,y +B-Wegr +7 - SemETT, @)

where o, B, v are global weighting factors, the sum of
which is 1, allowing to prioritize word accuracy, character
accuracy or semantic correspondence. These factors can
be adjusted depending on the specific of application.

Table 1 lists the components of the proposed hybrid
metric.

Table 1 — WELER components and weighing scheme

Metric Customizable
compo- weighting fac-
nent Granularity tors Purpose/Benefit
Weighted Word level Ws , Wp » W, Lexical accu-
word error racy, flexible
rate penalization of
W different types of
wer word errors
Weighted Character Wg , Wp » W, Detailed error
error rate level detection, sensi-
in sym- tivity to small
bols W, typos, impor-
tance for nu-
merical data.
Semantic Semantic In the internal Preserving mean-
error Sentence scales of the ing, understand-
indicator Level model ing context,
SemErr taking into ac-
count the impact
of low-level
errors on seman-
tics.
General General o, B,y Comprehensive
WELER quality assess-
ment, setting
priorities be-
tween lexical
accuracy and
semantic fidelity.
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WELER value ranges from 0 to 1, where 0 is a com-
plete match between the reference and generated text.

The weights a, B, y in this approach can be either
manually entered by the user depending on the task at
hand, or calculated using the principal component analy-
sis method. For example, for optical serial number recog-
nition tasks, the coefficient B will be high to prioritize
character accuracy. For general voice recognition, oo and y
can be balanced to take into account both word accuracy
and meaning preservation.

Below is a method for calculating weights using the
principal component analysis (PCA) method. The purpose
of PCA is to obtain a weighted combination of the above
metrics, where the weights will be determined automati-
cally. The principal components are the directions with
the greatest variance in the data. Accordingly, this ap-
proach allows us to understand which metrics contribute
the most to the variability, determines the relative weight
of each metric. PCA also allows us to take into account
the task category, for example, recognition of short com-
mands, dialogues, long texts, technical documents, etc.,
and to distribute weights for WER, CER and semantic
similarity relative to the category, since the task category
can significantly affect the distribution of weights.

The first step for the principal component analysis
method is to construct an observation matrix (8) based on
data for N examples and d metrics, in this case d=3, since
3 metrics are used.

X11 X2 %13

X271 X99 X
x - | ®

XN1 XN2 XN3

where Xj; —Wyer; Xjo —Weer; Xjz — SemErr.
Normalization can be performed to avoid the impact
of differences in metric scales (9)

Xij ~Mj

Xjj o, ,]1=123. 9)

The next step is to construct a covariance matrix of
size, which describes how the values of WER, CER
change. and SemErr together. Next, the direct PCA task is
performed, that is, the search for eigenvalues and vectors
(10) is performed:

Dv="h-v.

The next stage is the interpretation of the weights
based on the first principal component, i.e. the eigenvec-
tor (11)

(10)

Wy = Wwer Weer Wsemerr ), (11)
where Wyer, Weer, Wsemerr are values corresponding to

the largest A.
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Obtained weights after normalization can be inter-
preted as the relative importance of metrics in the overall
indicator, i.e.

a :|Wwer|!B:|chr|:“/:|WSemErr|vOH‘B+Y =1.

Since there are different areas of application of the
proposed hybrid metric in relation to the task, it is advis-
able to introduce a task category that will affect the auto-
matic calculation of weight coefficients. Let k be given
task categories, for example, teams, dialogs, documents.
For each category, it is worth building your own matrix
(12):

x ®) — {(WER;,CER;, SemErr; )|task; =k}.  (12)

Then, for each such matrix, it is necessary to calculate
its covariance matrix, the eigenvalues and vectors of
which are represented as (13)

)
S ovk — 0 ), (13)

Accordingly, for each category, its own weight vector
(7) will be obtained

k k k k
WO = g Wk W),

SemErr

(14)

Another way to factor task categories into the weight-
ing is to factorize with the category, which means that the
total weights are composed of a global part and a category
correction. Then the weight vector is computed on all
data, and the correction is computed as the difference
between the local and global weights. This approach al-
lows us to see how the category shifts the importance of
the metric, for example, for the command category the
correction value for CER will be greater than 0, since
symbols are the most important.

Using task categories when calculating weight coeffi-
cients allows you to obtain a flexible integral metric that
can automatically adapt to the type of task.

The choice of normalization strategy should depend
on the specific requirements of the application. For exam-
ple, if punctuation errors are important for a given task,
then punctuation should not be removed during preproc-
essing. This emphasizes that the decision to include or
exclude certain types of errors through normalization di-
rectly affects what WELER measures as “quality”. This
requires that the WELER coefficients be flexible enough
to reflect these preprocessing choices.

WELER, by integrating semantic understanding, al-
lows us to solve specific challenges that are difficult for
traditional metrics. In particular, the proposed metric
helps in working with homophones and similar — sound-
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ing words. The semantic component can help distinguish
lexically similar but semantically different words that
WER by itself would mark equally. This allows the metric
to reflect the real impact of such errors on understanding.

Another task that the proposed metric will help
solve is working with ambiguous word boundaries,
when For languages that do not have clear spaces be-
tween words, such as Chinese, the CER component
and its underlying character-level alignment based on
Levenshtein distance become especially valuable.

In automatic audio recognition tasks, audio quality
affects error rates, but the semantic component of
WELER can help assess whether meaning of the text
even under increased lexical errors caused by noise.
This allows W ELER to go beyond simple detection
what errors have occurred, to understanding how much
those errors affect understanding. This shift in focus
from purely technical accuracy to a more user-oriented
definition of quality is a significant step.

4 EXPERIMENTS

Table 2 shows examples of using WELER with
weighting coefficients a=0.3, p=0.3, y=0.4.

The table shows the calculated metrics WER, CER,
SemErr and the calculated value of the proposed metric
WELER. Row 4 shows the use of synonyms and para-
phrasing, where the metrics WER and CER show a
poor error result of 0.667 and 0.5758, since for these
metrics the words. “Mammua” and “Asto” are two
completely different words, which confirms the unsuit-
ability of these metrics for working with synonyms,
giving a high error rate. The semantic distance for the
considered sentence is low and is 0.0108, since the
meaning of the sentence is perfectly preserved. Ac-
cordingly, WELER has a value of 0.377 and demon-
strates a significantly better, lower, error result than
WER/CER.

Row 5 shows complete sentence divergence and
loss of context. WELER combines high scores of all
three metrics and produces a high overall error. This
demonstrates that WELER does not simply underesti-
mate the scores, the proposed metric responds ade-
quately when the meaning of the text is truly lost.

Another example of reordering and the use of syno-
nyms in the text is shown in row 10. The word order is
completely reversed, so WER and CER record a large
error, almost 0.8571 for WER. WELER takes into ac-
count the high structural errors with WER/CER, but
balances them with an almost perfect semantic match.
The result of 0.486e is a much more adequate assess-
ment of the text, the WELER value is almost twice as
good as the WER value.

© Dumyn A. R., Shakhovska N. B., 2026
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Table 2 — Examples of using WELER [17]

Reference Generated
#| text text WER |CER | SemErr WELER
Ipusir, csit! | Ilpusir, 0 0 0 0
Sk y Bac cit! Sk y
crpaBu? Bac crpaBu?
2 | 3apa3uymoBa | 3apa3uymo- | 0.2 0.0 0.0771 0.108
moroJia st Ba MpUroa 571
HPOTYJISIHKU. | IS Ipory-
JISTHKH.
3| S mrobiro S mobitto 0.2 0.0 0.0685 0.1068
porpamy- nporpamy- 645
BaHHS Ha BaHHS Ha
Python Pyton.
4| MaiuHa ine ABTO pyXa- 0.666 | 0.5 0.0108 0.377
JUy’Ke [IBU- €THCSI ILIBU- 7 758
KO TI0 I0pO3i. | JIKO MO
JI0po3i.
5| VYxkpaincbka Kuraiicbka 0.75 0.5 0.2993 0.5092
MOBa JiyKe KyXHs JlyxKe 483
MenoaiitHa CcMayHa.
6 | Ilpusir, six TIpusiT six 0.6 0.1 0.0356 0.2253
crpaBu? Yce | cmpasu Yce 034
nobpe! nobpe
7 | Biu mimos Bin mimm 0.2 0.0 0.0004 0.0816
10 IKOJIH 10 IIKOIH 714
CHOTO/IHI. CHOTO/IHI.
8 | Koruky- Jle cmeran- 1 0.8 0.2604 0.6708
MYPKOTHKY 3 | Ka 110 Oysa 889
M’ SIKHM TYT 1e
JKMBOTHKOM. 3paHKy.
9| Anpeca: Byn1. | Apnpeca: 0.25 0.0 0.0159 0.0939
Csoboau, 10 By11. CBOGO- 417
1, 10
L0 | ABromOOiNB Mo micTa 0.857 | 0.7 0.0222 0.4864
HIBHJIKO JIeBiB mopo- | 1 347
pyxaBcst TOI0 IIBUJIKO
JIOpOrolo 10 pyxaocs
micra JIbBIB. aBTo.
L1 | Po3poOka Pospobxka 0.4 0.4 0.0623 0.2799
IITYYHOTO HIT 3mintoe 5
iHTETIeKTy CBIT.
3MIHIOE CBIT.
12 | {06 BcTur- o6 Betur- | 0.333 | 0.1 0.1538 0.2161
HYTH NOTi- HyTH OTpi- | 3 818
GHO MIHCTH 6HO ruIecTH
3a TEYi€I0 0 | KOIUIMKHU J0
CXOZy COHIIS. | CXOAY COH-
jivH
13 | Ilmuctu TInectn 0.4 0.2 0.1596 0.2562
BIIEpE/I 710 KOIITUKH JI0 414
CXO/ly COHIIS. | CXOAY COH-
jicH

Figure 1 shows a distribution diagram of four speech
recognition quality assessment metrics. It is clear from the
diagram that WER has a fairly wide range from 0 to al-
most 1. The median for WER is around 0.5, which means
that half of the examples have errors in around 50% of the
words. The CER metric also has a wide range of, but a
lower median of around 0.25, so the system performs bet-
ter at the symbol level than at the word level. The diagram
also illustrates that there are a significant number of ex-
amples with very large errors. The SemErr metric shows
that most of the values are very low, 0-0.2, meaning that
the meaning of the sentences is mostly preserved even
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with errors in the words. There are a few outliers down to

around 0.6.
Table 2 — Examples of using WELER
Reference | Generated Se-
# | text text WER | CER | mEr | WELER LA T
Mpwusir, Mpwusir, 0 0 0 0
ceit! fAky | ceir! fxy 0.8 4
Bac crpa- Bac crpa-
BU? BU?
2 | 3apa3 3apas 0.2 0.0571 | 0.0771 | 0.108 0.6 4
qy10Ba qy10Ba
noroja npuroza i g
JUIS TIPO- JUISL TIPO- 0.4
TYJISTHKH. TYJISTHKH. 4 o
A
3 | S mobio 51 mo6io 0.2 0.0645 | 0.0685 | 0.1068 o
nporpa- nporpa- 0.2 1
MYyBaHHA MYyBaHHA
Ha Python | Ha Pyton. _L
0.0 4 —i
4 | Mamuna ABTO 0.6667 | 0.5758 | 0.0108 | 0.377 . ‘ !
ine myxe pyXaeTbcst WER CER SemErr WELER
IIBUOKO IIBUIOKO

Figure 1 — Boxplot of the distribution of four speech recognition

0 I0pO3i. | IO A0pO3i. . .
P P quality assessment metrics

5 | Ykpain- Kuraiice- 0.75 0.5483 | 0.2993 | 0.5092

CbKaMOBa | Ka KyXHi The proposed WELER metric exhibits a smaller

(5] (5 A
oot | ewaana, spread than WER and CER, namely 0-0.8, with a me-
Ha dian of about 0.3. The proposed metric balances be-
6 | Mpusir, | Tpusitsx | 0.6 0.1034 | 0.0356 | 0.2253 tween formal and semantic errors. In general, we can
o (S:/Hc%a;gﬁ conclude that at the symbol level the system makes
J106pe! pe fewer errors than at the word level, and semantics is
7 | Bin ni- Binmm- | 0.2 0.0714 | 0.0004 | 0.0816 mostly preserved even when there are s_pell_ing or lexi-
1WoB 110 o s cal errors. The combined WELER metric gives a more
[IKOMI | THKOTMH balanced assessment than WER or CER separately.
I R Fi 2 and 3 show graphs of pairwise dependencies

8 | Kotuky- Jle cme- 1 0.8889 | 0.2604 | 0.6708 Igures . g p P P
MypKOTH- | TaHKa IO between the Stl._ldled metrics. ) ) )
Ky 3 6yna Tyt The analysis of the relationship between the tradi-
romor |y tional recognition metrics WER, CER, the proposed
KOM. WELER metric and semantic errors SemErr demon-
9 | Ampeca: Anpeca: 0.25 | 0.0417 | 0.0159 | 0.0939 strates different levels of correlation. In particular, the
ch;)-ﬁoﬂu ch;)-ﬁoﬂu comparison of WER and SemErr shows that even with
10 "1 10 ’ high values of errors at the word level of 0.8-1.0, the

10 | Astomo- | Jowicra |0.8571 | 0.7347 | 0.0222 | 0.4864 SemErr _in_d@cator often rgmains low, Which ingjicates
6imp Jlbein the possibility of preserving the meaning despite nu-
;“yiﬂ‘;‘; fu‘;‘;";g" merous orthographic or syntactic deviations. The same
Joporoio | pyxanocs is true for CER, where, although at high values of 0.8-
7 Micta | aBTo. 1.0 there are cases of significant semantic distortions

bBI1B. . .

T pors — " = Tooes Tozr0e >0.4, most of the data is concentrated in the range of
wrpamore | Mot | ' ' ' low values SemErr <0.1. This allows us to conclude
inrenexry | mioe cair. that errors at the symbol level do not always lead to the
e destruction of meaning, but their excessive number

AR o6 03333 | 01818 | 01538 | 02161 S|gn|_f|can'_tly r_educes sem_antlc accuracy. The clo_sest
scrHy- | BoTHTHY- relationship Wlth SemErr is revealgd by the_combme_d
i noTpi- | TH nOTPi- WELER metric; a smooth increase in semantic errors is
f;“;a“”“c' f;“;gﬁf observed with an increase in its value, which confirms
Teuiero 10 | K 10 the higher correspondence of WELER to the level of
cxony cxony content preservation compared to WER and CER.

COHIIA. COHIIA.

13 | Tlnuctu Tlnectu 0.4 0.2414 | 0.1596 | 0.2562
BIiepen 1o KOIIUKHA
cxony J10 cxony
COHIIA. COHIIA.
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Scatter: CER vs SemErm
Scatter: WER vs SemErr

Scatter: WELER vs SemErr

R

a6

Figure 2 — Pairwise dependenbies between SemErr and other
metrics

Scatter: WER vs WELER Scatter: CER vs WELER

Py o a2 a4 ae o8 1o

Scatter: SemEr vs WELER

Figure 3 — Pairwise dependencies between WELER and other
metrics

Analysis of the relationships between different metrics
shows that WELER demonstrates a high correlation with
both WER and CER, in the first case, an almost linear
increase in WELER with an increase in WER is observed,
which indicates the inclusion of WER as a key component
of the combined metric; in the second case, a similar pat-
tern is recorded, which confirms the integration of CER
into the WELER structure. At the same time, the relation-
ship between SemErr and WELER is less unambiguous,
most examples are characterized by a low level of seman-
tic errors 0-0.1 with a wide range of WELER values,
however, there are also cases where a high SemErr indica-
tor 0.4-0.5 is accompanied by an increased WELER. This
indicates that WELER is able to respond to semantic dis-
tortions, but its value can remain high even with pre-
served content.

It can be argued that WER and CER exhibit an almost
linear relationship with WELER, while SemErr correlates
with them less strongly, since WER and CER capture for-
mal errors rather than substantive ones. This confirms the
ability of WELER to display more balanced results, re-
flecting at the same time the nature of errors at the form
level and partially taking into account semantic accuracy.
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In order to test the approach to automatically determining
weight coefficients using the principal components method, a
dataset was created consisting of two categories: “text” (fic-
tional sentences) and “number” (serial numbers). After ap-
plying the algorithm to the values of the WER, CER, and
SemErr metrics within each category, automatically deter-
mined weight coefficients were obtained, the results of
which are shown in Table 3.

Table 3 — Automatically determined weights using the prin-
cipal component method

Categoty | WER CER SemDist
number 0.3826 | 0.37718 | 0.2402
text 0.3470 | 0.3483 0.3046

Table 4 shows a comparison of WELER values calculated
using manually entered weighting coefficients («=0.3, =0.3,
v=0.4) and weighting coefficients determined by applying the
principal component method (a.=0.347, 3=0.3483, y=0.3046).

Table 4 — Examples of calculating the WELER metric with
manually selected coefficients and using PCA [17]

WELER

Reference text Generated text WELER | (PCA)
IIpusgirt, cBit! TIpusit, cBit! Sk 0 0
SIk y Bac cripa- y Bac cripaBu?
BU?
3apa3 gyznoBa 3apa3 qynoBa 0.108018 | 0.112825
HoroJa Juist HpUrozia s
TIPOTYJISTHKH. MIPOTYJISTHKH.
51 moGutio npo- 51 moGutio npo- 0.106754 | 0.112746
rpaMyBaHHSA HA | IpaMyBaHHS Ha
Python Pyton.
MarmnHa ine ABTO pyXxaeTbcs 0.377028 | 0.435193
Jly’Ke HIBHIKO IIBHJIKO IO 0PO-
TI0 IOpO3i. 31
Yxpainceka Kuraiiceka kyxns | 0.509243 | 0.542481
MOBa JyKe Jy’Ke CMayHa.
MenofiiiHa
Ipusir, six IIpusir six copa- 0.225291 | 0.255112
crpasu? Yce BU Yce no6pe
nobpe!
Bin mimos 10 Bin nitm no 0.081602 | 0.09442
IIKOJIH ChOTO- LIKOJIH CHOTO/THI.
JTHI.
Koruky- Jle cMeTaHKa 1o 0.670843 | 0.736009
MYPKOTHKY 3 Oyna TyT 1ie
M’SIKHM 5KHBO- 3paHKy.
THKOM.
Anpeca: By1. Anpeca: By 0.093865 | 0.10612
Csobomu, 10 Csobomun, 10

10 | ABromMoGins Jlo micta JIbBiB 0.486422 | 0.560139
LIBHAKO PyXaB- | IOPOTO0 HIBHAKO
CsI JIOPOTOIO JI0 pyxaiocsi aBTo.
Micra JIbBiB.

11 | PozpoOxa mry- Po3pobxa 1111 0.279902 | 0.314533
YHOTO iHTEJIeK- 3MIHIOE CBIT.
Ty 3MiHIOE CBIT.

12 | 106 Beruraytn | 1106 BeTHTHYTH 0.216085 | 0.225878
HOTPiOHO IUTHC- | TOTPIOHO IUIECTH
TH 32 TCYI€I0 IO | KOIIHKH JI0 CXOZY
CXOJLy COHIIS. COHIIL.

13 | Ilnuctu Boepex | Ilnect kommku 0.25624 0.271503
JI0 CXO/y COH- JI0 CXO/Iy COHIISL.
it
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WELER calculated using the principal component
method differs only in scaling, the values are slightly
shifted, but the general approach of the balanced metric
value is preserved.

WELER
0.7 WELER (PCA)

0.6
0.5
0.4
0.3
0.2

0.1

0.0

2 4 6 8 10 12
Figure 4 — Pairwise dependencies between WELER and other
metrics

As can be seen from Figure 4 and Table 4, in most
cases the WELER and WELER (PCA) values demon-
strate almost parallel dynamics, however, the application
of the principal components method somewhat enhances
the differences between individual examples. The highest
values, approximately 0.5-0.5, are recorded in examples
No. 5, No. 8 and No. 10, where significant semantic dis-
tortion of the text was observed. The lowest values, ap-
proximately 0.0-0.1, are characteristic of examples No. 1,
No. 2, No. 3, No. 7 and No. 9, where deviations were lim-
ited to minor spelling or grammatical errors. The PCA
method shows higher sensitivity to semantic differences,
which is especially noticeable in example No. 4, where
the difference between the values 0.38 and 0.43 makes the
deviation more pronounced.

5 RESULTS

As a result, WELER, compared to the classic WER
and CER, provides a more balanced assessment of text
quality, as it penalizes significant semantic deviations but
mitigates the penalty for minor spelling or stylistic differ-
ences, which better reflects the real impact of errors on
comprehension.

Proposed WELER metric has the potential to improve
text quality assessment in a wide range of artificial intel-
ligence tasks, providing a more tailored assessment.

For automatic speech recognition, WELER can pro-
vide a more granular analysis of speech-to-text systems. It
is able to distinguish between minor phonetic recognition
errors and critical semantic errors. The metric can be con-
figured to prioritize verbatim reproduction for legal tran-
scriptions (high o and B) or semantic understanding for
conversational Al (high v). This flexibility in tuning the
coefficients is a major advantage of WELER for a variety
of applications.

For natural language processing tasks such as text
generalization or machine translation, WELER can evalu-
ate both lexical accuracy, such as correct word choice,
and semantic preservation, ensuring the accuracy of form
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and meaning of the generated text. The coefficients can be
adjusted to penalize grammatical errors more severely if
fluency is a top priority.

For OCR tasks, the application of WELER can pro-
vide a more robust evaluation of systems, especially for
documents where both character-level accuracy is impor-
tant, such as serial numbers, financial data, and word-
level accuracy, such as free text fields. The semantic
component can even assess whether contextual meaning
to the data obtained. Providing a more comprehensive and
customizable metrics WELER can facilitate better deci-
sion-making in the development and deployment of mod-
els by allowing engineers to optimize systems for specific
real-world performance criteria rather than a generic, po-
tentially misleading error rate. This can lead to significant
cost savings by reducing the need for extensive manual
post-processing and quality control in document digitiza-
tion, transcription, and data entry processes. It can also be
used to assess the similarity of texts and translation qual-
ity with reference translations with corresponding weight
changes for these tasks.

It can also be used to assess the similarity of texts and
translation quality with reference translations with corre-
sponding weight changes for these tasks.

6 DISCUSSION

WELER is the first step towards more comprehensive
metrics for assessing text quality. Future research will
focus on aspects of improving dynamic weighting. In par-
ticular, it is worth continuing to investigate methods for
automatically adjusting WELER coefficients based on the
domain of the input text, its complexity, or perceived
criticality, for example, taking into account the thematic
focus of the texts (medical and everyday conversation,
etc.). This task can be solved by using machine learning
approaches to learn optimal weighting coefficients.

Another important area of further research is integra-
tion with metrics for detecting grammatical errors and
punctuation, in particular including established GEC met-
rics, e.g. M2, ERRANT, GLEU, SARI, and punctuation
error metrics, e.g. FER, NER for punctuation, to the
WELER framework can contribute to a truly holistic as-
sessment of linguistic quality. Although the integration of
these metrics is important for certain tasks, it will signifi-
cantly increase the complexity of WELER and create
noise for speech recognition tasks, since such tasks
mostly do not have punctuation.

Researching how WELER and its components work in
different languages, especially those with complex mor-
phological structures or without explicit word boundaries,
and adapting weighting schemes accordingly is another
important direction.

CONCLUSIONS
Text quality assessment is a cornerstone for the devel-
opment and improvement of artificial intelligence systems
in such critical areas as ASR, NLP and OCR. Although
traditional metrics such as WER and CER are widely used
and based on the robust concept of Levenshtein distance,
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their insensitivity to semantic meaning, grammatical cor-
rectness, and punctuation features limits their ability to
reflect the true quality of text from a human perceptual
perspective. This discrepancy highlights the urgent need
to develop more comprehensive and adaptive assessment
tools.

Proposed WELER metric is an alternative solution in
this direction. It integrates accurate word and character
level error counting, using Levenshtein distance as a ba-
sis, with advanced semantic similarity methods based on
contextual embeddings. This allows WELER to take into
account not only what was incorrectly recognized, but
also how much this error affects the meaning and under-
standing of the text. The inclusion of self-adjusting
weights depending on the text category is a key feature of
WELER, which allows adapting the metric to the specific
requirements of different applications and domains, pri-
oritizing those aspects of quality that are most critical for
a particular task.

However, WELER, like all metrics based on reference
data, relies on accurate and consistent human-verified
transcriptions. Errors in the reference data can affect the
accuracy of the assessment. Therefore, for complex met-
rics, the quality and representativeness of these data are
especially important, since semantic and weighted errors
are much more sensitive to the quality of the annotation
than simple word counts. The implementation of
WELER, while promising significant benefits, requires
careful consideration of issues such as computational
complexity, empirical determination of optimal weights,
and ensuring high quality of reference data. Future re-
search could extend WELER to include dynamic weight
adjustment, integration with grammatical and punctuation
error metrics, and exploration of LLM-based scoring ca-
pabilities, which could lead to further developments in the
field of text quality assessment. Ultimately, WELER
represents a robust and flexible framework for more accu-
rate and holistic text quality assessment, which will con-
tribute to the development of more efficient and user-
friendly Al systems.
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AHOTANIA

AKkTyanbHicTh. OLIHKA SKOCTI TEKCTY € BXJIMBOKO Il HAIAIMHOTO IITYYHOTO IHTENEKTY, Sskuii 00podiise MoBy. B ASR
BOHA BiloOpakae, HACKIIBKY TOYHO MOBIICHHS cTae TekcToM; B OCR — HacKiIbKM TOYHO 300pakeHHS IePETBOPIOIOTH TEKCT; a
B NLP — HackinbKM NpaBUILHUMH Ta 3B’ I3HUMH € BUXOJIH.

Meta. MeToro poOOTH € CTBOPEHHS CKIIaJHOI METPUKU JUISl OLIIHKHU SIKOCTI TEKCTY.

Meroa. Kinacuuni metpuku WER Ta CER € By3pkuMu: BOHH (DIKCYHOTB JIMIIIE JICKCHUHI pellaryBaHHs, OJHAKOBO 3BaXKy-
I0Th YCi 3MiHHM, ITHOPYIOTh KOHTEKCT Ta CEMaHTHKY, 1 4acTO NPOMYCKAIOTh IIyHKTYaI[il0 Ta PETiCTp, MacKylouu IpodiIeMu
YUTA0ETBHOCTI Ta TUITK TIOMHUIIOK. anporonoBana Metpuka WELER inTerpye Toynuii mizijpaxyHOK MOMHJIOK Ha PiBHI CIIiB Ta
CHMBOJIIB, BUKOPHCTOBYIOUH BifICTaHb JIeBeHIITEHHA K OCHOBY, 3 MEPEAOBUMH METOJAMHU CEMAaHTUYHOI MONIOHOCTI, 3aCHO-
BaHUMHM Ha KOHTEKCTHOMY BOymoByBauHi. lle no3Bonsse WELER BpaxoByBatn He yuiie Te, 1m0 OyJI0 HEMPaBHILHO
PpO3Ii3HaHO, aje i Te, HACKINbKHU 11 IOMUJIKA BIUIUBA€ HA 3HAYEHHS Ta PO3YMIHHS TEKCTy. BKIIOUEeHHS cCaMOHAIAIITOBYBaHUX
Bar 3aJISKHO BiJ KaTeropii TekcTy € xiodoBoro ocobmmBictio WELER, sika 103BoJIsIe aganTyBaTu METPUKY 1O KOHKPETHHUX
BUMOT Pi3HMX 3aCTOCYBaHb Ta 00JacTel, Ha/lalouM IPIOPUTET TUM acleKTaM SKOCTI, SIKi € HaiOLIbI KPUTUYHUMH JJISI KOH-
KPETHOTO 3aBIaHHS.

Pesyabtatn. Metpuxa WELER nporoHyeThest K eeKTHBHHIN MiJXi/ 10 ONiHIOBAHHSA AKOCTi TEKCTY. 1i KOHIENTyanbHa
OCHOBA TIOJISITA€ B IHTErpawil TpaauUiiHOTO MiJpaxyHKy MOMUJIOK Ha CIOBECHOMY Ta CHMBOJIEHOMY PIBHSIX, 3aCHOBAHOTO Ha
BifctaHi JleBeHIUTe#Ha, i3 CyYaCHUMH METO/JaMH OLIHIOBaHHS CEMaHTHMYHOI MOJIOHOCTI, IO BUKOPHCTOBYIOTh
KOHTEKCTyaslbHI BEKTOpHI mojmaHHs. Takuid miaxim 3abesmedye OB KOMIUIEKCHE BiJOOpaKeHHS BIUIUBY MOMHJIOK Ha
3MICTOBY LiTiCHICTh Ta IHTEPIPETOBaHICTh PE3yJIbTATHOIO TEKCTY.

BucnoBku. WELER, sk i Bci MeTpuWKH, 3acCHOBaHI Ha JOBIAKOBHX MJAaHHUX, CIHPAETbCS HA TOYHI Ta MOCIIIOBHI
TPaAHCKPHUIILi, TiepeBipeHi JToAuHOK. [TOMUIKK B IOBIIKOBMX AaHUX MOXYTh BIUIMBATH Ha TOYHICTH OI[IHKH. ToMy s
CKJIaJIHUX METPHK SIKICTh Ta PENPE3CHTATHBHICTD IUX AHUX € OCOOIMBO BAXITMBHMH, OCKITBKM CEMAHTHYHI Ta 3Ba)KEHI MO-
MUWJIKH Ha0araTo 4yTIHUBIILI J0 SKOCTI aHOTAIlii, HI>XK POCTa KUTBKICTh CITiB.

KJIIOYOBI CJIOBA: 06pobka npupoHoi MoBH, oninka skocti Tekcty, WER, CER, WELER.
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ABSTRACT

Context. Migration automation of legacy custom code when transitioning to the new version of the SAP S/4HANA system using
large language models (LLMs) is a promising option. However, the generated code quality assessment remains an unresolved issue,
since existing approaches utilize fragmented metrics which do not allow for a comprehensive software code quality assessment and
assurance for further use without additional revision.

Obijective. The objective of this work is to improve the efficiency of the process of intelligent reengineering of a computer
system based on the method of comprehensive assessment and quality assurance of migrated ABAP custom code.

Method. The developed method is based on two key components. The Integral ABAP Quality Score (IAQS) comprehensively
takes into account the syntactic, functional, and semantic characteristics of the code and is based on the provisions of the
international software quality standards ISO/IEC 25010, ISO/IEC 25040, as well as the theory of composite indicators. The three-
stage approach to LLM fine-tuning (Qwen 2.5 Coder 14B) includes continuous pre-training (CPT), parameter-efficient fine-tuning
(PEFT), and alignment based on preferences using the ORPO algorithm. At the same time, the use of the developed IAQS metric to
form a set of preference data at the alignment stage creates a mechanism for controlled improvement, namely, it determines the
direction of LLM adaptation.

Results. The results of experimental studies demonstrate that the implementation of the developed method allows improving both
individual indicators of software code quality and the integral metric of IAQS quality assessment as a whole. The final model, trained
on the basis of the proposed three-stage approach, achieved a high 1AQS value (0.756), which demonstrates a significant
improvement compared to the baseline model (0.117).

Conclusions. The study presents a new problem-oriented approach to automated migration of ABAP code during intelligent
reengineering of computer systems. The proposed IAQS integral metric is the basis for creating a formalized and objective system for
evaluating the quality of software generated by LLM in the context of legacy custom code migrating. It has been demonstrated that
consistent fine-tuning of LLM based on a three-stage approach using IAQS provides a significant improvement in the generated
software code integral quality indicator.

KEYWORDS: software quality, integral metrics, large language models, migration of legacy custom code, LLM fine-tuning.

ABBREVIATIONS

ABAP is an advanced business
programming;

AST is an abstract syntax tree;

ATC is an ABAP test cockpit;

CPT is a continued pre-training;

ERP is an enterprise resource planning;

IAQS is an integral ABAP quality score;

ISO is the |International organization for
standardization;

IEC is the International electro technical commission;

LLM is a large language model;

LoRA is a low-rank adaptation;

ORPO is an Odds ratio preference optimization;

PEFT is a parameter-efficient fine-tuning;

QLOoRA is a quantized low-rank adaptation;

SFT is a supervised fine-tuning.

application

NOMENCLATURE
Coqg is a code fragment in the outdated version of
ABAP;
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Chew 1S @ code fragment in the modern version of
ABAP;
Crewi IS an i-th candidate migration option;
Fquality 1s an integral quality function;
IAQS; is an integral assessment value for the i-th code
variant;
k is a number of candidate migration variants;
Lorpo is an ORPO loss function;
Lsrr is a supervised fine-tuning loss function;
Lor is an odds ratio-based loss function;
Miunc is a functional correctness metric (pass@1);
Mim(0) is a large language model with parameters
0,
Meerm IS @ semantic-structural similarity metric;
Ms,n is & syntactic correctness metric;
Q is a quality metrics vector;
Grunc 1S @ functional correctness;
Osem IS @ SeMantic-structural similarity;
Osyn IS @ Syntactic correctness;
r is a rank of adaptation matrices in LORA,;
Wyn, Wiune, Wsem are the weights of IAQS components;
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Yw is a selected (better) answer in a pair of
preferences;

yi is a rejected (worse) answer in a pair of preferences;

o is a scaling coefficient in LORA;

0 are the model parameters;

0" are the model optimal parameters;

A is a weight factor (ORPO balance hyper-
parameter);

p(y[x) is a probability of y reply generation for x input
data;

o(.) is a sigmoid function.

INTRODUCTION

The transition to the modern SAP S/4AHANA software
platform is currently a strategic initiative for many
organisations both in Ukraine and around the world. SAP
S/AHANA is based on the SAP HANA in-memory
database, which provides significant performance gains
but also requires the computer system’s software code to
be reviewed and adapted in order to fully utilise its
capabilities [1].

One of the key challenges along this way is the legacy
custom code in the ABAP language, developed over
decades of use SAP ERP versions by companies and
enterprises [2]. Migrating of custom code is one of the
main challenges when transitioning to SAP S/4HANA,
accounting for up to 40% of the total project work scope
[3]. Manual correction of legacy custom code is not only
labour-intensive but also a risky process that can lead to
project delays and errors in the production system [1].

Despite the availability of static analysis tools by SAP
(ABAP Test Cockpit, Custom Code Migration App) [2]
which help identify problematic code fragments, the code
transformation  process remains largely manual.
Automation is limited to simple template replacements,
while complex migration scenarios which require an
understanding of business logic and context still require
significant effort from skilled ABAP developers. This
challenge requires the application of modern intelligent
reengineering approaches to fully implement the potential
of the SAP S/AHANA platform.

In [4], the authors analysed existing problems and
developed a methodology for migrating of ABAP custom
code bhased on intelligent reengineering methods and
models. A key feature was the justification of the need to
use locally deployed open-source Large Language Models
(LLMs), which makes it possible to avoid both the
significant data security risks and licence agreement
violations inherent in cloud-based LLMs.

The formalised method for selecting the optimal LLM
[5] developed by the authors is based on a hybrid AHP-
TOPSIS approach and allows the identification of leading
candidates (in particular, the Qwen, DeepSeek and Llama
models) for solving of the ABAP code migration
problem.

Although LLMs have already demonstrated
significant potential for generating software code, the
problem of objective comprehensive assessment and
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quality assurance of the generated code remains.
Therefore, the research topic is relevant.

The object of study is the process of intelligent
reengineering of a computer system when migrating to a
new version of SAP S/AHANA.

The subject of study is methods for evaluating and
ensuring the quality of migrated ABAP code inherited
from outdated versions of SAP ERP.

The purpose of the work is to improve the efficiency
of the process of intelligent reengineering of a computer
system based on the method of comprehensive assessment
and quality assurance of migrated ABAP custom code.

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

— formally define and justify the IAQS integral metric
based on the international software quality standards
ISO/IEC 25010 [6], ISO/IEC 25040 [7];

— develop a three-stage LLM fine-tuning methodology
(continuous pre-training, parameter-efficient fine-tuning,
advantage-based alignment), where 1AQS is used as an
integral quality assessment criterion for forming data on
advantages;

— experimentally verify the effectiveness of the
proposed approach on real ABAP code migration tasks;

— conduct a statistical analysis of the results and
investigate the impact of each fine-tuning stage on the
components of the integral metric.

1 PROBLEM STATEMENT

The research task is formalised as follows.

Let Coq be a code fragment in an outdated version of
the ABAP language. M m(0) is a large language model
with parameters 0, which performs code conversion:
Crew=Mim(0,Colq).

The quality of the generated code fragment C,e, is
evaluated using a vector Q with n metrics that reflect
various aspects of quality and is defined as:

Qz[QSym Ofuncs Gsem]- ®

The problem is that evaluating the quality of program
code wusing individual metrics is ineffective when
migrating to new versions of computer systems.

Therefore, an integral quality function Fggiy IS
introduced, which maps the vector of metrics Q to a
single scalar value representing the overall quality of the
code. According to the ISO/IEC 25040 [7] software
quality assessment methodology and the theory of
composite indicators [8], such a function should aggregate
a set of quality metrics into a single numerical value. For
the specific task of ABAP code migration, this function
can be formally defined as an integral metric IAQS for a
comprehensive assessment of the quality of the ABAP
code generated during the migration process. In this case,
its range of values is defined as a normalised interval:

I:quality:Q_>[0: 1]- (2)
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It is necessary to define and justify the function Fyaiy
(IAQS) and develop a methodology for adjusting the
parameters 0 of the model My in order to find the
optimal set of parameters 6 * that maximises the expected
value of the value Fguairy ON the distribution of fragments
of the legacy custom code:

0"~ argmax ElFouai QML 0.Can )] )

Thus, this formulation defines:

— the object of optimisation are the parameters of the
model 07

— success criterion is a maximisation of the integral
quality function Faiiy;

— constraint — the quality function must be justified in
accordance with international standards (ISO/IEC 25010)
[6] and reflect the syntactic, functional and semantic
aspects of the code.

2 REVIEW OF THE LITERATURE

The concept of software quality is fundamental to
building reliable and effective computer information
systems.

In [9], it is proven that in critical industries (which
undoubtedly include enterprise-scale ERP systems), the
concept of quality goes beyond purely technical
characteristics and acquires economic significance.

Reliability and maintainability are considered not just
as desirable properties, but as economic categories which
directly affect the cost of ownership of the system and
business risks [9].

The author emphasises the need to apply the
philosophy of “Cleanroom Software Engineering”, which
shifts the focus from correcting errors post factum to
preventing them at the design and development stage [9].

This thesis is critically important for automated
migration tasks, where the cost of an error replicated
across thousands of lines of code can be catastrophic.

Standardised models have been developed to
formalise these requirements, the most widely recognised
of which is the ISO/IEC 25010 (SQuaRE) quality
model [6].

It defines a hierarchical structure of eight product
characteristics (e.g., Functional Suitability, Reliability,
Compatibility, Maintainability, etc.) and their sub
characteristics. This standard provides a theoretical basis
for selecting and justifying software quality metrics.

Modern approaches to the quantitative measurement
of software code quality indicators are analysed in detail
in [10]. The effectiveness of using machine learning
methods, in particular the Random Forest algorithm, for
aggregating classical metrics (such as Holsted metrics,
McCabe cyclomatic complexity) and code quality
predicting has been proven. It has been shown that quality
is a measurable entity that can be objectively assessed.
The author also emphasises the importance of
comprehensive analysis of code quality based on the
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selection and justification of a system of weight factors
which reflect the relative importance of each metric [10].
However, the approaches proposed by the author allow
for the effective identification of problematic code, but do
not provide tools for its improvement.

Researches in the field of software engineering
confirm that a combination of metrics covering different
aspects of quality provides a more accurate and complete
assessment of quality than any single metric. This
approach allows for a more comprehensive representation
of code quality, which is especially important for complex
tasks such as automated migration.

While ISO/IEC 25010 defines the quality metrics that
need to be measured [6], the theory of integral indicators
explains how to combine individual metrics into a single
indicator [7, 8].

An integral metric is a function that aggregates several
individual indicators into a single numerical value, most
often using a weighted arithmetic mean value of
normalised components [7].

In recent years, LLMs [4] have demonstrated
significant capabilities in solving a wide range of tasks
related to software code. Models specifically trained on
code (Code LLMs), such as the Qwen Coder series [11],
Code Llama [12], and others, achieve state-of-the-art
results on common coding benchmarks such as
HumanEval and MBPP. These models, based on
transformer architecture, are pre-trained on trillions of
tokens of code and text from publicly available sources,
giving them a deep fundamental understanding of
programming syntax, semantics, and logic.

However, the effectiveness of universal LLMs is
significantly reduced when working with proprietary
languages such as ABAP due to a lack of representation
in the training data [13].

To overcome these limitations, fine-tuning methods
are used. Continuous pre-training (CPT) adapts the model
to a new domain by continuing self-supervised learning
on a large corpus of unlabelled data [14].

After adapting to the domain, the model must be
trained to perform a specific task, for which parameter-
efficient methods (PEFT) have been developed [15].

The most popular PEFT method is LORA (Low-Rank
Adaptation) [16], which freezes the main weights of the
model and trains only small adapter matrices.

A further development is the QLoRA (Quantized
LoRA) method [17], which applies 4-bit quantisation to
frozen weights.

Alignment methods are used to improve the model
output. The latest approach is Odds Ratio Preference
Optimisation (ORPO) [18], which combines supervised
fine-tuning (SFT) and preference-based alignment into a
single step.

Therefore, there is a pressing need to create an integral
quality assessment metric that combines diagnostic
accuracy (based on metrics [10]) with compliance to a
regulatory framework of standards, while being adapted
to manage the quality improvement process when using
LLM for migrating legacy ABAP custom code.
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3 MATERIALS AND METHODS

Based on the research conducted and the principles of
software quality assessment described in 1ISO/IEC 25040
[7], a domain-specific integral quality assessment metric
IAQS was developed, which formally combines three key
code quality metrics into a single indicator for the ABAP
code migration task.

The components of IAQS are justified within the
framework of ISO/IEC 25010 [6] and presented in
Table 1.

Table 1 — Compliance of IAQS components with the ISO/IEC

25010 standard
I1AQS 1SO 25010 Sub- Justification
compo characteristic characteristic
nent
Mgyn Functional Functional Syntactically
suitability, correctness, incorrect code
maintainability analysability cannot be executed
or analysed
Mune Functional Functional A direct measure of
suitability correctness whether the code
performs the task at
hand
Msem Maintainability Modifiability, | Code that is
reusability structurally close to
the standard is easier
to analyse and
modify

Unlike general frameworks of quality assessment,
IAQS is an integral metric specifically designed for
comprehensive assessment of ABAP code quality, which
simultaneously takes into account the syntactic,
functional, and semantic aspects of the generated code.

Syntactic correctness (Myy,). The percentage of
generated fragments that pass static analysis without
errors. This metric is directly related to the characteristics
of Maintainability (sub-characteristic Analysability) and
Functional  Suitability (sub-characteristic Functional
Correctness), since syntactically incorrect code cannot be
executed.

Functional correctness (Msnc). The pass@1 metric is
based on dynamic code execution and is defined as the
percentage of cases where the first generated response is
successfully compiled followed by successful passing of
all functional tests [12] in the target environment. It
corresponds to the Functional Suitability characteristic
and its key sub-characteristic, Functional Correctness.
This is the most direct measurement of whether the code
performs the task at hand.

Semantic-structural similarity (Mgen). The CodeBLEU
metric [19] is used — a composite indicator developed to
evaluate both lexical and structural code similarity by
taking into account syntactic structures and keywords of
the programming language. This metric correlates with
Maintainability, since code that is structurally and
semantically close to a quality benchmark is easier to
understand, analyse, and modify (sub-characteristics
Modifiability and Reusability).

IAQS is defined as the weighted arithmetic mean
value of its normalised components [7]:
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IAQS = Wgyn - Mgy + Wiyne - M func +Wsem - Msem,  (4)

where Wgyn+Wiync+Wsem=1 and all weights w;>0.

For this study, an equal weighting approach
(Weyn=Wirunc=Wsem=1/3) was adopted, which is a common
and reasonable starting point in the absence of prior data
on priorities [10]. Equal weighting reflects the assumption
that all three aspects of quality are equally important for
the overall evaluation of the generated code.

The proposed approach to LLM fine-tuning is a
sequential process aiming at improving of the integral
IAQS assessment.

Stage 1. Continuous pre-training (CPT). The model
adapts to the syntax and semantics of ABAP by
continuing self-supervised learning on a large corpus of
unlabelled data [4]. This stage improves the model’s
internal representations, making it more “familiar” with
the idioms of the target language.

Stage 2. Parameter-efficient fine-tuning (PEFT with
QLoRA). The model learns a specific task of translating
obsolete ABAP constructs into modern equivalents using
supervised learning on pairs (instruction response)
[15,16]. QLoRA allows the model to be trained efficiently
by updating only a small portion of the parameters [17].
Instead of fine-tuning all model parameters, LORA [16]
freezes the initial weights and trains only small low-rank
adapter matrices A and B. Weight updates are
approximated by their product: AW=BA. A direct pass
through the modified layer is described by the formula:

h = Wox + BAX, (5)

where xeR"k is the input vector, Wye RMdxk) is the
output weight matrix, B € R(dxr), A e R*(rxk), and rank
r <min(d,k) is a hyperparameter.

Stage 3. Alignment based on preferences (Alignment
with ORPO). The final stage uses the ORPO method to
improve the quality of model output based on preference
pairs [18]. Its key advantage is that it combines
supervised fine-tuning and preference alignment into a
single monolithic step, eliminating the need for a
reference model m., which simplifies the training
process.

Direct optimisation of formula (3) via gradient descent
is technically challenging because Fguiy includes non-
differentiable components (syntactic correctness Mgy,
functional correctness My (pass@1)). Therefore, we
propose to implement an indirect optimisation strategy
through three-stage fine-tuning, where IAQS is used as a
control signal at the alignment stage. The metric ranks
candidate code versions, forming preference data for the
ORPO algorithm, which in its turn optimises the
differentiable loss function Logpo. This creates an indirect
link between Fqairy and the learning process.

The ORPO loss function consists of two components:
a standard loss of negative log-likelihood (NLL loss) for
the desired response y, and a term based on the odds
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ratio, which penalises the undesired response y, and is
defined as:

oddsg (Y
Lorro = E(x,y,,.y;)_p| 109 Pe(yW|X)7\|090(|09cmsz(();lll:))H, (6)

1R
Po(y1x)
The first term —log Py(y,, |x) is responsible for

training the correct response (as in SFT), and the second
is responsible for ensuring that the model “distinguishes”
a good response from a bad one.

The final stage of alignment with ORPO is key to the
proposed approach. Unlike standard approaches, where
preference data is collected manually, 1AQS is used
instead as a preference control signal. This creates a
powerful, self-consistent cycle, as the proposed integral
metric directly controls the training of the model.

For the input code C,q4 several k=5 candidate
migration options are generated using the model after the
PEFT stage with sampling temperature variation.

For each candidate C,y; its score IAQS; is calculated
according to formula (4).

Pairs of preferences (Crewi;Cnewj) are formed such that
IAQS=>IAQS;. In this case, Cpeni becomes the “selected”
response Yy, and Cpeyj — becomes the “rejected” response

Y.

where oddsg(y | x)=

This data set is then used to fine-tune the model using
the ORPO loss function [18], which now implicitly aligns
(or corrects) the model policy by minimising Lorpo tO
achieve a high IAQS value.

4 EXPERIMENTS

A specialised code generation model, Qwen 2.5 Coder
14B [11], was selected as the base LLM. This model was
chosen due to its advanced results on coding benchmarks
and its open licence, which is consistent with the results
of [5].

The experiments were conducted on an NVIDIA A100
GPU (40 GB) using PyTorch 2.1, Hugging Face
Transformers 4.36, and TRL (Transformer Reinforcement
Learning) 0.7 libraries to implement ORPO.

Three datasets were prepared for fine-tuning.

The corpus for CPT is an unstructured corpus of
modern ABAP code with a volume of 500 million tokens,
collected from publicly available GitHub repositories
(150+ repositories), SAP Press documentation with code
examples, and anonymised fragments from open SAP
Community archives.

Parallel corpus for PEFT - a set of 50,000
“instruction-response” pairs in the format “legacy code —
modern equivalent”. The data was prepared by experts
who included code for migration to SAP S/4AHANA and
supplemented with synthetically generated examples
using migration rules from official SAP documentation.

A set of advantage data for Alignment — 8,000 triplets
(prompt-chosen-rejected), where “chosen” is the option
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with high 1AQS, and “rejected” is the option with lower
IAQS. The data was generated automatically using the
above-described procedure for forming preference pairs.

For independent evaluation of the models, a test
sample was prepared containing 1,000 pairs (obsolete
code — reference_modern_code) that were not used during
any stage of training. The test examples cover typical
migration tasks: improving the efficiency of SELECT
queries, replacing outdated functional modules with
modern classes, refactoring of outdated constructs.

The I1AQS component calculation methodology
involves the following steps:

— syntax checking using ABAP Parser (a component
of ABAP Development Tools). The My, metric is
calculated as the percentage of fragments without syntax
errors;

— validation of functional equivalence by dynamically
executing code in the SAP S/4AHANA environment. Sets
of unit tests were prepared for each pair (old code — new
code). Thanks to access to the SAP S/4AHANA system, the
verification was performed not on mock-ups, but on a real
ABAP processor. The metric (pass@1) is calculated as
the percentage of generated fragments which are
compiled successfully and successfully passed all
functional tests on the first attempt [12];

— calculation of Mgy, (CodeBLEU) relative to the
reference code using the codebleu library [19, 20]. Given
the specifics of the proprietary ABAP language and the
lack of publicly available stable grammars (Tree-sitter
grammars) for building AST in Python, the calculation
was performed in an adapted mode. N-gram match and
weighted N-gram match components (with customised
weights for ABAP keywords) were used, which made it
possible to evaluate the lexical and structural
correspondence of the code without the need to export
syntax trees from SAP systems.

Each model was evaluated on a full test sample with a
fixed seed (random seed=42) to ensure reproducibility of
results. The hyperparameters for fine-tuning are presented
in Table 2.

Table 2 — Hyperparameters for fine-tuning

Parameter CPT PEFT stage Alignment
stage (QLORA) stage (ORPO)

Learning Rate le-5 2e-4 5e-6
Batch Size 8 16 8
Gradient 4 2 4
Accumulation Steps
Epochs 3 2
LoRA Rank (r) - 16 16
LoRA Alpha - 32 32
LoRA Dropout — 0.05 0.05
Quantization Type - 4-bit NF4 4-bit NF4
Optimizer AdamW AdamW AdamW
Weight Decay 0.01 0.01 0.01
Max Sequence 2048 2048 2048
Length
Warmup Steps 500 100 50
ORPO A - - 0.1
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For QLoRA, 4-bit NF4 (Normal Float 4) quantisation
with double quantisation was used, which reduced the
model’s memory footprint.

5 RESULTS
To evaluate the effectiveness of the proposed
approach, not only individual metrics were calculated, but
also an integral 1AQS assessment at each stage of fine-
tuning. The results are presented in Table 3.

Table 3 — Results of model evaluation on the test sample

Syntactic Semantic | Functional 1AQS
Model correctness | similarity | correctness (w=1/3)
(Msyn)y % (Msem) (Mfunc)» %
Base Model 12.4 0.215 3.1 0117
(zero-shot)
After CPT 28.7 0.365 11.2 0.255
After PEFT
(QLORA) 78.3 0.724 64.8 0.718
After
Alignment 82.1 0.761 68.5 0.756
(ORPQO)

Figure 1 shows the visualisation of the dynamics of
improvement in the IAQS integral assessment and its
components at each stage of fine-tuning.

Syntactic correctness (Msy,)
Semantic similarity (Mgem)
Functional correctness (Mgnc)
IAQS (integral assessment)

Figure 1 — Dynamics of IAQS growth and its components at the
stages of fine-tuning

The graph shows the non-linear nature of quality
improvement.

The base LLM shows very low results across all
metrics, which is explained by the practical absence of
ABAP code in its baseline training data.

The CPT stage provides basic adaptation to the
domain, increasing semantic similarity (Mge) from 0.215
t0 0.365 (+69.8%).

The largest increase is observed at the PEFT stage,
from 0.255 to 0.718 (+181.6%), confirming the critical
importance of supervised fine-tuning for achieving
functional correctness. The ORPO stage improves
(+5.3%) all components simultaneously.

Analysis of the results shows that each stage
contributes to a significant and consistent increase in the
overall integral quality assessment of ABAP code.
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The baseline model demonstrates very low code
quality (IAQS = 0.117), which is explained by the lack of
ABAP representation in its baseline training data.

The CPT stage increases it more than twice (IAQS =
0.255, an increase of +117.9%).

The PEFT stage provides the largest increase, after
which the integral quality assessment metric rises to 0.718
(an increase of +181.6%).

The final alignment stage, controlled by IAQS, brings
the integral assessment to 0.756, which is a 546%
improvement over the baseline model.

6 DISCUSSION

The results confirm the central thesis of the work:
formalising quality assessment in the form of an integral
metric and using it as a target function allows for
systematic improvement of the results of the ABAP code
automated migration process.

A detailed analysis shows that different stages of fine-
tuning have different effects on IAQS components.

The continuous pre-training (CPT) stage mainly
improves the semantic component Mg, (from 0.215 to
0.365, an increase of +69.8%), familiarising the model
with idioms and constructs of the ABAP language. This is
because CPT adapts the tokenizer and internal
representations of the model to the specific syntax of
ABAP, making the generated code more “natural” in
terms of structure. However, functional correctness
increases insignificantly (from 3.1% to 11.2%) because
the model has not yet learned the specific task of
migration.

The parameter-efficient fine-tuning (PEFT) stage
provides the biggest leap in functional correctness Myne
(from 11.2% to 64.8%, an increase of +478.6%), as at this
stage the model learns the specific task of converting
obsolete constructs into modern equivalents based on
50,000 examples of pairs (legacy code, modern code).
This stage also significantly improves syntactic
correctness My, (from 28.7% to 78.3%, an increase of
+172.8%), indicating successful assimilation of the rules
for generating valid code. Semantic similarity also
increases (from 0.365 to 0.724, +98.4%) as the model
learns to generate code that is structurally similar to the
reference samples.

The final stage of preference-based alignment (ORPO)
provides “fine-tuning” of all components simultaneously.
Although the absolute increase is smaller (+5.3% for
IAQS, +4.9% for Mgy, +5.1% for Mgem, +5.7% for Miync,
this stage is critical for achieving high quality, as it trains
the model to distinguish between *“good” and
“acceptable” code wversions. The improvement in
semantic-structural similarity (CodeBLEU from 0.724 to
0.761) is particularly noticeable, confirming that the
model has learned to generate code that is not only
functionally correct but also structurally close to
idiomatic ABAP.

It is important to note the synergistic effect between
the stages: each subsequent stage builds on the results of
the previous one, creating a cumulative improvement in
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quality. CPT lays the foundation for domain knowledge,
PEFT trains for a specific task, and ORPO performs
targeted model alignment to achieve the maximum value
of the IAQS comprehensive quality indicator.

It is necessary to note the limitations of the proposed
approach and ways to overcome them.

Firstly, the choice of weights for IAQS is subjective
[10]. Although equal weighting (w=1/3) is a reasonable
starting point [10], in industrial projects these weights can
be calibrated to reflect specific business priorities. For
example, in critical financial systems, functional
correctness may have a higher weight (Wync=0.5, Wg,=0.3,
Ween=0.2), while in projects with an emphasis on
maintainability, semantic similarity (Wse,=0.5, Wiyne= 0.3,
Wy, =0.2). Future research could use data-driven methods
(e.g., regression analysis or analytical hierarchy process)
to determine optimal weights based on historical
migration project data.

Secondly, benchmark-based metrics such as
CodeBLEU may be prone to “surface bias”, favouring
textual similarity over true functional equivalence [20].
Research [21] has shown that CodeBLEU can give high
scores to code that looks similar to the benchmark but has
subtle semantic differences. This risk is deliberately
mitigated in IAQS by including the pass@1 functional
correctness metric, which evaluates the actual behaviour
of the code through the execution of unit tests [12]. This
combination makes IAQS more robust to evaluation
errors than any single metric, as the code must
simultaneously pass functional tests (pass@1) and be
structurally similar to a high-quality benchmark
(CodeBLEU).

Thirdly, the scalability of the approach to very large
code bases (>100,000 lines) still needs empirical
confirmation. The current study focused on the migration
of individual functions and methods (average length 50
lines), whereas industrial projects often require the
migration of inter-module dependencies, global variables,
and complex integration scenarios. Future work should
investigate how 1AQS scales up to the level of entire
applications and whether additional metric components
are needed (e.g., inter-module compatibility assessment).

Fourthly, the current implementation of 1AQS does
not take into account such important aspects of code
quality as performance, security, and energy efficiency.
Although the ISO/IEC 25010 [6] standard includes the
characteristic “Performance Efficiency”, its integration
into IAQS requires the development of automated
methods for measuring the performance of generated
ABAP code, which is a non-trivial task due to the need to
execute the code in a real SAP environment.

The proposed approach paves the way for the
development of more reliable and predictable automated
code migration systems. The IAQS integral metric can be
integrated into SAP projects as an objective indicator of
code quality during migration, allowing teams to track
progress and automatically identify problematic code
fragments. The proposed fine-tuning methodology can be
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used as a template for adapting LLM to other domain-
specific languages and code migration tasks.

The improvement in economic performance is
expected to be significant. If automated migration with
IAQS 0.756 can replace even 50% of manual work, this
potentially reduces the total cost of an SAP S/AHANA
migration project by 20-30%, considering that code
migration accounts for up to 40% of the total
workload [3].

CONCLUSIONS

This paper presented an approach to the automated
migration of legacy ABAP custom code based on the
principles of intelligent reengineering and objective code
quality assessment. An integral quality assessment metric,
IAQS, was proposed, which provides a comprehensive
view of the quality of the generated code by combining
syntactic, functional, and semantic characteristics based
on the ISO/IEC 25010 and ISO/IEC 25040 standards.

A three-stage approach to LLM training (CPT —
PEFT — ORPO) was also developed and tested, which
purposefully aligns the model to achieve the maximum
value of the integral quality assessment metric. A key
feature of the methodology is the use of the IAQS metric
itself to automatically generate preference data at the
alignment stage, creating a self-consistent tuning cycle.
The research results confirm that this approach allows for
significant and controlled improvement in the quality of
migrated code. The final model achieved a high 1AQS
score (0.756), which is a 546% improvement over the
baseline LLM.

The scientific novelty lies in the development of the
method for ensuring the quality of legacy ABAP custom
code, based on the IAQS code quality assessment metric
and a three-stage approach to LLM fine-tuning. Unlike
existing approaches that use disjointed code quality
assessment metrics, IAQS is an integral metric
specifically designed for comprehensive assessment of
ABAP code migration quality based on ISO/IEC 25040
principles and composite indicator theory.

A distinctive feature of the proposed three-stage
approach to LLM alignment is the use of the 1AQS
integral metric in the automatic generation of preference
data for the ORPO algorithm. This creates a self-
consistent cycle of target alignment “metric-model”,
where the IAQS integral metric directly controls the
learning process, ensuring target alignment with respect to
the integral quality indicator.

The practical significance is that the proposed
approach paves the way for the creation of more reliable
and predictable automated code migration systems, which
will reduce costs in computer system intelligent
reengineering projects. The 1AQS integral metric can be
implemented in SAP projects as an objective indicator of
the effectiveness of the migration process of legacy
custom code.

Prospects for further research include studying
various weighting schemes for IAQS based on expert
assessments and real project data, expanding metrics to

OPEN ACCESS




p-ISSN 1607-3274 PanioenextpoHnika, indopmaTrka, ynpasminss. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

account for performance, security, and energy efficiency
aspects, and comparative testing of the proposed approach
with existing methods in real SAP S/4AHANA migration
projects. A separate promising area of research is the
deepening of semantic similarity metrics. We plan to
develop a mechanism for integration with open static
analysis tools such as abaplint or internal SAP parsers.
This will allow the generation and export of complete
abstract syntax trees (AST) in JSON format directly to the
evaluation pipeline, ensuring that deep structural
relationships and data flow are taken into account in the
CodeBLEU metric.
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VK 004.89
OIIIHKA TA 3ABE3NEYEHHSA SIKOCTI MITPOBAHOI'O ABAP-KOY 3A JOIMOMOI'OIO IHTET' PAJIBHOI
METPHUKH TA MOJAEJENA TEHEPATUBHOI'O IITYYHOI'O IHTEJEKTY
Ho3ausaxkos O. A. — acmipaHT kadenpu mnporpaMHHX 3aco0iB, HamioHanpHUI yHiBepcHTET «3amopi3bka MOJITEXHIKa»,
Sanopixoxs, Ykpaina. ROR: https://ror.org/03aph1990. ORCID: https://orcid.org/0009-0006-3955-802X.
IMapxomenko A. B. — kaHa. TexH. HayK, IOIEHT, JOLEHT KadeIpu HporpaMHHUX 3aco0iB, HamioHanbHWi yHIBepcuUTeT

«3arnopi3bka noniTexHika», 3amopixoks, Ykpaina. ROR: https://ror.org/03aph1990. ORCID: https://orcid.org/0000-0002-6008-1610.

AHOTAIIA

AKTyaJIbHiCTB. ABTOMaTH3allisi TPOLECY Mirpamii ycnaJKoBaHOTO KOPHCTYBAalbKOrO KOy IIPH IMEpeXoji Ha HOBY BepCiro
cuctemu S/4HANA 3a momomororo Benmkux MoBHHX Mozeiedi (LLM) e mepcmextuBHMM HampsmoM. IIpoTe oOILiHKa SKOCTI
3TEHEPOBAHOr0 KOJy 3aJHUIAETHCS HEBUPIIICHOIO MPOOJIEMOO, OCKUIBKH iCHYIOUI MiAXO0AM BHKOPHCTOBYIOTH PO3PI3HEHI METPHKH,
10 HE JO3BOJAIOTH KOMIUIEKCHO OL[HUTH Ta 3a0e3MEeYMTH SKICTh NPOTPaMHOr0 KOAY JUIS MOJAJbIIOr0 BHKOPUCTaHHA 0Oe3
JIO/IATKOBOT'O JI0OTIPAIIFOBAHHSI.

Meta po6oTH — miABHIIEHHS €()EeKTHBHOCTI MPOILECY iHTENEKTYaJbHOTO PEIHKWHIPUHTY KOMIT IOTEPHOI CHCTEMH Ha OCHOBI
METO/Iy KOMIUIEKCHOTO OI[IHIOBaHHS Ta 3a0€3IeUeHHs SIKOCTI MIrpoBaHOTO KopHcTyBanbkoro ABAP-koxy.

Mertoa. Po3poGiienuii MeTon 6a3yeThesi Ha ABOX KIIIOYOBHX KOMITOHEHTax. [HTerpansHa MeTprka ouinku sikocti IAQS (Integral
ABAP Quality Score) koMIIIIEKCHO BpaxoBy€e CHHTAKCHYHi, (yHKIIOHATIbHI Ta CEMaHTHYHI XapaKTEPHCTUKH KOAY Ta IPYHTY€ETHCS Ha
HOJIOKEHHAX MIDKHAPOAHHMX CTaHIApTiB sAKOCTI mporpamuoro 3abesmeuenns ISO/IEC 25010, ISO/IEC 25040, a takox Teopii
KOMIIO3UTHHX iHauKaTopiB. Tpueramuuit migxin no moxasuands LLM (Qwen 2.5 Coder 14B) Bkirouae GesmnepepBHE MONEpEaHE
HaBuanHs (CPT), mapamerpo-epekruBHe nonaByanHs (PEFT) ta BupiBHioBaHHS Ha ocHOBi mepeBar (Alignment) na ocuoBi
anroputmy ORPO. Ilpu npoMy BukopucTaHHA po3pobienoi merpuku |IAQS mns gopmyBanHS Habopy DaHUX TepeBar Ha eTami
BHPIBHIOBaHHS CTBOPIOE MEXaHI3M KEPOBAHOTO BIOCKOHAJICHHS, a CaMe BH3HAYa€ HapsAMOK aganTamii LLM.

Pe3yabraT. Pe3ynpraT €KCEpUMEHTAIBHHX JOCIIIKEHb JEMOHCTPYIOTh, L0 pealli3allis po3po0JIeHOr0 METOIy 03BOJISIE
TIOKPAIINTH SIK OKPEMi IIOKa3HUKH SKOCTI IPOrPaMHOT0 KOy, TaK i IHTerpanbHy MeTpHKy omiHKy sikocTi IAQS B minomy. dinanbsaa
MOJIEJIb, JIOHABYEHA HA OCHOBI 3aIPOIIOHOBAHOTO TPUETAIHOIO MiAX01y, J03BoMIa gocarti Bucokoro 3Hayenus |AQS (0.756), mo
JEMOHCTpPY€ CyTTEBE IiIBULIEHHs Y TIOPiBHsIHHI 3 Ga3oBoto Moaesuto (0.117).

BucHoBku. J{ociiKeHHS TPEACTABIISE HOBUI MPOOIEMHO-OpIEHTOBAHHIA MiAXi/ 10 aBToMaTH30BaHOi Mirpauii ABAP-koay npu
IHTEJIEKTya IbHOMY PEIHXHUHIPHHIY KOMIT FOTepHHX CHCTEeM. 3arporoHoBaHa inrerpansia metpuka |AQS e ocHOBOIO [isi CTBOPEHHS
(dopmamizoBaHOi Ta 00’€KTHBHOI CHCTEMH OLIHKH SIKOCTI MpOorpaMHOro 3abe3medeHHs, 3reHepoBaHoro LLM y koHTekcTi mirpamii
yCIaAKOBAaHOTO KOPHCTYBALBKOTO KoAy. [IpoaeMoHCTpOBaHO, 0 MOCHioBHE AoHaBYaHHSI LLM Ha OCHOBI TpueTamHOTo Hiaxomy 3
BukopuctanasaM |AQS 3abesnedye CyTTeBe MiIBHUINEHHS IHTETPOBAHOTO ITOKA3HHUKA SIKOCTI 3T€HEPOBAHOTO IIPOTPAMHOTO KOy .

KJIIOYOBI CJIOBA: skicth mporpaMHOro 3a0e3nedeHHs, IHTerpajbHAa METPHKA, BEIMKI MOBHI MOJEINi, Mirparis
YCMaKOBaHOTO KOPUCTYBAIIBKOTO KOy, AoHaBYaHHs LLM.
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ABSTRACT
Context. Modern software systems operate in dynamic and harsh environments where internal and external failures, unexpected
disturbances, direct attacks, and resource constraints challenge the consistent provision of core functionalities. In these contexts,
ensuring functional stability — where the quality of each system function remains within a predetermined stable range despite failures
or environmental anomalies — is critical, especially for safety-critical and high-availability applications.
Obijective. The primary objective of this work is to develop and justify an enabling design pattern that provides the architectural
backbone for achieving functional stability in software systems. The main focus is to provide a flexible solution that facilitates

dynamic adaptation while maintaining robust system behavior.

Method. We propose a novel pattern that combines the dynamic strategy selection capabilities with the loose coupling between

components afforded by an event-driven approach. This enabling pattern decouples system components by enforcing communication
solely through standardized event types and allows each module to select an appropriate adaptation strategy based on its current
context. The described pattern was used to build a design of a real-life example that aims to implement stable object tracking
functionality for autonomous quad-platforms. The proposed design was evaluated using design-level metrics alongside qualitative
comparisons with existing adaptive approaches.

Results. Our analysis shows that the enabling pattern achieves significant modularity and adaptability. Key object-oriented
metrics indicate minimal interdependencies among modules and a clear separation of concerns. The design proposal demonstrates
that the pattern supports dynamic behavior adjustment through flexible strategy selection and serves as an enabler for functional
stability by providing a robust architectural backbone for software systems.

Conclusions. The scientific novelty of this work is twofold: firstly, the novel pattern is obtained in our study, providing dynamic
adaptation through context-aware strategy selection; secondly, functional stability received further development in the area of
software architecture. The proposed pattern offers a robust, scalable, and maintainable architectural solution, with significant

practical implications for the design of adaptive, resilient software systems.
KEYWORDS: software design patterns, functional stability, event processing, adaptive behavior, autonomous systems.

NOMENCLATURE

C is a set of software components (modules) that form
the system SW;

C; is a specific component of the system SW,
responsible for executing one or more functions;

c; is an internal state or context of component C;
which affects how the strategy selection function o
behaves;

E is a situation space representing the full range of
environmental and operational conditions in which the
system may operate;

Eexpected 1S @ subset of situation space E that contains
situations anticipated by the system designer;

E\Ecxpectes 1S @ Set of unexpected or unhandled
situations that are not explicitly anticipated during system
design;

F is a set of system functions provided by the system
SW;
© Bychkov O. S., Moroz M. V., 2026
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f; is a particular function from the set F, implemented
by a specific component C;;

M is a mapping function that defines the system’s
behavior;

O(f) is a set of all possible output states of the
component that provides function f;

o(f) is an output state of the component that provides
function f at time t;

P is an enabling architectural software design pattern;

s is a specific situation from space E that may affect
the system’s functioning at runtime;

S S(t;b)le is a set of output states considered stable for

function f;

ST is a set of strategies available for adaptation within
the system;

st is a specific adaptation strategy from the set ST that
a component may use to react to a detected event;
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SW is a target software system under analysis,
composed of interacting components that together
implement the system’s core functionality;

T is a transient interval after which the output state of
function f is expected to reside within the stable set
s(f)

stable
o is a strategy selection function that determines the
most suitable strategy for a component based on the cur-
rent situation and internal context.

INTRODUCTION

Modern software systems are increasingly deployed in
environments characterized by rapid changes, complex
dependencies, unexpected disturbances, and resource
limitations. These conditions — ranging from internal
failures and external attacks to unanticipated operational
anomalies — pose significant challenges to maintaining
consistent, reliable functionality. The concept of
functional stability [1], defined as the ability of a system
to preserve its core functions within predetermined stable
boundaries despite adverse conditions, has traditionally
been applied in mechanical, physical, and decentralized
systems. However, its application to software systems and
software architectures is less explored, creating a gap in
both scientific research and practical implementations.

The current state of research in adaptive and resilient
software architecture emphasizes the use of classical
design patterns alongside approaches for dynamic
reconfiguration and self-adaptation. These methods
provide valuable mechanisms for enabling systems to
adjust their behavior in response to changing operational
conditions. However, while they offer important insights
into dynamic adaptation and fault tolerance, many of
these approaches address only isolated aspects of system
resilience. Consequently, a comprehensive architectural
solution that unifies dynamic adaptation with long-term
functional stability remains lacking. This gap motivates
our investigation into an enabling design pattern that not
only supports flexible strategy selection and decoupled
communication between components but also provides a
robust framework for maintaining stable system behavior
in complex, dynamic environments.

The object of the study is the adaptive process within
software systems that encounter a diverse range of
operational situations — including both expected and
unforeseen disturbances.

The subject of the study is the enabling design
pattern, an architectural backbone that integrates dynamic
strategy  selection with  decoupled, event-driven
communication among components. This pattern is
intended to provide the structural support necessary for
systems to maintain stable functionality over time, even
under conditions of stress or failure.

The purpose of the work is to develop and justify a
pattern-based solution that provides the necessary
structural support for achieving functional stability in
complex software systems. To achieve this aim, we have
set the following tasks: to analyze existing approaches
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and identify their limitations with respect to functional
stability; to design a pattern that is able to fulfill the
mentioned requirements; to evaluate the proposed pattern.

1 PROBLEM STATEMENT

Let SW be a software system composed of a set of
components C={C,,C,,...,C,} that collectively implement
a set of functions F={f,,f,,...,f;}. The system SW operates
in an environment characterized by a situation space E,
where each situation seE is an element of ¥ These
situations represent various conditions - including
internal and external failures, disturbances, and other
operational anomalies — that the system may encounter.

The system is modeled by a mapping function M:

E—O(f), where O(f)={ ol(f),ogf),...,o,(nf)} represents the

set of output states or responses of a component that
provides function f after encountering a situation s. In
response to a situation, a component may either change its
state or maintain its current state.

The overall goal is to achieve functional stability for
each function fe F under situation space E. Formally, for
every function f, there exists a subset of stable states

Sgt‘;‘%)le such that after a transient interval T, the state

ot( ") corresponding to function f satisfies formula (1):

o) es(f)

stable VE>T. Q)

To address these challenges, the problem targeted by
this article is to develop an enabling software design
pattern P that provides the architectural backbone for
achieving functional stability in dynamic environments.
This pattern by its design considerations should support
the system SW with the ability to satisfy formula (1)
despite failures, disturbances, or unanticipated operational
conditions. In details, the target pattern P should be
responsible for next aspects.

— Enabling adaptability. Allowing each component C;
to select a strategy from a set ST based on the current
situation seE and its internal state (context) c;. This
selection is formalized by a function o:(s,c;)—st e ST. By
adjusting a strategy component could transition into a
stable state, satisfying the formula (1).

— Handling expected situations. It is expected that a
system designer defines a subset Eexpectes < E that covers
the range of anticipated conditions. Recognizing that
E\Eexpeces May include unexpected situations, P should
support default or fallback strategies to mitigate these
unhandled cases.

— Supporting extensibility and scalability. Ensuring
that the pattern P is designed in a modular way to allow
easy maintenance, extension, and scaling of both the
strategies ST and the overall system functions F.

2 REVIEW OF THE LITERATURE
Functional stability [1] is defined as the property of an
object to preserve the execution of its primary functions
over a specified time, within limits set by normative
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requirements, even when exposed to counteractive
influences and streams of failures, malfunctions, or errors.
This concept is particularly valued in contexts where
uninterrupted performance is critical, such as in safety-
critical systems or environments prone to frequent
disturbances. The methodological approach to achieving
functional stability can be divided into four compact
stages [2]:

— detection of an abnormal situation associated with
degradation in the quality of functioning due to the
influence of destabilizing factors;

— identification of an abnormal situation;

— making a decision on restoring the functioning
process;

— restoring functioning by redistributing functions and
tasks between undamaged elements.

Historically, the concept of functional stability has
been applied extensively to mechanical and physical
systems — such as for example onboard aircraft systems
[3, 4], control and navigation systems [5, 6], and
distributed information networks [7, 8] — where reliability
under failure conditions is paramount. However, this
concept remains poorly defined and underexplored in the
domain of software engineering, particularly at the
software architecture and design levels. But there are
some connected terms that are represented in the area of
software architecture: in some academic circles,
“functional stability” is a common term, while Western
literature often employs related concepts such as self-
adaptive, robust, or resilient system design. Further we
provide brief definitions of each term and related
literature review.

According to the source [9] self-adaptive software is
identified as software that possesses the capability to
autonomously modify its behavior in response to changes
in its operating environment or internal state. Such
systems continuously monitor their context and, upon
detecting deviations from desired behavior or
performance goals, reconfigure themselves automatically
to satisfy both functional and non-functional
requirements.

The standard [10] defines robustness as the degree to
which a system or component can function correctly in
the presence of invalid inputs or stressful environmental
conditions.

The CNSS Glossary [11] determines resilience as the
ability to prepare for and adapt to changing conditions
and withstand and recover rapidly from disruptions.
Resilience includes the ability to withstand and recover
from deliberate attacks, accidents, or naturally occurring
threats or incidents.

These definitions, while distinct in their emphasis,
collectively highlight the system’s capacity to maintain
and restore core functionality under adverse conditions
and are interrelated in that they contribute to the overall
goal of designing systems that can endure, adapt, and
recover in harsh dynamic environments.

A first notable foundation for achieving adaptiveness
in software design is provided by the work of the GoF
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[12], which shaped modern software architecture. The
GoF introduced a catalog of design patterns that offer
proven solutions to recurring problems in software design.
Among these, the Observer and Strategy patterns stand
out as particularly relevant for enhancing system
adaptiveness. The Observer pattern decouples the subject
from its observers, allowing components to react in real
time to state changes. It enables systems to dynamically
adjust their behavior in response to environmental shifts,
thereby supporting continuous functional performance.
By encapsulating interchangeable algorithms, the Strategy
pattern empowers systems to select the most appropriate
behavior at runtime. This flexibility is essential for
maintaining adaptive responses under varying operational
conditions.

The thesis [13] which is summarized in the work [14]
presents a catalog of design patterns specifically aimed at
enabling software systems to adjust their behavior
dynamically at runtime. The work systematically
categorizes design patterns that support dynamic
adaptiveness, outlining how various patterns address
different aspects of runtime adaptation. The patterns are
organized into clear categories based on their roles within
the adaptive process:

— monitoring and analysis patterns focus on
continuously ~ observing  system  behavior  and
environmental conditions, providing essential data for
triggering adaptation;

— planning and decision patterns encapsulate strategies
for selecting among multiple behavioral alternatives; it
leverages concepts from control theory and optimization
to guide adaptive decision-making;

— execution and reconfiguration patterns responsible
for the implementation of adaptive changes at runtime,
such as dynamic component replacement and state
migration, ensuring that the system can reconfigure itself
seamlessly.

The thesis focuses on dynamic adaptiveness without
addressing the concept of functional stability, so there is
an opportunity to integrate these concepts. The works [15,
16] introduce innovative autonomic design patterns that
complement the taxonomy of dynamically adaptive
systems presented in the thesis. The work [15] proposes
an event-based pattern for web services, triggering
adaptive responses via system events, while the study [16]
presents an adaptive reconfiguration compliance pattern
that enables systems to adjust configurations while
meeting compliance standards.

The work [17] introduces a comprehensive taxonomy
of design patterns aimed at enabling runtime
reconfiguration in software systems. It emphasizes the
importance of decoupling configuration logic from core
business functionality, thereby allowing components to
adapt dynamically without disrupting overall operations.
Key ideas include mechanisms for dynamic state transfer,
policy-driven reconfiguration, and runtime component
replacement — each facilitating seamless adaptations in
response to changing environments or internal conditions.
Overall, this source provides a structured framework for
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understanding how pattern-based approaches can support
software adaptiveness.

In the more recent study [18] authors present a
framework for dynamic software adaptation that leverages
runtime architectural models to manage both planned and
unplanned changes. The paper categorizes adaptation into
three types — algorithmic, configuration, and architectural
— and introduces state machine-based adaptation patterns
that explicitly govern component transitions from active
to quiescent states.

The article [19] presents a system designed to
automatically detect, diagnose, and repair faults in sensor
networks during runtime. The framework is built upon the
MAPE-K model [20] - an established autonomic
computing paradigm which structures the self-healing
process into five distinct phases:

— monitor — the system continuously gathers sensor
data and other relevant metrics;

— analyze — collected data are processed to detect
anomalies or deviations that may indicate sensor faults;

— plan — upon detecting an issue, the system
formulates a remediation strategy;

— execute — the planned corrective actions are applied
to restore proper operation;

— knowledge — a shared repository is maintained to
store historical data, learned patterns, and decision-
making rules for future incidents.

By leveraging this model, the framework not only
addresses transient errors in sensor data but also supports
dynamic adaptation to evolving fault conditions, thereby
enhancing the overall reliability and availability of
sensor-based systems. Although the framework addresses
self-healing, it does not explicitly integrate the broader
notion of functional stability into its design. There is an
opportunity to combine the self-healing approach with
functional stability principles. The framework is tailored
to sensor networks, focusing primarily on data acquisition
and fault remediation in that context.

In summary, while the reviewed literature proposes
many adaptive and self-healing solutions, these
approaches predominantly address how systems can alter
their behavior in response to change. However, there
remains a gap: the concept of functional stability is
underexplored at the software design and architectural
levels. This gap underscores the need for novel design
patterns and methodologies that explicitly integrate
functional stability into software architectures, thereby
fostering systems that are not only adaptive but also
inherently resilient and robust.

3 MATERIALS AND METHODS

Our approach for ensuring functional stability in
software systems is based on the assumption that a
software component can achieve functional stability if it
is capable of dynamically adapting to changes in its
operational environment. Specifically, if each software
component C; can detect events that signify changes in the
situation space E and then select an appropriate adaptation
strategy from a set ST — using a strategy selection function
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o — then software system can maintain its output state

within a predetermined stable set Ss(t';z)le. In this

approach, the presence of multiple strategies, including a
fallback strategy for handling unexpected events and
critical failures, enables the module to adjust its behavior
in real time. Consequently, by dynamically switching
among these strategies as counteractions to detected
disturbances, a software component can preserve the
quality of its primary functions and, in turn, contribute to
the overall functional stability of the system.

In this section, we introduce our novel design pattern
that aims to enable functional stability in software
systems while expanding the adaptive patterns collection.
Our pattern is born from the idea of combining the
flexibility of the Strategy pattern [12] with the dynamic
notification features of the Observer pattern [12]. The
Strategy pattern excels at allowing interchangeable
algorithms, and the Observer pattern provides the ability
to trigger actions in response to incoming events. Below,
you’ll find the UML diagrams and a detailed description
of our pattern. These materials will walk you through how
the pattern is structured, how each component interacts,
and the rationale behind our design choices.

One key aspect of our approach is evolving from the
traditional Observer pattern to a more flexible Publish-
Subscribe model [21]. In the classic Observer pattern,
subscribers must know the Observer (publisher) directly,
which can create tight coupling between components.
With Publish-Subscribe subscribers don’t need to know
the publisher. Instead, they simply subscribe to specific
event types. This decoupling enhances flexibility and
makes it easier to manage complex, dynamic systems.

We should also mention that event handling is a core
element of our pattern, serving as the engine for
adaptivity and a one of key contributors to functional
stability. By centering our design around event handling,
we enable a decoupled, dynamic interaction between
components, where events trigger specific responses
without requiring direct connections between publishers
and subscribers. At the same time, it is important to note
that we will not be focusing on how events are generated
or detected within the system. We assume that events are
produced by various entities through different approaches
— whether for example by physical sensors, monitoring
tools, or through the specialized “monitoring and analysis
patterns” [13, 14, 20]. Our primary concern here is how
these events are handled to adapt the behavior of
individual components and the overall system.

Our pattern is expected to be applied for software
components (modules), and under the term “software
component” we understand any self-contained, logically
cohesive unit that encapsulates a distinct functionality
within a system. Each module should be designed to
operate independently, featuring well-defined interfaces
that facilitate interaction via our event-driven approach.
Such modular structure supports the decoupling and
dynamic adaptivity of our design. In addition, our pattern
acknowledges that software components can exist in
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hierarchical structures. Some modules may function as
submodules of larger modules, forming dependency
relationships that need careful handling. Our approach is
designed to accommodate these nested configurations,
ensuring that even when modules depend on one another,
the event-driven mechanism maintains robust decoupling
and clear communication channels.

With the foundational concepts in place, let’s now
dive into the details of our pattern. The pattern is a
behavioral design approach that enables software
components to dynamically adjust their behavior in
response to events that arise in a system. By merging the
strategic decision-making capabilities of the Strategy
pattern with the loose coupling of the Publish-Subscribe
model, this pattern allows components to select the most
appropriate operational strategy when specific events
occur.

When an event is triggered, a dedicated handler within
the component is able to evaluate the event context (the
event may contain some valuable information, such as
reason, creation time, criticality etc) along with a system
state and provide a decision about activating the best-
suited strategy from a set of available options. For
instance, strategy changes may involve initiating a
recovery process, modifying the execution algorithm to
maintain the module’s core functionality, switching to
backup resources, switching to a default strategy that
degrades the functionality in case of unexpected and
unknown events, adapting to new environmental
conditions, or adjusting task processing priorities, among
other possibilities.

It’s worth mentioning that in our approach, the event
handler is not required to change the strategy for every
event. Certain events may fall outside a module’s ability
to resolve on its own. When a module experiences an
unknown or critical error that impedes its normal
operation, it can notify its dependent modules about the
malfunction. These dependent modules are then expected
to adjust their strategies accordingly, effectively shifting
the responsibility for resolving the event to a higher
hierarchical level. Taking this into account, it can be seen
that our pattern allows each module to play a dual role —
acting both as a publisher and as a subscriber. This means
that a module can react to received events while also
generating new events in response to its current state. This
cascading approach to event processing supports multi-
level and hierarchical error management, ultimately
enhancing the overall reliability and adaptability of the
system. In summary, our design supports adaptation of
individual components by allowing them to change their
operational strategies (for example, by switching
algorithms) and by reconfiguring their submodules.

An example of such hierarchical structure is
introduced in Fig. 1. Here, the highest-level module
functions as the main component that orchestrates the
system, yet its overall functionality depends on the
services provided by the lower-level modules. In this
view, the downward pointing dependency arrows
effectively show that while the high-level module is in a

© Bychkov O. S., Moroz M. V., 2026
DOI 10.15588/1607-3274-2026-1-9
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position to steer the configuration and behavior of the
lower modules, it remains fundamentally dependent on
them to supply the necessary functionality.

Furthermore, the pattern encourages developers to
clearly identify and define critical events and to design
targeted response strategies. Developers are urged to
thoroughly analyze the range of potential events — both
anticipated and unforeseen — that might influence system
behavior. For each identified event, a corresponding
handling strategy should be pedantically crafted. Such
careful planning and targeted strategy development ensure
that each module can gracefully adapt to changing
conditions while remaining isolated from unintended side
effects in other parts of the system.

Module

Module

A\

Madule

$ Module

AN

% Module

3
JANVANR
% Module % Module $ Module % Module

Figure 1 — An example of hierarchical module structure

Module

The UML class diagram of the pattern, which is
presented on Fig. 2, illustrates the key components and
their relationships within the pattern, further is the
description of every item.

— IPublisher. This interface defines the contract for
any entity that is responsible for publishing events. It
declares the method for event publication, ensuring that
any implementing class can deliver events to the system’s
central coordinator.

— IEventSubscriptionService. This interface outlines
the operations required for managing event subscriptions.
It includes methods for subscribing and unsubscribing
components, ensuring that events are delivered only to
those subscribers that have expressed interest.

— |EventSubscriber. The IEventSubscriber interface
specifies the method(s) a component must implement to
handle incoming events. It standardizes event processing
so that every subscriber can react appropriately when
notified of an event.

— IStrategy. This interface defines the operational
algorithm or behavior that a subscriber may adopt when
processing an event. It encapsulates the logic for adapting
the module’s functionality in response to system or
environment changes.

— |StrategySelector. The IStrategySelector interface
establishes the contract for selecting an appropriate
strategy based on the current context. This context may
include for example information provided by an event or
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system’s state, allowing the selector to choose the best-fit
strategy for the situation.

— Event. An Event represents any change, notification, or
trigger that might be significant to system components.
Each event is associated with a predefined type
(EventType) and can carry various details (such as a
timestamp, publisher identity, cause, or description) that
subscribers might require for processing the event.

— EventType. Defined as an enumeration, EventType
specifies the different categories of events that the system
can handle. It serves as a key for mapping events to their
corresponding subscribers and facilitates efficient event
routing within the system.

— AnEventProducer. This abstract class encapsulates
the logic for generating events. AnEventProducer
aggregates an instance of the IPublisher interface, which
it uses to publish events. By decoupling event generation
from event distribution, it ensures that modules remain
independent of the specific mechanisms used to deliver
events.

@ AnEventProducer

-publisher: IPublisher

— EventManager. Serving as the central coordinator of
the pattern, the EventManager implements both the
IPublisher and IEventSubscriptionService interfaces. It is
responsible for managing subscriptions and for delivering
events to the appropriate subscribers. To accomplish this,
it maintains an internal mapping (subscribers map) that
associates each event type with a list of interested
subscribers, ensuring that events are routed correctly.

— ConcreteModule. A ConcreteModule plays the dual
role of event subscriber and, optionally, event producer. It
implements the IEventSubscriber interface to process
incoming events and, in some cases, extends
AnEventProducer to generate events as well. Upon
receiving an event, the ConcreteModule may leverage a
strategy selection mechanism to dynamically choose an
appropriate response strategy, thereby adapting its
behavior to maintain system stability.

The UML sequence diagram is illustrated on Fig. 3.
This diagram conveys the dynamic interplay between the

+produceEvent(): void
+produceEvent(eventType: EventType): void
+setPublisher{publisher: IPublisher): void

publisher|

@) rrublisher

@ IEventSubscriptionService

+publishEvent{eventType: EventType, event: Event): void

+subscribe(subscriber: IEventSubscriber, eventType: EventType): void
+unsubscribe(subscriber: IEventSubscriber, eventType: EventType): void

&

B

@ EventManager

-subscribersMap: Map<EventType, List<|EventSubscriber>>

+publishEvent(eventType: EventType, event: Event): void
+subscribe(subscriber: IEventSubscriber, eventType: EventType): void
+unsubscribe(subscriber: |[Eventsubscriber, eventType: EventType): void

-+onEvent(event: Event): void =T 1T
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A software module may act as both publisher 'T
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Timeout
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Figure 2 — UML class diagram of the proposed pattern
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Figure 3 — UML sequence diagram of the proposed pattern

key components in our pattern, showcasing how the
system adapts to events through a cascading mechanism.
The diagram highlights the inherent flexibility built into
the design. Upon receiving the event, each subscriber
evaluates it using its StrategySelector. The sequence
diagram illustrates that if a subscriber identifies an
appropriate response, it will execute the corresponding
strategy to adapt its behavior. However, if no suitable
strategy is found, the subscriber escalates the situation by
publishing a new event, effectively shifting the
responsibility to higher-level components. This cascading
approach not only underscores the dual role of modules —
as both publishers and subscribers — but also reinforces a
multi-tiered error management process that enhances the
overall reliability and adaptability of the system.

In summary, our proposed pattern fulfills the
described approach of providing functional stability for
software systems by enabling each software component to
maintain multiple strategies — represented via the
IStrategy interface — and dynamically react to changes.
The pattern ensures that, upon detection of relevant
events, a component can select and execute the most
appropriate adaptation strategy through its strategy
selection interface IStrategySelector. This design not only
supports flexible adaptation but also lays the architectural
foundation for achieving functional stability across the
system.

4 EXPERIMENTS
In our experimental evaluation, we address the
challenge of designing a robust software system that can
maintain functional stability under dynamic conditions.
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Rather than focusing on specific code implementations,
our experiment demonstrates how the proposed enabling
pattern influences the design of an application intended
for real-life challenges, such as stable visual object
tracking for autonomous platforms.

The solution under design is expected to detect, track,
and recover from tracking failures in real time. Initially,
the system analyzes the video stream to detect an object
based on predefined criteria. Upon detection, an event is
generated that triggers the transition from an object
detection mode to an object tracking mode. When the
target moves an appropriate event occurs and the
corresponding module uses a strategy selection
mechanism to determine whether to adjust the camera
orientation or reposition the platform using its wheels.

The experimental design is considered to support
several scenarios.

— Initial detection and transition to tracking. To start
the tracking process, the system must first detect the
target object. In this initial step, the system employs
“find” and “detect” strategies by exploring the camera
view and, if necessary, changing its physical location.
Once the target is detected, a detection event is published
and routed to all interested parties, initiating the tracking
process.

— Dynamic tracking with adaptive strategies. As the
target moves, a series of events reflecting its motion are
generated. The strategy selector evaluates these events
and dynamically chooses the appropriate response —
adjusting the camera for minor movements or driving the
wheels for larger positional changes. This scenario
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demonstrates the pattern’s ability to maintain functional
stability by adapting to ongoing changes.

— Target loss and recovery. In situations where the
target temporarily leaves the field of view or becomes
occluded, the system generates a “target lost” event. This
event triggers a recovery procedure, wherein the system
searches for the target based on the last known tracking
data

The pattern’s capability to dynamically switch
between different strategies ensures that the system can
adapt to environmental variability and unexpected
disturbances, thereby achieving reliable performance
under a wide range of conditions. To present our
experimental design we have developed a series of
simplified UML class diagrams that detail the architecture
of the experimental system. These diagrams illustrate the
core infrastructure, along with the domain-specific
modules that implement dynamic adaptation. Note that
some core components (e.g., EventManager) and
interfaces are not present in UML diagrams for better
readability, but they are still essential for the design.

Fig. 4 presents the components related to the camera
functionality. The CameraModule, responsible for
capturing frames and reorienting the camera, extends the
common  AnEventProducer and implements the
IEventSubscriber interface. It interacts with a dedicated
CameraStrategySelector that dynamically selects between
the CameraTrackingStrategy and CameraSearchStrategy
based on incoming events.

The Movement Domain diagram presented in Fig. 5
details the architecture for platform repositioning. The
MovementModule, which manages the physical adjust-
ments of the system, similarly extends AnEventProducer
and implements IEventSubscriber. It utilizes a Move-
mentStrategySelector to choose between strategies such
as WheelTrackingStrategy and WheelSearchStrategy.
This enables responsive adjustments to the platform’s
position in reaction to target movement or loss.

In the diagram on Fig. 6, the Image Analysis Domain
is depicted. The ImageAnalysisModule, tasked with
processing captured images and analyzing target
characteristics, also inherits from AnEventProducer and
implements  IEventSubscriber. It  employs an
ImageAnalysisStrategySelector to dynamically select
among  strategies such as  FindObjectStrategy,
TrackObjectStrategy, and RecoverFindStrategy. This
modular approach facilitates robust analysis and quick
recovery when tracking is disrupted.

By focusing on architectural design rather than
implementation specifics, our experiment demonstrates
that the proposed enabling pattern can serve as a robust
architectural backbone for adaptive systems. The pattern’s
ability to support both dynamic strategy selection and
component reconfiguration highlights its potential to
enhance system functional stability in real-world
applications.

@ AnEventProducer

() EventType

@ IEventsubscriber

-publisher: IPublisher

TARGET_DETECTED
TARGET_MOVED

+onEventievent: Event): void

+setPublisher(publisher: IPublisher): void
+produceEvent(): void
¢ +produceEvent(eventType: EventType): void

TARGET_LOST
TARGET_NOT_FOUND_NEAR
NEW_SEARCH_POINT REACHED

! A

Camera Domain\,

@ CameraModule

-strategySelector: CameraStrategySelector

@ IStrategySelector

+captureFrame(): void
+produceEvent(): void
+onEvent(event: Event): void

+selectStrategy(event: Event): IStrategy

uses

¥

selects:

|
Y

@ CameraStrategySelector @ IStrategy
+selectStrategylevent: Event): ACameraStrategy +execute(contextData: Object): vold
| B

@ ACameraStrategy

+execute(contextData: Object): void

]

@ CameraTrackingStrategy

@ CameraSearchStrategy

+execute(contextData: Object): void

+execute(contextData: Object): void

Figure 4 — The UML class diagram for Camera domain
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Figure 5 — The UML class diagram for Movement domain
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Figure 6 — The UML class diagram for Image Analysis domain

5 RESULTS
The proposed design pattern was evaluated from the
perspective of structural quality, modularity, and
readiness for adaptation in dynamic software systems.
Rather than benchmarking low-level algorithmic
performance, the assessment focuses on design-level
metrics and scenario-based maintainability analysis.
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To quantify structural quality, object-oriented design
metrics were calculated based on the UML architecture
presented in the Experimental section. Their values are
shown in Table 1.
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Table 1 — Object-oriented metrics for the proposed design

Metric Value Interpretation

CBO (Coupling 4 Low coupling; components
Between Objects) [22] interact solely via event types

LCOM (Lack of High cohesion; modules
Cohesion in Methods, | 0.19 encapsulate tightly related
LCOM4) [22] functionality

Moderate response surface;
RFC (Response for 36 limited and testable method
Class) [22]

complexity
DIT (Depth of

Moderate abstraction depth due to
Inheritance Tree) [22] use of interfaces and base classes

These metrics confirm the pattern’s architectural
strength: decoupled modules, focused responsibilities, and
extensibility through clearly defined interfaces.

Beyond metric-based evaluation, the design was
assessed according to established SOLID [23] principles.
In general, our design satisfies the SOLID principles:

— it demonstrates high cohesion and a clear separation
of responsibilities (SRP);

— it is open to extension through subclassing while
remaining stable (OCP);

— it supports substitutability of components without
loss of functionality (LSP);

— it employs client-specific interfaces to prevent
unnecessary dependencies (ISP);

— it inverts dependencies so that high-level modules
rely on abstractions (DIP).

Qualitatively, the architecture shows:

— high modularity — by decoupling modules via
events, each component can be developed and maintained
independently, which facilitates scalability and easier
integration of new features;

— dynamic adaptability — the use of dedicated strategy
selectors within each domain allows the system to
respond adaptively to dynamic conditions, thereby
enhancing functional stability;

— maintainability — clear separation of core and
domain-specific components reduces complexity and
makes the system easier to understand and maintain.

These qualities collectively validate the robustness,
adaptability, and maintainability of our proposed pattern.

Although the study does not rely on a specific
implementation, an approximate estimation of runtime
overhead was performed based on architectural
assumptions. The event loop involves four stages: event
creation, dispatch, strategy selection, and strategy
execution. Table 2 outlines estimated average durations
for each step, assuming single-process deployment with
in-memory event dispatch.

Table 2 — Estimated runtime overhead per event

Operation Estimated duration (us)
Event creation and enqueueing 5-10
Dispatch to subscribers 10-15
Strategy selection 3-5
Strategy switch and execution 4-6
Total estimated per event 22-36
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Given that typical processing intervals in control or
video-tracking applications range from 20 to 50
milliseconds, even handling multiple events per frame
results in overhead well under 1-2% of total cycle time.
These figures validate that the design is lightweight and
suitable for real-time reactive systems.

To further analyse maintainability, several common
evolution scenarios were considered. For each, we
assessed the required changes and the relative complexity
involved in extending the system using the proposed
pattern. Table 3 presents these findings.

Table 3 — Change scenarios and their impact on the proposed

design
Scenario Required changes Relatlve
impact
Adding a new event pefme anew event type,
register subscribers, implement Low
type :
matching strategy
Replacing tracking Add new strategy and register
. o Low
algorithm it; no changes to other modules
Adding a notification Implement a subscriber,
- . Low
module for alerting subscribe to target events
crilt?égcl)i(iu?l;gge d Extend event metadata, modify
Hcatty- dispatch logic or event manager | Medium
prioritisation of .
policies
events
Changing event Modify event manager internals .
routing policy (¢.g., or insert pre-processors Medium
filtering, batching) pre-p
Adding a dynamic Extend selector logic, integrate
strategy selector that model loading, handle decision | Medium
uses ML models fallback

The analysis shows that typical functional extensions
involve localized changes and benefit from the modular
structure. Scenarios that modify global coordination logic
(e.g., routing policies) introduce higher complexity, which
is expected due to their system-wide implications.

6 DISCUSSION

Our evaluation confirms that the proposed software
design pattern successfully addresses the stated problem,
described at the beginning of the article. Specifically, the
pattern meets the following requirements:

— enabling adaptability — each component dynamically
selects a strategy based on the current situation and
internal state;

— handling expected and unforeseen situations — the
inclusion of fallback strategies ensures that even when
unexpected conditions arise, the system maintains its
stability;

— supporting extensibility and scalability — the
modular architecture, with clearly decoupled components
that communicate solely via event types, facilitates
maintenance, extension, and scaling.

These points are supported by our design-level metrics
and qualitative assessments, which together demonstrate
that the pattern provides a robust architectural backbone
for enabling functional stability.

Our proposed pattern distinguishes
reviewed solutions in several ways.
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— Integrated Adaptability Through Strategy Selection.
Whereas traditional patterns like Observer and Strategy
provide individual benefits — event notification and
algorithmic interchangeability — our pattern fuses these
concepts together. By dynamically selecting among
domain-specific strategies, our pattern not only reacts to
events but does so in a way that supports continuous
functional stability.

— Decoupling and Modularity. Several approaches in
the literature [13-16, 19, 20] emphasize reconfiguration
or centralized fault handling. Our pattern achieves
adaptability through a  decoupled, event-driven
architecture, ensuring that components interact solely
through standardized event types. This decoupling
minimizes interdependencies and supports a highly
modular design. Such modularity enables incremental
extension and easier maintenance.

— Architectural Focus on Functional Stability. While
many studies address adaptiveness [13-16, 20] or self-
healing [19] - typically measured in terms of recovery
time or system throughput — our work explicitly targets
functional stability. Our pattern ensures that, despite
disturbances, the output state of each system function
remains within an acceptable stable range after a transient
period. This focus on functional stability fills a gap
identified in the literature where adaptive techniques are
rarely evaluated against the criteria of long-term
functional stability.

— Combination of Strategy and Reconfiguration
Approaches. Some literature [13-16] contrasts strategy-
based adaptation with dynamic reconfiguration. Our
pattern uniquely combines these perspectives: while
components may change their operational strategies at
runtime, these strategy changes can incorporate
subcomponent reconfigurations as needed. This hybrid
approach not only provides flexibility but also ensures
that the system maintains its essential functionality even
as underlying configurations evolve.

Despite its strengths, our design is not without
challenges. The event-driven architecture introduces
inherent complexity in managing event flows, which can
complicate  debugging and performance analysis.
Additionally, the overhead of dynamic strategy selection
may impact performance under extremely high event
loads. These trade-offs are considered acceptable given
the substantial gains in adaptability and modularity;
however, they warrant further empirical investigation to
optimize system performance in large-scale deployments.

The proposed pattern is particularly well-suited for
applications requiring high adaptability, such as
autonomous systems, real-time monitoring, and fault-
tolerant computing environments. Its modular nature
enables integration with existing systems and supports
iterative enhancement.

CONCLUSIONS
This work addresses the scientific problem of ensuring
functional stability in dynamic, resource-constrained
software systems by developing an enabling design
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pattern. Our proposed pattern provides an architectural
backbone that decouples system components through
event-driven interactions and supports dynamic strategy
selection.

The scientific novelty of this work is twofold. Firstly,
our novel pattern supports dynamic adaptation by
allowing each module to select an appropriate strategy
based on the current operational context. This novel
pattern is firstly obtained in our study and is substantiated
by quantitative design-level metrics — such as low
coupling and inferred high cohesion — which demonstrate
the robustness and maintainability of the design.
Secondly, the functional stability received further
development by bridging the gap in the software
architecture viewpoint. In this regard, our approach
ensures that system functions remain  within
predetermined stable states despite disturbances,
effectively uniting theoretical concepts with practical
architectural design.

The practical significance of the proposed pattern is
that it is applicable to a wide range of adaptive systems,
including autonomous platforms, real-time monitoring,
and fault-tolerant computing environments. Its modularity
and clear separation of concerns facilitate easier
integration, maintenance, and future extension. As a
recommendation, practitioners can adopt this pattern as a
foundational element in designing resilient architectures
where adaptability and stability are critical.

Prospects for further research are to focus on
advancing the pattern by incorporating additional
features, such as prioritization of events and multi-
threading support, which could further enhance the
pattern’s scalability and performance in high-demand
environments. In parallel, the development of specialized
tools and methodologies for streamlined pattern testing,
debugging, and integration is highly recommended.

DECLARATIONS

Conflict of interest: The authors declare that they
have no conflict of interest in relation to this research,
whether financial, personal, authorship, or otherwise, that
could affect the research and its results presented in this
paper.

Authors’ contributions: Oleksii Bychkov: pattern
conceptualization, writing — review & editing; Mykola
Moroz: searching and reviewing the literature, pattern
design and evaluation, writing — original draft.

Data availability: The manuscript has no associated
data.

Software availability: The manuscript has no associ-
ated software.

Use of artificial intelligence tools: The authors used
artificial intelligence technologies in creating the submit-
ted work: X-GPT-4 model was used in order to perform
style, grammar and spelling check. After using this tool,
the authors reviewed and edited the content as needed and
take full responsibility for the publication’s content.

OPEN a ACCESS




p-ISSN 1607-3274 Panioenextpownika, indpopmatrka, ynpasminss. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

REFERENCES 11. Committee on National Security Systems Glossary : CNSSI

1. Barabash O. V., Sobchuk V. V., Musienko A. P. et al. System 4009. [Effective from 2022-03]. Fort Meade, CNSS, 2022, 252
analysis and method of ensuring functional sustainability of the p.
information system of a critical infrastructure object, System  12. Gamma E., Helm R., Johnson R, Vlissides J. Design Patterns:
analysis and artificial intelligence. Cham, Springer, 2023, Vol. Elements of Reusable Object-Oriented Software. Boston,
1107, pp. 177-192. DOI: 10.1007/978-3-031-37450-0_11 Addison-Wesley, 1995, 395 p.

2. Barabash O. V., Svynchuk O. V., Salanda I. P. etal. Ensuring ~ 13. Ramirez A. J. Design patterns for developing dynamically
the functional stability of the information system of the power adaptive systems : thesis ... master of science in computer
plant on the basis of monitoring the parameters of the working science. East Lansing, Michigan State University, 2008, 244 p.
condition of computer devices, Advanced Information Systems, DOI: 10.25335/ttfn-qx40
2024, Vol. 8, Ne 2, pp. 107-117. DOI: 10.20998/2522-  14. Ramirez A. J,, Cheng B. H. C. Design patterns for developing
9052.2024.2.12 dynamically adaptive systems, Proceedings of the 2010 ICSE

3. Kalashnyk G. A., Kalashnyk-Rybalko M. A. Strategy for Workshop on Software Engineering for Adaptive and Self-
provision of the functional stability of integrated complexes of Managing ~ Systems, 2010,  pp.  49-58.  DOL:
modern and advanced aircraft onboard equipment, Perspective 10.1145/1808984.1808990
trajectory of scientific research in technical sciences. Riga, 15. Mannava V., Ramesh T. A novel event based autonomic design
Baltija Publishing, 2021, Section 10, pp.186-202. DOI: pattern for management of webservices, Advances in Computing
10.30525/978-9934-26-085-8-10 and Information, 2011, pp. 142-151. DOI: 10.1007/978-3-642-

4. Kalashnyk G. A., Kalashnyk-Rybalko M. A. Methodology for 22555-0_16
ensuring the functional stability of aircraft integrated modular ~ 16. Mannava V., Ramesh T. A novel adaptive re-configuration
avionics complex, Science and Technology of the Air Force of compliance design pattern for autonomic computing systems,
Ukraine, 2024, Ne 4 (53), pp. 30-40. DOI: Procedia Engineering, 2012, Vol. 30, pp. 1129-1137. DOI:
10.30748/nitps.2023.53.04 10.1016/j.proeng.2012.01.972

5. Firsov S. N., Pishchukhina O. A. Intelligent support of 17. Gomaa H., Hussein M. Software reconfiguration patterns for
multilevel functional stability of control and navigation systems, dynamic evolution of software architectures, Proceedings of the
Radio Electronics, Computer Science, Control, 2018, Ne 2, pp. Fourth  Working IEEE/IFIP  Conference on Software
177-183. DOI: 10.15588/1607-3274-2018-2-20 Architecture  (WICSA  2004), 2004, pp. 79-88. DOL:

6. Barabash O. V., Tverdenko H. M., Sobchuk V. V.et al. The 10.1109/wicsa.2004.1310692
assessment of the quality of functional stability of the 18. Gomaa H., Albassam E. Run-time software architectural
automated control system with hierarchic structure, Proceedings models for adaptation, recovery and evolution, Proceedings of
of the 2nd International Conference on System Analysis & the MODELS 2017 Satellite Event, 2017, pp. 193-200.
Intelligent Computing, 2020, pp. 1-4. DOI:  19. Nguyen T. A., Aiello M., Yonezawa T. et al. A self-healing
10.1109/SAIC51296.2020.9239122 framework for online sensor data, 2015 IEEE International

7. Sobchuk V. V., Barabash O. V., Musienko A. P. et al. Analysis Conference on Autonomic Computing (ICAC), 2015, pp. 295-
of the main approaches and stages for providing the properties 300. DOI: 10.1109/icac.2015.61
of the functional stability of the information systems of the ~ 20. An architectural blueprint for autonomic computing : white
enterprise, Sciences of Europe, 2019, Vol. 1, Ne 42, pp. 41-44. paper, IBM Corporation. Armonk, NY, 2006, 37 p.

8. Barabash O. V., Sobchuk V. V., Musienko A. P. et al. System  21. Schmidt D. C., Buschmann F., Henney K. Pattern-oriented
analysis and method of ensuring functional sustainability of the software architecture. Hoboken, NJ, John Wiley & Sons, 2007,
information system of a critical infrastructure object, System pp. 28-29.

Analysis and Artificial Intelligence. Cham, Springer, 2023,  22. Chidamber S. R., Kemerer C. F. A metrics suite for object
Section 11, pp. 177-192. DOI: 10.1007/978-3-031-37450-0_11 oriented design, IEEE Transactions on Software Engineering,

9. Salehie M., Tahvildari L. Self-adaptive software, ACM 1994, Vol. 20, Ne 6, pp. 476-493. DOI: 10.1109/32.295895
Transactions on Autonomous and Adaptive Systems, 2009, Vol. ~ 23. Martin R. Clean architecture: A craftsman’s guide to software
4, Ne 2, pp. 1-42. DOI: 10.1145/1516533.1516538 structure and design. Boston, Prentice Hall, 2018, 420 p.

10. IEEE Standard Glossary of Software Engineering Terminology Received 17.03.2025.
: IEEE Std 610.12-1990. [Effective from 1990-12-31]. New Accgpted 14.01.2026.
York, IEEE, 1990, 84 p. Published 27.03.2026.

YK 004.41

IMATEPH ITPOEKTYBAHHS AJ151 SABE3INEUEHHS CDYHKL[IOHAJ]bHOi CTIMKOCTI B IPOI'PAMHUX
CUCTEMAX

Buukos O. C. — 1-p TexH. HayK, podecop, 3aBiayBad Kadeapy NporpaMHUX CHCTEM Ta TeXHOJOTiH KHiBChKOro HaIlioHaIBHOTO yHi-
Bepcutery imeni Tapaca IlleBuenka, Kuis, Ykpaina. ROR: https://ror.org/02aaqv166. ORCID: https://orcid.org/0000-0002-9378-9535.

Mopo3 M. B. — acnipanT kadeapu nporpaMHUX CHCTEM Ta TexHouorii KnuiBchkoro HamioHaubHOTO yHiBepcuTeTy iMeHi Tapaca
Ilesuenka, Kuis, Ykpaina. ROR: https://ror.org/02aaqv166. ORCID: https://orcid.org/0000-0001-6953-683X.

AHOTALISA

AxTyanbHicTh. Cy4acHi mporpamMHi CHCTEMH TPALIOIOTh Yy THHAMIYHUX Ta KOPCTKHX YMOBAX, [I¢ BHYTPIIIHI Ta 30BHILIHI 3001,
HenependadyBaHi 30ypeHHs, IPsIMi aTaku Ta 0OMEKEHHSI pecypcCiB yCKIAAHIOIOTh CTa0lIbHEe HaTaHHS OCHOBHUX (DYHKIIH. Y Takux
yMoBax 3a0e3neueHHs (YHKIIOHAIBHOI CTIMKOCTi, KONH SIKICTh KOXKHOI (YHKIII CHCTEMH 3aiUIIAETHCS B MeXKaxX 3a3dajieTiib
BH3HAYEHOT0 CTaOLIFHOTO Jiarna3oHy, He3Bakarouu Ha 3001 4M aHOMaiii CepefoBHINA, € KPUTHYHO BAXKIIMBHM, OCOOIMBO IUIS
cucTeM, fe Oe3reka Ta BUCOKA JOCTYIHICTh MAIOTh IIEPIIOPSIHE 3HAUCHHSI.

MeTta po6oTH — po3poOKa Ta OOTPyHTYBaHHS IaTepPHY MPOEKTYBAHHS, SIKMI 3a0e31euye apXiTeKTypHy OCHOBY JJIs OCSTHEHHS
(GyHKIIOHAIBHOT CTIMKOCTI B NPOTrpaMHUX cHCTeMax. ['OJIOBHMH aKIeHT poOMThCS Ha HAJaHHI THYYKOTO DillleHHs, SIKE CIIPHsE
JQUHAMIYHIH amanTtanii npy 30epekeHH] HaaiifHOT pOOOTH CHCTEMH.

Mertop. 3anpornoHOBaHO HOBHIA MTATEPH MPOEKTYBAHHS, SIKUi TOEAHY€E MOXKIIMBOCTI JUHAMIYHOTO BUOOPY cTparterii 3 mepeBaraMmu
C1abKoro 3B’S3Ky MK KOMIIOHEHTaMH, SIKHH 3a0e3MedyeThcs MOAEIUII0 Ha OCHOBI moxiid. Lleit maTepH po3’enHye KOMITIOHEHTH
© Bychkov O. S., Moroz M. V., 2026
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CHCTEMH, 3a0e3NeUyIoul B3a€MOJII0 BHUKIIOUHO Yepe3 CTaHAapTH30BaHI THUIHM IOJIH, Ta JO3BOJISE KOXHOMY MOJIYNIO OOHpATH
BIJIMIOBIZIHY CTpaTerilo ajganTamnii Ha OCHOBI HOTro NMOTOYHOrO KOHTeKCTy. OmmcaHuil maTepH OyB BHKOPHCTaHHMH Ui MOOYIOBH
JU3aifHy TPHUKIAay, CHOPSIMOBAHOIO HAa BIPOBAKCHHS (YHKIIOHAIBHOCTI CTaOIIBHOTO TPEKIHTy OO0 €KTiB s aBTOHOMHHX
KBaAporiathopM. 3amnpornoHOBaHUN [HM3aifH OILIHIOBABCS 3a JOMOMOIOI0 JW3alH-METPUK Ta SIKICHUX TMOPIBHSAHb 3 ICHYIOUHMH
aJJaTUBHUMH IiJIXOJIaMH.

PesyabTaTu. [IpoBenenuii aHanmi3 mokaszas, o MaTepH 3abe3neduye 3HAYHY MOIYJIBHICTh Ta aAaNTHBHICTH. Kilto4oBi 00’ €KTHO-
OpIEHTOBaHI METPWUKH CBigYaTh NP0 MIHIMAIBGHY B3a€MO3AJIEKHICTD MDK MOIYISAMH Ta YiTKHA pPO3MOALT 00OB’S3KIB.
3anponoHOBaHUH AM3aifH JEMOHCTPYE, IO MAaTepH HMIATPUMYE NUHAMIYHY aJaNTalilo ITOBENIHKH 3a PaXyHOK THYYKOTO BHOOpPY
cTparerii i ciyrye 3acodoM 3abe3nedeHHs (QyHKIIOHATBEHOI CTIHKOCTI, CTBOPIOIOYH HAJliifHy apXiTeKTypHY OCHOBY IJISI TPOTPAMHUX
CHCTEM.

BucnoBkn. HaykoBa HOBH3HA 1i€l poOOTH € MOJBIHHOO: MO-TEpIle, Y JOCHIIKCHHI OTPUMAHO HOBHUI MATEpH, 10 3a0e3neuye
JUHAMIYHY aJanTaliifo 4epe3 KOHTEKCTHO-OPIEHTOBaHWH BHOIp crparerii; mo-apyre, (yHKUiOHaJbHA CTIHKICTP OTpUMAana
MOZIAJIBLINKA PO3BUTOK B 00JacTi IPOrpaMHOI apXiTeKTYpH LUIIXOM 3allOBHEHHS NPOTAIMHM MK TEOPETHYHHMHU KOHLCHLISIMH
CTIMKOCTI Ta MPaKTUYHHM HPOEKTYBAaHHIM CHCTEM. 3aIpOIIOHOBAHUI MAaTEPH MPOINOHYE HaAiliHe, MacTaboBaHEe Ta MiATPHUMYBaHE
apXiTEeKTypHE pillIeHHs 3 BATOMUMH MMPAKTUIHUMH HACITIIKAMH U1l pO3POOKH aIaTHBHUX, CTIHKUX MPOTPAMHUX CHCTEM.

KJ/JIIOUYOBI CJIOBA: narepHH INpOEKTYBaHHS IIPOTpaMHOro 3abe3nedeHHs, (yHKIiOHaJIbHA CTIHKICTh, 00poOKa momiii,
a/IanTHBHA MOBE/IiHKA, aBTOHOMHI CHCTEMHU.
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ABSTRACT

Context. This study is conducted in the context of developing and justifying a methodology for software architecture (SA)
evaluation in relation to the Command Query Responsibility Segregation (CQRS) with Event Sourcing (ES) architectural variations.

Obijective. This work aims to evaluate and compare the applicability of SA evaluation methods to support the selection of an op-
timal CQRS with ES architectural variation for real-world projects.

Method. Various SA evaluation methods are applied to enhance objectivity in architectural decisions. However, these methods
are not universal; they vary in depth, focus, and required effort. The task considered in this work is the selection among CQRS with
ES architectural variations, often structurally similar and thus difficult to distinguish using general-purpose evaluation methods.
Comparing architectural variations requires in-depth analysis; however, for most methods, practical implementation is limited by
time and resource constraints. The proposed approach identifies the most appropriate SA evaluation method for selecting between
CQRS with ES architectural variations. It is based on a validated framework for classifying and comparing SA evaluation methods.
In addition to qualitative analysis, the approach introduces a quantitative assessment of applicability to a specific case, allowing for

supporting more informed decision-making.

Results. The approach was applied to compare several SA evaluation methods, including Information Technology for Decision-
making Support regarding CQRS with ES Architectural Variations (DSAV-CQRSES), a method specifically designed for evaluating

variations of the CQRS with ES architecture.

Conclusions. The existing framework of comparing Software Architectures cannot be directly applied to architectural variations
(the deviations of the architecture significant for customer). The proposed modifications of the framework are primarily focused on

CQRS with ES variations assessment.

KEYWORDS: Software Architecture, Comparison of evaluation methods, CQRS with Event Sourcing, architectural variations.

ABBREVIATIONS
ADL is an Architecture Design Languages;

ALMA is an Architecture-Level Modifiability
Analysis;
ATAM is an Architectural Trade-off Analysis

Method;

CBAM is a Cost-Benefit Analysis Method;

CMMI is a Capability Maturity Model Integration;

CQRS is a Command Query Responsibility Segrega-
tion;

DSAV-CQRSES is an Information Technology for
Decision-making Support regarding CQRS with ES Ar-
chitectural Variations;

ES is an Evant Sourcing;

MCDA is a Multi-Criteria Decision Analysis;

NIMSAD is a Normative Information Model-based
System Analysis and Design;

PASA is a Performance Assessment of Software
Architecture;

RTP is a Representative Test Project;

SA is a Software Architecture;

SAAM is a Software Architecture Analysis Method;

SQUASH is a Systematic Quantitative Analysis of
Scenarios’ Heuristics.
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NOMENCLATURE

AS; is an alternative (architectural strategy) being
evaluated,;

Cont;; is a contribution of AS; to QA;;

E is a vector that contains effectiveness values;

E. is a sorted vector that contains effectiveness val-
ues;

g; is an effectiveness of the i-th method in vector E;

ea; is an effectiveness of the j-th method in sorted vec-
tor Easc;

Emax IS @ sorted vector that contains the highest effec-
tiveness values;

m is a number of criteria;

Max is a maximum possible distance from the etalon;

n is a number of SA evaluation methods considered in
the comparison;

p is a vector representing the candidate method;

QAscore; is a weight assigned to QA;;

q is a vector representing the reference method;

ref is a vector representing the reference method;

SA is a set of SA evaluation methods;

SAqp is a set of optimal SA evaluation methods;

W, is a weight of the i-th criterion;

o is a sorting function by ascending value;

’

o' is an inverse function of c;
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y is a transformation function from SA to E;

’

x' is an inverse function of y .

INTRODUCTION

Developing large-scale software applications is a
complex and resource-intensive process. One of the key
aspects of this process is the selection of the most appro-
priate software architecture (SA). In organizations with
low maturity levels, architectural decisions are often made
intuitively, primarily based on the prior experience of
individual developers. At higher levels of organizational
maturity, such as Level 4 of the Capability Maturity Mod-
el Integration (CMMI) model [1] (Quantitatively Man-
aged Organization), software development companies are
focused on the predictability of quantitative performance
improvement objectives and well-justified choices regard-
ing SA solutions.

Within the architectural solutions which represent
high level of abstraction SA variations can be seen as
deviations which arise from either structural modifica-
tions or the application of additional architectural solu-
tions intended to address specific technical challenges
while preserving the core principles of SA.

One of the architectures that has multiple variations is
the Command Query Responsibility Segregation (CQRS)
with Event Sourcing (ES) architecture. This architecture
is typically used in software systems with complex struc-
ture and business logic. In such systems, even a small
architectural change can lead to significant increase of
required development effort. For instance, solving the
causal event synchronization problem [2] can affect a
number of already existing modules. To avoid unexpected
expenses during the development of software systems
based on CQRS with ES architectural variations, it is nec-
essary to objectify the selection of not only the SA, but
also its variation.

A number of methods have been proposed to evaluate
and compare SA solutions [3]. One such approach is the
Information Technology for Decision-making Support
regarding CQRS with ES Architectural Variations
(DSAV-CQRSES) method [4]. This raises the issue of
identifying the most suitable method for comparison
CQRS with ES architectural variations within the bounda-
ries of development team and project requirements and
limitations. Several studies [5-6] have attempted to ad-
dress this issue by providing qualitative comparisons and
classification frameworks for SA evaluation methods.
Others [7-8] have analysed pairs of methods based on
large-scale statistical surveys of their practical applica-
tion. However, these comparisons are typically generic
and do not account for the specificity of CQRS with ES
architectural variations and the context of projects or de-
velopment teams.

Based on practice experience of DBB Software [9]
company, it is assumed that the DSAV-CQRSES method
is the most appropriate candidate.
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Since this study focuses on evaluating the applicabil-
ity of the DSAV-CQRSES, which enables objective selec-
tion of a suitable CQRS with ES architectural variation, a
number of scoping restrictions are defined:

— The analysis is limited to the CQRS with ES archi-
tecture and its variations.

— Methods for SA evaluation are categorized by appli-
cation phase as design-time or run-time techniques, with
some methods applicable in both phases [3]. This work
considers methods that can be applied at the design stage.

— Also, according to [3], evaluation methods may be
classified into utility-based, scenario-based, parametric-
based, search-based, economics-based, and learning-
based categories. This study focuses exclusively on sce-
nario-based methods since the DSAV-CQRSES approach
itself belongs to this category and is grounded in use case
analysis.

This work provides a brief overview of several SA
evaluation methods selected based on a systematic litera-
ture review analysis [3, 10-11]. It considers existing ap-
proaches for classifying and comparing these methods. It
also introduces an SA variation-oriented approach, based
on the framework for classifying and comparing SA eval-
uation methods, which enables the transformation of qual-
itative assessments into quantitative, thereby facilitating
the identification of the most suitable SA variation
evaluation method.

The object of study is the process of comparing and
assessing the applicability of SA evaluation methods.

The subject of study is methods, approaches, and
frameworks for comparing and selecting the most suitable
SA evaluation method to assess CQRS with ES architec-
tural variations at the system design stage, as well as to
provide an effective strategy for their evolution.

The purpose of the work is to evaluate and compare
the applicability of SA evaluation methods to support the
selection of an optimal CQRS with ES architectural varia-
tion within the context of a specific software company
and its real-world projects.

1 PROBLEM STATEMENT

A wide range of architectural choices exists, ranging
from structural and organizational aspects, such as choos-
ing between monolithic and microservices architectures,
to conceptual paradigms including Event Sourcing, Do-
main-Driven Design, and Service-Oriented Architecture.

To determine the most suitable solution, various
methods are proposed, including Architectural Trade-off
Analysis Method (ATAM) [12], Software Architecture
Analysis Method (SAAM) [13], and DSAV-CQRSES [4],
among others. Given the substantial number of available
approaches, the question of selecting the most appropriate
evaluation method becomes relevant. Several studies [5,
7, 11] have attempted to compare such methods. How-
ever, these comparisons are typically qualitative in nature
and not designed to support the evaluation of architectural

variations.
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Suppose given a set of scenario-based SA evaluation
methods SA={sa;, sa,, ..., Sa,} consolidated from a com-
prehensive literature review and primary research sources,
as well as project-specific requirements, priorities, and
constraints provided by the decision-making team in the
form of (i) a vector of attribute weights w and (ii) a vector
of optimal (target) attribute values ref.

Thus, the problem — evaluating the applicability and
effectiveness of scenario-based SA evaluation techniques
for comparing CQRS with ES architectural variations in
the context of a specific projects — consists in determining
a subset SAqyc < SA that contains one or more evaluation
methods most suitable for the comparison task. Optimal-
ity is determined by (i) a qualitative assessment that re-
veals similarities and differences among the considered
methods, and (ii) a quantitative assessment of each meth-
od’s applicability with respect to w and ref.

2 REVIEW OF THE LITERATURE

Unfortunately, no techniques were found that specifi-
cally address the evaluation of the applicability of SA
evaluation methods within the context of CQRS with ES
architectural variations. However, several approaches
exist for comparing these methods in general.

One such approach is the framework for classifying
and comparing software architecture evaluation methods
proposed in [5], which was developed by identifying
similarities and differences among existing evaluation
methods. The framework introduces a set of guiding ques-
tions designed to characterize SA evaluation methods.
These questions include both general aspects, such as the
number of quality attributes (QAs) considered and the
estimated man-days required for applying the method, as
well as more specific ones, such as whether the method
provides support or guidance on non-technical aspects
(e.g., social, organizational, managerial, or business is-
sues) involved in the evaluation process. The proposed
classification parameters (questions) were validated in
[14] through expert surveys.

An extension to this framework was later published in
[6], which arranged each element within four compo-
nents, according to the Normative Information Model-
based System Analysis and Design (NIMSAD) [15] eval-
uation framework. Three new dimensions were also add-
ed: Input and Output Management, Application Domain,
and Stakeholder Benefits.

The output of applying this framework is a summary
table describing the key characteristics of various SA
evaluation methods. Although this helps narrow down the
selection space and reduces the need to deeply study each
method individually, the comparison remains qualitative
and does not assess how well a particular method applies
to a specific team and project.

An alternative comparison methodology is found in
[7-8], which presents a family of experiments comparing
Quality-Driven Architecture Derivation and Improvement
[16] and ATAM [12]. The comparison was based on six
parameters. Two of them are measurable: total time spent
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applying the method and effectiveness, which indicates
how close the participant came to selecting the optimal
architecture for the given project. A third parameter, effi-
ciency, is calculated as the ratio of effectiveness to the
application time. The remaining three parameters were
drawn from the Technology Acceptance Model: Per-
ceived Ease of Use, Perceived Usefulness, and Intention
to Use. These were assessed through a post-experiment
Likert-scale questionnaire containing a set of closed ques-
tions for each variable.

Among these parameters, effectiveness is perhaps the
most interesting metric in the context of objectivity. It
reflects how accurately a participant with relatively low
qualifications can select an appropriate architectural solu-
tion using a given evaluation method. It was computed
using the Euclidean distance between the n-dimensional
vector of Non-Functional Requirements (NFR) values
attained by the architecture selected by the participant and
the optimal vector of values that could be achieved. Un-
fortunately, the authors did not provide details on the ac-
tual vector’s values or how they were derived.

While this approach provides quantitative metrics for
comparing two methods, it still does not answer the ques-
tion of which method is best suited for a particular case.
Moreover, the use of unqualified participants and a lim-
ited set of projects raise concerns about objectivity.
Changes in participants, project characteristics, or NFRs
could significantly impact the results of such experiments.

3 MATERIALS AND METHODS

Based on a systematic literature review [10-11], the
most cited [3] scenario-based methods for SA design-time
evaluation were selected: SAAM, ATAM, Cost-Benefit
Analysis Method (CBAM), Architecture-Level Modifi-
ability Analysis (ALMA), Systematic Quantitative Analy-
sis of Scenarios’ Heu-ristics (SQUASH) and Performance
Assessment of Software Architecture (PASA).

This section is structured as follows:

— A proposal of an SA variation-oriented approach for
assessing the applicability of selected methods to compare
CQRS with ES architectural variations.

— A short overview of these methods, including the
DSAV-CQRSES approach.

As a basis to compare SA variation evaluation meth-
ods, an enhanced version of the framework for classifying
and comparing software architecture evaluation methods
[6], modified concerning the NIMSAD evaluation frame-
work.

However, the original framework is unsuitable for
comparing SA evaluation methods in the context of their
applicability to architectural variations, specifically,
variations of CQRS with ES, for several reasons. First,
the original set of questions does not accommodate the
particular characteristics required for evaluating architec-
tural variations. Secondly, it relies on qualitative rather
than quantitative assessment, which delegates consider-
able analytical effort to the user.

Let us first define the terms SA and SA variation in
order to clarify the distinction between them.
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SA definition. Software architecture refers to the fun-
damental structure of a software system, encompassing its
components, their relationships, and the principles guid-
ing its design. In this context, multiple definitions exist.
For example:

Lloyd and Galambos [17] define reference architec-
tures as domain-specific architectural templates that aim
to address the architectural concerns for a particular class
of problems.

Bass et al. [18]: “The software architecture of a pro-
gram or computing system is the structure or structures of
the system, which comprise software elements, the exter-
nally visible properties of those elements, and the rela-
tionships among them.” Similar to the previous definition,
this highlights that architecture can be understood as a
metamodel [19].

Clements et al. [20]: “Software architecture is the set
of structures needed to reason about a software system
and the discipline of creating such structures and systems.
Each structure comprises software elements, relations
among them, and properties of both elements and rela-
tions.” This definition conceptualizes architecture at a
deeper level of abstraction — the model level.

In [21], software architecture is considered from sev-
eral perspectives. On one hand, it is viewed as a set of
basic concepts and constraints within which application
functionality is to be specified and integrated. On the oth-
er hand, it serves as a means for addressing technical is-
sues and quality requirements, as well as for assessing
application functionality. As a result, Fritz Solms defines
SA as the software infrastructure within which software
components that address functional requirements of the
software system can be specified, deployed, and executed.

In the presentation [22], Dr. Jean-Claude Franchitti
provides several definitions, among which the following
can be regarded as operating at a higher level of abstrac-
tion while also being the most comprehensive: “A set of
artifacts (that is: principles, guidelines, policies, models,
standards, and processes) and the relationships between
these artifacts, that guide the selection, creation, and im-
plementation of solutions aligned with business goals”.

Based on the definitions above, SA is defined in the
context of comparing SA evaluation methods as follows.

Definition: Software architecture is a structured set of
artifacts (that is: principles, guidelines, policies, models,
standards, and processes) and the relationships between
these artifacts, established to enable a software system to
satisfy functional and non-functional business require-
ments. It is characterized by the extent to which a system
instantiated upon it fulfills specified business require-
ments under defined constraints.

SA variation definition. SA solutions are typically de-
signed for a broad class of software systems and therefore
offer the most universally applicable practices. Given the
increasing need for flexibility in applications and systems,
a trend has emerged toward flexible architectures [23] that
can adapt to changes in business requirements and ad-
vancing technology stacks. The evolutionary architecture

approach [24] assumes that SA must be continuously test-
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ed and adapted to produce more effective solutions, while
ensuring that such evolution does not compromise key
architectural concerns. As SAs are applied to various pro-
jects within a company, they give rise to a family of archi-
tectural variations that differ in complexity, performance,
development time, and the level of developer expertise
required. These differences have an impact on the devel-
opment cost and maintainability of the software applica-
tion.

In some sense, variations may be considered as devia-
tions from the original SA. However, unlike those dis-
cussed in [25], they are aimed at improving the software
product and optimizing the development process. Varia-
tions emerge as responses to specific technical challenges
(e.g., event replay performance issues during aggregate
reconstruction, complexity of event versioning, etc.) and
as methods for reducing development and maintenance
complexity.

SA variations, like architecture itself, are described by
a metamodel; however, in the case of variations, the met-
amodel exhibits a higher degree of precision. From the
perspective of Evolutionary Architecture, a set of archi-
tectural variations can be regarded as different stages of
architectural evolution.

Thus, the following definition of an SA variation can
be provided.

Definition: Software Architecture Variation is a pur-
poseful deviation from a reference SA, characterized by
the modification of one or more artifacts of this SA (that
is: principles, guidelines, policies, models, standards, and
processes) or the relationships between these elements. It
is strategically implemented to optimize a software sys-
tem’s ability to fulfil both functional and non-functional
business requirements with maximum efficiency, as
measured by current and projected resource expenditure,
development effort, and maintenance complexity.

Typically, SA variations emerge and evolve within
bounded organizational contexts (e.g., enterprises or de-
velopment communities) in response to specific technical
challenges, operational constraints, or evolving business
imperatives of projects under development. Thus, the es-
sence of a SA variation lies in the modification of one or
more artifacts of the architecture (i.e., principles, guide-
lines, policies, models, standards, and processes) or in a
deviation from them. However, such deviations must not
involve abandoning the fundamental principles of the
architecture. For example, rejecting the segregation of
commands and queries within the CQRS approach would
constitute a departure from the architectural paradigm
itself and therefore cannot be regarded as a variation.
Similarly, discarding the event store and event-based op-
erations in Event Sourcing also violates core principles. In
contrast, using an event store that no longer serves as the
source of truth may be considered a deviation from the
original architecture and thus qualify as a variation. Ulti-
mately, the determination of whether a modification con-
stitutes a new architectural solution or a variation of an
existing one should remain within the discretion of the
modification creator.
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For the majority of SA evaluation methods, the QA set
commonly used in SA evaluation includes characteristics
such as usability, security, reliability, portability, cost, and
others. These attributes are also formalized in ISO/IEC
25002:2024 [26]. While all of these parameters are rele-
vant to SA evaluation, the nature of CQRS with ES archi-
tectural variations places primary emphasis on maintain-
ability and performance. Within the context of CQRS
with ES, other QAs are largely equivalent across the ma-
jority of variations [4] and are therefore not the focus of
differentiation.

Taking into account the specific characteristics of ar-
chitectural variations, the questions proposed by the orig-
inal framework for classifying and comparing SA evalua-
tion methods should be revised.

It is a good point for the method if it includes not only
an SA definition but also a definition of SA variation.
That will help the team to understand the specificity of
architectural candidates. The next objective of the frame-
work is to clarify whether the method’s specific goals
include the comparison of architectural variations. QAs
should cover those that are relevant to the user’s needs for
comparing candidates within the context of their applica-
tion (i.e., SA variation-oriented QAS).

As an output, most methods produce documentation
describing the architectural candidates. In terms of output
quality, the following aspects are evaluated:

— Whether the documentation is ready for direct use
during the implementation phase or further elaboration is
required.

— Whether trade-offs between architectural alterna-
tives are explicitly addressed.

— Whether the method highlights a recommended ar-
chitecture or just provides information to support further
decision-making.

Different methods offer various benefits. For architec-
tural variation comparison, the most valuable ones include
the identification of the optimal solution and an approxi-
mate estimate of its implementation effort.

One of the most challenging aspects of applying SA
evaluation methods is involving business stakeholders in

evaluating QAs. It is often difficult to explain technical
QAs (such as modifiability or portability) to non-technical
team members. Therefore, it is a great point if stakeholder
participation is minimized, and they are asked to assess
only easily understandable criteria (e.g., estimated devel-
opment time in man-hours, or system response time in
milliseconds). The usability of a method is also affected
by the required resources, such as team size and the time
investment. Spending several man-weeks to evaluate each
architectural solution can be unacceptably expensive.

Methods provide different forms of architectural can-
didate description. Formal modeling languages such as
Unified Modeling Language [27] or other Architecture
Design Languages (ADL) [28] (e.g., module or logical
views) are often recommended. However, the depth of
these descriptions also differs: some methods provide
only a high-level overview, while others model architec-
ture with greater precision. For distinguishing between
structurally similar SA variations, especially when relying
on expert judgment, clear, formal, and sufficiently de-
tailed descriptions are essential. This leads to the ques-
tion: Does the method provide a formal and detailed de-
scription of the architectural candidates?

Even when detailed descriptions are used, if a method
relies on expert judgment, it introduces a human factor,
making the evaluation subject to uncertainty. Therefore, it
is important to clearly distinguish which parts of the eval-
uation are based on expert opinions and which are
grounded in experiments or statistical data. Although
evaluation approaches that rely on empirical experiments
and statistical analysis may offer increased objectivity,
they are still subject to uncertainty. Thus, it is essential to
consider the extent to which a method is affected by un-
certainty and whether it includes mechanisms for uncer-
tainty mitigation.

Finally, regarding the validation of a method, it is
necessary to clarify whether the method has been vali-
dated specifically in the context of architectural variations
or not.

The components and attributes of the framework and
the evaluation questions are presented in Table 1.

Table 1 — The components and attributes of the framework and the evaluation questions

Component Elements Original explanation Variation-oriented explanation
Context SA definition Does the method explicitly consider a How closely do the method’s definitions of SA and SA variation
particular definition of SA? align with those considered in this paper?
- . . Is the selection between structurally similar SA alternatives
Specific goal What is the particular goal of the methods? addressed by the method’s objectives?
Quality How many and which quality attributes Are variation-specific QAs (e.g., complexity and performance)
attributes are covered by the method? covered by the method?
Applicable Which is the most appropriate develop- Is the method applicable at the design stage of system develop-
stage ment phase to apply the method? ment?
To what extent is the resulting technical documentation ready for
- : direct use during implementation?
Input & output x\rlggltjggz,}he inputs required and outputs Does the method facilitate trade-off analysis?
' Does the method identify a recommended architecture, or does it
only provide additional information about the alternatives?
Application What is/are the application domain(s) the Is the method validated or considered applicable in domains
domain method is mostly applied? similar to the target system?
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Continuation of Table 1

Stakeholders ] What are the benefits of the method to the Does the method support the selectipn of the_optimal solution?
Benefits Does the method provide an approximate estimate of the effort
stakeholders? ) - -
required for system implementation?
Involved Which groups of stakeholders are required | Does the method require involvement of multiple stakeholders?
Stakeholders to participate in the evaluation? How many actions or inputs are expected from stakeholders?
How much support is provided by the How much support is provided by the method to perform various
Process support . . L
method to perform various activities? activities?
Socio-technical | How does method handle non-technical Does the method address non-technical issues (e.g., social and
issues (e.g. social, organisational issues)? organizational factors)?
How long does the application of the method take?
Required How many man-days are required? What What is the typical team size required to apply the method?
resources is the size of evaluation team? How demanding are the architectural skills required from the
users of the method?
Contents Method’s What are the activities to be performed What are the activities to be performed and in what order to
activities and in which order to achieve the goals? achieve the goals?
SA description \rgvehr?éggr(?;f ?cﬁ\n?:ls Cirr:?;,%]alls LZ?E?Jlar Doeg the method provide a formal and detailed description of the
AN ' ' architectural candidates?
ADL, views etc.)?
To what extent is the method subject to uncertainty?
Evaluation What types of evaluation approaches are Are there any techniques applied to mitigate uncertainty?
approaches used by the method? How much of the evaluation is grounded in quantitative metrics
and experimental data versus expert assessment?
Tool support Are there tools or exper[ence repository to | Does the method offer tools to facilitate or partially automate its
support the method and its artefacts? use?
Reliability Maturity of What is the level of maturity (inception, What is the level of maturity (inception, development, refine-
method development, refinement or dormant)? ment or dormant)?
Method’s Has the method been validated? How has :Z: :22 mgmgg Eggz Zggﬂ:&eSSecificall to architectural varia-
validation it been validated? tions? y

The modified framework highlights key points rele-
vant for comparing architectural variations; however, the
comparison remains qualitative. To obtain quantitative
indicators of the effectiveness of SA evaluation methods,
the following algorithm is proposed:

1) Evaluate each criterion by answering the frame-
work’s questions for each method using a Yes, Yes/No,
No scale (Y, Y/N, N) for binary-type questions, and a
Low, Medium, High scale (L, M, H) for degree-based
questions. Note: This point applies to all criteria except
“Method’s activities”. While it is important for qualitative
comparison, it does not influence the decision regarding
the selection of an SA evaluation method and should not
be relied upon in quantitative evaluation.

2) Assign weights to each criterion based on its impact
on the effectiveness of the method’s application. It is pro-
posed to determine weights through expert judgment.

It is important to note that the results of the first two
steps can be reused in subsequent applications of the
method.

3) Determine quantitative equivalents for the values
H, M, Land Y, Y/N, N.

4) Define a reference (etalon) method, representing
the characteristics for the ideal candidate, the team would
desire to use, and the weights (priorities) assigned to each
question. To do this, the team answers the framework’s
questions, specifying the responses and setting the priority
that are ideal for their context. This process is suggested
to be conducted through structured collective discussion
and subsequent voting.

5) The formalized responses to the framework’s ques-
tions constitute a multidimensional vector for each candi-
date method and the reference method. The values of the
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vector’s elements are replaced with their quantitative
equivalents.

p=(Y,N,L,H),iff Y=H=3N=L=1
then p=(3113).

6) The deviation of each candidate method from the
reference method is measured using the Euclidean dis-
tance metric:

D(p,q) =

iwi (p; _qi)z’i €[1,m],

where w; represents the weight of the i-th criterion, q is
the vector representing the reference method, p is the vec-
tor representing the candidate method, m is the number of
criteria.

7) Based on the computed distances, the effectiveness
of each method’s applicability is derived using the for-
mula (1):

D(p,ref)

Effectiveness(p) =1-
Max

)

where ref is the vector representing the reference method,
p is the vector representing the candidate method, Max is
the maximum possible distance from the etalon.

8) As a result, a vector of effectiveness values for the
SA evaluation methods is obtained:

E=(e1.€5.....6n).6 =x(saj),58; € SAi e[1,n],
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where y:SA—Eand y:E—>SA are transformation

functions, SA is the set of SA evaluation methods, ¢; is the
effectiveness of the i-th method, n is the number of SA
evaluation methods considered in the comparison.

9) Next, by sorting this array, we obtain an ordered
vector Egg.

Easc =0(E) =(eay, eay,....ea, ), @)

where ea; < ea, < ... <ea, o:E—E,, is the sorting
function by ascending value and c':Ez — E is an in-

verse function of .

10) Determining a vector En.x, consisting of elements
whose values are close to the maximum value in vector
E.sc (ean). In most cases, this set will consist of a single
element:

Emax = i) = n/
m?x(ea]) (eay) 3)

However, when the difference between ea, and ea,_;
is not significant, the decision-maker should consider
several options. In this case, the vector E. will include
multiple elements (Fig. 1).

Emax ={eae Eg |d =ea, —ea,_,d <th,keN}, (4)

where th is the value that defines the maximum allowable
deviation from the maximum value at which ea; is still
considered as one of the most effective values.

Figure 1 — Set of most suitable results E,,. d1, d2 < th, d3 > th
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11) The output of the algorithm is a set SAq: = SA,
that contains the most suitable methods deriving from

EmaX:
SAgpt =%'("(Emax)) - (5)

The initial step in comparing SA evaluation methods
is the description of each method:

Software Architecture Analysis Method [13] is one of
the earliest methods proposed for software architecture
evaluation. Initially, it focused primarily on maintainabil-
ity QA. However, subsequent extensions of the method
have incorporated additional concerns such as reusability
[29], flexibility and complexity [30], and so forth.

Prior to applying the method, the architectural alterna-
tives under evaluation must be described in detail. The
SAAM process consists of five main steps: i. characterize
a canonical functional partitioning for the domain; ii. map
the functional partitioning onto the structural decomposi-
tion of the architecture; iii. select a set of QAs for evalua-
tion; iv. identify a set of concrete tasks which test the de-
sired QAs; v. evaluate the degree to which each architec-
ture provides support for each task.

While SAAM is primarily a qualitative evaluation
method, one of its distinctive features is the use of small-
scale experiments and benchmarks. For example, a
benchmark might involve measuring the time or effort
required to add a new option to a user’s menu bar, reflect-
ing some piece of application functionality. Based on
qualitative assessments and experimental benchmarks of
application modification, evaluators analyse alternatives
and determine whether the candidate provides architec-
tural support in the context of the QA.

The outcome of applying SAAM includes a report that
documents the architectural alternatives and their qualita-
tive evaluation of the project’s quality requirements, as
well as the experimental applications and modification
benchmarks developed during the assessment.

The duration of the evaluation depends on the number
of alternatives and the complexity of the experimental
tasks. On average, conducting a SAAM assessment re-
quires approximately three days for a team of four evalua-
tors, in addition to stakeholder participation and prepara-
tory activities [5].

Limitations of the method include a strong reliance on
expert judgment, which introduces a human factor, as
well as the lack of quantitative metrics for assessing QAs.
Furthermore, SAAM does not explicitly address trade-
offs between conflicting QAs.

Architectural Trade-off Analysis Method [12] is a
technique for analysing SA that provides a well-defined
sequence of evaluation steps, including a schedule and
clearly defined roles for each participant. The application
of ATAM involves a preparation phase, typically handled
by the lead architect or architecture team, and two evalua-
tion phases.

The first phase of ATAM is architecture-centric. It be-
gins with a presentation of the ATAM to the evaluation
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team, followed by the analysis of the problem domain and
identification of business goals, specification of require-
ments for architectural solutions, and the selection of rel-
evant QAs, which can be different (e.g., availability, secu-
rity, usability, and modifiability). A Quality Attribute
Utility Tree is then generated.

Each architectural alternative is then analysed with a
focus on four aspects: understanding the approach, identi-
fying well-known weaknesses, recognizing sensitivity
points, and finding interactions and trade-offs with other
approaches. For each alternative, both approach-specific
and quality-attribute-specific questions are discussed, and
risks associated with the identified concerns are docu-
mented. The outcomes of this phase include: a document
with the system’s business requirements, a Quality At-
tribute Utility Tree, and a document outlining the archi-
tectural alternatives along with the associated risks and
concerns.

The second phase is stakeholder-centric and concen-
trates on eliciting stakeholder points of view and verifying
the results of the first phase. It involves a brainstorming
session in which a wide range of scenarios are generated.
The scenarios cover both system use cases and possible
future modifications. These scenarios are then prioritized
via stakeholder voting. Based on these prioritized scenar-
ios, each architectural alternative is analysed again. Any
sensitivity or trade-off point is treated as a potential risk.

The final deliverables of ATAM include the docu-
mented architectural approaches, the set of scenarios and
their prioritization, the collection of attribute-based ques-
tions, the utility tree, the list of identified risks and non-
risks, as well as the discovered sensitivity and trade-off
points. Based on this information, the team selects the
architectural approach that demonstrates the lowest level
of risk. If none of the evaluated alternatives is deemed
sufficiently suitable, the process iterates with the prepara-
tion of additional architectural candidates.

Successful application of ATAM requires a multidis-
ciplinary team. A minimum of three evaluators and a rep-
resentative set of stakeholders is recommended. The core
evaluation spans two full working days, besides prepara-
tion time. ATAM does not provide formal tool support,
although certain steps could potentially be optimized with
modern technologies such as large language models. Like
most scenario-based approaches, the quality of the evalua-
tion outcome is strongly dependent on the expertise of the
participants.

Cost-Benefit Analysis Method [31] is an architecture
evaluation technique that extends the ATAM framework
by incorporating cost-benefit analysis of architectural
design decisions. The prerequisites for applying CBAM
include a prior ATAM assessment and the availability of
a cost estimation model for implementing architectural
alternatives.

The CBAM process involves several steps. Initially,
stakeholders assess the benefits of QAs by assigning them
relative weights and ranking each alternative based on its
contribution (Cont) to each QA on a scale from -1 to 1.

This is typically done through stakeholder voting. The
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benefit of each architectural strategy is then computed
using the following formula:

Benefit(AS;) = >  (Cont;; x QAscore;).
i

In the next step, the expected cost of each alternative
is estimated. If precise data (e.g., statistical data or spe-
cific implementation prices) is available, it is used di-
rectly; otherwise, it is suggested to estimate the cost using
qualitative scales such as High, Medium, or Low. The last
step before making a decision is the calculation of the
Return on Investment (ROI) metric for each alternative
using the following formula:

ROI (AS;) = Benefit(AS;)/Cost(AS;).

This method heavily depends on expert judgment, par-
ticularly due to the abstract nature of some QAs (e.g.,
reliability or modifiability), which may be interpreted
inconsistently across team members, leading to uncer-
tainty in results. Because of this, in the second version of
CBAM [32], QAs are replaced with specific scenarios for
each QA, and additional evaluation iterations are intro-
duced. As a result, the assessment yields not a single ben-
efit value per architectural alternative, but a set of values.
The minimum and maximum values in this set are inter-
preted as the boundaries of a confidence interval, reflect-
ing the uncertainty inherent in the expert evaluations.

The application of CBAM requires a team comparable
in size to that used for ATAM and typically takes ap-
proximately two additional working days. The outcomes
of this method include the results obtained through
ATAM (utility tree, scenarios, risks), ROI estimates for
each alternative, and a confidence matrix representing the
degree of certainty in the ranking under uncertainty condi-
tions.

Architecture-Level Modifiability Analysis [33] is a
method for SA evaluation with a focus on modifiability
(e.g., maintenance cost prediction and risk assessment).
The evaluation flow consists of five main steps: determine
the aim of the analysis, describe the software architecture,
find the set of relevant scenarios, determine the effect of
the scenarios, and conclude the analysis.

During the ALMA application, the evaluator sets one
or more analysis objectives. The first objective is to esti-
mate the cost of maintenance or modification of the appli-
cation. The second is to identify potential changes for
which the architecture is inflexible and to assess the asso-
ciated risks. The third objective is to support architectural
decision-making by comparing multiple SA candidates
and selecting the most suitable one.

The method for comparing candidates focuses on find-
ing extreme scenarios that stress the architecture and
evaluating how each candidate responds. The scoring
process is left to the discretion of the evaluators. This may
involve comparing quantitative metrics, if available, or
aggregating expert judgment ratings across all scenarios.
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To improve result accuracy, the method recommends
conducting the evaluation in several iterations. During
each iteration, the team discusses a set of questions (or
experiments) for each candidate architecture and assigns
ratings for every scenario.

The result of applying the ALMA method is an as-
sessment of the architecture candidates in terms of main-
tainability and reusability. The data is presented in a table
that, for each candidate, indicates which application com-
ponents need to be modified or added, along with the af-
fected requirements. The method does not provide mech-
anisms for handling trade-offs between maintainability
and other QAs.

Systematic Quantitative Analysis of Scenarios’ Heu-
ristics [34] is a method that focuses on the quantitative
evaluation of both architectural alternatives and stake-
holder-defined objectives to reduce uncertainty. Its appli-
cation includes identifying stakeholders and objectives,
making objectives quantifiable, analysing and aggregating
scenarios, improving scenarios, and selecting the optimal
options. To enhance precision, the analysis process is
conducted in multiple iterations.

In [34], QAs such as usability and performance are
used as evaluation criteria. For each QA, a set of objec-
tives is formulated in the form of refined system require-
ments. Stakeholders assign quantitative values to each
objective across five levels (ranging from Minimal to
Excellent). Each level is associated with a distinct colour.

Subsequently, SA candidates are analysed in the con-
text of the defined objectives, taking into account detailed
technical aspects. Where metric-based evaluation is not
feasible, it is suggested to use expert judgment with a
Low / Medium / High scale.

The output of the method is presented as a table,
where the columns represent SA candidates and the rows
represent objectives, grouped by QAs. Each cell contains
the evaluation of an SA candidate for the given objective
and is color-coded according to the corresponding level.

A key limitation of the method is its complexity in ap-
plication. When evaluation is tailored to a non-typical
task, a considerable number of objectives can lead to high
preparation and experimentation effort, which makes the
method difficult to apply in practice.

Performance Assessment of Software Architecture
[35] is a method focused on achieving performance objec-
tives. Its goal is either to improve the performance of an
existing system or to select an SA that meets the perform-
ance requirements of a new system.

The PASA application flow consists of 10 steps. The
first step is an overview of the reasons for conducting an
architectural assessment and the assessment process itself,
presented to the entire team, including developers and
stakeholders. Then, documentation is prepared for the
architecture of the existing or planned application (if not
already available), and an overview of the architecture is
presented to the team. In the following steps, critical use
cases affecting responsiveness and scalability, as well as
key performance scenarios, are identified. These scenarios

are documented and typically represented using UML.
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Next, the team identifies the performance objectives.
Based on the presented data, the participants conduct a
more detailed discussion of the architecture and its spe-
cific features that influence key performance scenarios. If
the analysis reveals performance issues, architectural al-
ternatives that meet the performance requirements are
proposed. The results and recommendations are then pre-
sented to the entire team, and an economic analysis of the
costs and benefits of the proposed solution is conducted.

Performance improvement methods include practices
such as identifying deviations from the current architec-
tural style, detecting performance-related antipatterns
[36], proposing alternative interactions between compo-
nents, etc. Using software performance engineering tech-
niques [37], evaluators perform performance modeling,
including best- and worst-case analyses to address uncer-
tainty.

The assessment process usually takes 1-2 weeks. The
outputs of the method include:

— Documentation of the current architecture and main
processes (if not already available).

— A set of architectural alternatives that meet perform-
ance requirements, with recommendations for selecting
among them.

— A rough comparison of the costs of analysis and
subsequent improvements versus the potential costs of
additional hardware and development effort that would
have been required if the problems had not been detected
in time.

The main drawbacks of the method are the lack of
trade-off analysis with other QAs and the focus only on
critical use cases. If a large number of scenarios need to
be evaluated, the analysis may become time-consuming.

Information Technology for Decision-making Support
regarding CQRS with ES Architectural Variations [4] is a
method designed to evaluate evolutionary architectural
variations within a single SA style. Its primary focus is on
comparing different variants of CQRS with ES architec-
ture. Given the nature of these variations, the central QAs
under consideration are maintainability and performance.
Other QAs are largely equivalent across the majority of
variations and are therefore not the focus of differentia-
tion, at least for CQRS with ES architecture. DSAV-
CQRSES takes into account detailed technical aspects,
but unlike SQUASH, it introduces a classification of typi-
cal use cases, which significantly reduces the effort re-
quired to conduct the experiments.

The method supports three distinct evaluation objec-
tives: assessing implementation/modification complexity,
supporting architectural decision-making by selecting the
most suitable variation, and evaluating migration com-
plexity between variations.

During the preparation phase for selecting an architec-
tural variation, requirements are gathered, a preliminary
estimation of the number of use cases of various types is
calculated, and the expected proportion of addition new /
modification old use cases after the release of the mini-
mum viable product phase is assessed.
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The support architectural decision-making by select-
ing the most suitable SA variation algorithm looks as fol-
lows:

1. ldentification of QAs.

2. Informal description of the considered architectural
variations.

3. Estimation of implementation/modification com-
plexity for each variation:

3.1. Formalization of the architectural variations:

3.1.1. Classification of use case types;

3.1.2. Identification of processes corresponding
to each use case class;

3.1.3. Formal process modelling using the ac-
tivity model.

3.2. Evaluation of the processes.

3.3. Evaluation of the architectural variation.

4. ldentification of metrics requiring a Representative
Test Project (RTP):

4.1. Definition of the RTP.

4.2. Implementation of the RTP.

4.3. Metric collection based on the RTP.

4.4. Aggregation and preparation of results for ap-
plying a Multi-Criteria Decision Analysis (MCDA)
method (automated).

5. Application of the MCDA method, such as AHP
(automated).

The method can be used to achieve each objective in-
dependently. Its primary advantage is the minimal reli-
ance on expert judgment. While human input is needed
during the process modelling phase, high-level architec-
ture expertise is not required to construct use case and
process diagrams. Due to the automation of calculations,
stakeholders do not need to predefine QA priorities; in-
stead, they can visually analyse the data to identify the
most suitable variation under different conditions and
select an appropriate trade-off.

The output includes the visualized applicability met-
rics of each architectural variation under different QA
values (in percentages), as well as documentation describ-
ing the processes.

It is important to note that the time required to apply
the method increases with the number of use case classes.
The method is specifically designed for evaluating CQRS
with ES architecture, which typically involves two to
three use case classes, depending on stakeholder needs.
For applications with a large number of unique processes,
the method may become less applicable due to the associ-
ated effort.

4 EXPERIMENTS

The experiment involves comparing a set of scenario-
based methods for SA design-time evaluation: SAAM,
ATAM, CBAM, ALMA, SQUASH, PASA and DSAV-
CQRSES. It consists of three stages.

1) The methods are qualitatively compared using the
modified comparison framework.

2) The qualitative evaluation is translated into a quan-
titative form, and criterion weights are applied. As a re-
sult, each method is represented by a multidimensional
vector corresponding to its evaluation on each criterion.

3) A reference method is then introduced, reflecting
the characteristics desired by the DBB Software team for
evaluating CQRS with ES architectural variations. The
effectiveness of each method is calculated using formula
(1), after which the methods are ranked, and the top can-
didates are selected, using formulas (2-4).

5 RESULTS
The results of each stage are summarized in Tables 2—
3.

Table 2 — Results of the qualitative comparison of SA evaluation methods

o DSAV-
Criteria SAAM ATAM CBAM ALMA SQUASH PASA CORSES
How closely do the Specified
method’s definitions of | SA definition | SA definition | SA definition definition for
SA and SA variation is left to is left to is left to Not provided. | Not provided. | Not provided. SA varia-
align with those con- users. users. users. -

] A tions.
sidered in this paper?
Different
solutions
Is the selection be- applied to the | Yes. Method
tween structurally same archi- is developed
similar SA alternatives No. No. No. No. No. tecture are for SA varia-
addressed by  the considered to tions com-
method’s objectives? address per- parison.
formance
issues.
Are variation-specific
QAs (e.g., complexity Just Just Just
and performance) | modifiability Yes. Yes. modifiability Yes. Yes.
- - performance.
covered by the meth- | (complexity). (complexity).
od?
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Continuation of Table 2

Is the method applica-

ble at the design stage Ves. Yes. Yes. Yes. Yes. Yes. Yes.
of system develop-
ment?
Informal
description of Informal
To what extent is the candidates, desIZIiortriTJEr‘: of desltr:]:iort?:ﬂ of desIQI?rt?;E:wl of Informal description of
resulting technical | list of scenar- P p Informal P description of candidates,

. : - candidates, candidates, - candidates, . .
documentation  ready ios, experi- list of scenar- | list of scenar- description of experimental candidates formal speci-
for direct use during mental docs - . - . candidates. pert - and critical fication of
- - ios and iden- ios and iden- docs, if avail- . .
implementation? and bench- L e processes. their typical

. tified risks. tified risks. able.
marks, if processes.
available.
Preparations Between Between
Does the method facili- performance performance
tate trade-off analysis? No. ves, manual. | Yes, manual. No. for rade-off. and costs, and costs,
Left to users. .
manual. automatic.
. Identifies The selection
Does the method iden- | Evaluates the . Evaluates the Evaluates
- P e risks across e . of recom- Yes, based on
tify a recommended | modifiability Identifies - modifiability multiple
. - - multiple QAs. mended op- performance
architecture, or does it | parameters of risks across - parameters of | parameters of S
. o, . - Provides a . . tions is per- and complex-
only provide additional the candi- multiple QAs. cost/benefit the candi- the candi- formed man- ity parame-
information about the | dates. Left to Left to users. dates. Leftto | dates. Leftto Ilv by th yP
alternatives? users assessment. users users ually by the ers.
) ) Left to users. ) ) evaluator.
Domains
Is the method validated Various do- Various do- Various do- Various do- e compatible
- . . o o P Verified on . -
or considered applica- mains, in- mains, in- mains, in- mains, in- medical do- Various do- with CQRS
ble in domains similar | cluding medi- | cluding medi- | cluding medi- | cluding medi- - mains. with ES,
main. . -
to the target system? cal. cal. cal. cal. including
medical.
Does the method sup-
port the selection of the Yes. Yes. Yes. Yes. Yes. Yes. Yes.
optimal solution?
Does the method pro- . Not explic-
vide an approximate Not explic- itly, based on Not explic-
estimate of the effort Yes, based on No. itly, based on components itly, based on No. Yes, b_a sed on
- benchmarks. costs evalua- - experiments.
required for system - to be experiments.
; . tion.
implementation? changed.
No, only for No. only for
Does the method re- discussion disc’ussiz)/n of No, only for
quire involvement of Yes. Yes. Yes. Yes. and clarifica- requirements discussion of
multiple stakeholders? tion of re- q . requirements.
- and scenarios.
quirements.
How many actions or Participate in Participate in Participate in Participate in Formulate For_mulate
- expert evalua- | expert evalua- | expert evalua- | expert evalua- " requirements Formulate
inputs are expected - . - - refined ;. -
tion of sce- tion of sce- tion of sce- tion of sce- . and critical requirements.
from stakeholders? - - p - requirements. :
narios. narios. narios. narios. scenarios.
How much support is . . . .
provided by the meth- | Not explicitly | Comprehensi Comprehensi Embedded in Embedded in Embedded in Embedded in
- method method method method
od to perform various addressed. vely covered. | vely covered. e S o e
. description. description. description. description.
activities?
Not ad-
Does the method ad- Qrgss_ed.
dress non-technical Such issues - - . . . Minimized,
issues (e.q., social and briefl Sufficiently Sufficiently Not explicitly | Not explicitly | Not explicitly due to re-
(€. ety provided. provided. addressed. addressed. addressed. duced com-
organizational fac- mentioned. o
tors)? munication
? with stake-
holders.
The method
Apart from requires a
How long does the Apart from Apart from initial & post considerable Apart from
L initial & post | initial & post . - initial & post
application of the . . preparation, 2 | Not specified. amount of 1-2 weeks. :
preparation, 3 | preparation, 2 ; preparation, 2
method take? days davs days (ATAM) time to col- davs
ys. ys. and 3 days. lect all the ys.

required data.
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Continuation of Table 2

What is the typical 4-perspn 3-perspn 3-persqn 2-perspn
h . evaluation evaluation evaluation . - - evaluation
team size required to Not specified. | Not specified. | Not specified.
apply the method? team & team & team & team &
) stakeholders. | stakeholders. | stakeholders. stakeholders.
How demanding are | High, for the High, for the High, for the Moderate, for
the architecturalgskills exge;'t'ud N High, for the High, for the High, for the exge’rt'ud ) performance experiments
: pert judg expert judg- expert judg- expert judg- pert juag modeling and and use case
required from the users ment and ment and f d
of the method? experiments ment. ment. ment. experiments generating ocumenta-
) ) ) alternatives. tion.
9 activities in
- 2 phases 4 activities & 4 activities &
YCYTE aé?fé?r?qeija;\é:j“?; 9 activities in (ATAM) & 4 5 activities 3 activities 6 activities
P : 6 activities. activities carried out performed 10 activities. performed
what order to achieve 2 phases. -
performed sequentially. over several over several
the goals? - - - ;
over several iterations. iterations.
iterations.
. Supports . -
nghjle\_/el High-level High-level formal de- (Ij-hgh'le\'/el dPrc_);/lgeas fOf‘fe:sda
Does the method pro- description description description scription for escription etailed de- ormat de-
- using ADL; - . - . using ADL,; scription and scription of
vide a formal and using ADL; using ADL; complex .
. s focuses on . - . experiments performance SA processes,
detailed description of . emphasizes focuses on architectures; - - ;
the architectural candi- identifying risks related economic emphasizes partially modeling of using ADL
maintainabil- : iphasize cover system | critical proc- and activity
dates? - to multiple trade-offs maintainabil- :
ity-related - behavior and esses and models.
. QAs. between QAs. ity-related
risks. risks processes. components.
Moderate, Moderate,_
due to partial due to possi-
reliance on ble inaccura-
To what extent is the H_|gh|y,_due H_|gh|y,_due H_|gh|y,_due H_|gh|y,_due expert judg- Moderate_, cies in the
- toits reliance | toitsreliance | toitsreliance | to its reliance due to vari- source data
method  subject to ment and P
- on expert on expert on expert on expert L ability in the (use cases)
uncertainty? . . ) . remaining - -
judgment. judgment. judgment. judgment. S modeling. and remain-
variability in . P
the experi- ing variability
in the ex-
ments. :
periments.
Yes, In V2
Are there any tech- Ir_npllc'lt, extra e>§tra Itera- Implicit, I.mP“C't’ Implicit,
. . o - iterations of tions and - s within per- L
niques applied to miti- Implicit. - Implicit. within ex- within ex-
- architecture | value bounda- - formance ;
gate uncertainty? - - periments. . periments.
analysis. ries are add- modeling.
ed.
How ml_Jch of the eva_l- Suggested to o
uation is grounded in A - i Primarily L - -
o . Primarily Primarily use statistics Primarily Primarily Primarily
quantitative  metrics ) expert ; - .
. expert expert or real prices . metrics and metrics and metrics and
and experimental data . . . judgement. - - -
judgement. judgement. for costs if experiments. experiments. experiments.
Versus expert assess- - Left to users.
possible.
ment?
Does the method offer
tool; to facilitate or Par_tlally Not available. | Not available. | Notavailable. | Not available. | Not available. Partially
partially automate its available. automated.
use?
What is the level of
maturity (mcept_lon, Dormant. Dormant. Dormant. Dormant. Refinement. Refinement. Development.
development,  refine-
ment or dormant)?
Found a Found a
Has the method been couple arti- couple arti- For a couple
validated? Yes. Yes. Yes. Yes. cles with its cles with its of projects.
application. application.
Has the method been
appl!ed specifically _to No. No. No. No. No. No. Yes.
architectural varia-
tions?

A typical project, derived from the analysis of multi-
ple DBB Software projects employing the CQRS with ES
architecture, has been selected as the reference case. At
this stage, a specific variation needs to be chosen. The
software system under development belongs to the medi-

cal domain and requires a high level of maintainability
and good performance.

Table 3 presents the answers from Table 2 converted
into a more formalized form through expert evaluation,
describes the reference case, and calculations of the effec-
tiveness of the methods using formula (1).
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Table 3 — Results of the quantitative comparison of SA evaluation methods

Criteria Weight | SAAM | ATAM | CBAM | ALMA | SQUASH | PASA c%sRAs\és Ref | Max

How closely do the method’s defini-
tions of SA and SA variation align 3 L L L L L L M H L
with those considered in this paper?
Is the selection between structurally
similar SA alternatives addressed by 5 N N N N Y/N Y Y Y N
the method’s objectives?

Are variation-specific QAs (e.g.,
complexity and performance) cov- 10 Y/N Y Y Y/N Y Y/N Y Y N
ered by the method?

Is the method applicable at the de-
sign stage of system development?
To what extent is the resulting tech-
nical documentation ready for direct 1 Y/N Y/N Y/N Y/N N Y/N Y/N Y/N N
use during implementation?

Does the method facilitate trade-off

10 Y Y Y Y Y Y Y Y N

- 7 N Y Y N Y/N Y/N Y/N Y N
analysis?
Does the method identify a recom-
mended architecture, or does it only 2 N N N N N N v v N

provide additional information about
the alternatives?

Is the method validated or consid-
ered applicable in domains similar to 8 Y Y Y Y Y Y/N Y Y N
the target system?

Does the method support the selec-
tion of the optimal solution?

Does the method provide an ap-
proximate estimate of the effort 4 Y/N N Y/N Y/N Y/N Y/N Y Y N
required for system implementation?
Does the method require involve-

10 Y Y Y Y Y Y Y Y N

ment of multiple stakeholders? 4 Y Y Y Y YN YIN N N Y
How many actions or inputs are
expected from stakeholders? ! H H H H M M L L H
How much support is provided by
the method to perform various ac- 5 L H H M M M M H L
tivities?
Does the method address non-
technical issues (e.g., social and 2 YIN Y Y Y/N YIN Y/N Y/N Y/N N
organizational factors)?
How long does the application of the
method take? 5 M M H M H H M M L
What is the typical team size re-
quired to apply the method? 5 H M M M M H L L H
How demanding are the architectural
skills required from the users of the 8 H H H H H H M M L
method?
Does the method provide a formal
and detailed description of the archi- 4 N N N Y/N N Y/N Y Y N
tectural candidates?
To what extent is the method subject 4 H H H H M M M L H
to uncertainty?
Are there any techniques applied to | ¢ YN | YN % YIN YIN YIN YIN Y N
mitigate uncertainty?
How much of the evaluation is
groun_ded in quantitative metrics and 7 L L M L H H H H L
experimental data versus expert
assessment?
Does the rn_ethod offer too_Is to facili- 2 YIN N N N N N v v N
tate or partially automate its use?
What is the level of maturity (incep-
tion, development, refinement or 6 H H H H M M L H L
dormant)?
Has the method been validated? 6 Y Y Y Y Y/N Y/N Y/N Y N
I-!a§ the metho_d been app_llgd spe- 6 N N N N N N v v
cifically to architectural variations?
Euclidean distances 16.37 14.66 13.38 15.23 11.96 12.57 7.55 22.54
Effectiveness 0.27 0.35 0.41 0.32 0.47 0.44 0.67
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For simplicity in experimentation, the following nu-
meric values are used in this study: L =1, M =2, H = 3;
N=1Y/N=2Y=3

The weights for each parameter were determined
based on the expert judgment of the DBB Software de-

Reference vector:

velopment team conducting the evaluation. They reflected
the extent to which each factor influences the team’s con-
venience in applying the method.

For example, the distance between the reference
method and DSAV-CQRSES is calculated as follows:

ref =(H,Y,Y,Y,Y/N,Y,Y,Y,Y,Y,N,LLH,Y/N,M,L,M,Y,L,Y,H,Y,H,Y,Y) =
=(3,3,33,2,3,3,3,3,3113,2,2,1,2,313,3,3,3,3,3).

Maximum vector:

max = (L,N,N,N,N,N,N,N,N,N,Y,H,L,N,L,H,L,N,H,N,L,N,L,N,N) =
=(11111111113,3111,311,3111111).

Weights vector:

w=(3510101,7,2,810,4,4,7,5,2,5,5,8,4,4,8,7,2,6,6,6).

DSAV-CQRSES vector:

Posav_corses = (M,Y,Y,Y,Y/N,Y/N,Y,Y,Y,Y,N,L,M,Y /N,M,L,M,Y,M,Y/N,H,Y,L,Y/N,Y) =
=(2333,2.23333112221232233123).

Maximum distance to the Reference:

D(max, ref) :\/ZWi -(max; —ref;)? =22.54,i e [1,25]

DSAV-CQRSES to the Reference distance:

D(Ppsav-cqrses: ef) = JZWi -(PDsAV -CQRSES —ref;)? =7.55,i €[1,25].

DSAV-CQRSES effectiveness:

D(Ppsav-cqrses ref) _

155 067,

EﬁectiveneSS( Ppsav —CQRSES ) =1-

Obtain an ordered vector E, using formula (2):

D(max,ref) 2254

Easc ={x(sasaam ) x(saaLma), x(saatam )s x(saceam ): x(Sapasa). x(SasquasH )s x(Sapsav —corses )}

Determine the result set using formulas (3-5). The maximum allowable deviation (th) in formula (4) let us set to
0.05. With this threshold, the resulting set contains a single element:

SAgpt ={sapsav-cqrses}

6 DISCUSSION

The existing approaches reviewed in the literature do
not consider evaluation in the context of SA variations.
Due to the specific nature and similarity of SA variations,
most traditional SA evaluation methods are not well-
suited for their comparison. The modified version of the
framework for classifying and comparing SA evaluation
methods, adapted to support the comparison of methods
for evaluating architectural variations, was applied. The
method is relatively easy to apply, and its results are sup-
ported by factual evidence about the candidates.

The evaluation results demonstrate that traditional
scenario-based methods such as SAAM (0.27) and
ALMA (0.32) score relatively low. This can be attributed
to their reliance on expert judgment, susceptibility to un-
certainty, the extensive involvement of non-technical
stakeholders, and the lack of detail in the descriptions of
architectural candidates. Additionally, these methods do
not explicitly support trade-off analysis across multiple
QAs.

ATAM, scoring 0.35, improves upon SAAM and
ALMA by introducing trade-off analysis, yet still relies
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heavily on qualitative assessment. Its extension, CBAM
(0.41), shows better handling of uncertainty.

The methods that scored higher — PASA (0.44) and
SQUASH (0.47). They shift the focus toward quantitative
metrics and experimental data. These characteristics make
them more applicable for comparing SA variations in
practice. However, they require a long execution time;
additionally, PASA demands a large team for application,
while SQUASH lacks sufficient architectural detail in
candidate descriptions.

DSAV-CQRSES (0.67) outperformed other SA evalu-
ation methods in addressing the task of comparing CQRS
with ES architectural variations within the DBB Software
team. This finding is supported by real-world application,
which can be explained by the fact that DSAV-CQRSES
was specifically developed for evaluating variations of the
CQRS with ES architecture. It includes mechanisms for
formal architectural modeling, trade-off analysis, and
partial automation. A significant factor that limited its
score was the low maturity and validation of the method,
as it has only recently been introduced. Without this fac-
tor, the score would have increased to 0.76.
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The results of the experiment can be practically ap-
plied by DBB Software team when selecting an evalua-
tion method for real-world projects. Moreover, the quali-
tative and formalized assessment of the methods can be
reused by other companies and teams to calculate the ap-
plicability of the considered SA evaluation methods for
their specific needs.

To enhance the universality of the proposed method-
ology in practical applications, it is advisable to expand
the set of case studies using different evaluation methods,
implement multiple architectural variations for each of
them, analyze the corresponding metrics (such as devel-
opment and maintenance speed, performance, etc.), as
well as the issues encountered by developers.

CONCLUSIONS

The scientific novelty. The article proposes a meth-
odology for comparing SA evaluation methods. The
framework for classifying and comparing SA evaluation
methods has been modified for application within the
context of CQRS with ES architectural variations. The
proposed adapted approach allows assessing the applica-
bility of each method based on a categorized set of varia-
tion-related questions. Each method’s evaluation is repre-
sented as a multidimensional vector. The approach en-
ables a two-stage qualitative and quantitative assessment
of method effectiveness. The quantitative stage computes
an applicability score using the Euclidean distance from a
reference (etalon) vector ref to the vector of each method,
considering attribute weights w, provided by decision-
making team.

The adapted framework was applied to determine
which SA evaluation method is best suited for assessing
CQRS with ES variations by the DBB Software team.
The methods compared were SAAM (0.27), ATAM
(0.35), CBAM (0.41), ALMA (0.32), SQUASH (0.47),
PASA (0.44) and DSAV-CQRSES (0.67). Based on the
results of the quantitative evaluation the optimal subset
SA ={S8psav_corses}» that aligns with practical experi-

ence, as DSAV-CQRSES was specifically developed to
evaluate variations of the CQRS with ES architecture.

The practical significance. The adapted framework
provides a reproducible, measurable basis for selecting an
SA evaluation method under real project constraints and
can be instantiated for other teams and contexts by re-
specifying w and ref. This, in turn, supports the selection
of more appropriate architectural solutions, with positive
impact on development and maintenance..

ACKNOWLEDGEMENTS

We sincerely appreciate DBB Software company [9]
for providing their proprietary platform, which served as
the foundation for our experiment. This platform offered
essential capabilities for our research, ensuring the accu-
racy and reliability of our experimental results.

We also want to express our deep appreciation to Vo-
lodymyr Khandetskyi, Head of Electronic Computing
Machinery department, for his valuable comments and
suggestions.

© Hruzin D. L., Lytvynov O. A., 2026
DOI 10.15588/1607-3274-2026-1-10

DECLARATIONS

Conflict of interest: The authors declare that they
have no conflict of interest in relation to this research,
whether financial, personal, authorship, or otherwise, that
could affect the research and its results presented in this
paper.

Authors’ contributions: Dmytro Hruzin: the meth-
odology for comparing SA evaluation methods; Olek-
sandr Lytvynov: reviewed and discussed the proposed
method and provided recommendations for improving the
methodology and the manuscript’s presentation.

Data availability: The manuscript has no associated
data.

Software availability: The manuscript has no associ-
ated software.

Use of artificial intelligence tools: Artificial intelli-
gence tools were used to search for and correct grammati-
cal and punctuation mistakes in the manuscript and to
improve the English translation, in parallel with other
tools such as Reverso Context.

REFERENCES

1. Chrissis M. B., Konrad M., Shrum S. CMMI for Develop-
ment: Guidelines for Process Integration and Product Im-
provement (SEI Series in Software Engineering) 3rd Edi-
tion. Boston, Massachusetts, Addison-Wesley Professional,
2011, 688 p.

2. Lytvynov O. A., Hruzin D. L.Critical causal events in sys-
tems based on CQRS with Event Sourcing architecture, Ra-
dio Electronics Computer Science Control, 2024, Issue 3,
pp. 119-143. DOI: 10.15588/1607-3274-2024-3-11.

3. Sobhy D., Bahsoon R., Minku L. et al. Evaluation of Soft-
ware Architectures under Uncertainty: A Systematic Litera-
ture Review, ACM Transactions on Software Engineering
and Methodology (TOSEM), 2021, Vol. 30, Issue 4, pp. 1-
50. DOI: 10.1145/3464305.

4. Lytvynov O. A., Hruzin D. L. Decision-making on Com-
mand Query Responsibility Segregation with Event Sourc-
ing architectural variations, Technology audit and produc-
tion reserves, 2025, Vol. 4, Issue 2(84), pp. 37-59. DOI:
10.15587/2706-5448.2025.337168.

5. Babar M. A, Zhu L., Jeffery R. A framework for classifying
and comparing software architecture evaluation methods,
Software Engineering, Australian Conference, Melbourne,
Victoria, 13-16 April 2004, proceedings. Melbourne, Victo-
ria, 2004, P. 309. DOI: 10.1109/ASWEC.2004.1290484.

6. Babar M. A., Gorton |. Comparison of Scenario-Based Soft-
ware Architecture Evaluation Methods, Software Engineer-
ing, 11th Asia-Pacific Conference, Busan, 30 November — 3
December 2004, proceedings. Busan, 2004, pp. 600-607.
DOI: 10.1109/APSEC.2004.38.

7. Abrahdo S., Insfran E. Evaluating Software Architecture
Evaluation Methods: An Internal Replication, Conference
on Evaluation and Assessment in Software Engineering
(EASE 2017) : 21th International Conference, Karlskrona,
15-16 June 2017 : proceedings. Karlskrona, 2017, pp. 144—
153. DOI: 10.1145/3084226.3084253.

8. Gonzalez H. J., Pelozo I., Gonzales A. et al. Validating a
model-driven software architecture evaluation and im-
provement method: A family of experiments, Information
and Software Technology, 2015, Issue 57, pp. 405-429.
DOI: 10.1016/j.infsof.2014.05.018.

9. DBB Software’s official company site [Electronic resource].
Access mode: https://dbbsoftware.com/.

OPEN a ACCESS




p-ISSN 1607-3274 Panioenextpownika, indpopmatrka, ynpasminss. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

10. Fatima 1., Lago P. A Review of Software Architecture
Evaluation Methods for Sustainability Assessment, Software
Architecture Companion: 20th International Conference
(ICSA-C), L’Aquila, 13-17 March 2023 : proceedings. Los
Alamitos, CA: IEEE Computer Society, 2006, pp. 191-194
DOI: 10.1109/ICSA-C57050.2023.00050.

11. Sahlabadi M., Muniyandi R. C., Shukur Z. et al. Lightweight
Software Architecture Evaluation for Industry: A Compre-
hensive Review, Sensors, 2022, Vol. 22, Issue 3. DOI:
10.3390/522031252.

12. Kazman R., Klein M., Clements P. ATAM: Method for
Architecture Evaluation : technical report : CMU/SEI-2000-
TR-004, ESC-TR-2000-004, Product Line Systems. Pitts-
burgh, 2000, 71 p.

13. Kazman R., Bass L., Abowd G. et al. SAAM: a method for
analyzing the properties of software architectures, Software
Engineering : 16th international conference, Sorrento, 16—
21 May 1994 : proceedings. Washington, DC, IEEE Com-
puter  Society Press, 1994, pp. 81-90. DOIL:
10.1109/ICSE.1994.296768.

14. Babar M. A., Kitchenham B. Assessment of a Framework
for Comparing Software Architecture Analysis Methods,
Evaluation and Assessment in Software Engineering (EASE)
: 11th International Conference, UK, 2-3 April 2007 : pro-
ceedings. Swindon, BCS Learning & Development Ltd.,
2007, pp. 12-20. DOI: 10.14236/ewic/EASE2007.2.

15. Jayaratna N. Understanding and Evaluating Methodologies:
NIMSAD, a Systematic Framewor. New York, McGraw-
Hill, Inc., 1994, 259 p.

16. Gonzalez-Huerta J., Insfran E., Abrahdo S. Models in Soft-
ware Architecture Derivation and Evaluation: Challenges
and Opportunities, Model-Driven Engineering and Software
Development : the 2nd International Conference, Lishon, 7-
9 January 2014 : proceedings. Setubal, SCITEPRESS,
2014.-P. 12-31. DOI: 10.1007/978-3-319-25156-1_2.

17. Lloyd P. T. L., Galambos G. M. Technical reference archi-
tectures, IBM Systems Journal, 1999, Vol. 38, Issue 1,
pp. 51-75. DOI: 10.1147/sj.381.005.

18. Bass L., Clements P., Kazman R. Software Architecture in
Practice, Second Edition. United States, Addison-Wesley
Longman Publishing Co., Inc., 2003, 528 p.

19. Lakhdissi M., Bounabat B. A New Content Framework and
Metamodel for Enterprise Architecture and is Strategic
Planning, International Journal of Computer Science Issues,
2014, Vol. 9, Issue 2. DOI: 10.1201/b16417-9.

20. Clements P., Bachmann F., Bass L. Documenting Software
Architectures: Views and Beyond, Second Edition. Boston,
Addison-Wesley, 2010, 592 p. ISBN: 978-0-321-55268-6.

21. Solms F. What is Software Architecture, South African Insti-
tute for Computer Scientists and Information Technologists
Conference (SAICSIT '12), Pretoria, 1-3 October 2012 :
proceedings. New York, Association for Computing Ma-
chinery, 2012, pp. 363-373. DOI:
10.1145/2389836.2389879.

22. Franchitti J. C. Enterprise Architecture Frameworks (EAFs)
& Pattern Driven EAFs [Electronic resource]. Access mode:
https://cs.nyu.edu/~jcf/classes/g22.3033-
007/slides/session2/g22_3033_011_c23.pdf.

23. Galster M., Avgeriou P., Weyns D. et al.Variability in soft-
ware architecture: Current practice and challenges, ACM
SIGSOFT Software Engineering Notes, 2011, Vol. 36, Is-
sue 5, pp. 30-32. DOI: 10.1145/2020976.2020978.

24. Ford N., Parsons R., Sadalage P. et al. Building Evolution-
ary Architectures: Automated Software Governance 2nd
Edition. US, O’Reilly Media, 2022, 262 p. ISBN : 978-
1492097549.

© Hruzin D. L., Lytvynov O. A., 2026
DOI 10.15588/1607-3274-2026-1-10

118

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Dakhli S.B.D. Architectural Deviations and Inconsistencies
Management: A Framework Based on Information Systems
Urbanization, Procedia Computer Science, 2021, Vol. 181,
pp. 1122-1130. DOI: 10.1016/j.procs.2021.01.309.
Systems and software engineering — Systems and software
Quality Requirements and Evaluation (SQuaRE). Quality
model overview and usage : ISO/IEC 25002:2024. [Effec-
tive from 2024-03]. — ISO, 2024, 17 p.
Rumpe B. Modeling with UML: Language, Concepts,
Methods. Switzerland, Springer Cham, 2016, 281 p. ISBN:
978-3-319-33933-7.
Chattopadhyay A., Wang Z., Martin G. E. Architecture
Description Languages, Handbook of Computer Architec-
ture. New York, Springer, 2024, Processor Design and Pro-
gramming Flows, pp. 807-839. DOI: 10.1007/978-981-97-
9314-3_18.
Lung C. H., Bot S., Kalaichelvan K. et al. An approach to
software architecture analysis for evolution and reusability,
1997 conference of the Centre for Advanced Studies on Col-
laborative Research, Toronto, 10-13 November 1997 : pro-
ceedings. US, IBM Press, 1997, P. 15. DOI:
10.1145/782010.782025.
Lassing N., Rijsenbrij D., Vliet H. On Software Architecture
Analysis of Flexibility, Complexity of Changes: Size isn’t
Everything, 2nd Nordic Software Architecture Workshop,
Ronneby, 12-13 August 1999, proceedings. Ronneby, 1999,
pp. 1103-1581.
Kazman R., Asundi J., Klein M.Quantifying the costs and
benefits of architectural decisions, Software Engineering :
the 23rd International Conference, Toronto Ontario, 12-19
May 2001, proceedings. NW Washington, IEEE Computer
Society, 2001, pp. 297-306. DOl:
10.1109/ICSE.2001.919103.
Moore M., Kaman R., Klein M. Quantifying the value of
architecture design decisions: Lessons from the field, Soft-
ware Engineering : 25th International Conference
(ICSE03), Portland, 3-10 May 2003 : proceedings. NW
Washington, IEEE Computer Society, 2003, pp. 557-562.
DOI: 10.1109/ICSE.2003.1201237.
Bergtsson P.O., Lassing N., Bosch J. Architecture-Level
Modifiability Analysis (ALMA), Journal of Systems and
Software, 2004, VVol. 69, pp. 129-147. DOI: 10.1016/S0164-
1212(03)00080-3.
lonita M. T., America P., Hammer D. K. et al. A Scenario-
Driven Approach for Value, Risk, and Cost Analysis in Sys-
tem Architecting for Innovation, Software Architecture : 4th
Working IEEE / IFIP Conference (WICSA 2004), Oslo, 12—
15 June 2004, proceedings, P. 277. DOI:
10.1109/WICSA.2004.13107009.
Williams L. G., Smith C. U. PASASM: An Architectural
Approach to Fixing Software Performance Problems, 28th
International Computer Measurement Group Conference,
Reno, 8-13 December 2002 : proceedings, pp. 307-320.
Smith C. U., Williams L. G. Software performance antipat-
terns, Software and performance : the 2nd international
workshop (WOSPO00), Ottawa, 1 September 2000 : proceed-
ings. New York, Association for Computing Machinery,
pp. 127-136. DOI: 10.1145/350391.350420
Smith C. U., Williams L. G. Performance solutions: a prac-
tical guide to creating responsive, scalable software, Red-
wood City, CA, Addison Wesley Longman Publishing Co.,
Inc., 2002, 544 p. ISBN: 978-0-201-72229-1.

Received 10.09.2025.

Accepted 08.01.2026.

Published 27.03.2026.

OPEN a ACCESS




p-ISSN 1607-3274 Panioenextpownika, indpopmatrka, ynpasminss. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

VIIK 614.2+574/578+004.38

HOPIBHAHHA METOJIB OIIHIOBAHHS APXITEKTYPU NIPOTPAMHOI'O 3ABE3IIEYEHHSA B KOHTEKCTI
APXITEKTYPHHMX BAPIAIIA CQRS 3 EVENT SOURCING

I'pysin [. JI. — acnipadTt xadeapu eleKTPOHHUX 0O0YHCITIOBAIBHUX MAalIMH JIHIMPOBCHKOTO HAIIOHAJIHHOTO YHIBEPCHTETY iMEHI
Onecs I'onuapa, {uinpo, Ykpaina. ROR: https://ror.org/00gk1f078. ORCID: 0009-0004-8534-2559.

JlutBuHoB O. A. — KaHJI. TEXH. HAayK, JOLEHT KadeaApH eIeKTPOHHUX 00UNCITIOBAIFHUX MalIuH JIHIIPOBCHKOTO HaliOHAIBHOTO-
yaiBepcurety imMeni Onecst l'onuapa, {Hinpo, Ykpaina. ROR: https://ror.org/00gk1f078. ORCID: 0000-0001-7660-1353.

AHOTAIIIA

AKTyanbHicTh. JIOCTi/UKEHHSI IPOBOANTHCS B KOHTEKCTI CTBOPEHHSI Ta OOIPYHTYBAHHsS METOJOJIOTI] OL[iHIOBAHHS apXiTEKTypH
nporpamHoro 3abesneyeHHs B pamkax Bapiauiii Command Query Responsibility Segregation (CQRS) 3 Event Sourcing (ES) apxire-
KTYpH.

MeTo10 A0CTiIMKEHHS € OL[iHKA Ta TMOPIBHAHHS PI3HUX METOJIB OLIHIOBAHHS apXiTEKTypH MPOTPAMHOTO 3a0€3MeUeHHS 3 METOI0
MATPUMKH BUOOPY onTuManbsHoI apxitextypHoi Bapianii CQRS i3 ES mis peanbHUX MPOEKTIB.

Metona. st migBUIIeHHS 00’ €KTHBHOCTI MPOLECY YXBAJCHHS apXiTEKTypHHX PIllIeHb 3aCTOCOBYIOTHCS Pi3HI METOIH OLHIOBAH-
HsI apXITEKTypH IPOrpaMHOro 3ade3nedeHHs. [IpoTe i MeToaM He € yHIBEepCaJIbHUMH, OCKIJIBKU BiIPI3HAIOTHCS TIIMOUHOIO aHai3Yy,
CIPSIMOBAHICTIO Ta 00CATOM HEOOXIIHUX PECypciB. 3aBAaHHs, 10 PO3MIIAAAETHCSA Y [[HOMY JOCIIIKCHHI, MOJISrae y BUOOPI MiX apxi-
TexkTypHuMmE Bapiaisimu CQRS 3 ES, siki yacTo xapakTepu3yoThcsi BACOKMM CTYIIEHEM CTPYKTYPHOI moiGHOCTI Ta, BiAMOBIgHO, €
CKJIAIHUMH JIsI PO3PI3HEHHs 3a JIOIMOMOIOI0 3arajbHOINPH3HAYCHUX METOJIB OLiHIOBaHHs. [IOPIBHSHHS apXiTeKTypHHX Bapiaiii
noTpedye MOTIANOIICHOTO aHali3y, OAHAK Ul OUIBIIOCTI METOIIB HOTr0 MPOBEACHHS HA MPAKTHII YCKIAJHIOETHCS Yepe3 4acoBi Ta
pecypcHi oOMekeHHs. 3alpONIOHOBAHMH MiIXi OpI€EHTOBAHUI Ha BU3HAYCHHS HAMOUIBII TOLMITHPHOTO METOIY OLIIHIOBAaHHS apXiTeK-
typu [13 1 miaTpUMKHN mpolecy IPUHHATTS pillleHs moxo BuOopy Mixk Bapiamismu CQRS 3 ES. Bin rpyHTyeThCS Ha iCHYyIOUOMY
¢peiiMBOpKy Kiacuikamii Ta MOPIBHAHHSI METOAIB OIHIOBAHHS apXiTeKTypu. OKpiM SIKICHOTO aHAI3y, MiAXiJ BKIIOYAE KUTBKICHY
OLIIHKY CTYIIEHs NPHUAATHOCTI 10 KOHKPETHOI'O MPOEKTY, L0 3abe3nedye OLIbII 0OIPYHTOBAaHE Ta palliOHATbHE NPUHHATTS apXiTek-
TYPHHUX PIllICHB.

Pe3yabTaTn. 3anpornoHoBaHuii miaxia Oyiio 3aCTOCOBAHO [Uisl MOPIBHSIHHS KUTBKOX METOJIB OLiHIOBaHHS apXitektypu 13, 30k-
pema Information Technology for Decision-making Support regarding CQRS with ES Architectural Variations (DSAV-CQRSES) —
METOy, CHeNialbHO po3po0IeHOro T OLiHKY Bapiawiil apxiTektypu CQRS 3 ES.

BucHoBku. IcHyroua cucremMa MOPiBHSAHHS apXiTEKTyp MPOTPaMHOTO 3a0e3MeYeHHs He Moxe OyTH Oe3mocepeJHhO 3aCTOCOBaHA
110 apXiTEKTypHUX Bapialiil (BiIXHICHb apXiTeKTypH, 3HaUYIIUX IS 3aMOBHHUKA). 3arporoHoBaHa Moandikauis GppefiMBopKy opieH-
TOBaHI HacamIlepe]] Ha OLIHIOBaHHS Bapiatiil apxitektypu CQRS 3 ES.

KJIFOUYOBI CJIOBA: apxitekTypa mporpamHoro 3abesnedeHHs, HOpiBHAHHS MeToniB owinoBanHsa, CQRS 3 Event Sourcing,
apXiTeKTypHi Bapiaril.
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ABSTRACT

Context. This paper presents the results of a study on the use of triangular fuzzy numbers for determining time-optimal routes in
the traveling salesman problem under fuzzy representations of travel duration in a transportation network. To formalize the uncer-
tainty and imprecision of input data — associated with the subjectivity in estimating the time intervals required to travel between indi-
vidual cities-triangular fuzzy numbers are employed. Various approaches to solving fuzzy traveling salesman problems are exam-
ined.

Obijective. The goal of the work is to develop algorithms for solving the fuzzy traveling salesman problem based on the imple-
mentation of the Bellman-Zadeh parametric optimization methods, the use of a two-criteria approach with a given weight function
and the refinement of the scheme for calculating the center of gravity of the membership function graph for a given curve density.

Method. The article considers methods for solving the fuzzy traveling salesman problem, which is formulated as the problem of
finding a route to visit a given number of cities without repetitions with a minimum travel time. The parameters of the problem for
formalizing the uncertainty and inaccuracy of input data associated with the influence of subjectivity in assessing the duration of time
intervals required to travel between individual cities are presented as fuzzy triangular numbers. Different approaches to solving fuzzy
traveling salesman problems are considered. The application of the Bellman-Zadeh method, methods taking into account refinements
of defuzzified data, and methods based on a multicriteria approach is formalized. Computational experiments are carried out.

Results. Rational algorithms for solving the fuzzy traveling salesman problem based on the Bellman-Zadeh parametric optimiza-
tion model, multicriteria approach and methods for refining the results of defuzzification of fuzzy data have been developed. In the
conducted numerical experiments on solving the traveling salesman problem, fuzzy input data are based on the method for calculat-
ing the center of gravity (CoG), the center of gravity of homogeneous and non-homogeneous curves, which are determined by the
membership function and the specified reliability values of subjective data. A comparison of the results obtained based on solving the
crisp traveling salesman problem and the results based on defuzzified duration values for the fuzzy traveling salesman problem is
carried out, according to the results of which the dependence of the solution on the defuzzification method is confirmed.

Conclusions. The article considers the method of formalizing the algorithm for solving the fuzzy traveling salesman problem
with the minimum duration of movement along the route based on the Belman-Zadeh method, methods taking into account the re-
finements of defuzzified data and methods based on the multicriteria approach. Fuzzy triangular numbers are used to formalize the
uncertainty of the input data when assessing the duration of movement between individual towns of the transport network. It was
made a conclusion about the feasibility of using fuzzy numbers when solving fuzzy traveling salesman problems in real conditions of
logistics transportation.

KEYWORDS: fuzzy traveling salesman problem, fuzzy numbers, subjective perception of duration, uncertainty, solution meth-
ods, multicriteria approach, defuzzification.

ABBREVIATIONS x;; are the elements of matrix X, which equal to 0 or
TSP is a traveling salesman problem;

. . 1:
CoG is a center of gravity. S .
g y i isan index;
NOMENCLATURE ] is an index;
n is a number of cities; Aisa fuzzy set;
tj; are the travel time between all pairs of vertices; u=(x) isa mem,bership function:
A ’
T isamatrix of t; supp A isa support of fuzzy set A
tij are the travel time between all pairs of vertices; At;j are width of intervals of fuzzy travel time;
X is a binary matrix of transitions between vertices A is a parameter of optimization Bellman-Zadeh
Xij 5 model;
X isan optimal values for first TSP;
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X% isan optimal values for second TSP;
L is a lower value of first TSP optimal solution;

L, is a lower value of second TSP optimal solution;
U, is an upper value of first TSP optimal solution;
U, is an upper value of second TSP optimal solution;
o4 is a weight coefficient;

o, isaweight coefficient;

o(s) is a weight function;

Xc is a coordinate x of CoG of planar curve;

Yc is a coordinate y of CoG of planar curve;

xg is a coordinate x of CoG of inhomogeneous
curve;
yg is a coordinate y of CoG of inhomogeneous

curve;
p(l) is a density function;

L is a length of membership function grafik;
Z is arequired reliability level.

INTRODUCTION

The challenges associated with organizing and
operating various spheres of the economy and
management possess distinct characteristics that result in
difficulties when solving diverse optimization problems.
Some of these issues can be addressed by managerial
staff, while others require analytical and optimization
methods for production and organizational operations,
including planning, coordination, decision-making, and
control over the movement and storage of goods, services,
and information. Mathematical methods are widely used
to solve such problems, enabling the search for effective
solutions while taking into account the limitations of the
applied problem and the specifics of the available data.
Solving certain optimization problems requires the use of
non-standard methods based on well-known optimization
algorithms.

However, the formal use of such methods is often im-
possible due to the imprecision (uncertainty) of the pa-
rameters and limitations of the real-world process models
under consideration. These characteristics require the de-
velopment and implementation of appropriate methods for
formalizing and updating data that take uncertainty into
account. One of the most well-known and effective meth-
ods for representing imprecise data is based on the use of
Zadeh fuzzy sets [1], the essence of which allows for the
mathematical expression of the subjectivity and uncer-
tainty of parameter values in many applied problems. In
recent years, numerous studies and papers have emerged
based on this methodology and its application to various
optimization tasks, decision support methods, and be-
yond.

One of the key applied optimization problems that
requires a solution under conditions of uncertainty is the
logistics-based Traveling Salesman Problem (TSP) [2]. A
typical problem of salesman is to determine the route of a
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transport network consisting of n interconnected points
(cities). The desired route, along which a traveling
salesman must visit all cities in the network, must pass
through each city only once and must be optimal in time
or length [3].

From a mathematical perspective, the TSP is a combi-
natorial optimization problem, for which various mathe-
matical programming techniques may be employed.

The object of study is a process of finding the opti-
mal route for the fuzzy traveling salesman problem with
minimum travel time in the transportation medium.

The subject of study is development of efficient algo-
rithms for solving the fuzzy traveling salesman problem
based on the Bellman-Zadeh parametric optimization
model, a multi-criteria approach and methods for refining
the results of defuzzification of fuzzy data.

The purpose of the work is to develop algorithms for
solving the fuzzy traveling salesman problem based on
the implementation of the Bellman-Zadeh parametric op-
timization method, the use of a two-criteria approach with
a given weight function and the refinement of the scheme
for calculating the center of gravity of the membership
function graph for a given curve density.

1 PROBLEM STATEMENT
The task of finding an optimal cyclic tour in the TSP
with given pairwise distances or travel durations t; be-
tween all cities in the network what represented by a ma-
trix T={ }i, =T, T={t;3}, ij=Ln, reduced to de-
termining solution X = {x;}, x;j €{03}, i, j=Ln, of the

combinatorial optimization problem [4]

m
Il
.M:
M=

—
1]
LN

_ tijXj; — min (1)

1

subject to the constraints

n n
ZX” =1,i=l,n, ZXU =1, j=l,n, (2)

which represents the classical formulation of the problem,
where, in addition to route length or travel duration
between locations, other criteria may also be considered,
such as transportation cost, travel efficiency taking into
account cargo volume or weight, and so on. A
characteristic feature of all such formulations is the
presence of a single optimality criterion in the route
selection process.

It should be noted that, in addition to known and
objective parameters of the traveling salesman’s
movement (such as distance between individual locations
in the network, the maximum speed of the vehicle, etc.),
one may also consider sets of factors that have an
uncertain nature of influence. For example, the travel time
along a particular route may depend on the time of day,
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weather conditions, or even the “congestion level” of a
given section of the transport network. Moreover,
determining the optimal path requires accounting for their
combined influence on the selection of the best route. As
an illustration, a specific section of the road may
experience different levels of traffic load at different
times of the day, implying that the time required to pass
through this section varies depending on when it is
traversed. On the other hand, weather conditions (fog,
rain) are also influential factors affecting travel duration
across the considered segment. These situations
necessitate solving the problem by incorporating
subjective assessments of various motion parameters,
leading to the formulation and solution of fuzzy traveling
salesman problems (FuzzyTSP) [4].

2 REVIEW OF LITERATURE

Numerous works are devoted to the application of
fuzzy set theory and fuzzy numbers to solving various
applied optimization problems [2-9]. Among the the most
recent publications, devoted to solving the traveling
salesman problem, one can highlight the work [2], which
proposes a method for solving the FuzzyTSP using
various membership functions. In [3], a decision-making
concept in a fuzzy environment is presented. In [5], a
solution to fuzzy linear programming problems with
multiple objective functions is proposed. On the other
hand, for the classical TSP as a combinatorial
optimization problem, many methods based on greedy
and heuristic approaches have been proposed, allowing
one to find locally optimal solutions (see, for example,
[6,7]). Therefore, the integration of these methodologies
with the formalization of uncertainty in optimization
problems based on fuzzy numbers is of both theoretical
and practical interest [4].

This paper examines approaches to improving the ob-
jectivity of input parameters in the FuzzyTSP for deter-
mining the shortest travel duration under uncertainty. It is
proposed to apply and compare the results obtained using
the Bellman-Zadeh method [6, 10], methods incorporating
refined defuzzified data [11], and approaches based on
multi-criteria decision-making [12, 13].

3 MATERIALS AND METHODS

Traditional set theory can be viewed as a particular
case of fuzzy set theory. In classical mathematics, a set is
defined as a collection of elements (objects) that share
some common property [4].

According to Zadeh’s theory, fuzzy sets are defined as
subsets of the universal set X as follows:

Definition 1. [4] A fuzzy set A in a universal set X is

a collection of ordered pairs A= {(u/;(x), x)} where
u X —[0] is a mapping o the set into the unit interval

[0,1] and is called a membership function of fuzzy set A.
The value of the membership function pz(x) for

element xe X indicates the degree to which x belongs
to the fuzzy set A (see Fig. 1). The interpretation of the
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membership degree x;(x) is a subjective measure of
how well the element x e X corresponds to the concept
defined by the fuzzy set A.

nz(x)

o

x

Figure 1 — Example of a membership function

It is noted that for any fuzzy sets Aand B Hirog(X)=
=max(uz(X),ug (X)) w55 (X) =min(uz(x),ng (X))

Definition 2. [14] A fuzzy set A is called convex if
next inequality satisfied

pyOx+@-21)y)> min(u,;(x),u/}(Y))

forall x,ye X,1¢(01).

A fuzzy set A is called normal if there exists x e X
such that pz(x)=1.

Crisp sets ,&Q are called o -level sets of fuzzy set A,
where ae[01] is the height of fuzzy set A and
supp ,&:{Xe X :pg(x)>0} is the support of fuzzy set

A.

A fuzzy set A is considered unimodal if there exists
only one element x e X such that pz(x)=h.

Let us consider the universal set X to be the set of real
numbers, i.e., X =R.

Definition 3. [4] A fuzzy set A defined over the set of

real numbers IR is called a fuzzy number if it satisfies the
following properties:

I. the set A is convex in the sense of definition 2;

Il. the set A is normal;

1. the membership function pz(x) is upper semi-
continuous;

IV. the support of the fuzzy number sup p(,&) is a
subset of the universal set R .

Definition 3. [4] A triangular fuzzy number A is an
ordered triplet of real numbers (a;,a,,a;), a; <a, <as,
with an associated membership function nz(x) defined

as.
X—al
~(X) = , Xelag,an |,
uz(x) —y [ay,a, ]
Aq — X
ni(0=—2"" xela,,as); 3)
a3 —-a
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uz(0) =0,x¢[ag, ).

Clearly, a triangular fuzzy number (a,,a,,a;) is a

special case of a unimodal fuzzy set with a height equal to
one [15] (see Fig. 2).

nz(x)

@ -
x
a, a, ag

Figure 2 — Example of a triangular fuzzy number

It is well known [4], that triangular fuzzy number
(a7,a5,a,) is called a left triangular fuzzy number if its

membership function is defined as

X—a

Hr(x)=0,x<ay; pz(x)= X e(ag,az);

a-q
nz(x)=0xzap, (4)

and a triangular fuzzy number (a;,a,,a, ) is called a right
triangular fuzzy number with the membership function:

az—X
~(X)=0,x<a;;puz(X)= Xe(ag,ay);
nz(x) 151z (X) — (ag,a7)
nz(x)=0xzaz. (5)

Definition 5. [4] A trapezoidal fuzzy number A is an
ordered quadruple of real numbers (a,ay,ag a,)

a; <ap <az<a,, with a membership function pz(x)
defined as:

X—a
a -8

1 ifay <x<ag; 6)
ag —X
ds—ag

Jif ag <x<ay;

nz(x)=

,|f a3SX§a4.

Definition 6. A rectangular-trapezoidal fuzzy number
A (see Fig. 3) is a special case of a trapezoidal fuzzy
number (a,,a,,a,,a;), & <a, <a,, where the member-

ship function pz(x) defined as:

0,if x<ag or x>ajy;

u;\(x)z 1,if ag < x<ay; (6")
a3—X .
Jf ay <x<az.
az—ap
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0] -
>
EN 3, a, X

Figure 3 — Trapezoidal fuzzy numb:er

The use of triangular and trapezoidal fuzzy numbers
for practical implementation under conditions of
uncertainty raises numerous questions regarding their
constructiveness and necessitates the development of
specialized methods for representing numerical fuzziness.
It should be noted that the use of left-sided, right-sided
triangular, and rectangular-trapezoidal fuzzy numbers —
most commonly employed for formalization — can be
considered only within the framework of triangular fuzzy
numbers. The inclusion of normalized values from the
interval [a;,a,] of a rectangular-trapezoidal fuzzy

number does not significantly influence the formation of
assessments related to the subjectivity of the formalized
uncertainty parameters. In this context, the interval-based
representation primarily reflects the predetermined
variability of the parameters. From the standpoint of
fuzzy evaluation, the interval [ay,a3], whose

corresponding values indicate the degree of subjectivity
associated with each estimate, is of critical importance.
Therefore, in the future we will limit ourselves to
considering only triangular fuzzy numbers for formalizing
the uncertainty in travel time in the traveling salesman
problem.

Fuzzy Traveling Salesman Problem

Let us consider the fundamentals of optimization
theory for solving the FuzzyTSP. In article [6] the authors
investigated a classical model for solving optimization
problems for decision making in a fuzzy environment,
which laid the foundation for the development of most
results in the theory of fuzzy decision-making. When
analyzing the process of solving optimization problems
under uncertainty, it becomes evident that both the
objective function and the constraints can be fuzzy, each
defined by an appropriate membership function. Since the
primary goal of optimization problems is to find solutions
where the objective function achieves its optimal value
under the given constraints, the solution in a fuzzy context
is defined analogously. Finding an optimal solution
involves identifying an element in the feasible region that
simultaneously delivers the best value of the objective
function and satisfies all given constraints. Thus, a
“solution” under fuzzy conditions can be interpreted as
the intersection of the domains defined by the fuzzy
constraints and the fuzzy objective function. An example
of such a solution in a fuzzy optimization problem is
illustrated in Figure 4.
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k Obijective function
14 ~
Constraints ~
Solution
W% - .
0 5 10 15 x

Figure 4 — Example of identifying a solution in a fuzzy
optimization problem

It is clear that the “fuzzy linear programming” model
cannot be defined unambiguously and that different
approaches to implementation are possible depending on
the specifics of the real situation that needs to be
formalized.

We begin by formulating the basic model of a “fuzzy
linear programming problem”. For this purpose, let us
consider the standard formulation of the classical linear

programming problem: find a solution xeR" that
maximizes the objective function

T .

¢’ x— min, )

in the feasible solution space defined by the system of
constraints

Ax>b, x>0, (8)

where x:(xl,...,xn)T — the vector of decision variables,
¢=(cjmcy)’ — the vector of coefficients of the

objective function, A=(a;),i=1n,j=1Lm, - the

constraint coefficient matrix, b = (bl,...,bm)T — the right-

hand side vector.

Let us assume that there is a decision maker who
determines the required reliability level Z that must be
achieved in the objective function in model (7)—(8). Also
assume that each constraint in the problem is defined
using data from a fuzzy set. In this case, we can formulate
the general form of the fuzzy linear programming
problem (see, [4]): find a vector such that

c'x<z, 9)

AX>b, x>0. (10)

Here, the symbol “<” is used to denote the fuzzy
variant of the non-strict relation “<” and can be
linguistically interpreted as “essentially less than or equal
to.” Similarly, the symbol “= ”, respectively, denotes the
fuzzified version of the relation “>", which can be
linguistically interpreted as “essentially greater than or
equal to”. Formally, the fuzzy relations “<” and “= ™ can
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be treated as particular cases of fuzzy relations “non-
strictly less” and “non-strictly greater”, respectively, over

the set X =R! [16].

In this case, the objective function is defined as the
minimization of the linear expression (7), where the value
of Z is considered an upper bound of the optimal solution.
Let us introduce the notation.

- -z
[ch =D, (b j: p, and rewrite the constraints (9)-

(10) as follows:

Dx=p, x>0. (11)

If the value Z and the elements of the vector b are
given in the form of fuzzy numbers, then the right-hand
side of the system of inequalities (11) will define a vector
whose elements can correspond to specific values of the
supports of the given fuzzy quantities. Therefore, each of
the (m + 1) inequalities in (11) for a given value of the
vector p has a set of solutions that are characterized by

the value of the corresponding membership function,
denoted by p;(x),i=1,m+1. Without loss of generality,

it can be assumed that all membership functions are
monotonically increasing. Then, for any « €[0,1] the

values pij(x)=a, i=1L,m+1, can be interpreted as
degrees of confidence with which the vector x satisfies

n P

the crisp inequalities Zdijxj > pi(a), i=1,m+1 (where
j=1

dij — matrix elements D, and pi(a) — are the values

obtained based on the a-level sets of the fuzzy elements
of vector p). If we assume that the decision-maker (DM)

is interested not in a fuzzy set of solutions, but in a crisp
“optimal” solution of the original problem, then an
improvement of the solution (11) can be proposed by
solving the following nonlinear programming problem:

g (x)= min_p;(x).
i=1,m+1

(12)

If we assume that the decision maker (DM) is
interested not in a fuzzy set of solutions, but in a crisp
“optimal” solution to the original problem, the solution
(12) can be further refined by solving a nonlinear
programming problem

max min_p;(x)=maxugz(X) .
x=0 i=1,m+1 x>0

(13)

Let us define the type of membership functions p;(x),

i=1m+1. The values of p;(x), i=1,m+1, should be

equal to O if the constraints or objective function are
significantly violated, and equal to 1 if they are
completely satisfied. In addition, the functions are
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assumed to increase monotonically from 0 to 1 on the
interval [0,1], i.e.:

0, Zdu i <Pi
ki (x)=<e[o0x], |0.<Zd.J j<pi+g, i=1m+l, (14)
=1
0, Zdu i > i+,
where g, i=Lm+1, are subjectively defined tolerance

thresholds for admissible deviations in the constraints and
the objective function.

Under our assumption regarding fuzzy numbers, the
membership functions are linearly decreasing over the

corresponding ~ “tolerance intervals”  [pj, pj +4;l,
i=1m+1:
0, zdu i < Pis
n
pi(x) = 1_(Zdijxj - pi)/a;, pi < D dijxj < pi + 0,

=

0, zdu i > P+,

i=1L,m+1. (15)
Substituting (15) into (13), and after straightforward

algebraic manipulation, we obtain the following decision-

making criterion for selecting the optimal solution:

max min |1-() d;x g |
X0 ,1m+1( (z ijXj = Pi) Q.J (16)
We introduce a new variable A<[01], which

corresponds to the minimal membership level of the fuzzy
set of “solutions” P defined in (12) for the fuzzy model

(11): 1- (Zdu i— P/ g =N,

This ylelds the Bellman-Zadeh [10] optimization
model

e (17)
under condition
}‘Q|+Zdu j<Pi+di, i=1m+1, x>0. (18)
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If the optimal solution of problem (17)—(18)
denoted by a vector (x,xo) , then x© will be the solution

of the maximization problem (13) for the fuzzy
optimization model (7)—(8), under the assumption that the
membership functions are defined as in (14).

Thus, we come to the conclusion [4], that this optimal
solution to the original model (7)-(8) can be found by
solving a standard (crisp) linear programming problem
with one additional variable and one additional constraint.

Let us apply this approach to solving the fuzzy
traveling salesman problem. To solve the FuzzyTSP, it is
necessary to take into account the nature of the
uncertainty of the problem parameters and develop
appropriate methods for finding a route.

In real-world transportation logistics scenarios, it is
often impossible to determine precise travel times
between cities in a network. When travel times cannot be
precisely determined and represented by fuzzy triangular
numbers, route finding on a transportation network is
formulated as a fuzzy traveling salesman problem.

Let’s formulate a mathematical formulation of the
FuzzyTSP. The goal is to find a traveling salesman route,
represented by a cyclic permutation of the indexes of
cities in the transportation network, that minimizes the
total travel time. In other words, we aim to minimize the
objective function

(19)

where the travel times between nodes are given by a
matrix 7 ={t; }, i.j= 1,n, whose elements are triangular

fuzzy numbers t'J = t“ s tij = (tij ’tij ’tij +Atij), I, j =1,n s

and the possible connection routes between cities are
specified by the matrix X ={x}, X {01, ij=Ln
subject to the constraints (2).

To determine the route in the FTSP using the

Bellman-Zadeh approach, we solve two crisp TSPs of the
form (1), (2), with objective functions

m|n ZZt,Jx,J : (20)
i=1 j=1
. n
ZU= min Zz(tll +At|J)X|J y (21)
]

taking into account the constraints (2), respectively. The
solutions yield the optimal values of the objective
functions Z; and Z,, which correspond to the optimal
total durations of the route under lower and upper bounds
of fuzzy travel times in the network.

Let us denote the optimal solutions of problems (20),

(2) and (21), (2) as
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¥ _arg m|n ZZtux,J ,

i=1j=1

- i n
X2 =arg min ZZ(IU +Atij)xij )
X iaja

respectively. Then we compute

n n n n
Li=min(Z;, > > tx§ ), Up=max(Z), > Y tixf ),

i=1j=1 i=1j=1

n n
Ly =min(Z,, > 3" (tj + At )% ) .
i=1j=1

n n
— 1*
U2 = max(Zu,ZZ(tij +Atij)xij ) s
i=1j=1

which represent, respectively, the lower and upper bounds
of the optimal values of the objective functions

n n n n
zijxij and Zz(tlj +Atij)xij .
i=1j=1 i=1j=1
Then, the solution to the FuzzyTSP (19), (2) is

obtained by solving the parametric Bellman-Zadeh
optimization problem [10] of the following form:

max A
X

n n
7\.(U1 - Ll) + Z Ztij Xij < Ul'

i=1j=1
0on (22)
X(UZ —L2)+ZZ(tij +Atij)Xij <U,,
i=1j=1
qu_l i=1n, qu—l i=1n,

j=1

xij =0 or 1forall i,j=12,..,n

Clearly, solving the FuzzyTSP, taking into account its
combinatorial nature, via the corresponding optimization
formulation requires significant computational and time
resources. Therefore, current research in the domain of
FuzzyTSP focuses on improving existing methods and/or
developing new approaches.

The main results are associated with the use of
techniques that transform the triangular fuzzy parameters
into a specific representation format [16]. This
transformation allows performing arithmetic operations
on fuzzy numbers. The implementation of such an
approach is among the most commonly used strategies for
constructing route sequences in FuzzyTSP, particularly
when averaged values of fuzzy input parameters are
calculated based on their centers of gravity [17].

Another direction of research in the development and
implementation of FTSP solution methods involves the
application of a multicriteria approach. Let us consider
the fuzzy traveling salesman problem (19), (2) as a

bicriteria optimization problem, where the total travel
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time along the route is to be minimized under fuzzy
constraints given by lower and upper bounds. In other
words, the classical single-criterion formulation of the
TSP is replaced with a formulation containing two
criteria:

(23)

T M:

n
Z ijXij — min,

(24)

T M:

n
z ij +Atij)Xij - min,

where the values t;;, i,j=1,n, are the elements of the

matrix 7={t;; }, i,j:1,_n, which represent the nominal

travel times between all
transportation network.

To obtain a compromise solution, we apply the
convolution method. Let us introduce weight coefficients
oq,09 >0 aq+ay =1, corresponding to the decision-
maker’s confidence in the lower and upper bounds of the
travel durations. This allows the formation of weighted
indicators from the fuzzy input values t,J ij=1,n. The

solution of problem (8), (9) with two sets of fuzzy
parameters t; and t; +At;, ij=1n, respectively, is

sought as the optimal solution to a classical TSP of the
form (1), (2) with the following weighted criterion:

pairs of nodes in the

F =O(,1F1+0(,2F2 =
non n n
ag > b + o 2 > (G + Atij)Xij =
i=1j=1 i=1j=1 (25)
n n
ZZ{(Xltij +0(,2(tij +Atij )}Xij — min ,
i=1j=1

subject to the constraint (2). It is important to note that the
resulting compromise solution depends on the chosen
weight coefficients w; and w,. This approach utilizes only
the support intervals of the fuzzy travel durations and
does not account for the values of the corresponding
membership functions.

Nevertheless, this approach provides a constructive
way of solving the fuzzy traveling salesman problem
(FTSP) as a bicriteria optimization task for finding a time-
optimal travel route based on the criteria defined in (23)
and (24), subject to constraints (2).

However, the application of only two criteria—related
to the confidence levels of the decision maker in the travel
duration bounds — does not fully exploit the convolution
method for determining a compromise route in the FTSP
defined by (19), (2) as a solution to the associated
bicriteria problem.

To generalize the above approach, we introduce
confidence indicators through a weight function a(s) >0,

defined on the interval se[01], which satisfies the

condition:
OPEN 8 ACCESS
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1
[a(s)ds=1. (26)
0

Let us formulate the optimality criterion in the fuzzy
traveling salesman problem (19) using the weight
function a(s) >0, se[0,], as follows:

1 n n
.[OL(S){Z Z (t” + SAtij )Xij}ds =
0 i=l j=1
; (27)
= ZZ{IG(S)(t” + SAtij)dS}Xij — min .

i=1j=1 0

Assuming that o(s)=0 for all s¢[0]], the integral
in (27) evaluates the weighted average of the linear travel

time functions t; +sAt;, ij=1n, with respect to the

confidence levels specified by the weight function w(X).
In this formulation, the entire range of values within
a(S), is used to derive defuzzified estimates for fuzzy
travel times intervals t;+sAtj, se[01], ij=1n,
allowing the fuzzy TSP to be reduced to the classical
problem (1), (2).

It should be noted that defining an additional
confidence function w(x) may impose preferences for
certain values t; +sAt;, se<[01], ij=1n, , derived
from the support intervals of fuzzy travel durations,
without directly accounting for their fuzziness. To
incorporate the fuzzy nature of the travel time intervals,
corresponding membership functions Ky, (tj +sAt;)

se[01],i,j=1n should be used.
Let us denote gij (s) =Mﬂj (tij +5Atij)'(tij +5Atij) ,

se[0]], i,j=1,_n . Then for any arbitrary weight function
1

a(s)>0, s€[01] a(s), values joc(s)gij (s)ds, will be
0

considered as the weighted average values for each fuzzy

triangular number ﬂj ij=14,n. Then, the defuzzified

values of the travel durations on the network are
computed by integrating both the membership functions
and the preference weights defined by w(x), and the
optimality criterion (12) a(s), se[01], and the
optimality criterion (12) for the fuzzy traveling salesman
problem becomes:

n 1
ZZ{IG(S)QU (s)ds}x;; — min .

i=lj=1l 0

(28)

Finally, the fuzzy traveling salesman problem with
objective function (19) is reduced to a single-criterion
optimization problem with the objective function in the
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form of (28), by applying a multicriteria approach and a
specific linear convolution with an interval-defined
weight function. This enables the refinement of route
calculations within the fuzzy TSP framework.

Finally, one of the most effective techniques
employed in solving fuzzy traveling salesman problems is
the defuzzification of fuzzy numbers based on the
computation of the center of gravity (CoG) of the fuzzy
set [18]. In this case, the “averaged” value of a triangular

fuzzy number A= (a;,a,,a3) is considered to be the
value computed as the center of gravity of a planar figure
bounded by the abscissa axis and the graph of the

membership function of the fuzzy set. For a discrete fuzzy
set, the formula is given by:

(29)

i u(x)

i-1
where x; are values from the universal set, and, p(x;) is

the membership degree of each value, i=1n, in the case

of a continuous representation of the fuzzy number, the
formula takes the form:

i J:s X - (X dx
[l

The quantity CoG obtained by this method represents
the abscissa of the center of gravity of a homogeneous
planar figure. It is important to note that a fuzzy set (or
fuzzy number) is defined by the graph of its membership
function over the interval of its support. In the case of a
triangular fuzzy number, the membership function is
piecewise linear, which allows the CoG value to be
replaced by computing the center of gravity of a
homogeneous curve (X, , Y, ), using the formulas

j:3 Xy 1+ [ (x)]2dx
Xe = ; ,
ja13 \/1+ [w/(x)1%dx
[ mOOL+ D () i

LR

The center of gravity of a plane curve is defined as a
point on the plane at which the static moment about any
coordinate axis is equal to the static moment of the curve
itself about the same axis. In other words, the center of
gravity of the curve corresponds to the “average” value of
the triangular fuzzy number.

When applying the above averaging methods based on
the CoG concept, it is generally assumed that the density
of the membership function curve and the associated plate

OPEN a ACCESS
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is homogeneous. However, one can also assume that the
curve has a variable density function p(l), 0<I<L,
where the value of p(l) depends on the position of each
point on the graph of the fuzzy number’s membership
function (here L is the arc length of the curve). Without
loss of generality, we can assume that the density values
lie within the interval [01]. In this case, the position of

the center of gravity of a continuous inhomogeneous
curve is given by

oL e W () o
Xe = ,
[+ ()% ox
L L OOV [ () o

e oPec

By interpreting the density function p(x) as the credi-
bility (or reliability) function of the membership values,
the triangular fuzzy number is thus represented as a type-
2 fuzzy number [19]. Accordingly, by expressing the den-
sity dependence on the location | on the curve through an

arbitrary function p(l): Rl—>[0,1], 0<I<L, one ob-

tains new “averaged” characteristics of the center of grav-
ity and the corresponding degree of membership (as per
equation (31)).

4 EXPERIMENTS

We conduct numerical experiments using various ap-
proaches to solve the fuzzy traveling salesman problem in
which the travel duration along the network is defined by
fuzzy right-triangular numbers. The computations are
carried out using a model of a logistic transport network
with precisely defined values of travel time for all possi-
ble segments of movement [20].

The optimal solution to the classical traveling
salesman problem on the specified network corresponds
to the route

152-56-510511-58-55-59-57>54-53->1, (33)

for which the total duration amounts to 156 units.

To simulate the fuzzy version of the traveling
salesman problem, the fuzzy travel time along each path
between cities is modeled using the rule:

tj = (tj tij. tjj -1.8+1.5+ (i + j)-0.75), (34)

where i, j are the indices of the cities and t;; is the crisp
(precisely defined) travel times.

5 RESULTS
Applying different defuzzification methods to the
fuzzy travel durations results in solutions that fully
coincide with the travel sequence given in (33). Table 1
presents the lower and upper bounds of travel durations
between cities i and j within the transport network, the
weighted travel durations computed using o4 = a, =0.5,

the CoG values of the corresponding fuzzy durations, as
well as the calculated centroids of homogeneous and
inhomogeneous graphs of linear membership functions
(using p(I):e‘I ,0<I<L) and the corresponding
optimal values of the total travel time for the salesman
(see the row labeled “Duration”), which are obtained by
the aforementioned methods. The last column reports the
results obtained using the Bellman-Zadeh method with
parameter A =0.15.

It is evident that the invariance of the route across
different solution methods for the fuzzy traveling
salesman problem is due to the uniform increase in all
fuzzy duration parameters, which is rarely observed under
real-world conditions. In this case, the primary objective
of the presented results is to visually demonstrate the
previously discussed solution techniques for the fuzzy
TSP. It is worth noting that the most informative and
qualitatively accurate outcomes were achieved in
numerical experiments involving fuzzy travel durations
between cities, in which the computation of travel time
accounts for the density function of the membership graph

(see Table 1, column x£).

15
2
12 16 D
16
13
: 3

13
14

11

20 14

17 20

Figure 5 — An example of a transport network in the traveling salesman problem [4]
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Table 1 — Results of Solving the FuzzyTSP with Fuzzy Travel Duration Values in the Network [4]

i i tj tj + At; 058 +0.5 (L + A tjj) CoG Xe XP e
1 2 12 25.35 24.675 17.2337 17.103 17.01 14.0025
1 3 13 27.90 26.95 18.8037 18.4807 18.17 15.235
1 4 14 30.45 29.225 20.3742 20.0508 20.016 16.4675
1 8 18 40.65 38.325 26.6586 26.3284 26.241 21.3975
1 10 13 31.35 28.675 19.1806 19.160 19.105 15.7525
1 1 14 35.70 31.85 22.0797 22.0195 22.011 17.255
2 5 15 33.75 31.875 22.1870 22.1852 22.156 17.8125
2 6 16 36.30 34.15 23.7584 23.3543 23.256 19.045
3 4 13 30.15 28.075 19.5295 19.512 19.314 15.5725
3 6 15 35.25 32.625 22.6731 22.1125 22.105 18.0375
4 6 16 37.80 34.9 24.2450 24.108 24.092 19.27
4 7 17 40.35 37.175 25.8170 25.6245 25.602 20.5025
5 8 18 43.65 39.825 27.6335 27.3799 27.367 21.8475
5 9 19 46.20 42.1 29.2058 29.0481 29.031 23.08
6 8 16 40.80 36.4 25.2245 25.1274 25.121 19.72
6 10 10 31.50 25.75 17.7688 17.1875 17.085 13.225
7 9 17 44.10 39.05 27.0429 27.0356 27.026 21.065
7 10 20 50.25 45.125 31.2685 31.2386 31.214 24.5375
8 1 11 35.55 28.775 19.8387 19.1381 19.123 14.6825
9 11 20 52.50 46.25 32.0067 31.9191 31.694 24.875
10 11 10 35.25 27.625 19.0165 18.246 18.228 13.7875
Duration 156 396.3 354.15 2456485 | 2421097 | 241212 192,045
6 DISCUSSION triangular fuzzy numbers are employed. Various ap-

Several remarks should be noted. The procedure for
finding a solution to the fuzzy traveling salesman problem
based on the Bellman-Zadeh method is based on multiple
solutions of a crisp problem for different parameter val-
ues. To solve the problem, a genetic algorithm was used
[21], which allowed us to obtain a solution relatively
quickly. However, the transport network in the problem
under consideration is small, and when it increases, find-
ing a solution based on the Bellman-Zadeh method will
be significantly limited. Thus, solving practical problems
of finding the optimal traveling salesman route in a fuzzy
setting is characterized by low performance and signifi-
cant requirements for computing resources. To speed up
obtaining the result, it is proposed to use methods based
on defuzzification of the duration of movements between
network nodes by calculating the gravity centroids of the
graphs of the corresponding membership functions.

CONCLUSIONS

This paper presents the results of a study on the use of
triangular fuzzy numbers for determining time-optimal
routes in the traveling salesman problem under fuzzy rep-
resentations of travel duration in a transportation network.
To formalize the uncertainty and imprecision of input data
— associated with the subjectivity in estimating the time
intervals required to travel between individual cities-
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proaches to solving fuzzy traveling salesman problems
are examined. The application of the Bellman-Zadeh
method, methods incorporating refined defuzzified data,
and methods based on multicriteria decision-making are
formalized. The interpretation of averaged values for
right-sided triangular fuzzy numbers is analyzed. An en-
hancement of defuzzified values is proposed based on the
computation of the center of gravity of the membership
function curve and the construction of type-2 fuzzy sets,
which allows for improved objectivity of the input pa-
rameters and yields better results. In the conducted nu-
merical experiments on solving the traveling salesman
problem with fuzzy travel durations, the influence of
various defuzzification techniques is demonstrated. These
include the use of the center of gravity (CoG), the cen-
troid of homogeneous and inhomogeneous curves defined
by membership functions, and the assigned confidence
values of subjective data. A comparison is made between
the results obtained from solving the crisp version of the
traveling salesman problem and those derived from de-
fuzzified values in the fuzzy case. The outcomes confirm
the dependence of the solution on the defuzzification
method applied. The study concludes that using triangular
fuzzy numbers is appropriate and effective for solving
fuzzy traveling salesman problems in real-world logistic
transportation scenarios.
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AHOTANIA

AKTyanbHicTh. BaXI1BOIO Cy4acHOIO IPOOJIEMOIO € IIBUJKE BiTHOBJICHHS Ta ONTUMi3alis yIpaBIiHHS JIOricTUKOI0. B
3aJICKHOCTI BiJI MOCTaBJICHOT 3a/1a4i iCHY€e 0arato pi3HUX MaTeMaTHYHUX METOJIB Ta MiIXO/iB 10 BUPIIIEHHS PI3HUX JIOTiCTH-
YHHX 32734, PO3B’A3yBaHHSA AKMX HAGyBae ITHPOKOTO MPAKTHYHOrO BIPOBAKEHH:. IOro KOHKPETHHMIl 3MICT 3aIeXKHTh Bil
XapakTepy npoOJieMH Ta MOBHOTH HAsSBHUX JaHUX. [HOMI Ui pO3B’s3aHHS BIJOMHUX 33]a4, OJHIEI0 3 IKUX € 3a/1a4a KOMiBOsI-
’&Kepa, BAAETHCS 3HAWTH HETUIIOBI METOJIMKU Ha OCHOBI IIOEAHAHHS JACKUTHKOX OOUMCITIOBAIBHIX CXEM Ta METOIB.

Hins. Merta poboTH — pO3pOOKUTH aNTOPUTMU PO3B’SI3aHHS HEYITKOI 3a/ladi KOMIBOsDKEpa Ha OCHOBI peajizallii MeToiB
napaMeTpuuHoi onTumiszauii bennmana-3ane, BUKOPUCTaHHS IBOKPUTEPIaIbHOIO MiAXOAY 13 3a1aHOK0 BaroBoO (DYHKIII€O Ta
YTOYHEHHS CXEMH PO3paxyHKY LIEHTpY Baru rpadika (GyHKIii HaJeXHOCTI JUTsl 33JaHOT IIITLHOCTI KPUBOI.

Merton. Y cTaTTi pO3rISalOTECS METOAU PO3B’SI3yBaHHS HEWITKOI 3aJadi KOMIBOSDKEpa, MO (hOPMYIOETHCS K 3amada
3HAXO/KCHHS MapUIPYTY BiJBiTyBaHHS 3a[JaHOT KIJIBKOCTI MiCT 0€3 MOBTOPEHb 3 MiHIMAJIBHOIO TPUBAIICTIO pyxy. [lapamerpu
3aadi Ui Gpopmasizalis HeBU3HAYEHOCTI Ta HETOYHOCTI BXIJJHUX JAaHUX, ITOB’A3aHUX 3 BIJIMBOM Cy0’€KTUBHOCTI B OIIIHKax
TPHUBAJIOCTI, HEOOXITHUX JUTS IEPEMIIIICHHS MK OKPEMHUMH MICTaMH MPOMIXKKIB 4acy, MOAAOTLCS Y BUTIIS/II HEUITKUX TPUKY-
THUX 4ucen. Po3risHyTo pi3Hi MiAXO0AH, IO A03BOJILIOTH PO3B’SI3yBaTH HEUITKi 3a1aui KoMiBosbkepa. DopMmarizoBaHO 3aCTO-
cyBaHHs MeToqy benmana-3aze, METO/IB 3 ypaXyBaHHSM YTOYHEHb Ae(a3udikoBaHUX JaHUX Ta METOJIB HAa OCHOBI Oararto-
KputepianbHoro migxonay. [IposeaeHo 00YMCIIOBAIBHI €KCIIEPUMEHTH.

PesysibTaTu. Po3po0ieHo pallioHaNbHI aITOPUTMH PO3B’sI3aHHS HEYITKOT 3a71a4i KOMiBOsDKEpa Ha OCHOBI ITapaMeTPUYHOT
onTtuMizaniiiHoi Mozaeni bemimana-3ane, 6araTokpuTepiaabHOrO MiAXOAY Ta METOJIB YTOUHEHHS pe3yJsbTaTiB aedasudikarii
HEUITKHX JaHUX Y MPOBEIECHHUX YHCENBHUX EKCIIEPUMEHTAX 3 PO3B’si3aHH 3a71avi KOMiBOSDKEpa 3 HEUITKO 3aJaHOI0 TPHBAJiC-
TIO NIEPEMIleHb IPOAEMOHCTPOBAHO BILIMB Pi3HUX BapiaHTiB Aedasudikariii HeiTKUX BXiIHUX JaHUX Ha OCHOBI METOAY PO3-
paxyHKy tienTpa Tsokinss (CoG), 1eHTpy Bard OXHOPIIHOI Ta HEOTHOPIAHOT KPHUBHX, AKi BU3HAYAIOTHCA (QYHKINEIO HAIEKHO-
CTi Ta 33JlaHMMH BEIMYMHAMU HaJiliHOCTI cy0’eKTUBHUX JaHUX. IIpoBefeHO MOPIBHIAHHS Pe3yJbTaTiB, OTPUMAHUX HAa OCHOBI
BHpIIICHHS 9iTKOT 3a/1a4i KOMiBOsDKEpa, Ta Pe3yJibTaTiB Ha OCHOBI Jeda3n(ikoBaHUX 3HAYCHb TPUBAJIOCTI IS HEUITKOT 3a1a4i
KOMIBOSDKEPY, 32 ITOraMU SKOT'0 IiITBEPDKEHO 3aJI€XKHICTh PO3B 3Ky Bi ciocoly aedaszudikarii.

BucHoBKH. Y CTaTTi pO3MIIIHYTO METO popMaizailii alrOPUTMY PO3B’I3aHHSI HEUITKOT 3a/1a4i KOMIBOsDKEpa 3 MiHIMab-
HOIO TPUBAIICTIO PYXYy 3a MapLIPyTOM Ha OCHOBI MeTony benmana-3ane, METONIB 3 ypaxyBaHHSIM yTO4YHEHb Aeda3udikopa-
HUX JAQHHUX Ta METOMIB HAa OCHOBI OaratokpuTepianbHOro miaxoay. Jist ¢popmaizaiii HEBU3HAYCHOCTI BXIJHHUX JaHUX MPU
OLIHIII TPUBAJOCTI NEPEMILIEHHS MK OKPEMUMU MiCTaMH TPaHCIOPTHOI MEPEeXXi BUKOPUCTOBYIOTHCS HEUITKI TPUKYTHI YUCTIA.
3po0ieH0 BUCHOBOK NPO JOLUIBHICTh BUKOPUCTAHHS HEUITKUX YMCENl IPHU PO3B’s3aHHI HEYITKHUX 3a/1a4 KOMIBOsDKEpa B pea-
JIBHAX YMOBAX JIOTICTHYHUX IIEPEBE3CHb.

KJIFOYOBI CJIOBA: HeuiTka 3a1a4a KOMIBOsDKEpa, HEUITKI 4uCla, Cy0’€KTUBHE CIPUIHATTS TPUBAIOCTi, HEBU3HAUE-
HICTh, METOJIM PO3B’A3yBaHHs, OaraToKpUTepianbHu Tiaxis, aedaszudikaris.
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ABSTRACT

Context. The article addresses the study of free-direction pathfinding algorithms, in particular the Theta* algorithm, and evalu-
ates their performance on weighted grid maps in order to determine optimal routes for delivering goods to a firearms store. This re-
search is carried out in the broader context of developing an information system for tracking and managing arms sales and logistics
under complex conditions. One of the main motivations is that any-angle methods can produce more realistic and natural-looking
paths compared to the classical A* algorithm.

Objective. The purpose of the study is to analyze the performance of three Theta*-based algorithms — Basic Theta*, Lazy
Theta*, and Strict Theta*— on both uniform and weighted square grids, with special emphasis on execution time and path cost met-
rics. The work aims to generalize the applicability of these algorithms to weighted environments and to propose improvements suit-
able for real-world route planning scenarios.

Method. The principles of A*, the three Theta* variants, and path post-processing smoothing techniques are presented. The re-
search describes the transition from unweighted uniform square grids to weighted grids and highlights the complexity of calculating
accurate path costs when applying any-angle approaches. Visual demonstrations of algorithmic behavior were implemented using the
Unity game engine. Performance metrics were measured separately for uniform and weighted grids to ensure comparative analysis.

Results. The results include comparative evaluations of Basic Theta*, Lazy Theta*, Strict Theta*, and classical A* algorithms.
The analysis identifies conditions under which each algorithm performs effectively, as well as factors that limit their applicability in
weighted environments. It is shown that path length and path cost may differ substantially in weighted grids, leading to new consid-
erations for cost-based optimization. Based on the experiments, a generalization of the Basic Theta* algorithm is proposed to en-
hance its suitability for weighted square grids, and a potential extension of the Strict Theta* algorithm to this context is outlined.

Conclusions. The findings demonstrate that while any-angle algorithms provide smoother and more realistic routes, their effec-
tiveness in weighted environments depends on careful adaptation of cost functions. The research highlights their value not only for
simulating complex virtual environments and agent behaviors in games and robotics but also for practical applications in logistics,
particularly in the development of an information system for tracking and managing firearms sales. The proposed algorithmic adapta-
tions may contribute to improving delivery planning and supply chain efficiency, including the modeling of weapons delivery routes
under wartime conditions.

KEYWORDS: pathfinding, path planning, square grid, any-angle algorithm, path cost, weighted grid, Theta*.

_ ABBREVIATIONS T(P) is atravel time;
AL— Artificial Intglllggnce; E is an efficiency and safety indicator;
A* — A-star algorithm; P is a logistics cost parameters;

API — Application Programming Interface;

GIS - Geographic Information System: g is a node corresponding to the firearms store (des-

SCM - Supply Chain Management; tination); _

WGM — Weighted Grid Map; D is an optimal path;

UML — Unified Modeling Language; L isapath length;

ms — milliseconds. L(s,g) is a set of all feasible routes between s and g

that do not pass through forbidden or hazardous cells;
V isaset of grid cells (nodes);
vi,j is a set of grid cells (nodes) indexed by coordi-

NOMENCLATURE
s is a node corresponding to the point of departure;
S is a set of grid cells;

N is a number of nodes; nates (i.j);
W is a road We|ght Coefficients; di,j is a road quallty coefficient (road surface condi-
Ri j is a risk factor for each cell; tion);
T is atraffic intensity; ri,j is a risk factor (e.g., presence of checkpoints,
crime level);
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ti,j is an average traffic;
Pi,j is a logistics cost (fuel, duties, etc.);

o is a weight for road surface condition;
B is a weight for risk level;

y is a weight for traffic density;
d is a weight for surveillance or control measures;
fmax 1S @ maximum allowable risk of a cell;

Q is a set of cells designated as risk zones or re-
stricted areas;

A is a congestion impact coefficient;
Vayg IS @ verage vehicle speed;

P is a set of all valid routes between s and g that do
not pass through forbidden or dangerous cells;

V is a set of nodes (grid cells) indexed by coordinates
()

vk IS a k-th node (vertex) in the grid representing a
specific position or cell;

Vk41 IS a k+1-th node in the path or in the visibility
sequence;

vi,j is anode is assigned a weight (traversal cost);

C(P) is aweighted length (cost) of a path P ;

C(vk,Vk41)) is a transition cost between nodes v, and
Vi1

W k41 is an averaged weight of the cells crossed by
the segment [V, Vi1 1;

w(vy ) ) is a weight of node v .

INTRODUCTION

Nowadays, pathfinding algorithms are widely used
across numerous fields related to computer science, in-
cluding robotics[1], logistics, navigation systems [2],
routing protocols [3, 4], and video games [5]. It is evident
that different application domains require different ap-
proaches to solving the problem of pathfinding — or, as
some sources refer to it, path planning. For example, in
logistics, pathfinding may involve traversing graph verti-
ces representing warehouses between which goods are
transported. In contrast, in video games, the virtual envi-
ronment is typically discretized and represented as a
square grid or navigation mesh. Another potential varia-
tion arises in scenarios involving incomplete information
about the graph structure, such as in routing protocols,
where routers (treated as graph nodes) operate with lim-
ited knowledge and attempt to forward data toward a des-
tinatio — often prioritizing reachability over optimality.

Given the broad spectrum of use cases, pathfinding
has been extensively studied. However, this does not im-
ply that there is no room for improvement of existing al-
gorithms. This study focuses on the exploration of any-
angle pathfinding algorithms, particularly Theta*, when

© Kis Y. 0., Shcherbyna Y. M., Kunanets N. E., Yarymovych Y. A., 2026
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applied to square grid environments. These algorithms are
capable of producing shorter paths in Euclidean space
compared to the classical A* algorithm [6], which is con-
strained to move between adjacent grid nodes.

The primary emphasis of this work lies in investigat-
ing the performance of Theta*-based algorithms on
weighted square grids, where their any-angle nature pro-
vides a substantial advantage over A*. Moreover, paths
generated by any-angle methods often appear visually
more plausible, as agents are not restricted to movement
along fixed angular directions but can adjust their trajec-
tory according to the geometry and structure of the envi-
ronment.

The relevance of this topic stems from the growing
demand for realistic simulations of complex virtual envi-
ronments [7], as well as the need for intelligent decision-
making in agent navigation. One such example might be
simulating a video game character crossing a river.

The relevance of this research also lies in adapting the
results of studying Theta* algorithms for planning supply
routes to firearms stores, particularly under complex lo-
gistical conditions. The results of the study are integrated
into an information system for managing firearms sales,
including an Al module for selecting and re-selecting
routes as the situation changes, simulating risk scenarios,
and visualizing routes on a logistics dashboard. In addi-
tion, this research is relevant for security services, private
security companies, military logistics, specialty goods
stores, and the public sector, where high accuracy, flexi-
bility, and realism of planned routes are required. All
these factors can be converted into a quadratic grid and
expressed as the weight of a specific cell, which indicates
either the time required to traverse that cell or the prob-
ability of failure when passing through it.

A distinguishing feature of this paper is its compara-
tive analysis of Theta* algorithms against the standard A*
algorithm and a variant that incorporates path smoothing.
The smoothing process partially mimics the any-angle
nature of Theta*, but it has limitations — primarily be-
cause it only smooths paths generated by A*, which can
negatively affect the cost of the resulting path, especially
when operating on a weighted grid.

The object of research is the processes of searching
for optimal routes in discrete spatial models (grids), tak-
ing into account the weighted characteristics of the envi-
ronment.

The subject of research of the study is any-angle
pathfinding algorithms, in particular the variants of the
Theta* algorithm (Basic Theta*, Lazy Theta*, Strict
Theta*) and their application to weighted square grids for
route planning tasks.

The obtained results are distinguished by their scien-
tific novelty, which lies in the proposal to use the algo-
rithms lies in the fact that, for the first time, the specific
features of applying Any-Angle Theta* algorithms to
weighted square grids have been analyzed, with consid-
eration of the difference between path length and path
cost, which is critical for optimization tasks on maps with
weighted coefficients. The methodology for quantitatively
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evaluating the efficiency of Theta* algorithms has been
improved by comprehensively accounting for two met-
rics-execution time and path cost — in environments with
different types of grids (uniform and weighted). Further-
more, the generalization of the Basic Theta* algorithm for
application in weighted environments has been further
developed, and directions have been identified for extend-
ing the Strict Theta* algorithm to weighted maps, opening
new opportunities for practical use in logistics systems
and complex route management.

1 PROBLEM STATEMENT

In the context of secure logistics, the task of planning
safe and efficient delivery routes for high-risk goods, par-
ticularly firearms, is becoming increasingly complex due
to unstable infrastructure, dynamic security conditions,
traffic restrictions, and the need for real-time adaptation.
Traditional grid-based algorithms such as A* do not al-
ways ensure sufficient accuracy, flexibility, or adaptabil-
ity, since they rely on fixed movement directions and do
not adequately reflect weighted environmental constraints
such as risks, terrain conditions, or traffic.

Input Variables: S, N, w,, Rjj, Tij,» P,
a,p,v,8,89.

Desired Outcomes (Output Variables): D, L, C(P),
T(P), E.

Dependencies: D depends on spatial constraints S
and N, L depends on road and obstacle weights W .
C(P) is a function of road quality, risk factor, traffic,
and logistics costs:
= (length(y. vy )
C(P) — z k K+1

+k-ti1j .
k=0

(1)

avg

T(P) depends on average traffic and speed con-

straints:

CP) = ”z—l (length(v Vi ;1)

+k-ti’j.
k=0

@)
avg

length(vy,vg4q) is the Euclidean distance between
nodes v, and v, . E depends on minimization of cost
and risk under time constraints:

©)

T(P)<Tmax ri,j < rmax

The problem reduces to finding a path P* such that:
P*=argminC(P) .
PeL(s,q)

Mathematical modeling of these parameters enables
the construction of optimal, safe, and realistic routes on
weighted grid maps. This justifies the need to investigate
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the performance of Any-Angle Theta* algorithms (Basic,
Lazy, Strict) as adaptive tools for secure logistics and
route planning in high-risk environments.

2 REVIEW OF THE LITERATURE

Previous studies have explored the application of
Theta* algorithms on weighted square grids. In the origi-
nal paper proposing the Basic Theta* algorithm[8], a
generalized version was presented and compared against
A* and Field D*. In that study, the cost of the Theta* path
was calculated along the line connecting two vertices,
considering the cumulative weights of all intersected
cells. The weighted Theta* paths were, on average, 3%
shorter than those produced by A*, but only in cases
where the grid contained large contiguous areas of cells
with baseline weight values.

An alternative approach was proposed in which the
entire map was assigned a weight factor [9], and this fac-
tor was incorporated into the heuristic distance function to
the goal. Through such pre-analysis of map complexity,
algorithms in the Theta* family achieved higher effi-
ciency by reducing execution time during pathfinding.

There also exists a generalization of the Lazy Theta*
algorithm adapted for pathfinding in weighted 3D envi-
ronments [10]. The cost computation approach in that
work was similar to that of [8], but the primary focus was
on three-dimensional space.

Furthermore, a dynamically hybrid algorithm, Non-
uniform-Theta*, was developed for autonomous ground
vehicle navigation in environments containing both static
and dynamic obstacles [11]. This algorithm enables real-
world maneuvering by integrating both path planning and
agent-level motion control in dynamic settings.

To date, no dedicated study has been found that evalu-
ates the performance of the Strict Theta* algorithm on
weighted square grids. In general, the most promising
approach for computing accurate and optimal paths ap-
pears to be the line-based cost evaluation method, which
considers all intersected cell weights along the line-of-
sight between vertices. Given that the primary advantage
of Theta* algorithms over A* lies in their ability to pro-
duce lower-cost paths, this cost-evaluation method was
adopted in the present study.

In contrast to prior works, this paper evaluates the per-
formance of all three Theta* algorithms (Basic, Lazy, and
Strict) on a weighted square grid, and compares them
against both the standard A* algorithm and A* with path
smoothing.

3 MATERIALS AND METHODS

This study adopts a simulation-based experimental
methodology, combining concepts from computational
geometry, optimization, and artificial intelligence to ana-
lyze the performance of directional pathfinding algo-
rithms — specifically Theta* and its modifications — on
weighted grid maps. The research aims to evaluate route
quality, realism, and risk-aware cost optimization in
weapon delivery logistics under uncertain and dynamic

conditions.
OPEN 8 ACCESS




p-ISSN 1607-3274 PanioenexrpoHnika, indopmatrka, ynpasminss. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

The simulation environment is built in Unity to reflect
realistic terrain conditions, traffic, and risk zones. This
allows reproducible and controlled experiments for testing
routing algorithms under varying logistical constraints.

The routing environment is modeled as a Weighted
Grid Map (WGM), where the delivery region (e.g., Lviv
Oblast or border zones) is discretized into grid cells (e.g.,
50x50 meters). Each cell carries a weight w i, which is

computed using a composite function:

wji=o-dji+Brjitrtji+dp;; @)
represent road conditions, security risk, traffic intensity,
and surveillance density respectively, while «,B,v,6 are

tunable coefficients based on scenario-specific priorities
(e.g., minimizing risk in high-value cargo delivery).
o,B,y,0 € R+ are the weighting coefficients reflecting
priorities.

The experimental framework evaluates three variants
of the Theta* family:

— Basic Theta*: prioritizes shortest, realistic paths
with arbitrary angles;

— Lazy Theta*: optimistically assumes line-of-sight
and defers visibility checks;

— Strict Theta*: enforces obstacle-hugging behavior
for higher realism in constrained urban settings.

Each algorithm is benchmarked across multiple sce-
narios, including uniform and weighted maps, short-range
and long-haul delivery simulations. Over 2500 runs were
conducted, with randomized source-target locations and
consistent pseudorandom seeds for reproducibility.

The results of each algorithm were assessed using to-
tal route cost (sum of weights along the path), computa-
tion time (ms), path realism (visual coherence and feasi-
bility of navigation). For dynamic adaptation, an API
connection to real-time traffic data (e.g., simulated
Google Traffic) and threat updates was considered in the
weighted grid recalculation.

Route visualization and metric logging were per-
formed via Unity and Python, while data analysis and
comparisons used Pandas, Matplotlib, and NumPy librar-
ies.

Inspired by techniques in Al-driven navigation and
perceptual learning, the weighted environment simulates
realistic logistical bottlenecks. While this research does
not employ GANS or image-based synthesis, the method-
ology follows a multi-layer abstraction similar to preproc-
essing in computer vision. Grid generation, threat encod-
ing, and cost-map construction serve as “preprocessing
layers”, and path optimization mimics an inference step,
outputting cost-effective, secure routes.This layered mod-
eling allows flexible integration into Al-based decision
support systems, e.g., those incorporating reinforcement
learning or probabilistic planning for supply chain opera-
tions.

In the current conditions, ensuring the logistics of
high-risk goods supply, particularly weapons, is becom-
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ing an increasingly complex task due to unstable infra-
structure, dynamic changes in the security environment,
traffic restrictions, and the need for real-time adaptation
to external factors. Traditional pathfinding algorithms,
such as A*, are not always capable of providing sufficient
accuracy, flexibility, and efficiency in route planning un-
der such conditions, as they operate in a discrete grid-
based environment with fixed movement directions and
limited adaptability to changing weight characteristics of
the route. This leads to inefficient routes that fail to ac-
count for risks, road conditions, dynamic constraints, and
other critical parameters.

The problem lies in the lack of sufficiently universal,
flexible, and adaptive tools capable of modeling a com-
plex logistics environment using a weighted spatial model
and finding routes that not only minimize distance but
also consider critical parameters of the delivery environ-
ment.

In this context, it becomes necessary to investigate the
efficiency and adaptation of free-direction pathfinding
algorithms such as Theta*, particularly their operation on
weighted grid maps, as a means of building realistic, safe,
and optimal routes in a high-risk environment for deliver-
ing goods to firearms stores.

The task is to determine a safe and efficient delivery
route for goods to a firearms store, taking into account
spatial constraints, potential risk zones, and the need to
minimize time and transportation cost. To model the envi-
ronment, a weighted grid is used, where each cell has its
own weight that reflects the complexity or danger of trav-
ersing it (for example, the presence of obstacles, surveil-
lance cameras, checkpoints, or other risk factors).

It is necessary to find a route from a starting point
(warehouse or logistics center) to a firearms store so that:

— the total cost of the route is minimal;

— the route remains within permitted areas and maxi-
mally avoids high-risk zones;

— the trajectory is as close as possible to the optimal
(shortest) path, taking into account the possibility of
movement not only horizontally and vertically but also at
arbitrary angles.

To solve this problem, a free-direction Theta* algo-
rithm is proposed. Unlike classical grid-based pathfinding
algorithms (such as A* and D¥*), Theta* allows the con-
struction of routes that are not limited to grid axes and
reduces unnecessary turns, producing paths closer to the
straight-line optimum.

The result is a route that simultaneously meets the cri-
teria of safety (avoiding dangerous cells) and efficiency
(minimizing both path length and total weighted cost).

Let the delivery environment be discretized as a
weighted grid

G=(V,E). ()

V =vj j is the set of grid cells (nodes) indexed by
coordinates (i,j); E <V xV is the set of edges connect-

ing adjacent nodes (in Theta*, connections in arbitrary
directions are allowed if the conditions of direct visibility
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are satisfied); C:V xV — R+ is the cost function for
moving between nodes, which takes into account the
properties of the cells through which the segment passes.
Each node v;; is assigned a weight (traversal cost)

W(vj j) =0, determined by the conditions of the terrain

and safety. Start and goal nodes seV,g eV . For each
grid cell wi,j we define its weight as (4).

We define the cost function of a route. Let the path P
be a sequence of nodes P = (Vg,Vq, ...V ), vo=Sgtart IS @
start node, with the goal v, =vgoq - The weighted length

of the path is defined as:

w(vi ) +W(Vey1)

3 ) (6)

k-1
C(P)=2 (lIVisa =V Il
k=0

| Vikpr — Vi |l is the Euclidean distance between the cen-

ters of the grid cells (for Theta*, both diagonal and arbi-
trary directions are taken into account). vy,vi41 IS @ any

pair of adjacent nodes between which there is direct visi-
bility in the grid.

Objective (optimality criterion) it is required to find a
route.

And minimizes the total cost:

m—jgcwk,vkﬂ), )
where the transition cost is
C (Vs Vis1) = length(vic, V1) * Wi 41 8)
It is required to find a path P* that satisfies
p* :arg%C(P), 9)

L(s,g) for which w(v)=co. A path is considered
feasible if:

Wy Visibility (v, Vg ) = true i 6 j < fpay .

For any pair of consecutive nodes (vy,V,,1), a clear
line-of-sight without intersecting obstacles is required. In
this case vy ¢ Q, Vv €P.

To define the delivery time constraint, let T(P) denote

the total travel time along the route (a function of the path
length and traffic):

k=1 length(vy,v
T(P):Z(M+7"ti,j)-
k=0

(10)
Vavg
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It is required to (3). The generalized formalized prob-
lem can be expressed as follows:

min =

1
Y > C(Vi: Vi) (11)
k=0

subject to T(P) <Tmax:fi,j < Fmax »

visibility(vk,vkﬂ) =true.

Thus, the problem reduces to finding a path of mini-
mal cost, taking into account the cell weights and safety
constraints, using the Theta* algorithm, which allows
constructing routes with freely chosen directions.

The pathfinding problem assumes the existence of a
certain graph structure over which the search process is
performed. In this case, the graph is represented by a
square grid, where each cell has eight neighbors (includ-
ing diagonals). Grid cells can exist in one of two states:
unblocked or blocked, visualized as white and gray cells,
respectively, in Figure 1. Unblocked cells may also carry
a numerical weight value, indicating an increased tra-
versal cost when passing through the respective cell. A
square grid in which cells contain such weight values is
referred to as a weighted square grid.

1 2 3 4 5
Ae L L ] = L
7 S start
7
7’
”
Be L L 2 L] L J
i
7
#
~
Ce — — —& L L L

'yls:r.luf

Figure 1 — An illustration of an unweighted square grid; the
computed path is shown as a dashed line

In the pathfinding process, movement occurs through
the corners of grid cells, which serve as the graph’s verti-
ces. The set of all vertices is denoted as S, and an individ-
ual vertex is denoted as S, where s S. The goal of the
pathfinding problem is to determine an unblocked path
from the starting vertex start to the target vertex send. An
example of such a path is shown as a dashed line in
Figure 1. A path is considered unblocked if every vertex
along the path has line-of-sight to the next vertex. Line-
of-sight is defined as the condition in which a straight line
connecting any two vertices does not pass through the
interior of any blocked cell or between two blocked cells
along a shared edge.

Key criteria for evaluating pathfinding algorithms in-
clude path optimality and computational efficiency. An
optimal path is the shortest possible path, while efficiency
refers to the minimization of computation time during the
search. Due to their any-angle nature, Theta* algorithms
are capable of finding Euclidean-optimal paths, often
yielding shorter paths than those produced by the classical
A* algorithm, which is limited to grid-adjacent move-
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ments. The same advantage is observed when operating
on weighted square grids.

Since Theta* algorithms are derived from the A* algo-
rithm [6], the following section outlines the fundamental
principles of A*, based on which the key modifications
introduced by any-angle algorithms are identified.

A* is conceptually straightforward: starting from the
initial vertex sstart, it aims to find a path to the target ver-
tex sgoal that minimizes the total cost. The algorithm op-
erates by constructing a search tree, beginning at sstart
and incrementally expanding paths one vertex at a time
until the goal is reached.

At each iteration of the main loop, the A* algorithm
must determine which vertex to expand next. The vertex
with the lowest numerical value of f(s) is selected. This

value represents an estimated cost of the shortest possible
path from the sstart vertex sstart, passing through s, to the
goal vertex sgoal. The function f(s) is defined as the

sum of two components: the actual cost g(s), which is the
known cost from sstart to s, and the heuristic estimate
h(s), which approximates the remaining distance from s

to sgoal. The choice of heuristic depends on the specific
problem domain. In this study, the heuristic function is
defined as the Euclidean distance between s and sgoal.
The value of f is updated at each iteration during the
expansion of wvertex s. All neighboring vertices
[s1,52,...sg] compute their respective f(sn) values. If the

newly computed value is lower than the previously stored
one (at the beginning of the algorithm, the value of f of all
vertices is +o0), update this value to the newly calculated
one and update the parent vertex with vertex s.

1 2 3 4 5

Ae ® @ " @
S start

§ goal

Figure 2 — The true shortest path is shown as a solid line from
sstart to sgoal

This process defines the operation of the optimal path-
finding algorithm A*[5]. To obtain even shorter paths,
the Theta* algorithm [7] was introduced. As mentioned
earlier, Theta* searches for the shortest paths in Euclidean
2D space and is not restricted to movement in just eight
grid directions. This flexibility allows Theta* to approxi-
mate true shortest paths on a square grid more accurately.
The any-angle Theta* algorithms discussed in this work
do not guarantee perfectly optimal Euclidean paths, but
they typically produce paths that are shorter than those
generated by A*. An example of an optimal A* path is
shown in Figure 1, while Figure 2 illustrates a true short-
est path found using an any-angle Theta* algorithm.
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The key distinction of Theta* algorithms lies in the
fact that the parent of any vertex along the path may be
any other vertex on the grid that is reachable via an un-
blocked line of sight. In contrast, in the A* algorithm, a
vertex can only have one of its immediate neighbors as a
parent.

In practice, the only functional difference in the Basic
Theta* algorithm is that, during the expansion of a vertex
S and subsequent evaluation of the f-value of a neighbor-

ing vertex S', two possible paths are considered. These
paths are illustrated in Figure 3.

1 2 3 4 5 1 2 3 4 3

A Aw .
Sstart 7 [ Sart
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’, ’,
P ¢
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¥ o C
{ o l 4 4 ry J J C# * * J +

s Spoal
Figure 3 — Path 1 is shown as a dashed line. Path 2 is
shown as a solid line

Path 1 corresponds to the standard path evaluated by
A*, where the g-value is equal to the sum of the distance

from parent(s) to S, and from S to S'. In contrast, Path
2 checks whether a direct connection exists between par-

ent(s) and S', bypassing vertex s.

If a straight, unobstructed line of sight exists between
parent(s) and S', this path is selected instead. According
to the triangle inequality, Path 2 can never be longer than
Path 1, since any side of a triangle is not longer than the
sum of the lengths of the other two sides.

The smoothed A* algorithm adopts a similar principle,
but on a smaller scale. While Basic Theta* evaluates Path
2 during the expansion phase, the smoothing process ap-
plies the same idea after the A* algorithm has already
computed a complete path.

Given a sequence of vertices from the resulting path,
the smoothing process iterates through them, checking
whether a later vertex in the sequence has a direct line of
sight to the currently processed vertex. If such a vertex is
found, the intermediate vertices can be bypassed.

This post-processing approach is efficient, as it oper-
ates on a fixed path. However, it is limited to the set of
vertices discovered by A*, and cannot search for truly
optimal paths. This behavior is illustrated in Figure 4.
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Figure 4 — The true shortest path is depicted by a dashed line,

the path found by A* is represented by a dotted line, and the

smoothed path is shown as a solid line
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The Lazy Theta* algorithm [12] optimistically as-
sumes that Path 2 is always available. As a result, it sig-
nificantly reduces the number of computations performed
during the vertex expansion phase, since it does not ini-
tially verify whether the assumed path truly provides an
unobstructed line of sight. Instead, in the next iteration, it
re-evaluates whether the assumption was valid and, if not,
reverts to Path 1 without changing the current vertex. This
strategy is effective in reducing runtime but heavily relies
on the triangle inequality, which does not always hold
when a square grid is transformed into a weighted grid.

The Strict Theta* algorithm [13] further introduces
the concept of a tightly surrounding path. A path is con-
sidered tightly surrounding if every change in direction
closely wraps around a specific obstacle. On uniform
square grids, the optimal path is typically one that is
tightly surrounding. However, not all tightly surrounding
paths are necessarily optimal. Therefore, while Strict
Theta* does not guarantee optimal pathfinding, it in-
creases the likelihood of identifying near-optimal paths,
as it leverages this additional spatial constraint — some-
thing that Basic Theta* does not account for.

Strict Theta* is implemented largely in the same man-
ner as Basic Theta*, with the exception of an additional
check to determine whether the path tightly surrounds an
obstacle — this check is performed in constant time. If the
path to the current vertex is not tightly surrounding, an
additional penalty distance is added to the g-value after
the vertex is expanded. The penalty distance is defined as
sgrt(2) — 1, which approximately equals 0.42.

The check to determine whether the path

[ parent(s), s, s'] is tightly surrounding requires exam-

ining a single grid cell. Among the four cells adjacent to
vertex s, only the one that lies within the interior of the

angle Aparent(s), s, s') less than 180 degrees is evalu-

ated. This segment is considered tightly surrounding if
and only if the corresponding cell is blocked. This behav-
ior is illustrated in Figure 5.

X

(a) (b)
Figure 5 — (a) Since the grid cell within the angle less than 180
degrees is blocked, the path is considered tightly surrounding;
(b) the path is not tightly surrounding

The following section describes the methodologies
used for computing the path cost on a weighted square
grid. Figure 6 provides a visual representation that serves
as a reference for verifying the described path cost com-
putation techniques.

Since A* navigates between neighboring vertices,
there are three possible cases for assigning cell weights
during path cost computation. In these examples, cells are
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denoted by the name of their top-left vertex. For instance,
the cell enclosed by vertices Al, A2, B1, and B2 is re-
ferred to as Al, and its weight is denoted as weight ( AL).
The distance between two vertices is represented as
c(s1,52) -

In the first case, the path proceeds from the starting
verteX (Sgart =B2) to the goal vertex (Sgoa = Al)

within the same cell, i.e., diagonally. In this scenario, the
path length equals c¢(B2, A1), while the path cost is com-
puted as the product of the path length and the weight of
the cell it passes through. Thus, the path cost is calculated
according to Equation (1)

c(B2, Al)*weight(AL) .
4

[
s

[ ]
!
!
!
!
'

Figure 6 — The line represents the path found
by the any-angle algorithm

In the second case, the movement occurs from the
starting vertex (Sgiart = B2) to the goal vertex (Sgoa = A2)
along the edge shared by two unblocked cells, i.e., a hori-
zontal or vertical move. Similarly, the path length is cal-
culated as c¢(B2, A2); however, in this case, it is multi-
plied by the average weight of the two adjacent cells.
Therefore, the path cost in this scenario is computed ac-
cording to Equation (2)

c(B2, A2)«(weight (Al) + weight(A2))
> .

In the third case, the movement proceeds from the
starting vertex (Sgt =Bl) to the goal vertex

(sgoal = AL) along the edge between one unblocked cell

and one blocked cell, which is again a horizontal or verti-
cal move. In this scenario, cell A0 does not exist; if it
did, it would be considered blocked. The path cost is cal-
culated as the path length multiplied by the weight of the
unblocked cell, according to Equation (3)

c(BL, AL)-weight(AL) .

To some extent, the situations described are appro-
priate to apply when calculating the path cost during the
operation of Theta* algorithms. At the same time, let us
analyze another unique case.

In the fourth case, the movement proceeds from the
starting vertex (sgart=Cl) to the goal vertex

(sgoal = A6) across multiple grid cells. The straight line

from vertex C1 to vertex A6 is divided into several seg-
ments at the points where it intersects the cell boundaries
(1g:19,--1g)- The length of each segment is denoted as
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C(InIn41) » and the cost of each segment is calculated as

the segment length multiplied by the weight of the cell
through which the segment passes. The total path cost
from C1 to A6 is the sum of the segment costs that make
up the path. As an example, the cost of the first segment is
computed as follows:

c(lg,19)-weight(B1).

To compute the lengths of specific path segments, the
Fast Voxel Traversal Algorithm [14] is employed. Al-
though originally designed for use in three-dimensional
space, this algorithm performs equally effectively in two-
dimensional environments.

The following section discusses the modifications re-
lated to the operation of Theta* algorithms on weighted
grid maps. While working with uniform grid maps, the
triangle inequality property held true, since the cost of
Path 2 (direct diagonal) was never greater than that of
Path 1 (via intermediate vertex), assuming cells had equal
weights. Consequently, the implementation of the Basic
Theta* algorithm was designed to prefer Path 2 without
verifying whether Path 1 might be shorter.

Since the work is now being conducted on a weighted
grid map, the triangle inequality no longer holds in many
cases. As a result, a more deliberate decision must be
made between Path 1 and Path 2. This implies that an
explicit cost comparison between both paths is required,
and the one that truly yields the shorter total cost should
be selected.

The Lazy Theta* algorithm optimistically selects Path
2, which immediately suggests that its performance will
degrade significantly, as it was originally designed under
the assumption that the triangle inequality always holds.

Similarly, the Strict Theta* algorithm introduced the
concept of tightly bounding paths, assuming that changes
in the optimal path direction occur only at the edges of
obstacles. This assumption becomes invalid with the in-
troduction of weighted grid maps. Nevertheless, the algo-

rithm was also extended to compare the costs of Path 1
and Path 2 before making a final decision.

A weighted grid map was generated with a width of
125 cells and a height of 50 cells. The size of an individ-
ual cell was set to 0.4 meters. Every second cell was ran-
domly assigned a weight value. The weight value was
randomly selected as a fractional number from 0 to 3 in-
clusive, and this value was added to the base weight value
of — 1. Thus, the weight values will vary from 1 to 4 in
every second cell.

The evaluation was conducted by executing 2500 al-
gorithm runs. The start and goal positions were selected
randomly. A fixed seed value was set for the pseudoran-
dom number generator to ensure that the paths being
searched were identical across all algorithm executions.
The final results represent the average path cost and exe-
cution time of the pathfinding process. The distance is
measured in meters, and the time in milliseconds.

Initially, the execution time and path cost were meas-
ured for the algorithms on an unweighted grid map. The
results are presented in Table 1

As can be seen from the obtained results, all any-angle
algorithms require more time for pathfinding while pro-
viding no significant advantages in the resulting path
length compared to the smoothed A* algorithm. The
smoothed A* executes only 1.13% longer than the origi-
nal A*, while the cost of the path it finds is only 0.32%
higher than that of Strict Theta*, which produces the
shortest paths. However, the time required by Strict
Theta™ is 21.26% greater than that of the original A*.

Although the execution times of all algorithms remain
low — within the range of milliseconds — these results
highlight the efficiency of the path smoothing operation
on a uniform, unweighted grid.

The results of the algorithms on the weighted grid are
presented in Table 2.

Table 1 — Execution time and costs [15]

A* A* smoothing Basic Theta* Lazy Theta* Strict Theta*
Execution time (ms) 0.7499 0.7584 0.8459 0.8418 0.9093
Execution time (%) 100% 101.13% 112.8% 112.25% 121.26%
Distance (m) 37.031 35.856 35.757 35.764 35.74025
Distance (%) 100% 96.83% 96.56% 96.58% 96.51%

Table 2 — Results of the algorithms [15]
A* A* smoothing Basic Theta* Lazy Theta* Strict Theta*

Execution time (ms) 1.3536 1.3756 2.7028 2.996 2.2826
Execution time (%) 100% 101.63% 199.67% 221.34% 168.63%
Distance (m) 50.1497 60.7711 45.92569 60.25556 46.70809
Distance (%) 100% 121.18% 91.58% 120.15% 93.14%
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The execution time of all algorithms increased signifi-
cantly due to the additional computational overhead re-
quired for pathfinding on a weighted grid. Furthermore,
the runtime difference between Theta* algorithms and A*
became more pronounced.

The smoothed A* algorithm maintained a similar rela-
tive runtime compared to the unweighted grid case, which
is expected, since the transition to a weighted grid has
little effect on the smoothing procedure itself. However,
the cost of the resulting path increased by 21%, as the
only nodes operated on by the smoothing procedure are
those previously identified by the A* algorithm, which
does not account for cell weights in the same manner as
any-angle pathfinding.

Basic Theta* exhibits a twofold increase in pathfind-
ing time. This is primarily due to the evaluation of the
fourth path cost case, which involves applying the fast
voxel traversal algorithm to calculate path cost during
any-angle traversal across the grid. In return, however, the
algorithm achieves an 8.5% reduction in path cost com-
pared to A*, which is a significant improvement — espe-
cially when contrasted with the 3% improvement reported
in [8]. Considering that the algorithm still operates within
a millisecond timescale, this improvement may justify the
use of Theta* on a weighted grid.

Lazy Theta*, on the other hand, shows a 20% increase
in path cost and a 120% increase in runtime compared to
baseline A*. As Lazy Theta* relies on the triangle ine-
quality and optimistically assumes that it always holds, it
fails to perform correctly on weighted grids where this
assumption no longer holds true. For correct usage, ad-
justments described in [10] should be considered.

Strict Theta* was expected to behave similarly to
Lazy Theta*, since its primary strategy involves identify-
ing tightly wrapping paths — an approach thought to be
less relevant in weighted grids, where direction changes
are not necessarily constrained to obstacle corners for
optimality. However, it appears that the penalty distances
enforced by Strict Theta* help guide the search more ef-
fectively — allowing it to reach goals faster than Basic
Theta*, especially over shorter distances. The trade-off is
a slightly higher path cost than that of Basic Theta*.

After conducting additional testing exclusively over
long distances (with start and end points placed at oppo-
site edges of a grid twice the original size), the following
results were obtained:

Basic Theta*: Execution time = 11.8 ms;
Path cost = 115.2 m.
Strict Theta*: Execution time = 17.3 ms;

Path cost =117.1 m.

These results indicate that Strict Theta* can indeed
find paths faster than Basic Theta* on a weighted grid —
but only when the grid size is relatively small. At a certain
threshold, the accumulated penalty distances in the prior-
ity queue begin to interfere with pathfinding efficiency.

© Kis Y. O., Shcherbyna Y. M., Kunanets N. E., Yarymovych Y. A., 2026
DOI 10.15588/1607-3274-2026-1-12

142

A promising direction for improving Strict Theta* in
the context of weighted grids lies in introducing dynami-
cally adjusted penalty values during direction changes. To
achieve this, one must define a penalty computation func-
tion tailored to the current map, and then modulate the
penalty from 0 up to a predefined value based on the
weight of the cell being wrapped. This approach would
enable the algorithm to prune more paths that exhibit
suboptimal direction changes and yield a more performant
implementation — comparable to the results presented in
Table 2 — while remaining applicable to grids of arbitrary
size.

Figure 7 illustrates paths generated by the A*, A* with
smoothing, and Basic Theta* algorithms. It is evident that
A* progresses in a “staircase” fashion due to its restric-
tion to eight movement directions between neighboring
vertices. A with smoothing* generates more natural-
looking paths based solely on A*’s explored vertices, yet
this comes at the cost of higher overall path cost. In con-
trast, Basic Theta* has the flexibility to traverse in any
direction between vertices on the grid, which allows it to
discover shorter and more visually plausible paths. The
advantage of Basic Theta* becomes even more pro-
nounced when weights are overlaid on the grid — clearly
showing how the path bypasses high-cost cells (Figure 8).

Given the low absolute execution time (on the order of
milliseconds) even for relatively large grid maps, Basic
Theta* proves to be a viable solution for large-scale pro-
jects. It offers a simple implementation, low-cost paths,
and realistic path shapes, making it especially suitable for
applications where visual plausibility and path optimality
outweigh minimal time savings.

Generalization of Theta* application in weapon sup-
ply logistics involves the use of a weighted grid map as
the routing space. The delivery region map (e.g., a city or
an administrative area) can be divided into a square grid,
where each cell is assigned a weight that reflects parame-
ters such as road surface condition (asphalt, cobblestone,
dirt), risk level (especially high risk in border zones or
areas with increased criminal activity), average traffic, as
well as the presence of surveillance cameras, checkpoints,
or patrol units, which is particularly relevant under mili-
tary or special delivery conditions. A detailed description
of this procedure implies that the delivery region map can
be represented as a Weighted Grid Map, implementing a
spatial model of the environment in the form of a two-
dimensional grid. In this grid, each cell corresponds to a
specific square segment of space (e.g., 10x10 or 50x50
meters — depending on the selected scale).
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Figure 7 — Paths generated by the
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iure 8- The path'found by the Basic Theta* algorithm
is plotted on top of a square grid with weights

5 RESULTS
Each cell is assigned a numerical weight w(i, j),

which determines the cost of movement through that cell
and directly influences the results of the Theta* pathfind-
ing algorithm. The formula for calculating the cell’s
weight accounts for the selected factors and may include
both road-related and logistics-security characteristics of
the environment formula (4).

The weighting coefficients a,f,y,8 in the weighted

grid formula are used to determine the relative signifi-
cance of each factor in computing the total traversal cost
of a grid cell (Figure 9). Their selection depends on the
routing objectives, application context (e.g., military lo-
gistics vs. civilian delivery), and priorities such as safety,
time, or cost.
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Figure 9 — Visualization of a Weighted Grid Map
(Lviv Region — simulated)

The coefficients «o,B,y,6 can be determined using
several approaches. The first method is expert-based tun-
ing, in which values are assigned by security specialists,
logisticians, or analysts based on the specific nature of the
cargo. For example, in the context of weapon delivery,
security takes the highest priority, which may result in
settings such as a =0.5, since road quality is important
but not critical; g =3.0, indicating risk is treated as a

critical factor; y=1.5, reflecting moderate importance of
traffic; and 6 =2.0, emphasizing the impact of surveil-
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lance infrastructure such as cameras and checkpoints on
route selection.

The second approach involves normalization and
weight summation, where all coefficients are scaled so
that o+ B +7y+3=1. This enables preservation of relative

importance while remaining independent of absolute val-
ues.

The third method is the Analytic Hierarchy Process
(AHP), which involves pairwise comparisons of factors
by importance (e.g., security is more important than traf-
fic, thus B>y ), followed by the construction of a priority

matrix and computation of a weight vector.

Finally, the fourth approach is data-driven learning.
Given access to historical data on routes, risks, and inci-
dents, regression models or neural networks can be ap-
plied to derive coefficients that minimize cost, time, or
delivery risk. Logistic regression or other machine learn-
ing techniques may be used for this purpose.

The coefficients o,B,y and & define the routing pri-
orities. They should be adjusted depending on the target
scenario: secure delivery, speed, stealth, etc. (Table 4).

The best results are achieved when combining expert
analysis, normalization, and — when possible — machine
learning based on historical data.

For example, the road surface condition parameter
r,j can be derived from satellite imagery and classified

as follows:
—asphalt r, j =1.0;

—cobblestone r; ; =1.5;
—dirtroad r, j =2.5;
— impassable section r; j =0 (blocked).

Table 4 — Example of Weights for Weapon Delivery
(High-Risk Scenario)

. Weight
Parameter Priority Level (Expert-Bgase d)
Road Condition r Medium a=0.2
Risk Level t High B=04
Traffic s Low y=0.1
Surveillance v High 3=0.3
Road Condition r Medium a=0.2

The risk level parameter t; ; defines the likelihood of

cargo loss or obstacles along the route. For instance:
— low risk (central areas) tj;=05;

—medium risk (suburbs, industrial zones) t; ; =1.0;

~ high
t,; =2.0-30.

The average traffic parameter s; ; based on Google

risk (border or high-crime zones)

Traffic data, reflects possible delays caused by congestion
or high road occupancy:
— free-flowing traffic s; ; =0.8;

— moderate traffic s; ; =1.2;

—heavy traffic 1. s; ; =1.8.
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The surveillance/control parameter v; ;, derived from

municipal safety maps, indicates the presence of surveil-
lance cameras, checkpoints, or patrol units:
—no surveillance v; j =0.5;

—moderate control v; ; =1.0;

—  high
Vi,j =25.

The optimal delivery route is constructed based on the
minimal cumulative path weight, rather than merely the
geometric distance. This requires dynamic weight updates
—e.g., through APIs such as Google Traffic or public ser-
vice data. Such spatial modeling allows the integration of
logistical risks into the routing process, which is particu-
larly relevant for arms delivery, where security, effi-
ciency, and route realism are critical.

The choice of algorithm depends on the specific needs
of the logistics scenario. The Basic Theta* algorithm is
appropriate when the priority is to generate a short route
that accounts for realistic turns — especially important for
delivering heavy or bulky cargo where frequent or sharp
maneuvers should be avoided. It is the most versatile op-
tion and is well suited for minimizing delivery costs.

Lazy Theta* is not recommended for weighted grid
maps due to its lower accuracy in path cost estimation.
However, it may be used in real-time applications where
rapid path generation is critical.

Strict Theta* is justified in dense urban environments,
where the route must accurately bypass obstacles such as
buildings, restricted zones, or barriers. This makes it ef-
fective for deliveries to central city areas or in situations
with frequent movement restrictions.

An important aspect is the customization of metrics
and weights: the weight of a cell may incorporate travel
cost (fuel expenses, tolls, duties), delay probability
(queues, weather), and the risk of loss or confiscation —
especially relevant for sensitive cargo such as firearms.

Theta* has several advantages that make it suitable for
such use cases: routes appear realistic for navigation; the
algorithm adapts well to dynamic risk maps or traffic
conditions (Figure 10); it integrates easily with Al-based
systems for risk assessment or decision-making.

surveillance (restricted access zones)

Minimize
Ppath cost?

NO
Build
Quickly?
~NO
MNarrow
environment?
NO

Basic
Thaeta~

Figure 10 — Flowchart for selecting the algorithm based
on operational conditions
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From a technical perspective, the algorithm can be in-
tegrated into a Supply Chain Management (SCM) system,
enabling: route planning with policy and constraint com-
pliance; integration with GPS tracking; visualization of
results in the logistics dashboard; use in simulation-based
training for logistics personnel.

The study of Theta* algorithms, particularly their ad-
aptation for weighted grid maps, opens new opportunities
for optimizing supply routes — especially for sensitive
goods such as weapons, where accuracy, reliability, secu-
rity, and path realism are of critical importance. When
combined with GIS, Al, and risk management systems,
these algorithms become the core of modern intelligent
logistics.

This UML component diagram illustrates the integra-
tion of the routing module into the firearm sales manage-
ment information system. The main component, Weapon-
SalesManagementSystem, is responsible for managing the
entire order and delivery cycle, as well as for interacting
with other modules. The RoutePlanningModule is the
central element for delivery route construction and in-
cludes three main subsystems (Figure 11):

WeightedGridMapEngine, which generates a weighted
grid map of the area where each cell accounts for factors
such as road conditions, security risks, traffic congestion,
and the presence of cameras or checkpoints;

ThetaStarPathfinder, which implements the pathfind-
ing algorithm (e.g., Basic Theta*) and enables optimal
route construction based on direct line-of-sight;

RiskAnalyzer, which evaluates the safety level of the
route using data from external sources and integration
with the security module.

The SecurityModule verifies whether the proposed
route is safe for transporting firearms by analyzing infor-
mation on restricted zones, checkpoints, high-risk areas,
and other constraints. Once the route is validated, it is
passed to the LogisticsDashboard, where it is visualized
for the logistics operator. This interface allows for com-
paring alternative routes, viewing satellite imagery, and
manually adjusting the route if necessary.

The GlSDataProvider is a separate service or API that
supplies up-to-date geospatial information (e.g., from
Google Maps or government sources), which is required
for accurate grid generation and real-time risk evaluation.

Route Planning Module Integration

Firearm Sales System

<<ACCESS>

Sales Map Route [ Overrand l
Module Module Planning Module| -
c.<ac!:ess> <<a%es> <efcces>
- Weighted Grid Route
+ GetRiskAware | | + FindOptimal
Route() Route()

Figure 11 — Route Planning Module Integration
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The information system initiates a route planning re-
quest [16, 17] and sends it to the RoutePlanningModule,
where all processing and analysis are performed. Then,
the SecurityModule checks the safety of the route, and
finally, the validated route is forwarded to the logistics
dashboard. This integration ensures adaptive, secure, and
efficient route planning for the delivery of firearms, ac-
counting for real-world risks and environmental con-
straints.

6 DISCUSSION

The conducted experiments highlighted both the
strengths and limitations of applying any-angle Theta* al-
gorithms to weighted grid maps. A key finding is that the
Basic Theta* algorithm consistently reduced overall path
cost compared to the classical A*, with only a moderate
increase in computation time. This confirms earlier re-
search [7] but shows a stronger improvement in weighted
environments, which more accurately reflect real-world
conditions for safe and efficient route modeling.

By contrast, the Lazy Theta* algorithm proved unsuit-
able for weighted environments. Its assumption of univer-
sal line-of-sight, valid in uniform grids, led to inaccurate
cost estimations when weights varied between cells. This
caused both runtime and path cost to increase signifi-
cantly. Lazy Theta* may still be applied in scenarios
where rapid computation is critical, but its reliability for
cost-aware route planning is limited.

Strict Theta* produced partially unexpected results.
While initially thought to offer little benefit in weighted
grids, its penalty mechanism improved performance in
certain contexts, making its execution time competitive,
especially in smaller maps. Although slightly less cost-
efficient than Basic Theta*, it offers practical value in
constrained or urban-like environments, where precise
obstacle avoidance is important.

These findings suggest that none of the Theta* variants
is universally optimal across all weighted environments.
Instead, algorithm selection should depend on the opera-
tional scenario. Basic Theta* is most suitable for general
tasks of route modeling where cost minimization and path
realism are crucial. Strict Theta* is more relevant in dense
environments, while Lazy Theta* is applicable only when
rapid path generation outweighs accuracy.

Importantly, the study demonstrates how Theta* algo-
rithms can be integrated into an information system for
tracking and managing firearms sales. By representing road
conditions, risk levels, and surveillance density as weighted
parameters of the grid, the system can model delivery
routes that are both safe and efficient. This ensures that the
route planning module not only accounts for the shortest
distance but also incorporates safety-related constraints —
such as avoiding high-risk or restricted areas.

In summary, the presented results advance the theo-
retical understanding of any-angle algorithms in weighted
environments and confirm their practical applicability
within intelligent information systems. Specifically, the
adaptation of Basic and Strict Theta* algorithms provides
a foundation for developing route-planning modules in
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firearm sales management systems, where accuracy,
adaptability, and safety of modeled routes are critical.

CONCLUSIONS

This study comprehensively analyzed the efficiency
and adaptability of Theta* algorithms (Basic Theta*, Lazy
Theta*, and Strict Theta*) when applied to path planning
tasks on weighted grid maps. The insights gained not only
advance the theoretical understanding of any-angle path-
finding in variable terrain environments but also open up
promising avenues for practical implementation — particu-
larly in systems that require high levels of precision,
safety, and adaptability.

One of the most promising directions for applying the
results of this research is in the development of intelligent
route-planning modules within information systems for
firearm sales and distribution. In such systems, it is criti-
cal to ensure safe, efficient, and legally compliant deliv-
ery of weapons across diverse geographic zones, includ-
ing urban, rural, and high-risk areas.

The integration of the Weighted Grid Map (WGM)
model into a firearm logistics information system would
enable:

Spatial modeling of delivery routes with real-time ad-
justments to risk levels, road accessibility, and surveil-
lance density.

Route optimization for safety, using Basic Theta* to
avoid high-risk zones, congested areas, or regions with
heavy surveillance (e.g., police checkpoints, border pa-
trols).

Dynamic recalculation of routes in case of sudden
geopolitical changes or traffic incidents, via integration
with real-time data sources such as GIS layers or traffic
APIs.

Use of customizable weights and parameters (a, B, v,
d) for tailoring delivery priorities — e.g., prioritizing
stealth in certain operations, or speed and fuel cost in oth-
ers.

Seamless integration with sales records, enabling
automated planning of delivery routes immediately after a
weapon transaction is registered in the database.

Furthermore, the results of this study — especially the
demonstrated efficiency of the Basic Theta* algorithm on
weighted grids — confirm the feasibility of embedding this
routing logic into an enterprise-grade information system.
This includes systems developed in Java-based frame-
works (such as Spring Boot) that already support modules
for CRM, logistics, and compliance.

The visual validation via Unity simulations enhances
trust in the system’s realism and robustness, and such
simulations could be used in training environments for
logistics personnel, security forces, or system operators.

In conclusion, the Theta* algorithm family -
particularly Basic Theta*— can serve as the core routing
mechanism in intelligent firearm logistics platforms.
When integrated with risk-aware mapping and real-time
data, this approach can significantly enhance the security,
flexibility, and effectiveness of weapon delivery opera-
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tions, contributing to national security, regulatory compli-
ance, and operational excellence.

The study highlighted that traditional pathfinding al-
gorithms such as A* may not sufficiently address the
complex risk factors and real-time constraints encoun-
tered in secure logistics, particularly for the delivery of
high-risk goods such as firearms. Therefore, it is recom-
mended that weapon supply chain management systems
incorporate weighted grid maps and advanced routing
algorithms like Basic Theta*. These approaches better
reflect real-world road and threat conditions and provide
more realistic and adaptive routing.

Given the findings, it is advisable to train logistics
personnel and system developers in the application of
spatial modeling, route risk evaluation, and the customi-
zation of routing parameters based on regional security
and traffic data. Additionally, it is recommended to inte-
grate route planning modules with real-time GIS and se-
curity data sources to ensure the adaptability of planned
routes to changing field conditions.

Furthermore, as the visual realism and flexibility of
Theta* algorithms support decision-making, it is recom-
mended to use these methods not only in operational lo-
gistics systems but also in training simulators for logistics
officers. This will promote awareness of dynamic routing
factors and increase the security of firearm delivery op-
erations.

Finally, regulatory agencies and private logistics pro-
viders should collaborate on the standardization of risk-
weighted spatial models, enabling broader adoption of
intelligent route planning technologies in national and
regional weapon distribution systems.

DECLARATIONS

Conflict of interest: The authors declare that they
have no conflict of interest in relation to this research,
whether financial, personal, authorship, or otherwise, that
could affect the research and its results presented in this
paper.

Authors’ contributions: Yrii Kis contributed to the
conceptualization of the study, development and imple-
mentation of the Theta* algorithms, simulation experi-
ments in the Unity environment, data collection, and pri-
mary drafting of the manuscript; Yrii Shcherbyna super-
vised the research methodology, contributed to the for-
malization of mathematical models, analysis of algo-
rithmic performance, and critically reviewed the manu-
script for theoretical consistency; Nataliia Kunanets con-
tributed to the system-level design and integration of the
routing module into the firearm sales management infor-
mation system, participated in defining applied use cases,
and reviewed the manuscript from the perspective of in-
formation systems and applied logistics, and assisted in
manuscript editing and technical refinement; Yrii Yary-
movych contributed to experimental design, data analysis
and visualization, validation of results.

Data availability: The manuscript does not have as-
sociated data in a data repository.

OPEN a ACCESS




p-ISSN 1607-3274 PanioenekTpoHnika, indpopmatrka, ynpasninns. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

Use of artificial intelligence tools: The authors con- 9. Le P. T., Lee K. Weight value and map complexity in Theta*

firm that they did not use artificial intelligence technolo- {/E;fcé?”ic re;ource],og/(l)%':I;EC Wizoé’f Confggencesvaé?elﬁ
fne i ; : .54, . . e SS:

gies in creating the submitted work. https://doi.org/10.1051/matecconf/20165405003.
REFERENCES 10. Rey R., Cobano J. A., Merino L., Caballero F. Generalized

1. Van Den Berg J., Shah R., Huang A., Goldberg K. Anytime Lazy-Theta for 3D path planning considering non-uniform
nonparametric A, Proceedings of the AAAI Conference on costs, 2022 International Conference on Unmanned Aircraft
Avrtificial Intelligence, 2011, Vol. 25, Ne 1, pp. 105-111. Mode Systems  (ICUAS), ~ 2022. Mode  of  access:
of access: https:/doi.org/10.1609/aaai.v25i1.7819. https://doi.org/10.1109/icuas54217.2022.9836069. _

2. Sturtevant N., Geisberger R. A comparison of High-Level ~11. HanS. Wang L. Y. Wang, H. He A dynamically hybrid path
approaches for speeding up pathfinding [Electronic resource], planning for _unmanned surface_ vehlg:les based on non-uniform
Proceedings of the AAAI Conference on Artificial Intelligence Theta and improved dynamic windows approach, Oceary
and Interactive Digital Entertainment, 2010, Vol. 6, Ne 1, Engineering, 2022, Vol. 257, P. 111655. Mode of access:
pp. 76-82. Mode of access: https://doi.org/10.1016/j.0oceaneng.2022.111655.
https://doi.org/10.1609/aiide.v6i1.12400. 12. Nash _A., Koenig S., Tovey C. _La_zy Theta*: Any_—AngIe path

3. Subbotin S. A. Construction of decision trees for the case of planning and path length analysis in 3D [Electronic resource],
low-information features, Radio Electronics, Computer Science, Proceedings of the AAAI Conference on Artificial Intelligence,
Control, 2019, Ne 1, pp. 121-130. 2010, Vpl. 24, Ne 1, pp. 147-154. Mode of access:

4. Garcia-Luna-Aceves J., Murthy N. S. A path-finding algorithm https://doi.org/10.1609/aaai.v24i1.7566. _ _
for loop-free routing [Electronic resource], IEEE/ACM 13. or_1 S., Leong H. W. Strict Th_eta*: Shorter motion pgth planning
Transactions on Networking, 1997, Vol. 5, Ne 1, pp. 148-160. using taut paths [[Electronic resource], Proceedings of the
Mode of access: https://doi.org/10.1109/90.554729. International Conference on Automated Planning and

5. Lawande S. R., Jasmine G., Anbarasi J. et al. A systematic Scheduling, 2016, Vol. 26, pp. 253-257. Mode of access:
review and analysis of Intelligence-Based pathfinding https://doi.org/10.1609/icaps.v26i1.13744. )
algorithms in the field of video games, Applied Sciences, 2022, ~ 14. Amanatides J., Woo A. A Fast Voxel Traversal Algorithm for
Vol. 12, Ne 11, P. 5499. Mode of access: Ray Tracing. York University, 1987. _ Mode of access:
https://doi.org/10.3390/app12115499. ht_tp://WWW.cs.yorku_.ca/jamanalresegr_ch/grld.pdf o

6. Hart P., Nilsson N., Raphael B. A formal basis for the heuristic ~ 15 Kis Yu. O. Practicality and efficiency of application of
determination of minimum cost paths, IEEE Transactions on weighted freely directed path finding algorithms Theta™:
Systems Science and Cybernetics, 1968, Vol. 4, Ne 2, pp. 100— Qualification (master’s) thesis. Lviv, 2024, 54 p. _
107. Mode of access https://doi.org/10.1109/tssc.1968.300136. ~ 16. Methods ~ and  characteristics ~ of locality-preserving

7. Fraile-Jurado P., Llovet-Ferrer M., Roig-Munar F. X. Toward tran§format|ons_|n the problems gf computational intelligence,
Realism: An analysis of coastal environments in Open-World Radio Electronics, Computer Science, Control, 2014, Ne 21,
Video Games, Simulation & Gaming, 2024, Mode of access: pp. 120-128. . i o
https://doi.org/10.1177/10468781241287900. 17. Oliinyk A., Subbotin S., Lovkin V. et al. The system of criteria

8. Daniel K., Nash A., Koenig S., Felner A.Theta: Any-Angle path for feature informativeness estimation in pattern recognition,
planning on grids, Journal of Artificial Intelligence Research, Radio Electronics, Computer Science, Control, 2017, Ne 18,
2010, WVol. 39, pp. 533-579. Mode of access: pp. 85-96. .
https://doi.org/10.1613/jair.2994. Received 14.10.2025.

Accepted 14.01.2026.
Published 27.03.2026.

V]IK 004.421.2:519.6:004.89

JOCIAKEHHSA EOEKTUBHOCTI AJITOPUTMIB ANY-ANGLE THETA HA 3BA’KEHUX CITOYHUX KAPTAX
JUIA IIVTAHYBAHHS MAPHIPYTIB*

Kic 1O. — acmipanT kadeapy AUCKPETHOrO aHaJi3y Ta iHTeNeKTyanbHHUX cucTeM, JIbBIBChbKHI HAalliOHAJIBHHUI YHIBEPCUTET iIMEHI
IBana ®panka, Yxpaina. ROR: https://ror.org/01s7y5e82. ORCID: https://orcid.org/ 0009-0009-7816-237X.

Mlepouna FO. M. — kaHI. TexH. HayK, mpodecop Kapeapu AUCKPETHOTO aHAJI3y Ta IHTEJIEKTyaIbHUX chUcTeM, JIbBIBCHKHUI HaIlio-
HaJbHUH yHiBepcuTeT imeni [Bana @panka, Yipaina. ROR: https://ror.org/01s7y5e82. ORCID: https://orcid.org/ 0000-0002-4942-2787.

Kynanenr H. €. — n-p texn. Hayk, mpodecop kadenpu indopmaniiiHux cucreM Ta Mepex, HamioHanbHUWI yHIBepcHUTeT
«JIpBiBChbKa mostiTexHika», JIbBiB, Ykpaina. ROR: https://ror.org/054293127. ORCID: https://orcid.org/0000-0003-3007-2462.

SApumonuy 0. A. - acnipant kadenpu iHpopmaniiiHuX cucTeM Ta Mepex, HauionampHuit yHiBepcurer «JIbBiBChbKa
nositexHika», JIbBiB, Vkpaina. ROR: https://ror.org/054203127. ORCID: https://orcid.org/0009-0006-1391-3214.

AHOTAULIA

AKTYyaJbHiCTb. Y CTAaTTi PO3MIISAAETHCSA NOCITIMHKEHHS alTOPUTMIB MOIIYKY HUIAXIB BIIBHOTO HAIMPSMY, 30KpeMa ajJrOpUTMY
Theta*, ta omiHOETbCS 1XHS €PEKTHBHICTh HA 3BAXKEHHX CITOYHHX KapTax 3 METOK BHU3HAYEHHS ONTHMAJIbHHX MApIIPYTiB UL
JIOCTaBKM TOBapiB 0 MarasmHy 30poi. Lle mociimkeHHs BUKOHAaHE B MIMPIIOMY KOHTEKCTI pO3poOKH iH(pOpMAIiifHOI cucTeMu uis
BIZICTE)KCHHS Ta YIPABIIHHS IPOJaKeM 1 JIOTICTHUKOIO 30poi B ckiagHuX ymoBaX. OJHUM i3 FOJOBHUX MOTHBIB € T€, IO METOAU
Oyp-skoro Kyta (any-angle) 3matHi reHepyBaTH OLIBII peayicTHYHI Ta MPUPOAHI MapIIPYTH MOPIBHAHO 3 KIACHYHUM alrOPHTMOM
A*.

Merta. MeTor0 JOCHiUKCHHs € aHaii3 eeKTHBHOCTI TPhOX allrOPUTMIB, 3acHOBaHUX Ha Theta*: Basic Theta*, Lazy Theta* i
Strict Theta*, sik Ha OJJHOPIAHKX, TaK i HA 3BAXKEHNUX KBAJPATHHUX CIiTKaX, 13 OCOOIMBUM aKI[CHTOM Ha MOKA3HHKAX 4acy BUKOHAHHS Ta
BapToCTi HULIXy. PoboTa crnpsiMoBaHa Ha y3aralbHEHHs 3aCTOCOBHOCTI LMX QJTOPUTMIB [0 3Ba)KEHHX CEPEHOBHIL i IPOMO3HLII0
YIOCKOHAJICHb, MPUJIATHUX IS PeabHUX CLEHApiiB IUIaHyBaHHS MapLIPYTiB.
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Mertoa. IIpeacTaBieHO NPHHUMIN POOOTH auroputMy A*, Tppox BapiaHTiB Theta*, a Takox TeXHIK 3IJ1a/UKyBaHHS MapIIpyTiB
Ticist o0uKCIeHHs. Y JOCHTI/PKeHH] OMMCAHO MepexiJ| BiJ He3Ba)KEHWX OJHOPIIHUX KBAaZPAaTHHUX CITOK JO 3BAKEHUX i aKIIEHTOBAHO
yBary Ha CKJIAJHOCTI OOYMCIICHHS TOYHHMX BapTOCTEH MapIIpyTiB TIPH 3aCTOCYBaHHI MeETOAIB Oynb-sikoro Kyrta. Bisyamizamis
MOBEiHKH anropuTMiB Oyna peamizoBaHa 3a jgormomoroto pyurist Unity. TTokasHuKH e(EeKTHBHOCTI BHMIPIOBAIHMCS OKPEMO ISt
OJTHOPIHUX 1 3BOKCHHX CITOK, 11100 3a0e3MeYnTH NOPIBHIBHHIN aHaTi3.

PesyabraTn. OTprMani pe3ysbTaTH BKIIOYAIOTH MOPIBHUIbHY OLiHKY anroputMiB Basic Theta*, Lazy Theta*, Strict Theta* Ta
kimacugHOro A*. AHaii3 BHSIBHB yMOBH, 32 SKHX KOXKEH aJTOPHTM TpaIfoe€ SQEKTHBHO, a TAaKOXK (aKTOpH, MO0 OOMEXYIOTh X
3aCTOCOBHICTh y 3BaXXEHHX CepeioBHIIaxX. [lokazaHo, IO JOBXKMHA MapIIpYTy Ta HOro BAapTICTh MOXKYTH CYTTEBO BIIpi3HATHCS Ha
3BaKEHHUX CITKaX, IO NPU3BOAWTH O HOBHX MIpKyBaHb IIOAO ONTHMIi3amii Ha OcHOBI BapTocTi. Ha OCHOBI eKclepHMMeHTIB
3alpOIIOHOBAHO y3aralbHeHHs1 ajaroputMy Basic Theta* s migBumieHHs #oro mpuaaTHOCTI 1O 3BaXKEHMX KBAJIPaTHUX CITOK, a
TaKOK OKPECJICHO MOXIIMBE PO3LIMPEHHs anroputmy Strict Theta* mis nporo KOHTEKCTY.

BucHoBku. Pe3ynbraTé JOCIHIPKEHHS IIOKa3ylOTh, 110, XO4a aJrOPUTMH OyIb-sIKOro KyTa 3abes3nedyroTh Oinbll IUIaBHI Ta
peanicTH4Hi MapumpyTH, iX e(EeKTHBHICTh Yy 3BaKCHHX CEPENOBHUINAX 3aJISKUTh BiJl perenbHOi amanTtaiii (yHKLiH BapTOCTi.
JocnimkeHHs MiAKpecToe IXHIO HIHHICTh HE JIHUIIE IS MOJCIIOBAHHS CKIAJHHUX BIPTYaIbHHX CEPENOBHIN i MOBEIIHKH areHTIB Y
irpax Ta poOOTOTEXHili, a i UIA MPaKTUYHUX 3aCTOCYBaHb y JIOTICTHIN, 30KpeMa B po3poOmi iHdopMmamiiiHOI cucTeMH ISt
BIZICTEXXEGHHS Ta YNPABIiHHA HpoJaxeM 30poi. 3anponoHOBaHI aNTOPUTMIYHI YIOCKOHAIEHHS MOXKYTh CHPHSATH IIiJABUIICHHIO
e(eKTHBHOCTI IUIAaHYBaHHS JIOCTaBKU Ta YIPABIIHHS JIAHIIOTAaMH IIOCTaYaHHs, Y TOMY YHCII MOJEIIOBAHHIO MapUIPYTiB JOCTaBKH
30poi B yMOBax BOEHHOI'O Yacy.

KJIFOUYOBI CJIOBA: nomyk nuisixy, IiaHyBaHHsI MapIIpyTy, KBaJpaTHa CiTKa, aITOPUTM OyIb-sIKOTO KyTa, BapTiCTh HIIAXY,
3BaXkKeHa citka, Theta*.

JITEPATYPA 9. LeP.T.Weight value and map complexity in Theta* [Exex-
1. Anytime nonparametric A / [J. Van Den Berg, R. Shah, Tpornmii pecype] / P. T. Le, K. Lee // MATEC Web of
A.Huang, K. Goldberg] // Proceedings of the AAAI Conferences. - 2016. — Vol. 54. — P. 05003. — Mode of ac-
Conference on Avtificial Intelligence. — 2011. — Vol. 25, cess: https://doi.org/10.1051/matecconf/20165405003.
Nel. - P. 105-111. - Mode of access: 10. Generalized Lazy-Theta for 3D path planning considering
https://doi.org/10.1609/aaai.v25i1.7819. non-uniform costs / [R. Rey, J. A. Cobano, L. Merino,
2. Sturtevant N. A comparison of High-Level approaches for F. Caballero] /' 2022 International ~ Conference on
speeding up pathfinding [Enexrponnmit pecype] / Unmanned Alrcrgft Systems (I_CUAS). — 2022. — Mode of
N. Sturtevant, R. Geisberger // Proceedings of the AAAI access: https://doi.org/10.1109/icuas54217.2022.9836069.
Conference on Artificial Intelligence and Interactive Digital ~ 11. A dynamically hybrid path planning for unmanned surface
Entertainment. — 2010. — Vol. 6, Ne 1. — P. 76-82. — Mode of vehicles based on non-uniform Theta and improved dynamic
access: https://doi.org/10.1609/aiide.v6i1.12400. windows approach / [S. Han, L. Wang, Y. Wang, H. He] //
3. Subbotin S. A. Construction of decision trees for the case of Ocean Engineering. — 2022. — Vol. 257. — P. 111655. —
low-information features / S. A. Subbotin // Radio Mode ~of access.
Electronics, Computer Science, Control. — 2019, — Ne 1. — https://doi.org/10.1016/j.0oceaneng.2022.111655.
P. 121-130. 12. Nash A. Lazy Theta*: Any-Angle path planning and path
4. Garcia-Luna-Aceves J. A path-finding algorithm for loop- length analysis in 3D [Enexrpomnuii pecype] / A. Nash,
free routing [Enexrpommmii pecypc] / J. Garcia-Luna- S. Koe_nl_g_, C. Tovgy I/ Proceedings of the AAAI Conference
Aceves, N. S. Murthy // IEEE/ACM Transactions on on Artificial Intelligence. — 2010. — Vol. 24, Ne 1. — P. 147-
Networking. — 1997. — Vol. 5, Ne 1. — P. 148-160. — Mode 154. - Mode of access:
of access: https://doi.org/10.1109/90.554729. hitps://doi.org/10.1609/aaai. v24i1.7566. o
5. A systematic review and analysis of Intelligence-Based 13- Oh S. Strict Theta*: ?horter motion path planning using taut
pathfinding algorithms in the field of video games / paths [Enexrpommmii pecypc] / S. Oh, H.W. Leong //
[S. R. Lawande, G. Jasmine, J. Anbarasi et al.] // Applied Proceedings of the International Conference on Automated
Sciences. — 2022. — Vol. 12, Ne 11. — P. 5499. — Mode of ac- Planning and Scheduling. — 2016. — Vol. 26. — P. 253-257. —
cess: https://doi.org/10.3390/app12115499. Mode of access: https://doi.org/10.1609/icaps.v26i1.13744
6. Hart P. A formal basis for the heuristic determination of 14 Amanatides J. A Fast Voxel Traversal Algorithm for Ray
minimum cost paths / P. Hart, N. Nilsson, B. Raphael // Tracing / J. Amanatides, A. Woo. — York University, 1987.
IEEE Transactions on Systems Science and Cybernetics. — - Mode of access:
1968. — Vol. 4, Ne 2. — P. 100-107. — Mode of access http://www.cs.yorku.ca/~amana/research/grid.pdf
https://doi.org/10.1109/tssc.1968.300136. 15. Kis Yu. O. Practicality and efficiency of application of
7. Fraile-Jurado P. Toward Realism: An analysis of coastal weighted freely directed path finding algorithms Theta*/
environments in Open-World Video Games / P. Fraile- Yu. O. Kis. - Qualification (master’s) thesis. — Lviv, 2024. -
Jurado, M. Llovet-Ferrer, F. X. Roig-Munar // Simulation & 54 p.
Gaming. - 2024. - Mode of access:  16. Subbotin S. A. Methods and characteristics of locality-
https://doi.org/10.1177/10468781241287900. preserving transformations in the problems of computational
8. Theta: Any-Angle path planning on grids / [K. Daniel, intelligence / S. A. Subbotin // Radio Electronics, Computer
A.Nash, S. Koenig, A. Felner] // Journal of Artificial Science, Control. - 2014. — Ne 21. - P. 120-128.
Intelligence Research. — 2010. — Vol. 39. — P. 533-579. —  17. The system of criteria for feature informativeness estimation
Mode of access: https://doi.org/10.1613/jair.2994. in pattern recognition / [A. Oliinyk, S. Subbotin, V. Lovkin

et al.] // Radio Electronics, Computer Science, Control. —
2017. — Ne 18. — P. 85-96.

© Kis Y. O., Shcherbyna Y. M., Kunanets N. E., Yarymovych Y. A., 2026
DOI 10.15588/1607-3274-2026-1-12 OPEN (¢ ) ACCESS

148



p-ISSN 1607-3274 PanioenextpoHnika, indopmaTrka, ynpasminss. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

UDC 004.415.2

DEVELOPMENT OF A CLASS STORAGE REPOSITORY FOR
OBJECT-ORIENTED SOFTWARE DEVELOPMENT TECHNOLOGIES

Kungurtsev O. B. — PhD, Professor of the Software Engineering Department, Odessa Polytechnic National
University, Odessa, Ukraine. ROR: https://ror.org/05xaz0w84. ORCID: http://orcid.org/0000-0002-3207-7315.

Novikova N. O. — PhD, Associate Professor of the Department of Technical Cybernetics and Information Tech-
nologies named after professor R. V. Merct, Odessa National Maritime University, Odessa, Ukraine.
ROR: https://ror.org/05qze6v15. ORCID: https://orcid.org /0000-0002-6257-9703.

Buhaeva I. G. — PhD, Associate Professor of the Department of Technical Cybernetics and Information
Technologies named after Professor R. V. Merct, Odessa National Maritime University, Odessa, Ukraine.
ROR: https://ror.org/05qze6v15. ORCID: https://orcid.org /0000-0002-2839-9266.

Vytnova A. |. — Master of the Software Engineering Department, Odessa Polytechnic National University, Odessa,
Ukraine. ROR: https://ror.org/05xaz0w84. ORCID: https://orcid.org /0000-0002-4224-3006.
ABSTRACT

Context. Using previously developed code, particularly software classes and class groups related through inheritance, aggrega-
tion and composition in object-oriented technologies, significantly reduces software design time.

Objective. Problems arise when it is necessary to store classes for different purposes. In this case, the class name cannot serve as
a characteristic for searching. Creating a special structure linking the class name with its purpose will significantly complicate the
class repository design. Besides, if relations connect some classes with other classes, there is a need to store their relations along with
the class itself, which can significantly complicate both the placement of the class in the repository and its further search. This paper
aims to create a special repository of software classes, in which a class is represented by a model that defines its purpose, possible
relations with other classes, and role in these relations.

Method. A mathematical model of a software class has been developed, which allows for determining the class designation and
possible inter-class relationships. A method of automated placement and search of individual classes and class groups in the class
repository is proposed. A storage model is proposed for placing both individual classes and groups of classes connected by inheri-
tance, aggregation and composition relationships. A mechanism has been developed for the automated addition of a separate class or
group of classes to the repository, as well as for searching and deleting a separate class or group of classes.

Result. The ClassCall programme has been developed to test the proposed solutions. Experiments were conducted to determine
the time and quality of placement operations and search of classes and class groups in the repository. The results showed a significant
reduction in time for class search compared to known libraries.

Conclusions. The proposed method of automated placement and search of classes based on the class model allows for maintain-
ing class versions, significantly reducing the time to search for the required class and related classes. The method can be used for
classes in various object-oriented languages.

KEYWORDS: object-oriented programming, class, class search, composition, inheritance, aggregation, class groups, syntactic
analysis.

ABBREVIATIONS
OOP - object-oriented programming.

NOMENCLATURE
abstract is an abstract class
aggreg is a class transformed for aggregation;
attrName is an attribute identification;
attrPurpose is an attribute purpose/designation;
attrType is an attribute type;
cCode is a class code;
cHead is a class header;
cName is a class name;
cNameMain is a main class name;
cNameObject is an object class name;
cNameSource is a source object class name;
cNew is a new introduced class;
compos is a class transformed for composition;
cPurpose is a purpose of class usage;
DictEntry is a dictionary entry;
endAddr is an address of end of method in class code;
fName is a function (method) name;
fPurpose is a function (method) purpose;
fText is a function (method) text;

© Kungurtsev O. B., Novikova N. O., Buhaeva I. G., Vytnova A. |., 2026
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KeyDict is a key words dictionary;

keyword is a key word,;

lang is a programming language;

mC is a set of separate software classes;

mCharacter is a set of necessary characteristics;

mCr is a set of relevant classes;

mGrC is a set of class groups related by some rela-

tions;

mGrCr is a set of relevant class groups related by

some relations;

mModelC is a model for representing a class;
ordinary is an ordinary class;
queue is a class implementing a queue for aggrega-

tion;

Rel is a relation that unites a group;

relation is a relations with other classes;
RepositClasses is a class repository;

rText is a request text;

returnVal is a return value of a function;

Role is a role of class in relation;

sAggred is a set of class names used to implement ag-

gregation;

SArgs is a set of method arguments;
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SALtr is a set of class attributes;

sCharacter is a set of desired characteristics for a
searched class;

sClassCode is a set of program class codes;

sClient is a set of client class names;

sCompos is a set of class names used by a given class
to implement composition;

sCr is a discovered set of relevant classes;

sGrCr is a discovered set of relevant class groups;

sMClass is a set of class models;

sMeth is a set of functions (methods) of a class;

sResponseClassesl is a preliminary set of candidate
classes for answering a query;

sRKeyword is a set of keywords extracted from a
query;

SRsArgs is a set of arguments that return the result of a
calculation;

sSynonym is a set of synonyms of a keyword,;

startAddr is an address of the start of the method in
the class code;

type is a class type;

version is a class version.

INTRODUCTION

When creating object-oriented software, it is possible
to significantly reduce design time by using previously
developed classes. However, it often turns out that the
time to find the required class exceeds the time of its crea-
tion. Existing class libraries [1, 2] are usually limited to a
specific programming language and a narrow class spe-
cialisation (strings, graphical interface, working with
files, etc.). Therefore, even within the same design or-
ganisation, projects in different subject areas can be car-
ried out, and corresponding class sets can be created. Cre-
ating a class for a certain subject area does not mean that
it cannot be successfully used in another subject area.
Building a multi-subject repository for software classes
gives rise to the problem of placing and searching for
classes in such a repository.

To solve a certain design problem, interaction rela-
tionships of varying degrees of stability are established
between classes.

The inheritance relationship (Fig. 1) implies that the
derived class always “knows” its parent [3]. When using a
class repository, a link from the parent class to the derived
class may be needed (for example, to select a class with
some additional capabilities), which is not supported by
programming languages.

ClassParent

s

ClassChuld1 ClassChuld2 ClassChuld3

Figure 1 — The inheritance relationship
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Moreover, there should be some means of identifying
possible inheritance relations among some subsets of re-
pository classes [3]. A composition relation arises if it is
necessary to extend the functionality of some class
ClassMain by using another class ClassAttr as an attrib-
ute, which ClassMain manages alone (Fig. 2a)). In this
case, some modification of the attribute class [4] may be
required, which is shown in Fig. 2b). Here there may be a
need to indicate the availability of this relation in the main
class, to place the transformed class-attribute (Clas-
sAttrConv ) in the repository along with the original class-
attribute (ClassAttr) and for the latter to specify the class
it serves.

ClassMain ClassAttr

L

a) Without attribute class conversion

ClassMain ClassAttrConv ClassAttr

4

R —
gt

b) With attribute class conversion
Figure 2 — Composition relationship

The aggregation relation also allows some ClassMain
to use another class as an attribute (Fig.3a)). However, the
ClassMain does not create the ClassAttr object. This may
lead to the use of the ClassAttr by multiple ClassMain
classes. Such a problem is solved by modernising Class-
Main classes and using a queue class (ClassQueue) [5]
(Fig. 3b)). Thus, the representation of an aggregation rela-
tion in a repository requires placing a number of classes
with certain roles in it and fixing the relations between
them.

ClassMain1 ClassMain2

ClassMainN

v v v

ClassMain1Conv ClassMain2Conv

ClassMainNConv

Vol

ClassQueue

|

ClassAttr

ClassMain ClassAttr

a) One client class (main) b) Multiple client classts

Figure 3 — Aggregation relationship

Given all the above-mentioned, there is a problem of
placing and searching in the repository of programme
classes intended for solving problems in different subject
areas and such class groups connected by certain rela-
tions.

The object of study is the processes of defining rela-
tionships between software classes, placing and searching
for groups of classes connected by relationships in reposi-

tories.
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The subject of study is models and repositories of
software classes for OOP technologies.

The research aims to reduce the time spent on
placement, search, and transformation of classes within
the class repository. For this purpose, the following tasks
should be solved:

— to create a class model;

— to develop a mechanism for placing a class (class
group connected by a certain relation) in the class reposi-
tory;

— to develop a mechanism for searching a class (class
group) by specified characteristics.

1 PROBLEM STATEMENT
Let assume there be a set of separate software classes
represented by their codes

mC={cCod;, ..., cCod,},

as well as a set of class groups linked by some relations

mGrC={GrC;, ..., GrCy}.

Each group has the form:
GrC;= <Rel, {<cCody, Role>, ..., < cCod,, Role>},

where Rel is the relation uniting the group,

— Role is the role of each class in the relation.

mC and mGrC should be placed in a storage reposi-
tory:

(mC, mGrC) — Storage.

To ensure the placement and search of elements in the
storage, it is proposed to use the ModelC model for each
class, containing its characteristics sCharacter . Then the
storage can be represented by a tuple

Storage = <mModelC, mC, mGrC>.

This makes it possible to organize the search for the
required class by a request to the repository storage of the
form:

Request (sCharacter) — mModelC = sCr,

where sCharacter is a set of desired characteristics for the
sought class,

—sCr is a discovered set of relevant classes.

A similar query has a form for finding a group of
classes related by the Rel relation:

Request (sCharacter) — mModelC = sGrCr,

where sGrCr is the discovered set of relevant class
groups.
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2 REVIEW OF THE LITERATURE

Identifying its type is the first task of organising a
class repository. Traditionally, program classes are stored
in libraries. Such libraries provide ready-made, tested
classes for solving everyday tasks like working with text
strings, files, graphical interfaces, etc. [2]. They also im-
plement basic functionality that can be used in different
projects, and are usually well documented and have a
stable API, which makes them easy to use. However, li-
braries are focused on a specific programming language,
so their reuse is limited to a specific platform [1]. In addi-
tion, the classes in such libraries are usually highly spe-
cialised and cannot always be adapted to new needs, and
the relationships between classes in libraries are usually
limited to inheritance, which makes it challenging to inte-
grate them into complex systems.

The paper [6] considers the possibility of storing het-
erogeneous information in a library, but it does not pro-
vide for storing groups of related elements with a specific
role in the group belonging to the same programming
language. The task of evaluating a library from the user’s
point of view is analysed in [7]. However, among the
proposed criteria, there is no evaluation from the point of
view of the ability to structure information.

The paper [8] focuses on the issue of creating meta-
data for storing UML diagrams in a repository. We be-
lieve that in the framework of our research, such metadata
can be a model of a software class.

Some authors [9, 10, 11] analyse the capabilities of
known repositories for software. Undoubtedly, it is possi-
ble to organise a repository of classes and class groups
within the repository capabilities. However, such a solu-
tion seems to be excessively costly.

The second task of building a class repository is the
mechanism of placement and search of stored elements
(classes, class groups). The efficiency of searching code
in natural language using different methods is investi-
gated in the paper [12]. The task can be significantly sim-
plified if, when loading an element into the repository, we
use a class model supplemented with natural language
text about the purpose of the class and its functions
(methods) [13]. This solution can be taken as a basis for
searching for the required class in the repository.

However, given the use of classes in different subject
areas, the problem of matching the query and class de-
scription texts arises. In the study [14], an adaptive text
comparison method is proposed, but it is applicable when
the degree of overlap between the elements of the com-
pared texts is high. A more universal solution, based on
the pre-definition of terms, is proposed in [15]. The study
[16] solves the problem by identifying lexically similar
words. A solution based on clustering and fuzzy string
comparison is proposed in [17]. Such solutions can be
adopted if the subject domain is defined and there are
enough texts for preliminary analysis. In our case, the set
of subject areas is a condition of the problem. In our opin-
ion, a simplified term extraction procedure and an im-
proved method for calculating the Levenshtein distance
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for string comparison, as a universal and quite effective
one, should be addressed [18].

When placing and searching classes in the repository,
the task of code fragment extraction and comparison may
arise. The task of code retrieval has recently become very
popular [19]. In [20], an approach to cross-language code
search is proposed, which is based on building and scan-
ning a unified abstract syntax tree (UAST) to automate
code comparison partially. The method is quite universal,
but it seems to be too complicated for our task.

Deep learning methods for determining the semantic
properties of programs are analysed in [21]. The methods
can give a general characteristic of a program, whereas a
class repository needs information about class elements.
Comparison of code fragments based on functions, con-
trol statements and data types is considered in [22]. A
similar task, but in relation to analysing the class structure
and selecting its separate elements, was solved in [4],
which can be taken as a basis for developing a class re-
pository.

An interesting idea is proposed in [23], where the effi-
ciency of software reuse is determined based on software
metrics. However, with respect to the class repository, the
metrics-based definition of class inclusion in the reposi-
tory seems to be too risky.

3 MATERIALS AND METHODS

Repository and class models. The repository model
contains a set of class representations (models), a set of
terms, and a set of class codes. The class model creates a
class representation (class metadata). The purpose of the
model is to ensure the class is loaded into the repository
and searched for upon request (Fig. 4). The proposed
model is a further development of the class model pro-
posed in [13]. A significant development of the proposed
model is the inclusion of information about relationships
with other classes and the role of the class in relation-
ships. The set of terms ensures a preliminary search for
classes in the storage. The extraction of terms (keywords)
from the text is discussed in detail in [24].

Set of'class  Dictionary of Set of class

reprsentations keywords codes
Query % -
to find : R :
a class : B
—

Figure 4 — Class (class group) search scheme)
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The class repository is represented as a tuple
RepositClasses = <sMClass, KeyDict, sClassCode>, 1)

where sMClass — set of class models; KeyDict — diction-
ary of keywords; sClassCode — set of program class
codes.

The KeyDict dictionary contains many entries

KeyDict = {DictEntry;, ... , DictEntryy }.

Each entry is represented as a tuple:
DictEntry; = <keyword, sSynonym>,

where keyword is a key word and sSynonym is a set of
synonyms for this keyword.

To find the required class, each class is represented by
its general purpose of use and the purpose of using each
method. Information about the class’s purpose, the class
type and the relationships will be placed in the class
header. Information about the class methods will be
placed in the methods view. Class attributes are not
planned to be used in the class search procedure, but it
makes sense to enter them into the model as additional
information for the user when choosing the best class if
the search result is a group of classes.

A class is represented by a tuple:

¢ = < cHead, sMeth, sAttr, sKkeyword >, 2

where cHead - class header; sMeth — set of functions
(methods) of a class; sAttr — set of attributes of a class;
sKeyword - set of keywords used in the preliminary stage
of class search.

Class header. It is proposed to include the general
purpose of using the class in the class header as a separate
sentence to compare classes.

Thus, the class header is represented as a tuple:

cHead=< cName, cPurpose, type, relation, lang, 3)
version>,
where cName — class name; cPurpose — purpose of using
the class; type — class type; relation — relationship with
other classes: lang — programming language; version —
class version.

The class type can take the following values: abstract
— abstract class; ordinary — ordinary class; compos — class
transformed for composition; aggreg — class transformed
for aggregation; queue — class implementing a queue for
aggregation.

The type of the relation element depends on the type

of the class.
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For abstract and ordinary type classes, the relation
has the following form:

relation =< sParent, sCompos, sAggred>, 4)

where sParent — set of parent class names for a given
class; sCompos-— set of class names used by a given class
to implement composition (object classes can be ordinary
classes or classes transformed for composition); sAggred
— set of class names used by a given class to implement
aggregation (object classes can be ordinary classes or
classes transformed for aggregation).

For a compos-type class, the relation has the following
form:

relation =< cNameMain, cNameSource>, (5)

where cNameMain — main class name; cNameSource —
source object class hame

For a queue-type class, the relation has the following
form:

relation =< sClient, cNameObject>, (6)

where sClient is a set of names of client classes (classes
willing to access the object class); cNameObject — object
class name.

Class attributes. To understand the essence of a class
attribute, it is proposed that the concept of the purpose
(designation) of the attribute and its type be introduced
into the model.

As a result, each attribute from the set sAttr will be
represented as:

Attr=< attrName, attrPurpose, attrType>, @)

where attrName — attribute identifier; attrPurpose — at-
tribute purpose; attrType — attribute type.

Class methods. The main information for searching
classes is in the class methods. Therefore, it is proposed
that each method’s designation be formulated as a short
phrase, for example, “calculate the cost of the order”. For
the method’s arguments, the earlier attribute rules should
be used.

As a result, each method from the set sMeth (2) will
take the form as follows:

func=< fName, fPurpose, fText, sArgs, returnVal, (®)
SRsArgs, startAddr, endAddr>,

where fName — function (method) name; fPurpose — func-
tion (method) purpose; fText — function (method) text.
sArgs — set of method arguments; each argument is
represented by: an identifier id, a type argType, and a
purpose argPurpose; returnVal = <retType, purpose
resp> — the return value of a function (represented by the
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value type and target); sRsArgs — set of arguments that
return the result of a calculation; startAddr — address of
the start of the method in the class code; endAddr — ad-
dress of the end of the method in the class code.

Repository functions. The following procedures are
defined for the classes in the repository:

— Add a class;

— Add a class group;

— Search a class;

— Search a class group;

— Upgrade a class;

— Delete a class;

— Delete a class group.

Add a class. After entering a new class cNew, its code
is compared with the codes of classes in the repository. If
a match is found between the codes cNewCode=cCode;,
then the input operation is cancelled. If a match of class
names is found cNew.cName=c.cName;, then the special-
ist must change the name of the loaded class.

The methods cNew.sMeth are automatically extracted
from the class code.

The specialist must formulate the purpose of the class
cNew.cHead.cPurpose within one short phrase. The pur-
poses of each method cNew.func;.fPurpose, implementing
the main purpose of the class, should be formulated in a
similar way. Based on the purpose of the class and its
methods, the program creates keywords for the class
cNew.sKeyword and replenishes the dictionary of key-
words of the KeyDict storage repository.

KeyDict. sKkeyword w cNew.sKeyword.

Add a class group. The entry operation is cancelled if
a class group is entered and all the codes match the group
in the repository.

If a class group related by an inheritance relationship
is entered, and a match is observed for the code of the
parent class, then the derived classes are entered accord-
ing to the rules for entering a separate class.

If a class group related by a composition relationship
is entered, and the codes of the main classes match, but
the codes of the attribute classes do not match, then a spe-
cialist is called in to correct the error.

If a class group related by an aggregation relationship
is entered, and a mismatch in the code is detected for any
class in the group, then the entire group is entered under a
new name.

If a match in the class names is detected, then the spe-
cialist must change the name of the loaded class.

For each class in the group, the operations of describ-
ing the class purpose and its methods are performed. The
program, based on the purpose of each class and its meth-
ods, creates keywords for the class.

Search a class. To search for a class, the user must
formulate a query/request in the form of text that formu-
lates the purpose of using this class

Request = rText,

rText— request text.
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The system forms a list of keywords from the query
nouns

Request — < rText, sSRKeyword >,

where sRKeyword — set of keywords extracted from a
query.

The system detects the occurrence of query keywords
in the repository’s KeyDict keyword dictionary. If some
query keyword is detected in the dictionary,

RKeyword; = DictEntry;

then sRKeyword is being updated with synonyms for this
keyword.

sRKeyword — sRKeyword U DictEntry;.sSynonym;.

Based on the comparison of sRKeyword with the lists
of class keywords, a preliminary set of candidate classes
for the response to the request sResponseClassesl is
formed.

The next step is to compare the text (fuzzy string
comparison) of the rText request with the texts of the pur-
pose of the cPurpose; class and its fPurpose;; methods for
each class from sResponseClasses1.

As a result, a response to the request is received in the
following form:

sResponseClassesl  —
={ClassCodey, ..., ClassCode,},

sResponseClasses2 =

where q is set by user.

The resulting list of candidate classes is ranked by the
degree of compliance with the query. The user can view
the class code from the list.

Additional restrictions can be added to your query, for
example, by specifying the class language:
Request = < rText, lang >.

Search a class group. Searching for a class group starts
with searching for a single class.

For example, the parent class. Unlike searching for a
single class, the relationship of that class to other classes
in the group should be added to the query:

Request = < rText, relation,type>.

The search for a class is performed in the previously
specified sequence. Then, at the user’s request, it is possi-
ble to see the entire group of classes connected by the
specified relationship.

4 EXPERIMENTS
In accordance with the proposed model, a program for
conducting experiments, ClassCell, was developed. Fig. 5
shows the process of loading a class into the repository.
The Composition converter block [4] was used as a code
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analyser, and the TerEx [24] software product was used to
extract keywords.

Class
Model

T

Keywords
Extraction

Class
Characteristics

Class
Purpose ]_)
Metod T
Purpose Text

Analyser

Figure 5 — Scheme of loading a class into a repository

Keywords
Dictionary

A

Method
Extraction

Class
Code

Code DB
Analyser

Figure 6 shows the process of searching for a class in
the repository. Based on a keyword search, a set of
classes, sClassesl, is formed at the first stage. At the sec-
ond stage, as a result of comparing the query texts and
class models, the set of proposed classes is reduced to
sClasses?.

Class
Characteristics

Recvest |—>[ J—b
Text
Analyser
sClasses2 H Text ]1—

Comparison

Figure 6 — Searching for classes in the repository

Class
search
query

Keywords
Extraction

sGlasses1

Model Code

Figure 7 shows the first step of loading a new class
into the repository. The user can copy the class text or
enter it as a separate file. At the same time, the purpose of
the class should be entered.

s . . S ]

T

Figure 7 — The first window of the procedure for loading a class
into the repository

Fig. 8 shows the window that the user sees after enter-
ing a class search query. The program offers a list of
classes that were found. If the user wishes, he can see
class codes, class methods, and class and method assign-
ments.class codes, class methods, and class and method
assignments.
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—
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Figure 8 — The first window of the procedure for searching a
class in the repository

5 RESULTS

The ClassCell program allowed us to conduct a series
of experiments to determine the time of loading and
searching for classes (100 classes in total). The study’s
results were the time characteristics and completeness of
query responses. Loading a class requires time from 3 to
20 minutes. The average time was 7.9 minutes. At the
same time, loading the code was performed in an average
of 20.1 seconds. The rest of the time was spent on formu-
lating the purpose of the class and its methods.

The time to search for a class in the repository is from
2 to 7 minutes. Basically, this is the time for composing
the query text and viewing the detected classes, since no
more than 10 seconds were spent directly searching for a
class in the repository.

The experiment showed that increasing the number of
classes virtually has no effect on the time needed to
search for a class. If we assume that the time for a class
search in an unindexed library is about 5 minutes per
class, then from the graph (Fig. 9) it follows that even
with 10 classes in the repository, the time for a class
search in it is 2.5 times less than in the library.

Library search time

” Loading and searching

in the repository

Figure 9 — Time to search for classes in the library
and repository

In all cases, the set of classes representing the search
result contained all classes relevant to the query subject
area, unless a limit was imposed on the number of classes
in the query response.
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6 DISCUSSION

We assume that the user who uploads a class to the
repository is the developer of this class. Then the forma-
tion of information about the class designated purpose and
methods will not take much time. In addition, we do not
limit the volume of this information and do not require
precise wording. The more text there is in the class de-
scription and in the request for its search (of course, from
the subject area under consideration), the more terms will
be highlighted, the more likely it is that all the “targeted
classes” will be found. At the same time, we are studying
the possibility of using artificial intelligence to formulate
the purpose and capabilities of a class based on its code.

It should be noted that existing libraries do not offer
mechanisms for working with class groups, while they
can be partially or entirely reused.

The rationale for limiting the number of classes in a
query response remains an open issue.

CONCLUSIONS

A model of a software class has been developed
which, unlike existing ones, allows for the organisation of
groups of classes linked by inheritance, composition and
aggregation relationships.

A mechanism for placing classes in a repository has
been developed, providing for automatic replenishment of
the dictionary of terms, separate storage of the code and
class model with keywords and possible links to other
classes involved in the relationship.

A mechanism for class searching based on a natural
language query has been developed, providing a two-
stage process of searching for relevant classes. At the first
stage, it was done by keywords, at the second stage — by
comparing the query texts and the class description, the
third stage (if necessary) implied determining all classes
associated with the desired, specific relationship

The software was created to perform experiments. The
experiments showed that, with 10 classes already in the
repository, a significant reduction in the time for loading
and searching for classes was observed. In all cases, the
set of classes representing the search result contained all
classes related to the subject area of the query, if no limit
was imposed on the number of classes in the response to
the query.

The conducted research can serve as a basis for con-
structing repositories of software classes in design organi-
sations using object-oriented technologies.
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AHOTALIS

AKTyanbHicTh. BukoprcTaHHs paHiiie po3po0sieHOro KoLy, 30KpeMa, NpOorpaMHHX KJAciB Ta TPyl KJaciB, MOB’sI3aHHUX BilHO-
CHHAaMH CIaJKyBaHHs, arperamii Ta KOMIO3HMLii B 00’ €KTHO-OPIEHTOBAaHUX TEXHOJIOTISAX, ICTOTHO CKOPOUYY€ Yac MPOEKTYBAaHHS IPO-
TPaMHOTO 3a0€3IeYeHHS.

Meta po6oru. IIpobGieMu BHHHKAIOTH IPH HEOOXiTHOCTI 30epiraHHs KJIaciB pi3HOTO NpH3HAYCHHS. Y I[bOMY BHIAJIKy HaiiMe-
HYBaHHS KJIacy He MO)ke OyTH HOT0 XapaKTEepUCTHKOIO JUIsl NOIIyKy. CTBOPEHHS CIIelialIbHOI CTPYKTYpH, IO OB sI3y€ iM’s Kilacy 3
HOro Mpu3HA4YEHHsIM, ICTOTHO YCKJIQJHUTh CXOBHINE KiaciB. KpiM 1p0ro, SKIIO JesKuil Kiac MOB’s3aHUIl BiJHOCHUHAMHM 3 IHIIMMH
KJIacaMH, TO HeOOXiHO 30epiraTu mopsa 3 KJIacOM HOro 3B’S3KH, 110 MOXE CYTTEBO YCKJIAJIHHUTH SIK PO3MIIICHHS KJIAacy Y CXOBHIII,
TaK i Hajgaii Horo momyk. MeTor poOOTH € CTBOPEHHS CHELialbHOr0 CXOBHUILA IPOrPAMHUX KJIACIB, B AKOMY KJIac MPECTABICHUN
MOJISIUIIO, L0 JI03BOJISIE BU3HAYUTH HOrO NPU3HAYEHHS, MOXJIMBI 3B”A3KH 3 IHIIMMU KJIaCaMH Ta POJIb y IIMX 3B SA3KiB.

Mertoa. Po3poGiieHO MaTeMaTH4Hy MOJEIb NPOrpaMHOro Kjacy, sika JO3BOJIMJIA BH3HAYMTH HPHU3HAYCHHS KIACy Ta MOXKJIMBI
3B’SI3KH 3 IHIIMMH KJIacaMH. 3amporoHOBAHO METOJ aBTOMAaTH30BAHOTO PO3MIIIEHHS Ta IOIIYKY OKPEMHX KJIAciB, a TaKOXK TPYIl
KJIaCiB y CXOBHINI KJAciB. 3amponoHOBaHO MOJETh CXOBHINA U PO3MIIIEHHS K OKPEMHX KIIAciB, Tak 1 IPyI KJIaciB, MOB’SI3aHUX
BIJITHOCHHAMH CIIaJKyBaHHs, arperamii Ta xommo3uiii. Po3po0i1eHo MexaHi3M aBTOMATH30BaHOTO JIOJABaHHS OKPEMOro Kiacy abo
TPYIH KJIaciB IO CXOBHINA, a TAKOXK IOUIYKY Ta BUAAICHHS OKPEMOT0 KJIacy X TPYIH KJIAcCiB.

Pesyabraru. s anpo0aliii 3anponoHoBanux pinieHb po3pobiieno nporpamy ClassCell. TlposeieHo ekcriepuMenTH 1Sl BU3HA-
YeHHs 4Yacy Ta SIKOCTI BHKOHAHHS OIepalliii pO3MIIIeHHs Ta IOLIYKYy KJAciB Ta TPyl KJaciB y CXOBHILi. Pesynbratu mokasanu
CYTTEBE CKOPOUYCHHS 4acy Ha IMOIIYK KJIACiB MOPIiBHIHO 3 BiTOMUMH 0i0ioTeKamu.

BucHOBKH. 3anponoOHOBaHMI METOJ] aBTOMAaTH30BAaHOIO PO3MILIECHHS Ta IOIIYKY KJIAciB Ha OCHOBI MOAENI Kiacy I03BOJIIE
MATPUMYBATH Bepcii KaciB, CyTTEBO CKOPOTUTH Yac Ha MOIIYK MOTPiOHOTO KiIacy Ta MOB’s3aHUX 3 HUM KiaciB. Meron Moxe OyTu
BUKOPUCTAHHH JJIS KJIAciB Ha Pi3HUX 00’ €KTHO-OPIEHTOBAaHUX MOBAX.

KJIIOYOBI CJIOBA: 00’€KTHO-Opi€HTOBaHE MPOrpaMyBaHHs, KJIac, MOIIYK KJIacy, KOMIO3HIis, yCIagKyBaHHs, arperais,
TPYIH KJIaciB, CHHTAaKCHYHHUH aHaJIi3.
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ABSTRACT

Context. The article addresses the issue of effort estimation of migration among variations of DDD architecture using a method
based on specifications of requirements to increase the predictability of the software migration process.

Obijective. The goal of the work is to propose an effective method of effort estimation based on Use Case analysis.

Method. First, a set of rules for rigorous Use Case description adapted for software effort estimation needs are provided. Second,
the modified Use Case metamodel and the method of use cases classification based on frame-based knowledge representation model
are also suggested. The rigorous description allows to make the estimation of the use cases more precise, using FUSP method, and to
build individual predictors for each class of use cases. Thirdly, the method uses historical data taken from previous iterations of the
same project, and is based on three trends (optimistic, pessimistic and mean based trend).

Results. The result is the collection of functions used to predict the effort required for the next iteration (measured in person-
hours) for each class of use cases.

Conclusions. FUSP method was adapted for task of gaining greater prediction accuracy of effort estimation for migration among
variations of DDD architecture using a methodology based on specifications of requirements. The set of conditions to form the Use
Case description rules adapted for software migration effort estimation needs is developed. The modified Use Case metamodel and
the method of use cases classification based on frame-based knowledge representation model are suggested. It was proposed algo-
rithm for building the individual predictors of each class and for corresponding effort estimation. The coefficient of FUSP person-
hours transformation is based on three trends achieved and updated considering the results from previous iterations: the most pessi-
mistic prediction is based on the upper bound, the lower bound predictor plays the role of the optimistic predictor, and the main trend
is the meaning among these. The coefficients are used to predict the effort in person-hours required for the next iteration for each
class of use cases. The results of experiment, conducted using the test RTP project for this class of software, showed that MMRE for
the proposal method is 0.0343, and for the standard method — 0.1094. The obtained results evidence that the classification of use
cases along with their rigorous description according to provided rules, and modification of the method by separating prediction logic
in accordance with the use case classes makes the prediction more accurate and can be effectively used for effort estimation for DDD
architectural variations migration.

KEYWORDS: Use case point, Software Effort Estimation, Fuzzy Use Case Size Point, Domain-Driven Design.

ABBREVIATIONS y; is a known real value;
DDD is a Domain Driven Design; i is an iteration:
FUSP is a fuzzy use case size points; n is a number of iterations:

SDE is a software development effort;

CMMI is a capability maturity models integration;
LOC is a lines of code metric;

FP is a functional points metric;

x is a value which is considered to be 0.25;
MMRE is a mean magnitude of relative error;
PRED(x) is a prediction criteria within x%;

UCP is an Use-case point; TPA is a total complexity of actors; N
USP is an Use-case Size Point; TPPr(? is a total cgmplexny of'the precc_mdltlons;
TAF is a Technical Adjustment Factor; PCP is a complexity of the main scenario;
EAF is an Environmental Adjustment Factor; TPCA s a total complexity of the alternative scenar-
NL is a natural language; ios;
DTO is a data transfer object; TPE is a total exceptions complexity;
RTP is a Representative Test Project; TPPoC is a total complexity of postconditions;
MVP is a minimum valuable product; UUSP is a numer of Unadjusted Use-case size points;
CRUD is a set of create, read, update and delete op- w; is a weight of the i-th Technical / Environmental
erations; :
" L . Adjustment Factor;
APLis an Application Programming Interface. v; is a degree of domination of the i-th TAF / EAF:
NOMENCLATURE na(x) is a degree of membership of element x in
MRE is a magnitude of relative error; fuzzy set A, which in our case is defined by a trapezoidal
y; is a predicted value; membership function;
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FUSP is a number of fuzzy use-case size points;

E is an effort in person-hours;

k is an empirical coefficient used to translate FUSP
to person-hours;

t is an index of the current iteration;

t—1 is an index of the previous iteration;

kh is an actual ratio of effort E} (person-hour) to

FUSP! for t-th iteration:

Eﬁ{.}x is a predicted maximum effort needed to realize

FUSP'! in the next iteration;
E}]T,% is a predicted minimum effort needed to realize
FUSP'L in the next iteration;

Efvg is a basic prediction,

INTRODUCTION

Today information systems have become an integral
part of modern business, the increasing complexity and
agility of which require advanced system flexibility, func-
tionality, scalability to provide complete business proc-
esses automation and maintainability. One of the basic
approaches focused on tackling business domain com-
plexity is DDD [1] approach which encompasses a wide
range of architectural variations. Some of the variations
are well known [1-3], some appear as a result of their
adaptation to pursue specific tasks and undertake certain
projects. The situation is complicated by the fact that the
requirements changes can cause architectural evolution or
even migration of the project to new architecture. Accord-
ing to [4] architecture should be ready to react to chang-
ing requirements and end-users and developers feedback
by the guided, controllable evolution in the ways to im-
plement more effective solutions and disallow it evolving
in a way that harms architectural concerns. In the case of
DDD architectural variations it means that managers and
developers need to ensure that the architectural modifica-
tions are objectively necessary and to estimate the efforts
needed to perform the evolution. Accurate estimation of
SDE has a strong impact on cost, schedule, functionality
and quality of the software [5] and this work is devoted to
estimating an effort for DDD architectural variations mi-
gration on the example of a project based on the applica-
tion service-oriented variation of DDD to the Use Case
focused variation.

The object of study is evolutionary architecture and
architectural migration of information systems.

The subject of study is the problem of the effort es-
timation of the migration among DDD variations.

The purpose of the work is to provide a method of
migration effort estimation of DDD architectural varia-
tions based on modified FUSP method.

1 PROBLEM STATEMENT
This work is devoted to the development of methodol-
ogy for estimation of the complexity of migration among

DDD architectural variations using modified FUSP
© Lytvynov O. A., Khandetskyi V. S., Lytvynov M. O., 2026
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method. In particular, we consider a migration of project
based on the application service-oriented variation to the
Use Case oriented variation).

The research questions answered by this study are as
follows:

RQ1: Which factors can improve effort estimation ac-
curacy using FUSP method based on specifications of
requirements in the case of software migration assess-
ment?

RQ2: What strategy of estimation tuning should be
used in case of iterative development process?

For the effort estimation accuracy we used the MMRE
and Percentage of Prediction within x% [6,7], which are
the two most common metrics used in software engineer-
ing. Both parameters are based on the quantity called
MRE, which is described by Equation 1.

MMRE and PRED(x) are shown in Equation 2 and
Equation 3 — respectively.

MRE; = 9=y , €)
Yi
n
. MRE;
MMREzk, 2
n
10 [1if MRE; £ x;
PRED(x)=—
( ) ng{o,otherwise. )

According to [8], an accurate effort prediction model
should have an MMRE < 0.25 (to ensure that the mean
estimation error should be less than 25%) and
PRED(0.25) > 0.75 (meaning no less than 75% of the
predicted values with MRE are lower than 0.25. Some
authors [9] also take into consideration PRED(0.3).

2 REVIEW OF THE LITERATURE

The goal of software effort estimation is to make
software development and maintaining process more
manageable, and predictable, which is necessary to in-
crease the maturity of the company up to 4-th level of
CMMI [10].

According to [11] the software effort is directly pro-
portional to a project size and complexity and inversely
proportional to team productivity (4):

Size - Complexity
Productivity

Effort = 4)

The question of measuring software size is not trivial,
and different metrics can be used, e.g. LOC, FP, Halstead
Metrics, McCabes cyclomatic complexity etc.

Among several categories of methods used to estimate
the effort (e.g. expert judgement, top-down, bottom-up,
design to cost, parametric models), methods of estimation
based on specifications of requirements stand out with
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their relative simplicity (they don’t require providing
software components and algorithms specifications as
input data) and ability to estimate software size and effort
at early phases of software development.

Evolutionary migration among DDD variations can be
regarded as a software development process which allows
us to take Requirements Specifications as the main source
of information and use appropriate software effort estima-
tion methods.

The basic method of estimation based on specifica-
tions of requirements is UCP [12] which has a number of
modifications. For example, USP [13], FUSP [14], fuzzy-
UCP [15], and ANFUSP [16]. The complete list of meth-
ods can be found in [17, 6].

The reason for such variety of modifications relates to
four main problems [6] connected to the UCP method
foundation.

PRB1. Defining of the complexity in the Use Case
models.

PRB2. Adjustments of the Technical Complexity Fac-
tors and Environmental Complexity Factors.

PRB3. Classification of Use Cases. It is complicated
to define the metrics, e.g., many variations of use case
specification style and formality measure the length of a
use case. For example, in [10] author argued that defining
the UCP model’s elements (actors and use cases), and

assigning weights to them are the main problems to ob-
taining a reasonably accurate estimate.

PRB4. The fourth is how to make the right choice in a
productivity factor whose units are person-hours for the
estimated effort from UCP size measurements — espe-
cially when the historical dataset is not available.

In [18] all UCP based Effort Estimation models are
classified into three main groups of approaches that focus
on UCP factors: adding more complexity levels for the
use case/actor weight; discretizing existing complexity
levels into more detail options; empirically calibrating
complexity weights to the different complexity levels.

FUSP is the extension of UCP which combines two
approaches. It is focused on the details of the use-case
structure: measures the functionality by counting the
number and weight of scenarios, actors, precondition and
post conditions [13]. To determine the USP, the sections
of the use-case are analyzed, and the following steps are
made to calculate USP [19]:

Step 1. TPA, TPPrC, PCP, TPCA, TPE and TPPoC
are calculated using Table 1. UUSP value is calculated
using formula (5)

UUSP=TPA+TPPrC +PCP+TPCA+TPE
+TPPoC '

®)

Table 1 — Unadjusted Use-case Size Point components classifications

Actor complexity (TPA)

Complexity Data (provided to or received from the Use Case) UsP
Simple <5
Average [6;10]

Complex >10
Precondition complexity (TPPrC)

Complexity Expressions tested by the condition in precondition UsP
Simple <1 1
Average [2;3] 2
Complex >4 3

Main and alternative scenarios (PCP, TPCA)

Complexity Entities + Steps USP
Very simple <5 4
Simple [6;10] 6
Average [11;15] 8
Complex [16;20] 12
Very complex >21 16

Exceptions (TPE)

Complexity Tested expressions USP
Simple <1 1
Average [2;3] 2
Compex >4 3

Postconditions

Complexity Entities related with postcondition USP
Simple <3 1
Average [4;5] 2
Complex >6 3

© Lytvynov O. A., Khandetskyi V. S.,
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Step 2. TAF can be calculated using Table 2 by Equa- USP=UUSP ~(TAF _ EAF) ) (8)
tion (6)

u The use of the classification tables does not allow a

_ Nw v gradual change from one complexity category to another.

TAF =065+ 0.01 giw' Vil ) The issue can be resolved by Fuzzification which allows

us to solve this problem of classification which is made

. through the generation of a trapezoidal fuzzy number to

tions(t?e)p 3. EAF can be calculated using Table 3 by Equa- each complexity category found on the classification ta-
bles [19, 20].

A fuzzy set is represented by a membership function
(formula (9)). Each element will have a grade of member-
ship that represents the degree to which a specific element
belongs to the set (Fig. 1):

5
EAF = 001ZW| 'Vi . (7)
i=1

Step 4. The final value for a use-case is given by
Equation (8): Fz[xe Al=pa(x):R—>[0:1], 9)

Table 2 — Technical factors

Factor Requirement Influence Weight
F1 Data communication 11 2
F2 Distributed processing 12 1
F3 Performance 13 1
F4 Equipment utilization 14 1
F5 Transaction Capacity 15 1
F6 On-line input of data 16 0.5
F7 User efficiency 17 0.5
F8 On-line update 18 2
F9 Code reuse 19 1
F10 Complex processing 110 1
F11 Easiness of deploy 111 1
F12 Easiness operation 112 1
F13 Many places 113 1

Table 3 — Environmental factors

Factors Description Influence Weight
E1 Formal development process existence 11 15
E2 Experience with the application being developed 12 0.5
E3 Experience of the team with the used Technologies 13 1
E4 Presence on an experienced analyst 14 0.5
E5 Stable requirements 15 1
E6 Part time workers 16 2
E7 Motivation 17 -1
E8 Difficulty in programming language 18 -1
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Figure 1 — Trapezoidal Membership function
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Then the effort can be calculated using formula (11)
E =FUSP -k . (12)

In our case of migration among architectural varia-
tions of DDD, the method won’t be effectively applied to
the selected task. The reasons are as follows.

1. To predict the effort, we need to know k, which
cannot be based on the historical data of the previous pro-
jects, e.g. we cannot use the coefficient applied to realized
projects for the estimation of migration purposes, consid-
ering that the relationship between effort and size cannot
be described by linear function [21].

2. Some factors such as Actor Complexity, Precondi-
tion and Postcondition Complexity don’t affect the busi-
ness logic layer and can be omitted. They are required to
consider mainly during the development process, not for
migration.

3. Technical factors and most environmental factors
are oriented to whole project realization tasks and do not
cover the specific of business layer and tasks of migra-
tion.

Thus, this paper is focused on adaptation of the FUSP
method [14, 13] for estimation the efforts of the project
migration among DDD variations. The main attention is
given to the problems PRB1, PRB3, and PRB4 described
above.

3 MATERIALS AND METHODS

The first problem (PRB1) and partially the third one
(PRB3) are connected to Use Case definition rules.

The use case model documents the majority of soft-
ware and system requirements and serves as a contract
between stakeholders about the envisioned system behav-
ior [22]. This model consists of two parts: a diagram
which represents the relationships among the use cases
and use cases descriptions represented as a structured
document written in NL. The usage of NL can lead to

© Lytvynov O. A., Khandetskyi V. S., Lytvynov M. O., 2026
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poor descriptions such as ambiguous, inconsistent and/or
incomplete descriptions which lead to missing require-
ments and eliciting incorrect requirements as well as less
comprehensiveness of produced use case models [23]. In
works [23, 24] authors proposed a catalog of symptoms of
poor descriptions. However, this method cannot solve the
problem of effort estimating the requirements develop-
ment maxim states that requirements shall not consider
design aspects.

In [25, 26] noted that to build automated verification
of use cases the textual description is not sufficient. In
[25] authors provide seven different types of steps:
atomic, choice, concurrent, goto, include, success, failure.
In [26] use-cases are instrumented by annotations, which
are represented by tags (semantical markers) appended to
a particular use-case step.

In [10] author asks the main question connected with
UCP method issue: How should actors and use cases be
defined if the use case model will be used for estimation?
Answering the question, the author argued that we cannot
ignore the existing architecture and some aspects of the
project if we want to obtain accurate enough estimates.

Based on [10] proposition and considering the ap-
proaches and strategies mentioned above we provide the
following set of rules to the Use Case definition.

Single responsibility of steps. Each step of the Use
Case should be defined in accordance with Single Re-
sponsibility principle, i.e. responsible for atomic actor or
system activity.

Rigorous steps identification. The architectural solu-
tion involves use case definition by introducing some
additional steps to reflect the specifics of system’s behav-
ior. E.g. if the system uses event-driven notification
mechanism the steps connected with notification prepara-
tion, publishing and handling cannot be omitted or ab-
sorbed by other steps.

Alternative flows definition. All the alternatives are
represented at least by two steps (condition check and
exception handling in case of <abort>).

Use cases decomposition. Some use cases should be
split in order to omit repeated logic. However, before the
estimation the steps connected to other use cases invoca-
tion should be represented as a sequence of atomic steps.

Entity consideration. We provide fixing the relation-
ship between steps and entities which correspond to basic
FUSP method.

Implicit use cases. Architecture can involve the re-
quirements by introducing additional use cases. For ex-
ample, when bounded contexts interact using events
mechanism, it causes the introduction of integrated events
handling use cases.

Steps and Rules connection. The step responsible for
checking business rules should be accompanied by only
one alternative. If it is connected to several alternatives, it
should be split.

In result informal Use Case definition is transformed
into rigorously defined Use Case considering architectural
specifics. Modified metamodel of Use Case presented in

[27] is shown in Fig. 2.
OPENa.ﬂCCESS




p-ISSN 1607-3274 Panioenextpownika, indopmatrka, ynpasminss. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

1.1
UseCase

1.%

Actor

L1 (ordered)
1”*

1.1

1.%

|<—‘ ActorAction

T>| Step
N

Condition

SimpleAction

Entity

UseCaseAction

SystemAction <

TerminationAction

+ TypeOfinvocation

+ Exception

Figure 2 — Metamodel of Use Case

TerminationAction defines the termination of the actor
request handling (in the most of cases it means exception
handling). Alternatives are resolved using Conditional
Steps which are often connected with business rules test-
ing and termination actions (the case when before the
termination some actions should be executed is also con-
sidered by the model). The step may trigger conditional
(extension relationship case) and unconditional (include
relationship case) invocation of another use case (see
UseCaseAction). Some actions can be connected with
entities.

Then we provide to classify the use cases and define
the frames (knowledge description structures) connected
with the classes of use cases. Each frame is comprised of
several slots which represent types of steps, some of
which are required, and some are optional which can be
represented by the capacity of the slot. Required steps
have the capacity equal to 1 or 1..* (one or many). Op-
tional steps have the capacity equaled to 0 or 0..*. For
example, the frame which describes a set of use cases of
Modify type considering DDD architecture is shown in
Table 4.

Table 4 — Modify Use Case Frame

. Alternative - Number of .
Baseline Step Condition Action Capacity steps Entity

1.Command validation la: Validation failed 1al: Notify 1 3 0
2.Fetch data 2a: Object doesn’t exist 2al: Notify 1 3 1.*
3.Check timestamp 3a: Timestamp is not valid 3al: Notify 1 3 0
4. Check simple rules 4a: Check simple rules failed 4al: Notify 0.* 0.* 0
5. Check average rules 5a: Check average rules failed 5al: Notify 0.* 0.* 0.*
6. Check complex rules 6a: Check complex rules failed 6al: Notify 0.* 0.* 1.*
7. Check data integrity 7a: Check data integrity failed 7al: Notify 0.* 0.* 1.*
8. Modify data 1.* 1.* 1.*
9. Prepare events 0.1 0.1 0
10. Publish events 0.1 0.1 0
11.Return response 1 1 0

It means that all the instances of Modify Use Case
Type have at least 5 slots which will include at least 11
steps. Some authors [15] proposed to count the number of
transactions, omitting the Condition, i.e. an alternative
represented as condition-actions would only be counted
by the number of actions. Of course, the number of use
case types may not be restricted by the create, update,
delete and select use cases.

Command validation step addresses input command
validation logic performed by the request handler. Fetch
data step means entity or several entities retrieval from
persistence storage or from cache. Check timestamp step
is connected to checking the version of the object to pre-
vent race conditions issues. Checking simple rules means
checking simple business rules in the scopes of the
fetched data. For example, check the required fields are
filled out, validate the data, checking the data on consis-
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tency. Checking average rules means checking business
rules, involving additional data sources to perform the
task. For example, checking the uniqueness of the modi-
fied object implies the additional request to the data
source or checking the collection of entities. Checking
complex rules means using a third-party service to per-
form checking. For example, checking a credit card bal-
ance using bank service. Checking data integrity means
checking if the requested operation may violate data in-
tegrity. For example, referential integrity. It is worth not-
ing that each rule should be represented as a separate step
with the appropriate alternative. For example, when we
have several rules connected with data checking, they
should not be represented within one step, because it vio-
lates single responsibility principle. In our opinion, the
main driver for such separation is the exceptions. Modify
data slot is responsible for data modification that is the
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core logic of the Use Case. In some cases, it could be
connected to transactional modification of several entities,
which may reside in several data sources and even per-
form distributed transactions. Prepare events slot means
the preparation of the integration events to publishing (in
some cases it may be extraction of domain events from an
aggregate after performing the modification, publishing
them and translating into integration events; in some
cases, creating integration events at the application ser-

vice level). Publish events slot means delivering events to
subscribers (of course, here we primarily mean actors).
Return response means creating and returning a response
DTO to customer.

Example of fuzzification is shown in Fig. 3. The lin-
guistic variables are not restricted by the 5 basic classes
presented in Fig. 3 and could be extended to make the
prediction more precise.

Fuzzyfication for Ne of entities + steps = 20

1.0 §

o
[a1]
I
I
|
L

Membership degree
=R =}
£ Ln
1 1
I
)

wery simple
— simple
average
| m— complex
: wery complex
— — HN:of entities + steps = 20
= = Complex (0.4)
== \ery complex (0.6])

0.0 +

T T
0.0 1.0 35 6.0 8.5

T
11.0

T T T T
13.5 16.0 18.5 20 21.0 25.0

Ne of (entities + steps)
Figure 3 — Example of fuzzification

We propose a methodology which is purposed to pre-
dict the effort needed to perform every next iteration of
the migration process.

The effort prediction is based on three coefficients
used to transform FUSP to person-hours: minimal effort
estimation, maximum effort estimation, basic effort esti-
mation. While the minimum and maximum effort estima-
tion functions establish bounds of the prediction, the basic
effort estimation considers the history of the estimation
(in our case we use mean of the values). The definition of
the coefficients is represented by the formulas (12)—(15)

Et
t
kg =———,
FUSP
t-1 .t t-1.
kt _ {kmax ! I(R = I(max-
max —

t t t-1
Kb, k> kb,

(12)

(13)

b
min — t t t—1 (14)
kr, Kr<Kmin:
1t—1 r
t t-i
kan :Yg(;)kR .

(15)

The composition of indices R and t indicates real ef-
fort obtained at t -th iteration while indices min, max, avg
in combination with t show that the coefficients are used
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to predict the effort (optimistic, pessimistic, average) for
t -th iteration.

The prediction of the effort needed to perform the next
iteration is based on the above coefficients as follows
(16)-(18)

EXL — k! - FUSPY, (16)
Ebl =kl - FUsPH, (17)
Eggl =Kiyg - FUSP!*, (18)

4 EXPERIMENTS

The experiment is based on RTP [28], which is tech-
nical station management system, derived from real pro-
jects, considering preferable, basic scenarios occurred in
real projects of DBB software company [29]. The method
of obtaining RTP is as follows. Software projects of the
company are classified by architectural solutions and
technologies. Each project within the class can be repre-
sented by MVP [30] which is used to validate developers’
hypotheses about customer needs serving the fastest way
to get through the Build-Measure-Learn feedback loop
with the minimum amount of effort and the least amount
of development time. MVP is regarded as the core of the
specific project which can be evaluated by the end-user.
MVP projects of the same class, in turn, can be developed
on the base of the same prototype. In accordance with
[31] RTP relates to evolutionary incremental prototype.
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RTP is not valuable to the customer, because it is primar-
ily focused on typical task resolution in order to help pro-
duce MVP as quickly as it is possible, serves as a founda-
tion needed for quick start. In daily practice this concept
is known as labs, test projects or sample projects. Figura-
tively speaking, RTP is a seed from which MVP projects
can grow. The connection of RTP and MVPs of several
projects of class A is schematically shown in Fig. 4.

Class A

- mvp, | Proj , |

RTP, | - mvp, | Proj , |
{ mve, | “F"rojn |

Figure 4 — Representative test project definition

{ BoundedContext 1

We believe that there is not only one way to extract
RTP from a set of projects, but the way we propose is
based on use case classifications with mapping the use
case classes onto architectural components. In result we
get a collection of frames (the example is shown in Ta-
ble 4). Then we examine the entities and the specifics of
their interrelation trying to find a pattern which covers
other variants. The domain used for RTP does not matter;
the entities may not have all fields the end-use is inter-
ested in. The main purpose is to obtain the structural and
behavioral pattern of the project.

The metamodels [32] of source and target architectural
DDD variations are presented in Fig. 5 and Fig. 6.

1.*%
Repository

1 1.*
1.*
ApplicationService 0.
is used by
1
1.* | 0..* L.x
N +argument 0..% 1
[ Method Entity
Areturn 1 °
P 0.*
-~
-~
-7 {xor}
’/
+argument | 0..* 1 +return 0..* 1
[ Primitive structure ] ValueObject ]&
0..*

Figure 5 — Application service oriented architectural variations

BoundedContext

1“*

Repository

CommandHandler

0.*

1 0.1

«DTO» «DTO»
Request Response

Figure 6 — Use case oriented architectural variations
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The specifics of the source architectural solution are
as follows. First, CRUD oriented application services are
traced to multiple use cases connected with a certain en-
tity. CRUD operations form four fundamental classes to
project information management. According to [28] many
use cases start their life as simple CRUD use cases, which
later might grow into a full-fledged business use case with
rich behavior, but significant part of use cases might re-
main simple. CRUD orientedness does not contradict
DDD, which allows using CRUD for bounded contexts
with low complexity [33]. Second, anemic domain model
entities can be passed to the application services methods
as arguments. These entities obtained by the mapping of
DTO at the API controller side. The main reason for that
is excluding the introduction of an additional layer of
DTOs (which practically double the anemic entities), re-
sponsible only for passing the request to the application
service methods from the higher system layer. Thirdly,
the services are injected into API controllers or hubs us-
ing dependency injection mechanism. Controllers are re-
sponsible for input, which is represented as an API level
DTO, validation, transforming the DTO into domain ob-
jects and passing them to appropriate application services.
It is worth noting that API level DTO cannot be used as
objects to business logic layer, because of several reasons,
e.g. supporting several different API with different object
representations and naming conventions.

The advantages of the above variation are as follows.
Because of the excluding business logic level DTO ob-
jects the number of classes is reduced, consequently sav-
ing the time and efforts of the developers. The methods of
Application services can share the same logic, e.g. valida-
tion, check integrity logic etc. In the case of CRUD opera-
tions, the testing infrastructure is simple, and the main
logic of Test Fixtures may be represented as a generic
class. In addition, we can say that the application services
and anemic domain entities can be effectively generated
using code generator with structure-oriented description
model [34-35].

The main disadvantage of the solution is a certain dis-
tance from the use case definition (referring to the re-
quirements, business rules) and their code implementa-
tion. Use case, which describes the interaction between
the actor and the system, is triggered by an actor’s re-
quest, includes different scenarios-paths comprised of
several steps and finishes with a kind of response. The
request can be represented as a DTO object or as an event
(in case of event-driven architecture using pub-sub pat-
tern) and these DTO structures could not be mapped di-
rectly to Entities. The response can be provided as a DTO
object and several events used to notify the internal and
external (i.e. actors) system components (for example
using Event Bus).

Considering the agility of the business which causes
the requirements changes, the problems connected with
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the completeness of the requirements, developers face the
challenge of finding an effective process and mechanisms
able to respond to functional requirements uncertainty.
One of such mechanisms is to make software realization
closer to use case definition, mapping the use case to
separated class. This idea is implemented using several
approaches (e.g. transaction script pattern, CQRS com-
mand handlers), including DDD variations, e.g. [12]. The
metamodel of the target architectural DDD variation is
presented in Fig. 6.

CommandHandler is a separate class which is respon-
sible for task realization connected with a certain use
case. The realization of the CommandHandler can be
based on Command Bus pattern which provides a mecha-
nism for executing commands in an application in a de-
coupled and extensible way. By the Use Case we mean
the projection of the conventional Use Case onto the
Business Logic. It is worth noting that the logic of the
methods is comprised of definite blocks of operations
which can be classified, and which can be thought of as
slots of the frame which represents Method, in case of the
first variation, or the CommandHandler in the case of the
second one. Some of these slots can be required for defi-
nite types of use cases, some are optional. In most cases
these slots are connected to the appropriate use case steps
or transactions which can also be classified. At this point
we face the necessity of the normalization of the use cases
in order to make them more rigorously defined.

We restrict the RTP to only one Bounded Context be-
cause the logic connected to Bounded Contexts interac-
tion remains the same. We don’t consider any technologi-
cal and environmental changes. In our case, we have 5
entities (Fig. 7) and four basic Use Cases (get, add, mod-
ify, remove) connected to them. Totally we have 20 Use
Cases. Why can the above combination of entities be con-
sidered as a pattern of entity relationships for other pro-
jects?

The core of the schema is Worker-Work-Order rela-
tionship. Customer and Car entities represent an infra-
structure which at first glance may be omitted. But the
Customer-Car and Car-Order relationships cannot be cov-
ered by the Worker-Work-Order relationship. It seems
that Car-Order relationship is similar to Worker-Work
relationship, but they are not: Work entity depends on the
Order as well.

The combination of entities is common for multiple
Bounded Contexts: there could be a number of 1-0..*
Car-Order like and several Order-Work-Worker like rela-
tionships. Of course, there could be variations of relation-
ships, for example, an entity which depends on more than
two entities, but it can be considered as an extension of
the Order-Work-Worker relationship type. In Fig. 8 repre-
sented relationships examples: a) is covered by the ex-
tended Order-Work-Worker relationship; b) taken from
[2] is covered by three Customer-Car-Order relationships.

OPEN 8 ACCESS




p-ISSN 1607-3274 Panioenextpownika, indopmatrka, ynpasminss. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

Relationship pattern (1-0..*)

Customer — Car

Order

1.* 1

Relationship pattern (1-1..%)

Relationship pattern (1-1..* and 0..*-1)

Figure 7 — Main entities of RTP and their relationships

1..* 0..% 0.*
m 1 Mark Product 1 Backlogltem 1 Task
0.* 1.x 1 T o*
Student Release ) ScheduledBacklogltem
1
1 0." 0%
Semester Sprint ) CommitedBacklogltem
a) b)

Figure 8 — The relationships covered by the Order-Work-Worker relationship

5 RESULTS

To estimate the effort required to migrate from source
architectural variation into the destination one we used the
modification of use case size points method [13] without
using TCF-ECF correction. To check our hypothesis, we
calculated TAF and EAF for DDD architecture as follows.
The technical factors (Table 2) in case of selected projects
class are: On-line update = 2; Data-communication = 2;
Code reuse = 1; Easiness to deploy = 1. Environmental
factors are: Stable requirements = 1; Experience with the
technologies = 1; Formal development process = 1.5; Ex-
perience with the application being developed = 0.5

14
TAF :0.65+[0.01-ZW; -vijzo.es + 0.01-(2+2+1+1) =0.71,
i=l
5
EAF =0.01->w; -v; =0.01-(1+1+1.5+0.5) = 0.03.
i=1

Thus, TAF — EAF adjustment is equaled to 0.68.

The provided modification of FUSP method is as fol-
lows. Firstly, we provide a method of Use Case classifica-
tion and normalization based on single responsibility pat-
tern applied to steps classifying them in accordance with
the slot types of the operation frame (e.g. Method, Com-
mandHandler). In result we acquire 4 basic Use Case pat-
terns. Secondly, we separate effort estimations into four
different predictors with their own coefficients used to
translate obtained use case size points into manhour.
Thirdly, we propose an incremental method of the coeffi-
cients correction which considers project realization dy-
namic. The strategy of coefficients correction is based on
different bounds estimation: upper, average, minimal
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bounds. In tables and charts bellow we can see the appli-
cation of the method to 20 use cases connected to 5 enti-
ties.

Let’s see the specific of the evaluation on the example
of Modify Use Case type. The evaluation of the modify
type use cases in FUSP for 5 entities is shown in Table 5.
The structure of the modify use cases is defined by the
frame presented in Table 4: all required slots are defined,
all capacity rules are satisfied.

Let us consider the above description in more detail.
Command validation for all the entities is 3-step slot, be-
cause the validation is connected to one alternative sce-
nario (condition and notification). Fetching data, checking
timestamp and simple rules (testing required fields and
fields values conditions) are also estimated as 3 step slots,
because checking the conditions implies the existence of
an alternative. In case of Customer entity checking aver-
age rules slot filled out with the logic of testing the re-
quest against the rule “There could not be two customers
with the same name in the system” which requires query-
ing the Customer entities collection using repository. In
case of Car entity, it is also necessary to check the rule of
entity uniqueness which states “There could not be two
different cars with the same number”. The situation with
Worker entity is the same as with Customer entity. There
is no checking complex rules logic which implies the
connection with third-party services (e.g. banking ser-
vice), using API etc. Check data integrity means checking
referential integrity. In our case Car entity modification
requires checking Customerld reference, whether it is
valid or not (in the case when one customer sells the car
to another customer it changes). Order has a reference to
the Car (Carld field), and Work entity has two references
to check: Workerld (who performs the work), Orderld
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(what order the work belonged to). All slots starting from
Modify data and finishing with Publish events one has
only one step. The number of entities depends on Fetch
data and Check data integrity slots. Thus, in case of Car
entity to check the validity of Customerld the handler
requires to interact with the additional Customer entity
collection. The same situation with Order (additional Car
entity collection) and Work (additional Worker, Order
entity collections) entities.

Fuzzification process for Customer Modify Use Case
is shown in Fig. 9. The continuous classification is pre-
sented in Table 6, considering [19], where p; — lower

value of the linguistic ter T; in the classification (Table 1,
section Main and alternative scenarios);
M =(pi+Pia)/2: & =nig; b =pig.

Table 5 — Evaluation for Modify type use cases

Entity
Step Customer Car Order Worker Work
Command validation 3 3 3 3 3
Fetch data 3 3 3 3 3
Check timestamp 3 3 3 3 3
Check Simple rules 3 3 3 3 3
Check Average rules 3 3 0 3 0
Check Complex rules 0 0 0 0 0
Check data integrity 0 3 3 0 6
Modify data 1 1 1 1 1
Prepare Integration Events 1 1 1 1 1
Return response 1 1 1 1 1
Publish events 1 1 1 1 1
Entities 1 2 2 1 3
Summary (UUSP) 20 24 21 20 25
FUSP (unadjusted) 14.4 16 16 14.4 16
USP (UUSP*0.68) 13.6 16.3 14.3 13.6 17
FUSP (adjusted) 8.2 8.5 9.2 8.2 9.6
Table 6 — Main and alternative scenarios classification (see Table 1, section Main and alternative scenarios)
Complexity Entities + Steps p n a b USP
Very simple [L5] 1 35 - 6 4
Simple [6:10] 6 85 35 11 6
Average [1315] 11 135 8.5 16 8
Complex [16;20] 16 18.5 135 21 12
Very complex [21;0) 21 235 185 - 16

Membership degree
A

Complex (weight = 12)
1.0

Very Complex (weight = 16)

o AR N

0.4

|
20 21

|-
Lgd e
Steps + entities

Figure 9 — Example of fuzzification for Customer Modify Use Case

According to FUSP method Modify Customer Use
Case (20 steps) belongs to two classes of use cases Com-
plex (weight = 12) and Very Complex (weight = 16) (Ta-
ble 6). Thus, FUSP for this use-case will be evaluated
using Formula (10) as follows.
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As we can see from Table 1, in accordance with the
core FUSP Method the highest complexity of the use case
is 21 steps and more (weight = 16).

The prediction subsequence shown in Table 7 repre-
sents 5 iterations. First iteration is devoted to getting ini-
tial data which will be used for next iteration prediction.
For example, at the initial phase for Modify Use Case
type 14.4 FUSP had been realized in 6 manhours, which
sets the coefficient (manhours per FUSP) to 0.417. This
coefficient is used to predict effort for the next iteration.
According to the prediction the next iteration in case of
Modify Use Case type would take 6.67 (16 - 0.417)man-

hours. But in fact, it took 7 manhours, which shifted the
max effort coefficient to 0.438 and affected the average
FUSP/manhours conversion coefficient:
(0.417 + 0.438)/2 = 0.4275.

If we use TAF-EAF correction the prediction becomes
worse (see Table 8). Using the MMRE criteria to esti-

mate the accuracy of prediction we get: MMRE = 0.0322
and MMRE(TAF—EAF) =0.0831.

The estimations of the remaining three use case
classes are presented in Tables 9-11. The structure of the
tables includes three additional columns which indicate
basic slot features: capacity, steps and connection to en-
tity (similarly to Modify Use Case Frame description pre-
sented in Table 4). Unfortunately, because of the page
limits we cannot provide full description of all the use
case classes and calculation details. However, the descrip-
tion and calculations were performed similarly to Modify
Use Case class.

Resulting comparison of the predictions for proposed
and standard methods is shown in Table 12.

Table 7 — Calculations example for Modify Use Cases

i Coefficients (manhours per FUSP) for next iteration effort
FUSP Total FUSP Fact (manhours) Prediction (manhours) estimation
min max avg min max avg
144 144 6 - - - 0.417 0.417 0.417
16 30.4 7 (>max) 6.67 6.67 6.67 0.417 0.438 0.427
16 46.4 6.67 6.67 7.01 6.83 0.417 0.438 0.424
14.4 60.8 5.8(<min) 6 6.31 6.10 0.403 0.438 0.418
16 76.8 6.67 6.44 7.01 6.7 0.403 0.438 0.418
Table 8 — Calculations for Modify Use Cases using TAF-EAF correction
FUSP with Prediction (man- Coefficients (manhours per FUSP) for next iteration effort
TAF, EAF Total FUSP Fact (manhours) . hours) . estimation
min max avg min max avg
8.2 8.2 6 - - - 0.732 0.732 0.732
8.5 16.7 7 (>max) 6.22 6.22 6.22 0.732 0.824 0.778
9.2 25.9 6.67 (<min) 6.73 7.5 7.15 0.725 0.824 0.760
8.2 34.1 5.8(<min) 5.95 6.76 6.23 0.707 0.824 0.747
9.6 43.7 6.67(<min) 6.78 7.91 7.17 0.695 0.824 0.737
Table 9 — Evaluation of Get type use cases
Entity Frame
Step Customer Car Order Worker Work Capacity Steps Entity
Command validation 3 3 3 3 3 1 3 0
Fetch data 3 3 3 3 3 1 1 1
Check Simple rules 0 0 0 0 0 0.* 3 0
Check Average rules 0 0 0 0 0 0.* 3 0.*
Return response 1 1 1 1 1 1 1 0
Entities 1 1 1 1 1 - - -
UUSP 8 8 8 8 8 - -
FUSP 6 6 6 6 6 - - -
USP (UUSP*0.68) 5.44 5.44 5.44 5.44 5.44
FUSP (adjusted) 4.2 4.2 4.2 4.2 4.2
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Table 10 — Evaluation of Add type use cases

Entity Frame
Step Customer Car Order Worker Work Capacity Steps Entity
Command validation 3 3 3 3 3 1 3 0
Create data 1 1 1 1 1 1 1 1
Check Simple rules 3 3 3 3 3 0.* 3 0
Check Average rules 3 3 0 3 0 0.* 3 0.*
Check Complex rules 0 0 0 0 0 0.* 3 0.*
Save data 1 1 1 1 1 1 1 1.*
Fetch data 1 1 1 1 1 1 1 1
Prepare Integration Events 1 1 1 1 1 1 1 0
Return response 1 1 1 1 1 1 1 0
Publish events 1 1 1 1 1 1 1 0
Entites 1 2 2 1 3 - - -
UUSP 16 17 14 16 15 - - -
FUSP 12 12 8.8 12 10.4 - - -
USP (UUSP*0.68) 10.88 11.56 9.52 10.88 10.2 - - -
FUSP (adjusted) 7.9 49 6.8 7.9 7.4 - - -
Table 11 — Evaluation of Remove type use cases
Entity Frame
Step Customer Car Order Worker Work Capacity Steps Entity
Command validation 3 3 3 3 3 1 3 0
Fetch data 3 3 3 3 3 1 1 1
Check Simple rules 0 0 0 0 0 0.* 3 0
Check Average rules 0 0 0 0 0 0.* 3 0.*
Check Complex rules 0 0 0 0 0 0.* 3 0.*
Check data integrity 3 3 3 3 0 0.* 3 0.*
Remove data 1 1 1 1 1 1 1 1
Prepare Integration Events 1 1 1 1 1 1 1 0
Publish events 1 1 1 1 1 1 1 0
Entities 2 2 2 2 1 - - -
UUSP 14 14 14 14 10 - - -
FUSP 8.8 8.8 8.8 8.8 7.2 - - -
USP (UUSP*0.68) 9.52 9.52 9.52 9.52 6.8 - - -
FUSP (adjusted) 6.8 6.8 6.8 6.8 4.6 - - -
Table 12 — Comparison of Effort/FUSP prediction for proposed and standard methods
Proposed method with classification without Standard method without classification
eration adjustment e with adjustmerlltmd_ct_on Fact Effort
ict ict manhours
(uan?SsPte d) (manhours) FUSP (adjusted) (manhours) ( )
! Classified Unclassified
1 (Customer) 41.2 0 27.1 0 17.84
2 (Car) 42.8 18.51 24.4 16.06 18.34
3 (Order) 39.6 17 27 19.04 16.2
4 (Worker) 41.2 17.47 27.1 18.16 16.5
5 (Work) 39.6 16.61 25.8 16.9 16.29

Thus, as a result MMRE for the proposal method is
0.0343, and for the standard method — 0.109. The parame-
ter PRED for both methods is equal to 1.

for software effort estimation needs is developed. The
modified Use Case metamodel and the method of use
cases classification based on frame-based knowledge rep-
resentation model are suggested. It was proposed to build
individual predictors for each class of use cases using
corresponding formulas for effort estimation.
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6 DISCUSSION
Based on the approaches reviewed, the set of condi-
tions to form rigorous Use Case description rules adapted
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The experiment is based on RTP derived from real
projects of corresponding direction using the MVP meth-
odology.

The initial values for estimation (i.e. FUSP to effort
ratio) are acquired during the initial warm-up iteration,
i.e. the prediction is driven by the RTP migration itera-
tions and does not rely on statistics from other projects.
The result is the collection of functions which are used to
predict the effort required for the next iteration (measured
in person-hours) for each class of use cases. The coeffi-
cient of FUSP person-hours transformation is based on
three trends achieved and updated considering the results
from previous iterations: the most pessimistic prediction
is based on the upper bound, the lower bound predictor
plays the role of the optimistic predictor, and the main
trend is the meaning among these.

The experiment was conducted for migration among
Application service and Use case oriented DDD architec-
tural variations. We take 20 basic use cases related to 5
entities divided into 4 classes (Add, Modify, Get, Re-
move) and used two variants of prediction: with and
without use case classification. We also used filtering
described by the formulas (10)-(12): we excluded the old
values from the calculation when the deviation of Ef-
fort/FUSP ratio was greater than the threshold (in our case
it was 0.08). To compare the methods, we used MMRE
and PRED criteria.

The results are as follows. Without filtering MMRE
for the proposal method is 0.0343, and for the standard
method — 0.1094. The parameter PRED for both methods
is equal to 1. In case of filtering the proposal method
showed better result: MMRE is 0.0309 and for standard
method MMRE remains the same.

Thus, the obtained results allow us to say that the clas-
sification of use cases along with their rigorous descrip-
tion according to provided rules, and modification of the
method by separating prediction logic in accordance with
the use case classes makes the prediction more accurate
and can be effectively used for effort estimation for DDD
architectural variations migration.

An experiment was conducted, demonstrating how the
proposed method can be applied in practice to describe
the use cases, evaluate them, to plan the effort and com-
pare different methods using MMRE and PRED criteria,
enabling the project managers to prognose the effort more
accurately and developers to determine the development
issues. The results obtained can be also reused as initial
and historical data when planning similar architectural
variations migration in real-world projects.

CONCLUSIONS

The work is focused on providing a theoretical and
experimental platform applicable to effort estimation of
domain-driven architectural variations migration.

The scientific novelty. FUSP method was adapted for
task of gaining greater prediction accuracy of effort esti-
mation for migration among variations of DDD architec-
ture using a methodology based on specifications of re-
quirements.
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The set of conditions to form the Use Case description
rules adapted for software migration effort estimation
needs is developed. The modified Use Case metamodel
and the method of use cases classification based on
frame-based knowledge representation model are sug-
gested. It was proposed algorithm for building the indi-
vidual predictors of each class and for corresponding ef-
fort estimation. The coefficient of FUSP person-hours
transformation is based on three trends achieved and up-
dated considering the results from previous iterations: the
most pessimistic prediction is based on the upper bound,
the lower bound predictor plays the role of the optimistic
predictor, and the main trend is the meaning among these.
The coefficients are used to predict the effort in person-
hours required for the next iteration for each class of use
cases.

The results of experiment, conducted using the test
RTP project for this class of software, showed that MMRE
for the proposal method is 0.0343, and for the standard
method — 0.1094. The obtained results evidence that the
classification of use cases along with their rigorous de-
scription according to provided rules, and modification of
the method by separating prediction logic in accordance
with the use case classes makes the prediction more accu-
rate and can be effectively used for effort estimation for
DDD architectural variations migration.

The practical significance. The experimental part of
the article presents the methodology for applying the de-
veloped method to describe the use cases, evaluate them,
to plan the effort and compare different methods using
MMRE and PRED criteria. The results obtained can be
also used as initial and historical data when planning
similar architectural variations migration in real-world
projects.
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AHOTALIA

AKTyaJlbHICTB. Y CTaTTi po3MIsAacThCs MpobdIeMa OLiHKY TPYJOBUTpPAT IIPU Mirpamii Mix Bapianismu apxitektypu DDD i3 Bu-
KOPUCTaHHSIM METOJIY, 1110 0a3yeThcs Ha crieludikaiisax BUMOT, 3 METOO MiJBHIICHHS Mepen0adyBaHOCTI MPOIeCy Mirpailii mporpa-
MHOT0 3a0€31eYeHHS.

Merta po6oTu — 3anpornonyBaTi e)eKTUBHHI METO/] OLIHKH TPYAOBHUTpAT Ha ocHOBI aHanizy Use Case.

Merton. [lo-niepire, 3anponoHoBaHO HAOIp MpaBwi A cTporoi ¢popmanizamii Use Case, azanToBaHuX miJ NOTpeOU OLIHKU TPY-
JIOBUTpAT y po3poOii mporpamMHoro 3adesnedeHHs. [lo-apyre, mpencraBieHo Meramoznens MoaugikoBanoro Use Case i meron kia-
cudikarnii Use Case Ha ocHOBI (peliMOBOi Mozei MOAaHHS 3HaHb. Takuii cTporuit onmc 1o3Boisie TouHime omintoBaru Use Case 3a
nonomoroto Meroxy FUSP Ta cTBoproBatu okpemi npeankTopu Juist KoxkHoro kiacy Use Case. ITo-Tpere, MeToa BUKOPHUCTOBYE iCTO-
PHYHI JaHi 3 HONEpeIHiX iTepamniii TOro caMoro NPOEKTy Ta IPYHTYEThCS Ha TPHOX TPEHAAX: ONTHMICTUYHOMY, IECHMICTHYHOMY Ta
CepeIHEOMY.

PesyabTaTh. PesynsraToMm € Habip (yHKIiH, 1[0 BUKOPUCTOBYIOTECS IS MPOTHO3YBAHHS TPYHOBHTPAT (y JIOIMHO-TOMMHAX),
HEeOoOXiHUX [UTsl HACTYITHO] iTepalii, okpeMo st KoxkHoro kiacy Use Case.

BucnoBku. Meron FUSP 0yio aganToBaHo 1 MiABUIICHHS TOYHOCTI MPOTHO3YBaHHS TPYAOBUTPAT MPHU MIrpamii Mixk Bapialli-
ssmu apxitektypu DDD, i3 3acTocyBaHHSM MiAXOJy, 3aCHOBaHOTO Ha crenudikamisx BuMor. Po3pobieHo Habip ymMoB Wit Gpopmy-
BaHHs npaBmi omucy Use Case, amantoBaHHX 0 3a/ad OLIHKH TPYAOMICTKOCTI Mirpamii mporpamMHoOro 3abe3nedeHHs. 3arnpornoHo-
BaHO MeTamozens MoxudikoBanoro Use Case ta meron xiracudikanii Use Case Ha ocHOBI (pperiMoBoi Mozeni noxanHs 3HaHb. Co-
PMYJIbOBAHO QJITOPUTM IOOYIOBH IHAMBIAYaIbHHUX MPEAUKTOPIB Ul KoxkHOro Kiacy Use Case Ta BiANOBIAHOT OI[IHKY TPYIOBUTpAT.
Koedimient neperBopennst FUSP y moanHo-romuHn 6a3y€eThesi HA TPhOX TPEHIAX, 10 (GOPMYIOTHCS 1| OHOBITIOIOTHCS 3a pe3yJibTaTa-
MH TONIePEIHIX iTepauiil: HaliecuMicTHYHIIIE epeadayeHHs] BU3HAYAEThCS BEPXHBOIO MEXKEI0, HAHONMTHMICTHYHIIIE — HIDKHBOIO, a
OCHOBHA OIliHKa — Iie cepe/tHe Mixk HUMH. LIi koedillieHTH BUKOPUCTOBYIOTBCS JUISl IPOTHO3YBAHHS TPYAOBUTPAT Y JIOAWHO-TOANHAX,
HEOOXIAHUX IJIsl HACTYITHOI iTepauii A koxHoro kinacy Use Case. PedynbpraTn ekciepiMeHTY, IIPOBEICHOTO Ha TECTOBOMY HMPOEKTI
RTP mporo xmacy I13, moka3zany, mo cepeaHs BiTHOCHA MOXMOKa 3alporoHOBaHOTO Metoxy ctaHoBuTh 0,0343, a cranmapTHOTO —
0,1094. OtpumaHi pe3ynbTaTH CBiIYaTh Ipo Te, Mo Kiacudikamis Use Case pa3oM i3 iXHIM CTPOrHM OIHMCOM 32 3aIIPOIIOHOBAHIMH
MIpaBHJIaMH, @ TaKOXK MOJH(iKalis METOLy IUIIXOM PO3MIiJIeHHS JIOTIKH IPOTHO3YBaHHS BiAIOBigHO 10 kiaciB Use Case nossomse
JOCSITTH OUIBIIOI TOYHOCTI Ta MOXe epEeKTHBHO BUKOPHCTOBYBATUCH JUIS OLIHKH TPYAOBUTPAT IIPH Mirpauii apXiTeKTypHHUX Bapiamii
DDD.

KJIFOUYOBI CJIOBA: Use Case Point, orinka tpyaoButpaT nporpamuoro 3abesnedenns, Fuzzy Use Case Size Point, Domain-
Driven Design.
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ABSTRACT

Context. Remote patient monitoring (RPM) technology plays a vital role in developing healthcare services. The medical team
can continuously monitor a patient’s health status, even outside of hospitals. It is considered one of the most important digital health
services, as it facilitates patient care and reduces the spread of disease.

Obijective. This paper aims to review current remote patient monitoring (RPM) systems for various diseases. Then proposes a
new platform architecture to increase the effectiveness and quality of remote patient care.

Method. The paper analyzes systems for remote monitoring, focusing on the most common systems of several diseases such as
diabetes, epilepsy, headache, cardiovascular and heart failure diseases, COVID-19, chronic kidney failure, fainting and unconscious-
ness, and cancer. Additionally, it provides an overview of the systems with contact and contact-less features, addressing them accord-
ing to the system type, architectures, technology used, and services they provide.

Results. After analyzing remote patient monitoring (RPM) applications for a variety of diseases, the results highlighted the
strengths and weaknesses of existing systems. We then demonstrated how the proposed architecture addresses these shortcomings

and develops a scalable and effective solution.

Conclusions. This paper validates the effectiveness of RPM for healthcare development, offering an innovative ontology-based
platform that improves service delivery and patient outcomes. This work offers valuable insights for healthcare providers, develop-

ers, and policymakers who are advancing remote care solutions.

KEYWORDS: biomedical telemetry, diseases, framework, medical information systems, Telemedicine.

ABBREVIATIONS
DSS is a decision support system;
RNS is a responsive neurostimulation;
EEG is an electroencephalogram;
RELAXaHEAD is an app for Migraine;
WHO is a world health organization;
CKD is a chronic Kidney Disease;
CDSS is a clinical decision support system;
DS is a Diabeo System;
RPM is a remote patient monitoring;
ECG is an electrocardiogram;
ICU is an Intensive Care Unit;
COVID19 is a Corona Virus Disease of 2019;
SWRL is a semantic web rule language;
HTTP is a hypertext transfer protocol;
ICT is an Information & communication technology;
UTAUT?2 is a unified theory of acceptance and use of
technology;
TMIS is a telemedicine information system.

NOMENCLATURE
H; is a Health Status at time t;
S; is a Vector of patient vital signs at time t;
C; is a Vector of patient context parameters at time t;

O is a Ontology-based Context;
A is a New assertions incorporated into the ontology

at time t;
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R is a Set of SWRL rules applied for reasoning;
r; is an Aggregated risk score derived from patient

data;
z, is a Notification zone classification;

Ty,Tr IS @ Thresholds for Yellow and Red alert

Zones;
H"is a Nearest hospital to the patient;
Ho is a platform’s hospitals;
S is a specific hospital within the platform’s hospi-
tals;
¢_P,X_P isaPatient’s latitude and longitude;
¢_S,A_S isaHospital’s latitude and longitude;
d(,) is Geographic distance function ;
f(.) is a Processing Function.

INTRODUCTION

Remote patient monitoring is a set of technologies and
techniques that empower healthcare representatives, mak-
ing them integral to the process of tracking patients’
health data in real time, monitoring their health condition
remotely, and utilizing related information in their treat-
ment plan. The rapid growth of technology has brought
many changes in the 21st century and modern society, and
healthcare professionals are at the forefront of this trans-
formation [1]. Their role is becoming more essential and
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influential in people’s daily lives. In addition, technology
affects many aspects of human life, such as the education
field, commerce, politics, the work environment, health,
and so on. Therefore, healthcare institutions have turned
to using new information and communication technolo-
gies to improve the quality of their services and their pro-
ductivity. Furthermore, emerging technologies have en-
abled healthcare providers to share patient information
and monitor them remotely [2].

The emergence of modern technologies and the inter-
net has also contributed to the advancement of telemedi-
cine. These advancements are evident in several areas,
including consultations, medical record management,
radiology, surgical procedures, remote patient monitoring,
patient education, and medication reminders [3]. Remote
patient monitoring is considered one of the most impor-
tant telemedicine services, enhancing immediate access to
healthcare [4]. Lin [5] defines telemedicine as the use of
communication technologies to address medical concerns.
These services promote high-quality healthcare and con-
tribute to cost savings for governments and patients.

Furthermore, modern technologies and telemedicine
have enabled patients to access healthcare services any-
time, anywhere, eliminating the need for extensive travel
to find the best specialists, especially for individuals re-
siding in remote areas[6]. This focus on technology
benefits not only patients but also healthcare professionals
and policymakers. Studies have proven the effectiveness
of patient monitoring in many areas, such as mental
health, immunodeficiency, patients with chronic diseases,
such as heart patients, and monitoring patients’
compliance to medicines [7]. In addition to primary data,
the system can collect additional information such as
sleep patterns, activity levels, and patient weight. Some
systems extend their capabilities to include postoperative
management and monitoring of patient wounds [1] as
shown in Fia. 1.

Remote patient monitoring

‘,;' Monitor patients' health in real-time
)

Monitor health conditions

Diagnose the patient remotely

Provide treatment plan

i =) &

Postoperative care

Monitor patient wounds

Oy t;g@

Figure 1 — Features of Remote Patient Monitoring System
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The object of study is examined remote patient moni-
toring systems and highlights their shortcomings and limi-
tations. In addition, it examines the technologies, methods
used, and system architectures discussed in recent litera-
ture. It categorizes remote patient monitoring systems into
contact-based and contact-free types. Additionally, it in-
vestigates communication channels between doctors, pa-
tients, caregivers, and families. Communication is a criti-
cal area that needs immediate attention and enhancement.
Improving communication between these parties will en-
sure that families are promptly informed of any progress
in the patient’s health condition and needs, especially in
critical conditions that require immediate attention.

The subject of study focuses on remote patient moni-
toring systems managing different diseases, like diabetes,
epilepsy, headache, cardiovascular and heart failure dis-
eases, COVID-19, chronic kidney failure, fainting and
unconsciousness, and finally, cancer. This paper aims to
pave the way for future improvements in remote patient
monitoring systems, offering a hopeful outlook for the
potential advancements in healthcare technology.

The purpose of the work is to offer a comprehensive
outline of the proposed platform and a detailed plan. This
detailed plan is designed to avoid the most significant
limitations and incorporate the most compelling features
of previous systems, thereby reinforcing confidence in the
study’s recommendations.

1 PROBLEM STATEMENT

The problem of remote patient monitoring can be for-
mally defined as:

— A time series of heterogeneous patient vital signs,
St.

— A set of patient context parameters at time t, Ct, in-
cludes medical history, location, and activity.

— Knowledge Base: Represented as an ontology, O,
with medical concepts and relationships.

— A set of inference rules, R, defined in Semantic Web
Rule Language (SWRL).

— Predefined thresholds for risk zones tY (Yellow)
and TR (Red).

— A set of hospitals, Ho, with their geographic coordi-
nates ¢S,AS.

Now, the problem to find as presented as follows:

— The patient’s inferred health status at time t, Ht.

— A guantitative risk score, rt.

A notification  zone classification, zt €
{Green,Yellow,Red}, based on comparison of rt with tY
and tR.

In the case of a critical alert (zt=Red), get the nearest
hospital H" to the patient’s location (¢P, AP).

The Objective is to minimize the time between the on-
set of a critical health event and the delivery of an appro-
priate intervention, through timely and accurate determi-
nation of Ht, rt, zt and H", subject to constraints of data
privacy, system interoperability, and real-time processing
requirements. Therefore, a deficiency in current systems
is the weak use of semantic compatibility. Ontologies
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provide a structured and interoperable framework across
different fields. They unify knowledge, promote its reuse,
and simplify problem-solving. This article, therefore, ex-
plores the concept of remote patient monitoring and its
potential for improvement by identifying limitations in
existing systems. The article’s main contribution can be
summarized as follows:

— To develop a patient-contextual ontology to support
the semantic consistency of patient information. This on-
tology mitigates the impact of technology adoption resis-
tance, enabling patients to benefit from its potential ad-
vantages.

— This paper describes an improved platform with an
adaptable architecture for different diseases. This means
the possibility of creating a universal framework for re-
mote patient monitoring.

— This paper discusses the security and privacy of sensors,
and their accuracy in sensing the patient’s body. Further-
more, it explains the extent of its ability to protect sensi-
tive patient information.

— The analysis of the communication system within the
patient and healthcare institutions is of utmost impor-
tance. It plays a critical role in ensuring immediate re-
sponse and prompt information about any health condi-
tion, thereby underlining its urgency and importance.

— The system’s engineering for compatibility with
multiple operating systems is a testament to its scalability.
This, in turn, demonstrates the system’s adaptability and
reassures users of its acceptance in the technology land-
scape.

Generally, the problem can be summarized as deter-
mining a patient’s health status H; as a function of het-

erogeneous vital signs S; and ontology-based contextual

information O :
f (St,O) = Ht'

2 REVIEWS OF THE LITERATURE

This research focuses on some remote monitoring sys-
tems for specific diseases. It focuses on the most common
systems of these diseases: diabetes, epilepsy, headaches,
cardiovascular diseases, heart failure, COVID-19, chronic
kidney failure, instances of fainting and loss of con-
sciousness, and cancer disease. This section conducts a
comprehensive analysis of existing research on remote
monitoring for patients with specific diseases. Within
each category, two additional classifications distinguish
between contact-based and contact-free patient monitor-
ing systems. The investigation aims to determine whether
these systems incorporate functionalities for sending
alerts to patients and their kin or medical personnel. Addi-
tionally, the systems will be assessed based on several
elements: the type of application, the architecture utilized,
the technology, and the services offered.

Remote monitoring systems for diabetes: Despite the
availability of advanced treatment options for diabetes,
many patients still struggle to achieve optimal control.
The main obstacles to control are non-adherence to medi-
cations and dosage adjustments prescribed by the doctor,
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and difficulties in determining the appropriate insulin
dose [8]. These patient concerns can be effectively ad-
dressed through remote monitoring and communication
[9]. Many technological solutions have been successfully
employed in diabetes management. We highlight some
illustrative examples of these solutions, including the Di-
abeo (DS) system, which provides an alert message with-
in the application interface, and the RPM system for
pregnant patients, a specialized system designed by Kan-
torowska et al. [10] for pregnant patients with diabetes.

Monitoring systems for epilepsy patients: Epilepsy, a
widespread neurological disorder, affects an estimated 65
million people worldwide. Moreover, seizures can mani-
fest in various ways [11]. The development of systems for
recording the number and characteristics of seizures rep-
resents a significant advancement for individuals with
epilepsy [12]. Remote monitoring systems are capable of
accelerating the diagnosis of the type of epilepsy and en-
suring immediate medical intervention for patients [13].
Illustrative examples of these systems include monitoring
system for epileptic patients using 10T [14], Nelli hybrid
system enhancements from [15], EEG at home was de-
signed by Biondi et al., [16], and the RNS designed by
Skarpaas et al., [17]. The first system stands out for its
unique feature of sending patient notifications.

Monitoring systems for headache patients: Headaches
affect more than one billion people worldwide. They pri-
marily affect individuals under 50 years of age, necessi-
tating attention and the development of medical and tech-
nological solutions to alleviate their effects [18]. Studies
indicate similar satisfaction rates and outcomes between
telemedicine visits for headache patients and traditional
in-person consultations, confirming the effectiveness of
telemedicine [19].Here we review some examples of re-
mote monitoring systems used to manage headache pa-
tients. The Leiden Headache Center has devised a web-
based electronic diary on a time-bound schedule [20].
Conversely, Minen et al., [21] developed a program called
RELAXaHEAD, a smartphone-based electronic diary (e-
diary). H- diary application aims to monitor chronic head-
ache patients from a distance [22].

Monitoring systems for cardiovascular disease and
heart failure: Emerging technologies have opened up sig-
nificant possibilities for improving healthcare support for
older adults living in their own homes or in nursing
homes. These technological advancements can be particu-
larly beneficial in providing electrocardiogram (ECG)
monitoring services to a wide range of individuals, in-
cluding the elderly, athletes, and the general public. Pro-
viding these technologies in patients’ homes reduces the
cost of medical equipment and minimizes reliance on
additional resources for caregivers [23].

Remote electronic monitoring of cardiac patients is
becoming increasingly prevalent. This method, which
involves taking the patient home, alerts, and routine inter-
rogations at fixed intervals, offers a level of convenience
that can be reassuring. It allows for increased comfort,
faster identification of serious arrhythmias or organ dys-
function, and timely responses from doctors. Moreover,

OPEN ACCESS




p-ISSN 1607-3274 Panioenexrtpownika, indopmatrka, ynpasminss. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

remote monitoring screening may reduce the need for
stressful in-person visits, particularly for patients with
long travel periods or difficulty accessing personal care
[24]. This section presents some examples of remote car-
diac patient monitoring systems. For instance, remote
clinical monitoring of heart patients is described by [15].
Amrita Spandanam was designed to monitor heart pa-
tients remotely. A model in Gontarska et al. [2] study
estimates the degree of risk based on the vital parameters
of a remote patient. The 'ECG Android App' is a mobile
application that allows users to visualize their Electrocar-
diogram (ECG) waves [25].

Monitoring systems for COVID-19 patients: COVID-
19, abbreviated from “coronavirus disease 2019”. It is an
infectious respiratory disease. It swiftly spread world-
wide, prompting the World Health Organization (WHO)
to declare a pandemic in 2020 [26]. The global COVID-
19 pandemic, with its immediate and widespread impact,
has prompted healthcare systems to enhance their utiliza-
tion of remote patient monitoring (RPM) tools for patient
assessment and prioritization from a distance. The surge
in COVID-19 cases worldwide has strained healthcare
systems, exposing vulnerabilities and jeopardizing patient
well-being [27]. This section provides examples of remote
monitoring systems employed for managing COVID-19
patients.

Additionally, this section reviews two types of remote
monitoring systems: contact-based and non-contact-
based. As the name suggests, contact-based systems re-
quire physical contact with the patient, such as through
wearable devices or sensors. On the other hand, non-
contact-based systems can monitor patients from a dis-
tance, often using technologies like cameras or remote
sensors. Paganelli et al. [28] established an Internet of
Things-based framework for monitoring and examining
COVID-19 patients in the hospital or home and issuing
early warnings. An electronic platform in Sharma et al.
study [29] was designed to monitor COVID-19 patients
remotely using 10T devices, aiming to contain the spread
of the disease.

Monitoring systems for chronic kidney disease pa-
tients: chronic kidney disease is a progressive decline in
kidney function [30]. Dialysis patients are individuals
with significant frailty. Home dialysis is a good solution
for enabling these patients to effectively reduce their ex-
posure to the hospital setting [31]. Remote monitoring
and online tools provide enhanced convenience and ac-
cess to care for these patients. These tools facilitate re-
mote consultations between patients and healthcare pro-
fessionals from the comfort of the patient’s home and
bring relief and comfort, knowing that their health is be-
ing monitored closely. Remote monitoring systems for
kidney failure patients have provided numerous benefits,
including reduced hospital visits and improved access to
healthcare providers. By utilizing these technologies, pa-
tients can receive timely care and support while minimiz-
ing disruptions to their daily lives. This section examines
contact-based and non-contact-based systems. Markossian

et al. [32] designed an app that primarily aims to facilitate
© Mafrag H. 1., Almagrabi A. O., Almagrabi H., 2026
DOI 10.15588/1607-3274-2026-1-15

self-management for individuals with CKD who do not
require dialysis. Scarpioni et al. [31] developed a system
to monitor and assist dialysis patients in reducing hospi-
talization risks during the COVID-19 pandemic.

Remote monitoring for fainting and loss of conscious-
ness: Most of the unconscious patients are in the intensive
care unit (ICU). These patients often require multiple life-
sustaining devices [33]. However, with technological ad-
vancements, healthcare providers can remotely monitor
pain, identify potential issues, and take preventive meas-
ures. This proactive approach enhances patients’ ability to
detect problems early on and also plays a crucial role in
reducing complications that may result in hospitalization.
Moreover, technology and remote pain monitoring have
significantly mitigated barriers to continuous care. This
section provides examples of patients in intensive care
units who are being monitored. Unlike the other systems
in this category, the first two systems possess the com-
munication feature. The system designed by Lee et al.
[33] aims to introduce an innovative solution: a remote
monitoring system specifically tailored for agitated pa-
tients. Emuoyibofarhe et al. [34] designed a remote moni-
toring system for preterm infants in neonatal ICU incuba-
tors. The system utilizes fuzzy rules for modeling and
simulation. Garelli et al. [35] have pioneered the devel-
opment of a groundbreaking platform for remote glucose
monitoring, specifically designed for COVID patients in
the ICU. A wearable system equipped with a mask con-
tains sensors that capture vital signs has been proposed by
Yang [15].

Remote Monitoring for Cancer Patients: Cancer
treatment protocols encompass a wide range of proce-
dures, including cancer diagnosis and various interven-
tions. These treatments, such as chemotherapy, radiation
therapy, and others, often lead to the development of pain.
Digital health tools and technologies help support fami-
lies, monitor disease symptoms, and remotely determine
patients’ pain levels. This side overs some examples of
these technologies to monitor cancer patients remotely.
Bernier Carney et al. [36] developed a game-based inno-
vative mobile application specifically designed for chil-
dren aged 6-12 with cancer. Pavic et al. [37] created an
application capable of early detection and prevention of
health deterioration among cancer patients. ASyMS is a
mobile application that enables remote monitoring of can-
cer patients [38]. Mayo Clinic has introduced a remote
monitoring system for cancer patients involving a diverse
team of healthcare professionals [39]. To overcome the
limitations of these systems, as detailed in the work con-
tributions section, the proposed platform aims to build on
the semantic web rules and build an ontology that enables
semantic interoperability of patient information. This on-
tology will play a crucial role in addressing the issue of
interoperability between different devices. Furthermore, it
provides an architecture that is adapted to various dis-
eases. In addition, the proposed platform is designed to
significantly enhance communication between the doctor,
patient, patient’s family, and the healthcare giver, foster-
ing a sense of connection and engagement. The commu-
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nication provides notifications that contain developments
of the patient’s health condition and needs or an alert if
there is a critical condition that requires dealing with it.
Table 1 provides an overview of the studies we reviewed.
It shows the systems that were classified based on dis-
eases, the technology used, their architecture, the method
used, limitations, and contact-based systems.

3 MATERIALS AND METHODS

This paper proposes a novel ontology-based frame-
work for remote patient monitoring. The core methodo-
logical contribution is the integration of a dynamic pa-
tient-contextual ontology with a rule-based inference en-
gine to enable semantic interoperability and real-time,
context-aware clinical decision support. The complete
architecture of the proposed platform, named Reayah, is
illustrated in Figure 2 and consists of three primary com-
ponents: the actor side, the Reayah management unit, and
the database. The actor side encompasses all users of the
platform, including patients, doctors, and family mem-
bers. In addition, it is responsible for collecting data from
the Actors. The information that should be entered con-
tains all information about all users of the platform. For
instance, the patient possesses the following data: vital
signs, location, medical record, medical history, etc. On
the other hand, the doctor can view all the information
about his patients. Finally, the health provider manages all
the system’s users, hospitals, appointments, etc. So, this
side works as an acquisition operator that captures inputs
for the actors without regard to the data processing. The
core processing is handled by the Reayah management
unit, which is responsible for semantic inference
processing. It maps input data to ontology-consistent
individuals. It uses ontology rules alongside an inference
reasoner to deduce the correct notification. Based on the
patient’s information and context, the action manager
decides on the most appropriate alert (e.g., critical, me-
dium, low). Following this decision, the designated noti-
fication will be forwarded to the notification center.
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Figure 2 — Proposed Framework
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Data persistence is managed by a dual-part database,
which includes the Reayah database and the knowledge-
based database. The database contains all data of actors,
which in this context refers to patients and healthcare
providers. For instance, the actor’s data includes name,
age, date of birth, identity, file number, height, weight,
medical record, etc. The healthcare institution database
contains all the data of the institution, such as hospitals,
doctors, etc. In contrast, the knowledge-based ontology
contains predefined rules. SWRL is used to deduce in-
sights that are used within the platform.

This process can be formulated as a generalizable
computational method rather than a theoretical description
of the platform. In general, after a patient enters their
medical information C; such as [age, medical history,

health record, location, activity, and vital signs S;

through the Reayah app, the underlying function F trans-
forms the information into new assertions A, that are

integrated into the ontology in real time. The rule-based
inference engine in the ontology determines the estimated

health status Hy , risk score I, and notification zone Z,

f :(St,Ct)—>At, OZO_{t—l}U A{,
(H¢ ,z,) = £ (O,R), z, €{Green,Yellow,Red},

Zone mapping: z; =Red if
Y < <tR; Greenif r<1tY.

The proposed ontology is implemented in Web Ontol-
ogy Language (OWL 2), and the patient’s condition is
compared and inferred through the Pellet/Jena interpreter,
which uses the Semantic Web Rule Language (SWRL) to
infer the abnormal states and the current state of the pa-
tient.

Fig. 3 illustrates the workings of the Reayah platform.
After a patient submits their vital signs S;, the patient’s

context C; viathe mobile app then the A is determined.

The SWRL-enabled model evaluates the rules to infer
abnormal status and calculate a risk score (r;). The noti-

fication zone then assigned to one of three zones

r=1R; Yellow if

0
'

Enter health record
—Rule-based inference

./4 717 : :-\ e

Ciitical ) ( Nomnal ) | Low

Patient status ‘

Find the nearest
‘g\{es ’ hospital
i Send nofification |

Figure 3 — Activity diagram of Reayah platform
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(green/yellow/red) based on thresholds (tY,tR). The

knowledge base is continuously updated, and notifications
are sent to doctor and family members. In red cases, the

nearest hospital (H*) is determined

H” =arg_ming o d((¢_P.A_P),(¢_S,A_S)).

Therefore, the methodology adopted in this study is a
formal approach to remote patient monitoring, relying on
semantic web rules to give accurate conclusions. It
contributes to improving the efficiency, consistency, and
accuracy of medical decisions within the proposed
platform.  Furthermore, it utilizes context-aware
messaging to enhance and minimize errors in alerts. Alert
messages vary and depend on the patient’s condition.
They may be considered normal or emergency. All
information about patients, doctors, and the correct
medical decisions is stored in the proposed platform
database. The proposed platform supports many services.
It supports messaging services that generate alerts for the
patient, the doctor, and the patient’s kin automatically at
the time of an emergency by the server. Fig. 4 illustrates
the data that has been exchanged between the proposed
platform units during the platform’s operation. First of all,
the patient and doctor have to register on the server using
his/her own information, such as email, name, and
location. The following scenarios explain messaging
between patients and doctors in normal situations. For
example, the patient enters his daily vital signs as a
medical report and sends a consultation to a doctor. The
server sends a notification to the concerned doctor. The
doctor checks the medical report of the patient and the
patient’s medical history. After that, he sends medical
advice and the appropriate drug dosage to the patient.

On the other hand, we assume that the second patient
has an emergency. The patient’s blood pressure is high.
He enters his vital signs using the Reayah application.
Then the data will be analyzed and processed, and a
warning alert will be sent to a certain doctor and the
family of the patient. The doctor will decide the
appropriate medical procedure and send it to the patient.
The platform automatically sends medical advice and
alerts to the patient’s relatives.

f———————  a
Patient | o
', <Dy_D) =
erem—— S ——]
Health care representative
) —————————— <Dx D> <Mudheal adviee> < Medication done> ————
Uppdite: <Pasicnt_sefoo<Dy_inin >

Alert e
patiest kin

Figure 4 — Data flow of the proposed platform
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4 EXPERIMENTS

Remote patient monitoring improves treatment adher-
ence, a crucial aspect of patient care. These approaches
have mainly been applied to chronic health conditions.
Studies have shown that hospital treatment costs can be
significant. However, by delivering health services at
home, remote patient monitoring can help reduce time
and cost, as patients no longer need to travel to seek med-
ical attention, providing them with more comfort and less
inconvenience. This article focuses on exploring the con-
cept of remote patient monitoring, analyzing the associ-
ated systems, and highlighting the restrictions in the cur-
rent systems.

Fig. 5 offers a comprehensive overview of the classifi-
cation of systems based on specific diseases and the fea-
ture of communication between members of the clinical
team, patients, and their kin. In this representation, the
contact-based patient monitoring systems are represented
by blue-filled shapes. Consequently, Remote Patient
Monitoring (RPM) for pregnant patients, the Diabeo Sys-
tem, and a prototype for monitoring diabetes patients rep-
resent remote monitoring systems for diabetes. The Dia-
blo System involves contact-based monitoring, distin-
guishing it from the other systems in this category. On the
other hand, a Nelli hybrid system, a monitoring system
for epileptic patients using 10T, EEG@HOME, and the
RNS System, are examples of epilepsy disease remote
monitoring. The system for epileptic patients using loT
sends notifications to the patients, providing a unique
level of reassurance. Conversely, Leiden Headache Clinic

Classification of remote patient
monitoring systems
|

« RPM for pregnant patients [10]
| Diabetes || + Diabeo system [9] o .
disease + A prototype for moiitoring diabetes patents
[40]
« Nelli hybrid system [15]
|| Epilepsy + Monitoring system for epilepic patients
disease using JoT [14]
1« EEG@HOME16] |
|| Cardiovas- |
ctilarar [ » The RNS system [17] l
disease
et | « Leiden Headache Clinic E-diary [20] |
|| Covid-19 _‘ + RELAXaHEAD app [21] l
disease
+ Remote clinical monitoring of heart patients
[
Chronic o -
— ki dney [ + Amrita Spandanam [42]
digease ~| « ECG android application [25]
Faintingan | _| + Glucose monitoring platform [35]
- |°5-‘{ of || | = RPM for agitated patients [33]
“”“;::“‘5' + The CDSS system [34]
_ " « Remote pain monitoring 15)
L_| Cancer | |+ Color Me Healthy application|[36]
disease + Monitoring cancer patients remotely during
the COVIN. 101301

Figure 5 — Classification of remote patient monitoring systems
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E-diary, RELAXaHEAD app, and H-Diary are standard
systems for remote patient monitoring with Headache
disease. Notably, the H-Diary offers contact-free func-
tionalities compared to the other systems, which may in-
trigue and interest the audience.

Furthermore, remote clinical monitoring of heart pa-
tients, DSS, Amrita Spandanam, and ECG android appli-
cations represent remote patient monitoring for heart fail-
ure disease. Remote clinical monitoring of heart patients
and Amrita Spandanam are contact-based systems, distin-
guishing them from the other systems in this category.
Moreover, an early-warning system for remote monitor-
ing of COVID-19 patients and an electronic platform to
monitor COVID-19 patients are examples of remote pa-
tient monitoring of COVID-19 disease. The former oper-
ates as a contact-based system, while the latter functions
as a non-contact-based system. In addition, a self-
management mobile app for chronic kidney disease and
an emote dialysis monitoring system are examples of
RPM for chronic kidney disease. The former operates as a
contact-based system, while the latter functions as a non-
contact-based system. However, the glucose monitoring
platform, RPM for agitated patients, the CDSS system,
and remote pain monitoring are examples of RPM for
fainting and loss of consciousness. The RPM for agitated
patients and the CDSS system are contact-based systems,
distinguishing them from the other systems in this cate-
gory. Finally, the Color Me Healthy application monitors
cancer patients remotely during COVID-19, and the Ac-
tivity Monitoring application and the ASyMS application
are examples of RPM for cancer disease. Monitoring can-
cer patients remotely during COVID-19 is a contact-free
feature in contrast with other systems in this category.
Context-aware technologies in healthcare offer tangible
benefits that can be measured through the results of the
studies and systems discussed. Previous systems have
shown a reduction in hospital admissions for chronic pa-
tients by enabling alerts, adjusting treatment plans, and
adhering to medications remotely. Additionally, the sys-
tems discussed have shown a decrease in emergency room
visits due to timely interventions. This proves that sys-
tems can improve patient care by predicting and prevent-
ing health crises before they escalate.

5 RESULTS

Although technology has advanced over the years, the
systems mentioned have some significant areas for im-
provement. As a result, we seek to provide a platform for
remote patient monitoring, which includes context-aware
technologies. Context-aware applications are increasingly
being used in healthcare due to their potential to increase
efficiency by providing real-time information on patient’s
health conditions. Context-aware refers to systems that
can understand and interact with their physical and digital
context [15].

Additionally, our context-aware platform can alert
medical staff and patients of critical conditions (see
Fig. 6), providing a sense of reassurance and confidence.
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‘ Health Record Created @
Health Record Created Successfully

‘ Normal Temperature feze)
Normal temperature detected.

‘ Heart_rate Alert L 3
Abnormal heart rate detected!

‘ Normal Blood_pressure &=
Normal blood_pressure detected.
Normal Breath_rate &
Normal breath_rate detected.

Figure 6 — Reayah platform notifications

Our platform is designed to be context-aware of the
patient, focusing on determining the patient’s location,
health condition, physical activity, and more (see Fig. 7).

While using the app

only

Don't allow

Figure 7 — Determine the location of the patient and their health
status

It will use context-aware technology to deliver per-
sonalized notifications, analyze individual health data,
and send customized messages to patients, their families,
or healthcare providers based on specific parameters (see
Fig. 8). It is important to recognize that the platform can
modify care plans to meet the changing needs of patients,
which enhances confidence in our platform’s ability to
adapt.

Furthermore, the platform can identify the nearest
hospital to the patient by utilizing the patient’s location.
This feature helps ensure faster patient arrival, especially
in emergencies. It thus allows healthcare providers to in-
tervene proactively to save the patient’s life. Finally, the
contextual features of our platform significantly improve
remote consultations by providing doctors with real-time
data, enabling them to make more informed decisions.
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Name Patient User 1

Email user@app.com
Subject yes | have

Messaeges ans

Name family User
|Email family@app.com
Subject My father has low blood pressur

|Messaeges Important

Name doctor User
|Email doctor@app.com

Do you have blurred vision?if it is

Subject
ubjec severe,tell me

|Messaeges Immediate actions

Name Patient User 1

Email user@app.com

| have low blood pressure what is

ject
oz your advice

Messaeges Inquiry

Figure 8 — Communication between patient and doctor

In addition, deficiencies in communication between
patients and doctor were observed in some analyzed sys-
tems [17, 29, 31, 39], emphasizing the need to enhance
communication between these two parties. This ensures
that patients are informed about any developments in their
health condition and needs and are alerted in critical con-
ditions that require immediate attention. To enhance
alerts’ reliability, efficiency, and effectiveness and expand
them to include sending the patient’s family, we intend to
use context-aware messaging in alerts on our proposed
platform. The involvement of the patient’s family in the
messaging system is crucial for providing additional sup-
port and care, and it can be instrumental in mitigating
false notifications and increasing communication effi-
ciency between the medical staff and the patient’s family.

6 DISCUSSIONS

This paper has conducted a comprehensive analysis of
remote patient monitoring systems documented in current
literature, presenting a wide range of disease categories
covered by the existing systems. It specifically focuses
on the most common systems of these diseases: diabetes,
epilepsy, headache, cardiovascular and heart failure dis-
eases, COVID-19, chronic kidney failure, fainting and
unconsciousness, and cancer. After that, the researchers
proposed an ontology-based framework consisting of both
with-contact and contact-free features by developing a
remote monitoring system. In addition, the paper demon-
strated the data flow model and comprehensively ana-
lyzed the different systems presented by different re-
searchers in the literature. This analysis highlights the
significant potential of the evolving healthcare technology
field to greatly enhance patient care. The presented ge-
neric platform architecture is a pathway for the developers
to build a patient monitoring ontology-based system
based on context-aware category. Table 1 summarizes a
comparison between previous studies and the current
study. It illustrates the systems classified based on dis-
eases, the technology used, their structure, the method
used, limitations, and the communication-based system. It
demonstrates that the current study differs from previous
studies in that it relies on an ontology and semantic web
rules and is distinguished by its classification of alerts
into three zones. Furthermore, the researchers are excited
to design a platform for remote patient monitoring that
offers enhanced electronic healthcare services through the
use of telemedicine information systems (TMIS) and
cloud computing platforms. The plan, an ontology-based
system, will not only facilitate the semantic interoperabil-
ity of patient data but also leverage patient context to pro-
vide more efficient and effective patient care services.

Table 1 — Comparison between previous studies and the current study

Discase Architectu Contact-
System Tvpe Technology Used re of the Method used Limitations based
yp system system
Bluetooth Replaced the conventional
RPM for pregnant Diabetics | MyChart app, and 3-tiered m%ﬁfg}?:seﬁcr)gzth?:cgfse The scope of the study was No
patients [10] disease. Electronic Health - J 09 limited to pregnant women. '
Record with an Electronic Health
) Record
Mobile
. N application on . - .
Diabeo System [9] clj)_labetlcs Android and i0S 3-tiered. Machlne_ learning The accuracy rate is not Yes.
isease. platforms and a algorithms. available.
web portal.
A prototype for Clinical Decision Clinical Decision Support The architecture in this
prototyp Diabetics Support System, . Systems (CDSS) and study does not encompass
monitoring diabetes - 4-tiered. - No.
atients [40] disease. knowledge base, Electronic Health Records a real_ system qf remote
P and HER. (EHR). patient monitoring.
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Continuation of Table 1

Data were collected only
from one recording, and
Nelli hyfblré(]j system Epilepsy Video camera and 1-tiered Machine learning thfeztsudryoﬁzrgt]gtse;;ugggup No
disease. microphones. ’ techniques. . prone o '
Finally, patients with non-
motor seizures were not
evaluated.
Monitoring system Insufficient accuracy of the
for epileptic patients | Epilepsy MATLAB and . . sensors employed for Yes.
using loT disease. 10T devices. 1-tiered. Fuzzy logic. identifying epileptic
[14] seizures.
Wearable sensor ANT Neurowas is used to
device, EEG record EEG, self-report
Epilepsy recording, and " self-reporting sensors, and Fewer number of
EEG@HOME [16] disease. mobile app (Seer 2-tiered. the app collects data participants. No.
app; Seer related to seizing
Medical). occurrence app.
The physician utilizes a
tablet to configure
Tablet Patient detection and stimulation
The RNS System E_pllepsy Data Management 3-tiered. settings, as well as access Lack of security. No.
[17] disease. System (PDMS) and review data from the
Y ' neurostimulator. The data
monitor for the patient’s
home.
. s A web-based survey was There is an absence of a
Lglglen He_adache Headache Electronic diary 1-tiered. sent to the patient through reliable method to assess Yes.
Clinic E-diary[20] disease. and tablet. - -
email. patient acceptance.
RELAXaHEAD Self-reported specific The limited sample size
RELAXaHEAD app | Headache app, electronic 1-tiered details about patients’ and absence of a reliable Yes
[21] disease. diary, and ’ headaches, sleep-related method to assess patient '
smartphone. questions, and medications acceptance.
Web server The patient enters data
; through daily diaries that The absence of a
: Headache Oracle, JAVA, . - : : -
H-Diary [22] - . 3-tiered. contain a questionnaire mechanism to assess No.
disease. PHPS, JavaScript, consisting of yes and no atient acceptance
HTML, and CSS. gory P ptance.
questions.
alg:nqgll/e?rs Scheduled and
- . P ' unscheduled in-person The limited sample size
Remote clinical Cardiova implantable interrogation before and the absence of a
monitoring of heart | scular cardiac 1-tiered. : 9 . Yes.
. - L discharge and remote mechanism to assess the
patients [41] disease. defibrillators, and - - i - >
- interrogation post- utility of interrogations.
follow-up device discharae
care. 9
. Deep neural The database was split into
D.SS for re_mo?e Cardiova network models . three sets: train, validation, | The capacity for the model
patient monitoring | scular and the rule-based L-tiered. and test, with a distribution was reduced No
of heart disease [2] | disease. . - '
model. ratio of 4:1:1.
Sensors collect data and
then analyze it. The
10T devices, Wi- severity is measured using
Amrita Spandanam Cardiova Fi and cellular Consensus Abnormality
P scular data, mobile 5-tiered. Motif technology and other The limited sample size. Yes.
[42] ; .
disease. phones, and the algorithms, and the results
Cloud. are sent to the medical
team to take the correct
action.
The app leverages
microcontroller
ECG android Cardiova SQL‘%TgtOOth‘ tECh.HOIO?y’ s_|gr;]nal f h
application [25] scular . 3- tiered processing algorithms for The app was run on No
disease Microcontroller, ' ECG wave analysis, and Android only. '
' MATLAB. communication protocols
to ensure secure and
private data transfer.

© Mafraq H. I., Almagrabi A. O., Almagrabi H., 2026
DOI 10.15588/1607-3274-2026-1-15

184

OPEN a ACCESS




p-ISSN 1607-3274 PanioenexTpoHnika, indpopmaTrka, ynpasminas. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

Continuation of Table 1

and Protégé

the semantic web rules,
and medical advice is sent.

An early-warning SQL and NoSQL,
system for remote COVID- data mining. Data acquired from sensors | The accuracy of the sensor
monitoring of 19 Machine learning 3- tiered. are analyzed on cloud data was not examined. Yes.
COVID-19 patients | disease. models and Servers.
[28] blockchain.
An electronic Cooza simulator, The collected data was
. COVID- 10T, artificial analyzed using CAF and
pcl:aérlc;&?wlgo ?tci)grxttcs)r 19 intelligence 3- tiered. KMCCA methods. It was The mOSELPeSdS more No.
[295] disease. techniques, and then classified using SVM 9y-
Wi-Fi. and KNN.
Patient self-management,
Self-management Chronic recommendations for
mobile app for Kidney NVivo software 1-tiered. adherence to medication The limited sample size. Yes.
chronic kidney disease and smartphones. regimens, avoidance of
disease [32] ' further nephrotoxic insults,
and maintenance of diet.
Video camera,
Remote dialysis Chronic monitor,
monitoring system kidney microphone, and 1-tiered. Home dialysis network. The limited sample size. No.
[31] disease. technology
communication.
. . Observed a detailed view
g:énltézg Clgr']?;ﬁ[ﬂ}s of each patient’s glucose
Glucose Monitoring - . evolution and other met- - .
of glucose monitor 1-tiered. . . The limited sample size. No.
Platform [35] conscious devices and rics, automatically up-
loaded daily to the plat-
ness Bluetooth. form
Fainting . . . .
. Microsoft Kinect, Designed a detection
RPM _for agitated and loss computer . system to identify the The accuracy of the sensor
patients [33] of - 1-tiered. . S - Yes.
CONSCIOUS game graphics, position of the patient in data was not examined.
ness and IBM SPSS. three-dimensional space.
gr?:jnlttl)zg The system utilizes fuzzy There is an absence of a
The CDSS system of LabVIEW and 3- tiered. rules for modeling and mechanism to te,st and Yes.
[34] - MATLAB. - - assess the system’s accu-
conscious simulation. rac
ness. Y
zsénlt(')rs]g Sensing devices, This device utilizes a facial
Remote pain of Wi-Fi, cloud 4- tiered surface electromyogram The accuracy of the sensor No
monitoring [15] conscious | SErver computer, ' (SEMG) to monitor a pa- data was not examined. '
ness or a smart device tient’s pain intensity.
(;arrlliec—;?(s;d Self-report, a checklist of
Color Me Healthy Cancer Javg%cri t aﬁ d 1-tiered general symptoms, and The accuracy of the sensor Yes
application [36] disease. tablgt’ ’ children express their pain data was not examined. '
’ experiences.
Cellular-enabled
Monitoring cancer tabll_(?%Fg:rlgeo Patients measure their vital | The system is implemented
patients remotely Cancer Solutions 1-tiered signs regularly; this data is for a small number of No
during the COVID- | disease. software ’ integrated with electronic patients in one healthcare
19 [39] Bluetooth-enabled health records. system.
devices
The limited sample size
Activity Monitorin Cancer G;g(artspgorﬂfm The patient is at home and the absence of a
a Ii)éation [37] Y disease SIM)::ard the ! 1-tiered. filling out a daily symptom mechanism to test and Yes.
PP ' - questionnaire. assess the acceptance of
bracelet Everion, wearable devices
Electronic symptom .
The ASyMS . . questionnaires to assess the There s an absence of a
S Cancer Android mobile . - mechanism to test and
application [38] di 1-tiered. presence, severity, and Yes.
isease. phone - . assess the acceptance of
distress levels associated U
’ ) the application.
with various symptoms.
The patient enters his vital
Current study General Flutter, Laravel 1-tiered. data daily, compared with The limited sample size. Yes

© Mafraq H. I., Almagrabi A. O., Almagrabi H., 2026

DOI 10.15588/1607-3274-2026-1-15

OPEN a ACCESS




p-ISSN 1607-3274 PanioenexTpoHnika, indpopmaTrka, ynpasminas. 2026. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 1

CONCLUSIONS

This study provides a detailed review of several re-
mote patient monitoring (RPM) systems, focusing on
common diseases such as diabetes, epilepsy, cardiovascu-
lar disease, chronic kidney disease, and cancer. The anal-
ysis highlights significant differences in technological
approaches and identifies critical limitations, including
issues of semantic consistency and contextual awareness.

The scientific novelty of the study is that researchers
propose an innovative ontology-based framework for re-
mote patient monitoring systems, integrating contact-
based monitoring methods. This framework utilizes on-
tology, semantic web rules, and cloud computing to en-
able the delivery of scalable and efficient healthcare ser-
vices.

The practical significance of the findings demon-
strates the potential of a context-aware and semantically
enriching platform to revolutionize telehealth services. By
facilitating alignment and intelligent decision-making, the
proposed system lays the foundation for remote patient
monitoring. A data flow model is included to illustrate
how patient context is integrated into context-aware mes-
saging processes for monitoring patient health status. The
practical significance of this research lies in its real-world
applicability, providing developers and systems engineers
with a clear blueprint for designing intelligent and adap-
tive remote patient monitoring platforms. This framework
paves the way for improved patient care and reduced hos-
pital visits.

Prospects for further research are focuses on im-
plementing the proposed system in diverse healthcare
settings and larger areas to assess its user acceptance. The
study also calls for continued research in the fields of
ontology engineering and remote monitoring.
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AHOTALISA

AKTyaabHicTh. [lucranuiiiauii MoniTopuHr namientis (RPM) Bigirpae kito4oBy poss y TpaHchopMaliii 0OXOpOHH 3/10pOB’sl, 3a-
Oesmeuyroun Oe3nepepBHE BiICTEKEHHS 3I0POB’S B PEXKHUMI PEaTbHOTO Yacy 1M03a MEeXaMy TPAAUIIHHNX KIHIYHUX cepepoBuml. Sk
HapDKHAN KaMiHb OUPPOBUX MeANYHUX NociyT, RPM cripusie mpoakTHBHUM Ta MPOQiIaKTHYHUM ITiIX01aM [0 JAOTIIAIY.

Meta po6otn. Ll crarTst Mae Ha MeTi mocmiguti KoHuenmiro RPM, neperisiHyTH iCHyIOUi CHCTEMH Ta 3alpOIOHYBAaTH HOBY
apxXiTeKTypy IaTGopMH JUIs MiABUIICHHS e(heKTUBHOCTI, JOCTYITHOCTI Ta SIKOCTI HAJIAHHS MEIUYHOI JOTIOMOTH.

Meton. BUkopuCTOBYIOUH SKICHHI aHATITHYHAN METOJ, JOCTIKCHHS po3risaae cuctemMu RPM, aganToBaHi 10 KOHKPETHUX
yMoB. BoHoO Kiacuikye 1i cucremMu 3a pexxuMoM poOOTH, KOHTAKTHUM 4M OE3KOHTAKTHHM, Ta OLIHIOE IXHI TEXHOJIOTIi, apXiTeKTypH
Ta NpONOHOBaHi nocayru. Kpim Toro, BOHO mpecTaBisie 3aporoHOBaHy oHTONOruHy mwiatdpopmy RPM, 110 Britouae MipKyBaHHS
Ha OCHOBI MMPaBIJI ISl IOCHJICHHS IPUAHATTS KJIIHIYHUX PillCHb.

PesysabTaTu. AHaniz oxomoe 3acrocyBanHs RPM mns takux ctaHiB, sk miabeT, emisencis, ToJOBHUMA 01k, cepLeBO-CYANHHL
3aXBOPIOBaHHS, cepueBa HepoctaTHicTh, COVID-19, xpoHiuHa xBopoOa HHUPOK, pak Ta HENPUTOMHICTh. BiH BH3Hauae CHIBHI Ta
HEJIONIKH ICHYIOUMX CHCTEM Ta ILIIOCTPYE, SIK 3alpOIIOHOBAHA apXiTEKTypa BHpINIye Hi MpoOJIeMH, HaJaloud IepCOHalIi30BaHi,
MacmtaboBaHi Ta e(heKTHBHI PIlIEHHS [UIST MOHITOPHHTY.

BucnoBku. JlocnijukeHHsT MiAKpecioe 3pocTarody BaximBicTe RPM B 0xopoHi 3m0poB’s Ta HpencTaBisie iHHOBALiHHY,
OHTOJIOTIYHO OPiEHTOBaHy ILIaT(GOPMY Uil HOKPAIEHHs HaIaHHS MOCIYT Ta pe3yJIbTaTiB JIiIKyBaHHS HanieHTiB. [loganbrui 3ycriis
OyIyTh 30cepemKeHi Ha KiTiHIuHINA Baigauii Ta ouiHui eeKTHBHOCTI B peanbHuX yMoBax. L{s poboTa Hagae wiHHy iHbOpMaio s
MEJUYHUX MPAL[iBHUKIB, PO3POOHUKIB Ta MOJIITHKIB, IKi BIOCKOHAIIOIOTh PILlIEHHS ISl TUCTAHI[IMHOT JOOMOTH.

KJIFOYOBI CJIOBA: 6iomennuHa TexeMeTpis, XBopoOH, GppedMBOPK, MeIu4HI iHGOpPMALiiiHI CHCTEMH, TeIeMeIUIMHA.
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ABSTRACT

Context. Biometric data is a common option for authentication or identification. However, it is vulnerable and not replaceable in
case of stealing. Several methods for constructing protected biometric templates are proposed in literature, one of them is biohashing.
However, linearity of biohashing may be a vulnerability. MLP-hash is similar, but adds nonlinearity. It is modified in this work.

Obijective. The goal of this work is to develop a modification of MLP-hash which is faster and allows better separation of users
by their templates.

Method. This work focuses on modifying MLP-hash, a biohashing variation with nonlinear transformations. One of the proposed
changes is the usage of normalization before applying nonlinear transformation in each layer of MLP-hash. Different normalization
methods are investigated and compared. The other proposed change is the simplification of the pseudorandom matrices used in each
layer of MLP-hash. Each such matrix is replaced by a block matrix in which blocks that are laying on the diagonal are orthonormal
matrices and all other blocks are filled with zeros. Each nonzero block is generated from the user’s secret token. In order to make the
effect of each nonzero block less localized, a pseudorandom permutation is added before each matrix multiplication and also after all
layers. Pseudorandom permutations are also generated with the user’s secret token as seed. The proposed method can be used in a
similar way to how original MLP-hash and biohashing methods are used: it takes the user’s secret token and biometric vector of fixed
length and outputs a binary vector of fixed length with the same or smaller dimensionality. MLP-hash with block matrices is
compared to the original while applying different normalization techniques and different nonlinear transformations.

Results. The proposed modifications, original MLP-hash and biohashing have been implemented in code. Speed and accuracy of
user separation with the usage of these methods have been compared on feature vectors extracted from fingerprints with the usage of
Gabor filters.

Conclusions. The conducted experiments have shown an increase of speed and ability to separate user templates from the
substitution of proposed block matrices and an increase of ability to separate user templates from the usage of normalization.
Comparison of different normalizations and nonlinear transformation has also been conducted. The practical usefulness of the
developed method is that it is faster and can be used in applications when users expect no delays while still being difficult to invert.
The prospects for further research include testing this method with other biometric modalities, other nonlinear transformations and
normalization techniques and an analysis of inversion difficulty of the developed method in comparison to MLP-hash and
biohashing.

KEYWORDS: hiometrics, biometric template, biometric template protection, one-way transformation, biohashing, elliptic curve
cryptography, finite fields.

ABBREVIATIONS Fi o(x,y) is a value of pixel at position (x, y) of i-th
AAD is an average absolute deviation; region of ROI tiling after applying Gabor filter with angle
EER is an equal error rate; 0;

FAR is a false acceptance rate; F. is a Sobel filter for estimating gradient along x-

FRR is a false rejection rate; axis;
MLP is a multilayer perceptron; F, is a Sobel filter for estimating gradient along x-
RNG is a random number generator; axis;

ROI is a region of interest. f() is a nonlinear transformation;
feustom() 1S @ custom nonlinear transformation defined

NOMENCLATURE in this work;

B is a pseudorandom orthonormal matrix used in
biohashing;

Bpiocki IS an i-th diagonal block of block matrix B;

B; is a pseudorandom orthonormal matrix of i-th layer
of MLP-hash or its modifications;

b is a number of nonzero blocks;

b is a binary vector resulting from the usage of
biohashing, MLP-hash or its modifications;

b; is an i-th element of b;

Diayer i is @ number of nonzero blocks in i-th layer;
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G is a Gabor filter;

Gy is a gradient estimation along x-axis;

G, is a gradient estimation gradient along y-axis;

H(a, b) is a hamming distance between binary vectors
a, b;

| is an amount of layers of MLP-hash or its
modification;

M(i, j) is a gradient magnitude at position (i, j);

m is a dimensionality of an output of biohashing or its

modifications;
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m; is a dimensionality of an output of i-th layer of
MLP-hash or its modifications;

Ns, is a number of false acceptances;

Ny is @ number of false rejections;

N is @ number of correct authentications;

N¢ is @ number of correct rejections;

n is a dimensionality of biometrics feature vector;

n. is a number of circles breaking the ROI;

ng is a number of directions breaking the ROI;

ng is a number of Gabor filters used;

n; is a number of pixels in the i-th region of ROI tiling;

Ny is a number of pseudorandom projections in one
layer;

nt is a number of threshold values for FRR and FAR
calculations;

O() is a worst-case algorithm complexity;

P(i, j) is a Poincare index at position (i, j);

P; is a pseudorandom permutation used in i-th layer;

Pi1 is a pseudorandom permutation used before
projection of i-th layer;

Pi» is a pseudorandom permutation used after
projection of i-th layer;

Pi.¢ is an average of pixel values in the i-th region of
ROl tiling after applying Gabor filter with angle 6;

pi is a number of pseudorandom projections used in
parallel in i-th layer;

R is the set of all real numbers;

linner 1S @ radius of an innermost circle in RO,

rroi is a radius of ROI;

S(a, b) is a cosine similarity of vectors a, b;

T is a threshold of a classifier;

tis a secret token;

Vi is an AAD in the i-th region of ROI tiling after
applying Gabor filter with angle 6;

Vi(i, J),vy(i, J) — components of an orientation field;

w is a window size of an orientation field;

X is a biometric feature vector;

y is a result of applying pseudorandom projection to
feature vector;

yi is an output of i-th layer of MLP-hash or its
modification;

Yiblock j 1S & part of vector y; corresponding to the j-th
block;

v is an eccentricity of a Gabor filter;

A(i, j) is a k-th orientation difference at position (i, j)

. T T
restricted by range | ——, — | ;
y rang ( > 2}

81 (i, 1) is a k-th orientation difference at position
@i,

0 is an angle of a Gabor filter;

0(i, j) is an orientation at position (i, j);

0(i, J) is an orientation at k-th neighbour of position
(W)E

A is a wavelength of a Gabor filter;

L is a standard deviation of elements within x;

o is a standard deviation of a Gabor filter;

oy IS a standard deviation of elements within x;

T is a binarization threshold;
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v is a phase shift of a Gabor filter.

INTRODUCTION

Authentication and identification based on biometric
data has widespread usage, including device access
control, biometric ID-cards, area access control etc.
During the process of identification or authentication two
biometric templates formed from features of users’
biometric data are compared to decide if they belong to
the same person. Because biometric samples of the same
person slightly vary this comparison is not a full match
but rather similarity calculation.

Biometric data is private and its usage and protection
is heavily regulated by laws. Biometric templates are
usually constructed from the most prominent features,
which means that its privacy is also required. There are
different methods of biometric template protection, which
transform biometric data in a way that prevents inversion
but turns similar biometric templates into similar
protected templates.

The object of study is the process of biometric
template protection.

The process of biometric template protection
transforms biometric features to a representation that
conceals them while allowing user identification or
authentication by measuring similarity between templates.
This process should be constructed with regard to
variations in biometric samples.

The subject of study is biohashing, a biometric
template protection method based on pseudorandom
projections and modifications of this method.

This work focuses on a modification of biohashing
called MLP-hash, which adds nonlinear transformations
to make it harder to invert.

The purpose of the work is to increase the speed of
MLP-hash and to increase accuracy of user separation by
classifiers based on protected templates generated by it.

1 PROBLEM STATEMENT

Required properties of biometric template protection
methods include [1]:

1) non-reversibility: it should not be possible to get
original biometric data from protected template;

2) accuracy: biometric system should not
accuracy from the transformation used for protection;

3) diversity: users should be able to create different
templates that are not linkable;

4) revocability: ability to replace template in case it
gets stolen.

This work focuses on modifying a biometric template
protection method based on biohashing [2]. The resulting
method must have all properties listed above, and should
be usable in the same way as biohashing: taking as input

biometric feature vector x € R" and secret token t and
producing b e {0, 1}™, m < n. Besides that the developed
modification must be faster than the original MLP-hash.
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2 REVIEW OF THE LITERATURE

There are several biometric template protection
methods described in literature. These include projection-
based methods like biohashing [2], bloom filters [3],
index-of-max hashing [4] etc. These methods apply one-
way transformation to biometric features to conceal them.

Biohashing is based on pseudorandom projection.
This projection depends on the user’s secret token t.

Algorithm 1 — Biohashing

Input: x € R",t

Output: be {0, 1}"

1. Generate pseudorandom matrix B using t as seed

2. Apply Gram-Schmidt process to B

3.y«—B-x

4. fori=1tomdo

4.1.ify;<tthenb; <0
4.2.¢else bj«—1
4.3. end if

5. end for

6. return b

Several improvements to base
proposed in [5]. These include:

1) normalization of feature vectors before applying
biohashing;

2) usage of several projection spaces to increase result
dimensionality;

3) usage of several feature permutations to increase
result dimensionality.

Binarization and dimension reduction of the feature
vector after projection make this process a one-way
transformation. However, some authors raise concerns
about the linear nature of this transformation saying that
this transformation may be partially reversed. In [6] there
is a demonstration of reversal for projection-based
methods. Although results are demonstrated for lower
dimensions than those usually used in practice, this
demonstration shows that linear nature is in fact a
vulnerability of projection-based methods.

Although biohashing creates a protected template that
does not fully reveal original biometric in case of being
stolen, the created template should still be stored and
transmitted securely and should be renewed immediately
upon a suspicion of being compromised, else an attacker
may use it for impersonation and unauthorized access
may be gained. While being sent through an unsafe
communication channel this template may be additionally
encrypted with the use of a symmetric cipher such as AES
or an asymmetric one, for example with the use of elliptic
curve cryptography.

MLP-hash [7] is a modification of biohashing which
adds nonlinear transformations to it. It contains |
pseudorandom projections using matrices B; of
sizem; X mj_1, Mg=n, m=m.

Algorithm 2 — MLP-hash

Input: x € R", t

Output: b € {0, 1}"

lyg—X

2. fori=1toldo
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2.1. Generate pseudorandom matrix B; using t as
seed
2.2. Apply Gram-Schmidt process to B;
2.3. Vi — f(B, “Yi- 1)
3. end for
4. fori=1tomdo
4.1. if Vi<t then bj«< 0
42 ¢else bj«—1
4.3.end if
5. end for
6. return b
Nonlinear transformation makes it more difficult to
invert a protected template, especially when this
transformation is a many-to-one function, which is in
general irreversible. In [7], a ReLU (1) is used as a

nonlinear transformation, which is a many-to-one
function.
ReLU(x) = 0if x<0; L
| xif x>0. @)

3 MATERIALS AND METHODS

One of the proposed modifications of MLP-hash is the
generalization of improvement proposed in [5], namely,
the usage of normalization, for the multilayer structure of
MLP-hash by applying normalization before each
nonlinear transformation. Experimental results from [5]
show that usage of normalization before biohashing
improves EER in comparison to base biohashing,
therefore it is expected that the usage of normalization in
MLP-hash will also improve EER in comparison to base
MLP-hash, however, the conclusion can only be driven
from experimental evidence. Different normalization
methods are tried:

1) normalization by range of values (so that all
elements of a normalized vector are within the range

[-1,1]):

X— min X;
i=1,...,n
2- T -1;
max Xj — min X;
i=1,..,n i=1,...,n

2) l,-normalization (so that the length of a normalized
vector equals 1):

x
i

3) statistical normalization (so that mean of elements
in wvector is 0 and standard deviation is 1):

X~y

Ox

where , is the mean of elements of x and oy is the
standard deviation of elements in Xx. It should be noted
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that u and o are calculated for elements within one vector,
not across vectors, so this normalization should be viewed
as a soft normalization by range that fits most but not all
elements into range [ 1, 1] rather than a statistical tool.
Another proposed modification is the simplification of
pseudorandom matrices used in MLP-hash layers by
replacing them with block matrices of the following form:

Bi, block 1 0 0
0 B; 0
Bi _ ) i, block 2 . . ,
0 0 Bi, block b

where B; piockj IS @ pseudorandom orthonormal matrix of
size Lx&
bIayeri
that both m; and m;_; must be divisible by bjaye i. If this
modification is intended to be used with layer sizes not
divisible by block number, it should be extended to work
with blocks of different sizes or with intersecting blocks.
Whole matrix B; is also orthonormal: scalar product of
rows intersecting the same block is 0 because extending
block rows by zeros does not change it, scalar product of
rows intersecting different blocks is 0 because there is no
position at which both vectors contain nonzero element,
and the norm of each row is still 1, since it is only
affected by nonzero elements which are contained in
diagonal blocks and these blocks are orthonormal. Thus
simplified matrix still defines a pseudorandom projection.
It can be thought of as breaking a feature vector into
smaller vectors and projecting each using nonzero blocks.
The values in a biometric feature vector may be
correlated, often this correlation is stronger in nearby
positions. This means that even projected fragments of
vector may form patterns similar to those in the original.
In order to break locality of nonzero blocks a
pseudorandom permutation is introduced. Although such
permutations can be inserted before and after each
projection in a multilayer structure, forming layers of the
following structure:

, Mg =n, m =m. It should be noted
bIayeri

Yi =f(Pi, 2-Bi-Pi1-Yi-1),

some of them are redundant if nonlinear transformation
can be defined as applying a function to each element of
vector that depends only on selected element and an
unordered collection of other elements (examples include
just applying any nonlinear function element-wise,
normalization by methods listed above or a combination
of the two), since permutation that happens before such
transformation can be brought outside and can be
combined with next layers first permutation:
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Pirg1-f(Pi2-Bi-Pi1-Yi1)=
=Pii11°Pi2-f(Bi-Pi1-Yia)=
= Pi.1, combined  F(Bi *Pi,1-Yi-1),

therefore only one of the two permutations is necessary
for each layer except the last, after which a pseudorandom
permutation is used. Layer structure is then defined as
follows:

Yi =f(Bi -Pi-yi-1).

Note that although a pseudorandom permutation is
represented here as matrix multiplication for shorter
notation, it does not need to be a matrix multiplication in
an actual implementation.

Multiplying matrix of size m x n by vector of size n
consists of m x n products and m x (n — 1) sums, so it has
time complexity O(mn). In comparison, multiplication of
the simplified matrix of size m x n with b blocks (where
m and n are divisible by b) by vector of size n can be
decomposed into b multiplications of matrix of size

%x% by vector of size % which means that it has time

complexity O(%) . Random permutation in a collection

of size n requires at most n copying operations and has a
time complexity of O(n). Therefore, a modified projection

has a time complexity of O(%+ n]. To generate an

orthonormal matrix of size m x n, m x n random numbers
need to be generated and then Gram-Schmidt process
needs to be applied. Gram-Schmidt process for matrix of
size m x n consists of subtracting projections of rows on
rows above them. For a k-th row, k — 1 projections must
be calculated, each consisting of a dot product of vectors
of size n (consisting of n multiplications and n—1
additions) and of product of resulting scalar and vector of
size n (n multiplications). Subtraction of a projection
consists of n operations. To make the resulting matrix
orthonormal, each row is normalized after subtracting
projections (n multiplications and n — 1 additions and one
square root computation). Therefore, applying Gram-
Schmidt process to matrix of size m x n requires

i((k -1(4n-1)+2n) =

k=1

- _m(mz—l) (4n-1)+2mn

arithmetic operations and therefore has a time complexity
O(m?n), ignoring the difference between addition,
subtraction and multiplication. For a simplified matrix

with b blocks only % numbers must be generated, and
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Gram-Schmidt process on one matrix of size %x% has

2
O{m—an time complexity. Generation of a random
b

permutation has O(n) time complexity. In summary,
generation and usage of the original pseudorandom
projection has time complexity O(m“n), while generation
and usage of simplified projection has time complexity

The simplification of matrices reduces not only time
complexity of the method, but also space complexity. The
projection matrix of size m x n requires storage for mn
floating-point numbers. Gram-Schmidt process (if it is
done in-place) requires additional storage for n numbers
for projections it creates (at most one projection needs to
be stored at the same time) plus a constant amount of
numerical variables. Multiplying matrix of size m x n by
vector of size n produces vector of size n. For a modified

mn .
method, only Y numbers are required to represent a
projection matrix and Gram-Schmidt process needs to
n .
store only b plus a constant amount of number variables

at once. A pseudorandom permutation of a vector of size
n used in modified layers requires O(nlnn) storage space
(considering that each number stored must be an index of
an array of size n). In summary, while generation and
usage of pseudorandom projection with projection matrix
of size m x n has space complexity O(mn), generation and
usage of simplified projection has space complexity

O(?+m+nlnnj.

It should be taken into consideration that while
proposed modification of projection matrices significantly
reduces computational complexity, it also makes the
process easier to partially invert, which should be taken
into consideration while choosing the value of parameter
b.

A method combining both of the proposed
modifications is defined by the following algorithm.

Algorithm 3 — Modified MLP-hash

Input: x € R",t
Output: b € {0, 1}"
1. yg—X
2. fori=1toldo
2.1. Initialize y;
2.2. Apply a pseudorandom permutation to y; _;
with seed t
2.3.for j = 10 Dyayeri do
2.3.1. Generate pseudorandom matrix B; piockj
using t as seed
2.3.2. Apply Gram-Schmidt process to B;, piock j
233. Yi, block j <= Bi, block j * Yi— 1, block j
2.4. end for
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2.5. normalize y;

2.6.yi =f(y)
3. end for
4. Apply a pseudorandom permutation to y, with

RNG seed t
5. fori=1tomdo
5.1.if Vi<t then b; < 0
5.2.¢else bj«—1
5.3.end if
6. end for
7.return b
The proposed modification is tested with several
different nonlinear transformations, including RelU,
Leaky RelLU, tanh and a custom function with sine
component (2), which is denoted as fgsom in this work.

if x<O0;

LeakyReLU(x) = &
y Clx if x>0,

X —X

eX—e
tanh(x) = = —%
X +e7 ¥

feustom (X) =ax+Db| x|sinx. )

An additional modification is added to MLP-hash as a
generalization of spaces augmentation from [5], which
increases dimensionality of biohashing results by using
several projection spaces for one input vector and
concatenating projected vectors. In this work this
principle is used for each layer by replacing layer
matrices of size m; x m;_; with p; orthonormal matrices of
size m;xm;_4p;—; (note that dimensionality of y;_;
increases as well), multiplying y; - by each of them and
concatenating results into vector of size m; x p;. Note that
with this modification being implemented spaces
augmentation can still be removed from some layers if
unnecessary by just setting the corresponding p; to 1.This
modification can also be extended to simplified
projections proposed in this work by generating bip;

blocks of size i x Mi-1Pi.

i i
of bj, multiplying each yi 1 biockj DY Pi OF these blocks and
concatenating resulting vectors. In this work this
modification is used only to increase layer sizes for
computational speed testing.

per each layer matrix instead

4 EXPERIMENTS

The developed method is tested on feature vectors
extracted from fingerprint images from the FVC2000
dataset [8]. This dataset contains fingerprints of 10
people, 8 images per fingerprint. These images are
grayscale with brightness in range [0,255] and have
300x300 pixels.

Feature vectors are extracted from fingerprint images
using a bank of Gabor filters by method similar to the one
proposed in [9].

First of all, a pivot point is chosen. In this work it is a
singularity point. Singularity point detection is based on
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an orientation field [10], which indicates ridge directions.
Before the orientation field computation image is blurred
using a Gaussian filter to reduce the effect of noise. Then,
image gradient is estimated using Sobel filters [11] of the
following form:

101 1 2 1
Fr=[-2 02 F=[0 0 0]
101 -1 -2 -1

producing gradient estimations G, and G, along the x and
y axes respectively. These are used for computing
components of orientation field within non-overlapping
windows of size w x w:

iw+w—1 jw+w-1

vx(,D)=2 2 2 GxuVv)-Gyuv),

usiw - v=jw

iw+w-1 jw+w-1

vy i)=Y Y (Gxuv)?-Gyuv)?).

usiw  v=jw

These components are then blurred using a Gaussian filter
and then orientation is computed as:

x(.0) )
Another value computed from image gradient is the
gradient magnitude:

oG, j) = > arctan[

iw+w—1 jw+w-1
MG, j)= > > (Gy uv)? +G (uv))

usiw  v=jw

It can be used as an estimation of image quality.

Singular points are detected with the use of Poincare
index calculated on orientation field. To get its value at
some position, 8 positions around it are numbered
counterclockwise as 0(i, ), kK = 1, 2, ..., 8. Differences
between them are calculated as
Ok(i, J) = Bk« a(i, J) — (i, j) for k=1,..7,
3g(i, j) = 04(i, j) — 0g(i, J), and changed to choose the
smaller angle between directions (since directions of
fingerprint ridges are ambiguous and may be changed by
+  without changing their meaning):

i) i 18, j)|<§;
Ay (i, §) = ym+ 3, (i, §) i aunng_g;
-3y (i, j) otherwise.
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Poincare index is computed from these differences as:

o1&
P(. ) =2 2 A (. ).
k=1
For closed curves (and closed 8-connected

neighbourhood) Poincare index takes one of these values:
1 1
-, 0, -,
2 2
to singularity points.

If several singularity points are detected, the pivot
point is determined by their average, weighted by gradient
magnitude, so that singular points detected in regions with
worse quality (which have a higher chance of being
wrong) contribute less to the resulting point. If no singular
points are detected, the image is discarded.

After the pivot point is chosen, a region of interest is
selected. In this work ROI is similar to that from [9] and
is bounded by circle of radius rro, centered at the pivot
point and separated into sectors by n. concentric circles
"'Ro1 ~ finner

n.-1
(region bound by rier is not used because it is highly
sensitive to changes in pivot position) and by nq directions

defined by angles 0, 2—“ M

Ng Ng

into (n. — 1)ng ring sectors in total.
Gabor filters are matrix filters and they are used to
extract texture features from images. Filters used in this
work are the real parts of Gabor filters and have the form:

1, with values different from 0 corresponding

having  radiuses

Finner» Finner y - TROI

, partitioning ROI

2,22 ,
G(x,¥;1,0,0,7,y) = exp| — X +Y2y COS[an +Wj7
26 A

where Xx'=xcos0+ ysin6, y'=-xsin6+ycos6. In this

work, y=1 (so that gaussian component is radially

symmetric), y =0 (so that cosine wave peaks at line

crossing the filter center), o =5 (chosen empirically),

A=10 (chosen empirically to roughly match waves

formed by ridges) and 6 takes nq different values to form a

o Mg
Ng Ng

Gabor filter bank:

Before Gabor filters are applied an image is
normalized so that the mean pixel value is 0 and standard
deviation is 1. Then, filters are applied one at a time. For
each filter direction 6 and each ring sector of ROI an
average absolute deviation from mean is calculated as:

Vle—

[Z‘Fl o (X, Y) R, e‘}
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AAD is considered O if the sector is located outside of
image. The feature vector of a fingerprint consists of these
AAD values and have length (n; — 1)ngng.

In this work, n.=5, ng=8 and ny= 8, therefore the
feature vector has length 256.

MLP-hash with normalizations and MLP-hash with
both normalizations and simplified projection matrices are
implemented and tested with different normalization
methods (min-max, |,, statistical and without
normalization) and different nonlinear transformations
(ReLU, leaky ReLU, tanh, fom). Original MLP-hash is
implicitly included as MLP-hash without normalization,
without matrix simplification and with ReLU. For
comparison, original biohashing is also implemented.

All biohashing variations are tested with a classifier
based on Hamming distance. Hamming distance H(a, b)
is the amount of differing elements. Classifier is built
such that if H(a, b) < T, where T is a threshold, a and b
are considered as those from the same user, else they are
considered coming from different users. To see how much
distinction between templates is lost from the data
transformation, another classifier based on cosine
similarity S is implemented.

Sab)=—2P
lal-Ib]

If S(a,b)>T, where T is a threshold, vectors a, b are
considered belonging to the same user, else — to different.
This classifier is used with unprotected feature vectors.
The metrics being used in this work are FRR, FAR
and EER. FRR, or false rejection rate, is the fraction of
genuine user authentication attempts that are rejected:

Nfr

FRR=— "
N fr + Na

FAR, or false acceptance rate, is the fraction of imposter
authentication attempts that are considered genuine by
classifier:

Nfa

FAR=— &
N fq + Ny

EER, or equal error rate, is considered equal to FAR when
FAR is equal to FRR.

Because there may be no point at which FRR
precisely equals FAR for a finite dataset, EER is
approximated based on the closest FRR and FAR values.
Suppose that ny parametrisations of the classifier are used,
for example, different threshold values T. For these values
FRR and FAR pairs are calculated and sorted by
descending FRR, forming a sorted list of pairs
(FRR;,FAR)), i=1, ..., ny. Let i; be the smallest index at
which FRR <FAR. Then EER is approximated as:
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FRR; 1 +FAR; ; +FRR; +FAR;
. :

EER =

Biohashing and its modifications are probed in two
scenarios: base scenario and stolen token scenario. Base
scenario implies that every user has a different secret
token and keeps its secrecy, while stolen token scenario
implies that users token has lost its secrecy and is used by
everyone.

5 RESULTS

FAR, FRR and EER are calculated for the following
parameters of MLP-hash modifications: 1=3, m; =128
for all layers. For the modification with matrix
simplification, b = 8.

Features extracted with the use of Gabor filters are
used in the classifier based on cosine similarity. The plot
of FRR against FAR for this classifier is presented on
Fig. 1. The EER of this classifier is 0.1685.

1.0 —— cosine similarity
biohashing, stolen
—— biohashing
0.8 1 —— modified, stolen
—— modified
0.6
o
o
[T
0.4
0.2
0.0 1 ‘
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

FAR

Figure 1 — Plot of FRR versus FAR of classifiers based on
unprotected biometric templates (by cosine similarity) and of
classifiers based on templates protected by biohashing and its
modification proposed in this work, where “stolen” refers to

stolen token scenario

The results of applying base biohashing are used in a
classifier based on Hamming distance. Plots of FRR
against FAR for this classifier are presented on Fig. 1 for
comparison with these for unprotected templates. The
EER of this classifier is 0.0037 in base scenario and
0.2234 in stolen token scenario.

The results of applying MLP-hash with inclusion of
normalization are used in a classifier based on Hamming
distance. EER values for base scenario are listed in
Table 1, for stolen token scenario — in Table 2.
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Table 1 — EER values of classifier based on Hamming distance
with MLP-hash with normalizations in base scenario

ReLU leaky ReLU tanh foustom
None 0.001450 0.001272 0.010925 0.007313
min-max 0.000089 0.001272 0.001450 0.004884
I, 0.001450 0.001272 0.001450 0.001272
statistical 0.128294 0.078907 0.089744 0.073222

Table 2 — EER values of classifier based on Hamming distance
with MLP-hash with normalizations in stolen token scenario

ReLU leaky ReLU tanh T oustom
None 0.260111 0.208829 0.275921 0.223456
min-max 0.305886 0.295050 0.283323 0.310211
I, 0.260111 0.208829 0.209834 0.204212
statistical 0.223456 0.213624 0.219844 0.196276

The results of applying MLP-hash with inclusion of
normalization and with simplified projections are used in
a classifier based on Hamming distance. EER values for
base scenario are listed in Table 3, for stolen token
scenario — in Table 4. Plots of FRR and FAR for a
Hamming distance classifier with the use of the modified
method with f.gm and statistical normalization are
presented on Fig. 1 for comparison with unprotected
templates and base biohashing.

Table 3 — EER values of classifier based on Hamming distance

0:08 [ random imposter l [-
1 random genuine |
0.07 1 imposter L
1 genuine =
0.06 1
0.05 A —‘
0.04 1 ’— L— ‘— ——‘
0.03 FH J‘
0.02 4 | J
0.01 A I—L
0.00 o 1—|:|‘.—_I Lh
' 50 60 70 80 90

10 20 30 40
Hamming distance
Figure 2 — Histograms of distances between protected templates,

where “random” corresponds to choosing a new token each time

In order to see the speed improvement for different
layer and block sizes, the amount of projections for the
first layer is set as p; = np, which multiplies its output size
by n, as well, and other layers output size is multiplied by
ny. Computation durations of a modified MLP-hash for
different parametrisations are listed in Table 5.

Table 5 — Computation time of modified MLP-hash in seconds.
Each column corresponds to certain value of n,, each row —to
certain value of b

with MLP-hash with simplified_projections in stolen token 1 5 2 ) 16
scenario 1 |0.009750 | 0.017471 | 0.107659 | 1.512096 | 7.540924
RelU |leskyRelU| tanh fousion 2 | 0.004071 | 0.009447 | 0.037941 | 0.198579 | 1.952194
None 0000089 | 0015898 | 0.014716 | 0.014716 4 | 0.003696 | 0.007272 | 0.019800 | 0.056675 | 0.395279
I, 0.000089 | 0.015898 | 0.004706 | 0.010925 16 | 0.003275 | 0.006494 | 0.013236 | 0.027612 | 0.066130
statistical | 0.001628 | 0.012999 | 0.018328 | 0.010925
6 DISCUSSION

Table 4 — EER values of classifier based on Hamming distance
with MLP-hash with simplified projections in stolen token

scenario
ReLU leaky ReLU tanh foustom
None 0.276455 0.208829 0.204034 0.211259
min-max 0.378307 0.296767 0.271126 0.241695
I, 0.276455 0.208829 0.190413 0.190413
statistical 0.254960 0.212441 0.183188 0.186800

For a modified method with the usage of fgm as a
nonlinear transformation and statistical normalization,
distances between templates of genuine users each having
his own token, of different users each having his own
token, of genuine users but each time with new token and
of different users who use a new token each time are
calculated. Histogram of these distances is presented on
Fig. 2.

© Onai M. V., Kosenko O. V., 2026
DOI 10.15588/1607-3274-2026-1-16

As can be seen from Table 2 and Table 4, applying |-
normalization or statistical normalization reduces EER in
most cases. From the same tables it can be seen that using
leaky RelL U, tanh or f.m leads to smaller EER in most
cases. While using tanh or f.gm, using simplified
projections leads to smaller EER. However, this
improvement is not present while using ReLU or Leaky
ReLU. In the stolen token scenario, the most optimal
parametrisation without simplifying matrices (statistical
normalization, f.som) has 1.33 times smaller EER than
with original parametrisation (no normalization, RelLU)
and 1.14 times smaller EER than with base biohashing. In
this same scenario, the most optimal parametrisation with
simplified matrices (statistical normalization, fusom) has
1.05 times smaller EER than with same parametrisation
without matrix simplification, or 1.19 times smaller than
with base biohashing.

From the comparisons above it can be concluded that
applying normalization improves EER. Simplification of
projection matrices also leads to improvement of EER in
some cases, although it is less noticeable and the main
advantage of it is increasing computation speed.
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The proposed modification  complies  with
requirements for biometric template protection methods
listed in problem statement:

1) non-reversibility: without matrix simplification this
method is at least as difficult to partially invert as base
biohashing and MLP-hash;

2) accuracy: the modified method does not lead to
increased EER in comparison to base biohashing,
furthermore, it leads to improvement and it is closer to
EER of classifier based on unprotected feature vectors
(1.11 times bigger) than biohashing is (1.33 times bigger);

3) diversity: as it can be seen from Fig. 2, the
distributions of distances between templates of different
users is similar to that of same user but with different
tokens, which means that if user creates several templates
with different tokens, it will be difficult to decide if these
templates are from one user or from several;

4) revocability: a protected biometric template can be
replaced by replacing users’ secret token t, in the same
way as it can be replaced while using biohashing or MLP-
hash.

As it can be seen from Table 5, the modified method
is faster than non-modified (for n, = 1 it is 2.39 times
faster with just b = 2), and the difference in speed is
increasing with increasing block number (for n,= 1 and b
= 16 modified method is 2.98 times faster) and it is more
significant for bigger layer sizes (for n, = 16, which
corresponds to layers of size 4096, and b = 16 modified
method is 114.03 times faster). It should be kept in mind
that this modification may make inversion easier and that
an analysis of inversion of MLP-hash (and of the
modification presented in this work) was not performed,
therefore setting a block number to high values may make
the biometric system less safe.

CONCLUSIONS

This work is focused on modifying a nonlinear
biohashing-based biometric template protection method,
further generalizing and improving it.

The scientific novelty of this work is a modification
of the MLP-hash method including normalization
between layers of MLP-hash and simplification of
pseudorandom  projection  matrices.  Results  of
experiments conducted with feature vectors extracted
from fingerprints show that applying 1, or statistical
normalization improves EER of the classifier using
protected templates (for example, with statistical
normalization and f.sem EER is 1.14 times smaller than
without normalization and with f.gm and 1.33 times
smaller than without normalization and with RelLU).
Because the classifier based on templates protected by the
modified method is more accurate than a classifier based
on templates protected by base MLP-hash and biohashing,
it can be said that the modified method preserves more
distinction between templates. The method is shown to
have all properties required from biometric template
protection methods. The main advantage of simplifying
projection matrices is the decrease of time complexity of
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m2n mn

the method from O(m?n) to O(b_2+T+ nJ and space

complexity from O(mn) to O(?+m+nlnn). Time

complexity difference is also shown by experimental
results, with the modified method being 2.39 times faster
for n,=1, b=2 and 114.03 times faster for n,= 16,
b =16. Projection simplification also causes a small
decrease in EER of a corresponding classifier: 1.05 times
smaller while both simplified and non-simplified methods
use statistical normalization and fysem Or 1.39 times
smaller in comparison to base MLP-hash.

The practical significance of obtained results is that
the modified method is faster and causes less classifier
performance loss than the original. It can be used in
authentication systems with high-dimensional feature
vectors when users expect an absence of delays, or it can
be used with hardware having low computational power
and memory. The developed method produces protected
templates that are similar to unprotected in overall
structure, especially if unprotected templates are binarized
before usage, so they can be used in the same applications
in similar ways. These applications include
authentication,  identification,  cryptographic  key
generation or binding (this key may be further
transformed to match the system it is being used, for
example by being extended or shortened to a bit string of
a needed length, integer in some specific range for a
cryptographic key exchange based on elliptic curves over
finite fields, basis for lattice based cryptography etc.).

Prospects for further research include investigating
even more nonlinear transformations and normalization
methods, usage of the modified method with other
biometric modalities and feature extraction techniques.
Invertibility of the original MLP-hash and an effect
nonlinear function choice has on it should also be studied,
along with the decreasing of inversion difficulty coming
from the simplification of projection matrices, in order to
determine  which  parametrisations allow saving
computation time without noticeable drop in safety.
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AHOTANIA

AkTyanbHicTh. bioMeTpuuHi AaHi HEPiIKO BUKOPHCTOBYIOThCS /sl ayTeHTUdiKalil abo inenTrdikamii. OqHak Taki aaHi
€ Bpa3NMBHUMHU i HE € 3aMiHIOBAaHMMH y pa3i BUKpaJCHHA. Y JITepaTypHHUX JpKepenax 3alpOlOHOBAHO KiNbKa METONIB
CTBOPEHHS 3aXMIICHUX O0IOMETPHUYHMX IIA0JIOHIB, OAHUM 3 SKUX € OioremmHr. OQHaK JiHIHHICTE OioremnMHra Moxke OyTH
foro BpasznusicTio. MLP-hash e cxoxum meronom, mo noxae Heniniitni neperBopennst. Lleit merox moxudikyersest y paHii
poGori.

Mera po6oru. Meroro nanoi pobotu € po3podienns moaudikarii MLP-hash, mo e mBuamoro 3a opurinan ta 103Boisie
OLITBII YiTKE PO3/IJICHHS KOPUCTYBAYiB 3a iX m1abioHaMu.

Merton. [lana po6ota 30cepepkeHa Ha Moaudikysanni MLP-hash, Bapiarii 6ioremmnry 3 HeTiHIHHIME HEPETBOPEHHAMH.
OJIHI€IO 3 3AIPOIIOHOBAHUX 3MIH € 3aCTOCYBAHHS HOpMaJi3alii epes 3aCTOCYBaHHIM HENliHIHHOTO MEPEeTBOPEHHS Y KOKHOMY
mapi MLP-hash. Tumoro 3amponoHOBaHO 3MIiHOKO € CIPOIICHHS MCEBIOBHUIIAJKOBUX MATPHIlb, [II0 BUKOPUCTOBYIOTHCS Y
kokHOMy tapi MLP-hash. Koxxna Taka MaTpuIis 3aMiHIOETBCS Ha OJI0YHY MaTpHITO, y sKil OJO0KH, IO JIe)KaTh Ha JiaroHal,
€ OPTOHOPMAJIBHUMHM MATpPHUISIMM, a pellTa OJIOKIB 3alOBHIOIOThCS HysIMU. KokeH HeHynboBuil ONOK TeHepyeTbcs 3
BHUKOPHCTAHHSIM KOPHCTYBALBKOTO CEKPETHOrO TOKeHa. J[JIs Toro 1mob 3poOHTH BIUIMB KOXKHOTO HEHYJLOBOTO OJIOKY MEHII
JIOKaJIi30BaHUM, Iepe]l KOKHUM MHOXKEHHSIM Ha MaTPHIIO Ta MiCHs BCIX IIApiB AOJAIOTHCS ICEBIOBUIIAIKOBI IEPECTAHOBKH.
[ceBnoOBHIAIKOBI TEPECTAHOBKH TAaK0X TEHEPYIOTHCS 3 BAKOPUCTAHHSIM KOPUCTYBALBKOTO CEKPETHOTO TOKEHA y SKOCTI cifa.
3acTocyBaHHS 3ampONOHOBAHOIO METOAY OJM3bKe M0 3acTocyBaHHs opuriHambHoro MLP-hash ta Oioremmmra: meron
npuiiMae KOPUCTYBALBKII CEKPETHUH TOKEPH Ta OiOMETPHYHHUI BEKTOP (iKCOBAHOI JOBXUHHM Ta TOBepTac OiHAPHUIT BEKTOP
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(bikcoBaHOT JOBKHHHU 3 TAKO0 X a00 MeHMIOo po3MipHicTio. MLP-hash 3 610k0BUME MaTpHUIISIMK TIOPIBHSIHO 3 OPHTiHAIOM
IPH 3aCTOCYBaHHI PI3HOMaHITHUX CIIOCO0IB HOpMaJIi3alii Ta pi3HOMaHITHUX HENiHIIHUX IePEeTBOPEHb.

PesyabraTu. IlporpamMHO peaji3oBaHO 3ampoNOHOBaHy Mojaudikamio, opurinansauii MLP-hash Tta Gioremmmr.
ITopiBHSAHO MIBUAKOIIO Ta TOUHICTH PO3MALNEHHS KOPUCTYBadiB 3 BUKOPUCTAHHAM LIMX METOJIB Ha BEKTOPAX XapaKTEPUCTUK,
BU/IJICHHX 3 BiIOMTKIB MAJIbI[IB 3 BAKOPUCTaHHAM (inbTpiB ["abopa.

BucnoBku. IIpoBeneHi ekcnepuMEHTH IOKa3auu 30UIBINEHHS IIBUAKOAIl Ta 3AaTHOCTI PO3AITIECHHS KOPHCTYBAaIbKUX
mabNoHIB y pe3yJbTaTi IiJICTAHOBKH 3alPONIOHOBAHUX OJIOYHMX MATPHIb Ta MIiABUINEHHS 30aTHOCTI PO3IUICHHS
KOPHCTYBAallbKUX IIA0JIOHIB y pe3yJbTaTi 3aCTOCyBaHHS HopMamizanii. KpiM Toro, mpoBeJeHO MOPIBHSHHS 3aCTOCYBAaHHS
PI3HUX METOJIB HOpMaJi3allii Ta Pi3HUX HENIHIMHUX NepeTBOpeHb. [IpakTHUHA IIHHICTH PO3POOJICHOTO METO/AY MOJISTae B
TOMY, 110 BiH € MIBUAIINM Ta MOXe OyTH BUKOPHCTaHUM y CKJIaJli MPOrpaMHOro 3a0e3MeUeHHs, KOPUCTYBayi SKOT0 OUKYIOTh
Ha BIJICYTHICTh 3aTpPUMOK, 30epiraloyv MpH IbOMY CKJIAJHICTh IHBEpTYBaHHs. [IepCIEKTHBU MOAANBIIMX JOCIIKCHb
BKIIIOYAIOTh TECTYBaHHS pO3pOOJIEHOr0 METOAY 3 IHIIMMHU OiOMETPUYHMMH MOJIAJbHOCTSMH, IHIIMMH HENiHIHHUMU
MEPETBOPCHHSAMHU Ta TEXHIKAMH HOpMali3allii Ta aHali3 CKJIAIHOCTI IHBEpTYBaHHS PO3POOJICHOrO METOJY y MOpPIBHSIHHI 3
MLP-hash Ta 6ioremmurom.

KJIOYOBI CJIOBA: G6iomerpiss, OioMeTpW4HHI IA0JOH, 3aXHUCT OIOMETPUYHHUX IIAOJOHIB, OJHOCTOPOHHE
HepeTBOPEHHS, O10TeIINHT, eIiNTHYHA KpUNTorpadis, CKiHUeHH] MOoJ.
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ABSTRACT

Context. The problem of correction of multisubjective multifactorial environments of software complexes’ support is considered
in this research, necessary to provide the possibility(-ies) of adjusting the perception’s subjectivization of the support object (the
supported software, as well as related processes of its complex support), caused by the influence of relevant impact factors. The ob-
ject of research is a process of correction of multisubjective multifactorial environments of software complexes’ support. The sub-
ject of research are methods and means of correction of a multisubjective multifactorial environments of software complexes’ sup-
port, as well as methods of an artificial neural networks (in particular: a multilayer perceptron).

Objective — is the development of method for correction of multisubjective multifactorial environments of software complexes’
support.

Method. The development of a method for correction of multisubjective multifactorial environments of software’ support is pro-
posed. which provides possibilities for the necessary adjustments of the perception subjectivization of the researched support objects
(which could be either the supported software itself, as well as the related processes for its comprehensive support) relevant (directly
or directly) interacting subjects, who provide and implement this comprehensive support of the researched supported software prod-
uct, in order to provide the possibility(-ies) of further automation and intellectualization of its comprehensive support.

Results. The results of functioning of the developed method — are relevant models of adjusted multisubjective multifactorial en-
vironments of software complexes’ support, obtained in result of solving a relevant scientific and applied problem of adjusting such
class of environments. The developed method provides the opportunity(-ies) for studying the processes of collective perception’s
subjectivization (caused by the influence of existing impact factors) of the objects of comprehensive support by the appropriate re-
lated subjects, which directly provide and implement this support, and also facilitates and ensures for further automation and intellec-
tualization of such complex support of various software products and complexes in this separate and exact functional and procedural
segment. As a practical approbation of the developed method, — the results of solved applied practical task of determination and fur-
ther correction the impact factors of maximum imbalance of the researched multisubjective multifactorial environment (representing
the technician team of the supported software product) are given.

Conclusions. The developed method solves the declared problem of correction of multisubjective multifactorial environments of
software complexes’ support. At the same time, the obtained results of performed practical approbation of the developed method
confirm its functionality in solving a range of scientific and applied tasks based on the processes of collective perception’s subjec-
tivization of support objects (the supported software complexes, as well as the processes of their comprehensive support), which
(those tasks), in turn, are included into the cluster of a more valuable scientific and applied problem of software products’ compre-
hensive support automation and intellectualization.

KEYWORDS: software product, comprehensive support, impact factors, automation, correction, multisubjective multifactorial
environment, neural networks, multilayer perceptron.

ABBREVIATIONS
ABC is an Artificial Bee Colony Algorithm;
ACO is an Ant Colony Optimization;
Al is an Artificial Intelligence;
ANN is an Artificial Neural Network;
CCS is a Cartesian Coordinate System;
CI/CD is a Continuous Integration / Continuous De-

NLP is a Natural Language Processing;
PCS is a Polar Coordinate System;
PSO is a Particle Swarm Optimization;
SVM is a Support Vector Machine.

NOMENCLATURE
A is an adjustment parameter;

livery; . . Ariqrjp 1s an adjustment parameter component for j-th
DevOps is a Development and Operations; . ) ] _
DM is a Data Mining; !mpact factor of personal multifactor portrait of i-th sub-
EAI is a Explainable Artificial Intelligence; Ject;
FA is a Firefly Algorithm;
GA is a Genetic Algorithm;
HA is a Hybrid Algorithms;
HCA is a Hill Climbing Algorithm;
MP is a Multilayer Perceptron;
ML is a Machine Learning;
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(PR eR) is a component target coordinates (in

the PCS) of the j-th impact factor of the i-th subject’s per-
sonal multifactor portrait, which can be achieved using
the adjustment parameter Ag; j;
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Currr. Currr

(Pri,j] (i, 1]
(in the PCS) of the j-th impact factor of the i-th subject’s
personal multifactor portrait;

FCSP[;;(Obj) is a component of the j-th impact factor
inside the subjectivization function of the personalized
perception (of the researched support object) by the cur-
rent interaction subject;

Fsubjpi; is a nonlinear subjectivization function of per-
sonalized perception of the support object by the i-th in-
teraction subject;

Obj is a variable-identifier of the researched support
object;

PCoPsMfSEy; is a parametric characteristics of a mul-
tisubjective multifactorial environment of the supported
software complex;

) is a component current coordinates

(x[Ci’j];y[Ci’j]) is a component current coordinates (in

the CCS) of the j-th impact factor of the i-th subject’s
personal multifactor portrait;

(x[?j]; y[?j]) is a component target coordinates (in the

CCS) of the j-th impact factor of the i-th subject’s per-
sonal multifactor portrait, which can be achieved using
the adjustment parameter Ay j;;

xc[zi'j] is a x-coordinate (in the CCS) of the adjust-

ment parameter’s current position (of the j-th impact fac-
tor of the i-th subject’s personal multifactor portrait);

xd[zi,j] is a x-coordinate (in the CCS) of the adjust-

ment parameter’s target position (of the j-th impact factor
of the i-th subject’s personal multifactor portrait);

yc[zi’j] is a y-coordinate (in the CCS) of the adjust-

ment parameter’s current position (of the j-th impact fac-
tor of the i-th subject’s personal multifactor portrait);

yd[%j] is a y-coordinate (in the CCS) of the adjust-

ment parameter’s target position (of the j-th impact factor
of the i-th subject’s personal multifactor portrait).

INTRODUCTION

One of the major and key components of the life cycle
of any software product — is its comprehensive support,
which includes, in particular, such elements as: develop-
ment, testing, implementation, environment configuration,
and processing of requests (both external from outside
customers’ companies, and internal from the inside mem-
bers of the development company itself).

At the same time, the automation of this complex sup-
port of various software products — is a complex scientific
and applied problem, which includes a whole range of
relevant scientific and applied tasks, including, among
others, tasks based on the processes of collective subjec-
tivization of the perception of support objects (the sup-
ported software complexes, as well as the processes of
their comprehensive support), which arise as a result of

© Pukach A. 1., Teslyuk V. M., 2026
DOI 10.15588/1607-3274-2026-1-17

202

presence of various impact factors, that lead to a distor-
tion of the objective perception (of the object of support)
by the relevant subjects (e.g. personnel), which, in fact,
directly provide and implement this comprehensive sup-
port.

Thus, all available subjects of the comprehensive sup-
port (of any supported software complex) form a corre-
sponding multisubjective multifactorial support environ-
ment, which is synthesized on the basis of a set of their
individual multifactor representations of a personalized
perception of the same support object.

The object of research is a process of correction of a
multisubjective multifactorial environments of software
complexes’ support.

The subject of research are methods and means of
correction of a multisubjective multifactorial environ-
ments of software complexes’ support, as well as methods
of an artificial neural networks (in particular: a multilayer
perceptron).

The objective of the research consists in the devel-
opment of method for correction of a multisubjective mul-
tifactorial environments (of software complexes’ compre-
hensive support), which provides/ensures possibilities for
the necessary adjustments of the perception’s subjectivi-
zation of the researched support object (which can act as
directly supported software product/complex itself, as
well as processes related to its comprehensive support) by
the relevant interaction subjects who directly provide and
implement this comprehensive support (for the supported
researched software product/complex), in order to provide
the possibility(-ies) of further automation and intellectu-
alization of suck kind comprehensive support.

1 PROBLEM STATEMENT

Let’s consider the formalization of given problem of
analysis a multisubjective multifactorial support environ-
ment — in the relevant form of a nonlinear polycriterial
dependence task.

Thus, in considered case, the input variables of the
problem — are nonlinear functions of subjectivization of
the personalized perception (of the support object) by
each of the interaction subjects: Fsubj;;=[FCSP;(Obj)]
(ie[1..n], je[1..m]), where: Obj — variable-identifier of
the researched support object; n — number of subjects in-
teracting with the support object; m — number of declared
impact factors.

The output variables of given problem — are the para-
metric characteristics of the multisubjective multifactorial
support environment: PCoPsMfSEy; (j=[1..m]), ne m -
number of declared impact factors.

Let us have a set of functions of subjectivization of the
personalized perception of the support object by each of
the subjects interacting with this object, that form relevant
parametric characteristics of the multisubjective multifac-
torial support environment of the software complex:
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The main mandatory and necessary criterion of the
given problem — is the finiteness of the set of support sub-
jects, as well as the finiteness of the declared impact fac-
tors’ set, which is due to the possibility of operating (in
scope of given problem) with only a certain constant
number of these pre-determined support subjects and im-
pact factors.

Limitation of the problem:

1. The value of a personalized perception (of the sup-
port object) by each of the interacting subjects Fsubjp
must be given as real numbers in a normalized representa-
tion form (that is, in the range of values between 0.0 and
1.0): Fsubj[1..n] € [0..1].

Expression (1) provides the possibility of interpreting
the given problem of analyzing a multisubjective multi-
factorial support environments.

However, such an interpretation requires an additional
mechanism to provide the possibility of correction (in-
cluding balancing, or others) of the obtained multisubjec-
tive multifactorial support environments, taking into ac-
count the individual specifics and peculiarities of each
such environment at the stage of forming/construction its
interpretation.

Thus rise corresponding scientific and applied prob-
lem of correction of a multisubjective multifactorial envi-
ronments of software complexes’ support, for the purpose
of solving which, in fact, a corresponding specialized
method has been developed and presented in this re-
search.

The main purpose of this article is to highlight the de-
veloped method, as well as the corresponding models for
adjusting the investigated multisubjective multifactorial
support environments, which together provide the possi-
bility(-ies) of solving given scientific and applied problem
of correction a multisubjective multifactorial support en-
vironments of software complexes.

2 REVIEW OF THE LITERATURE

The analysis of existing researches and publications
was implemented both in the direction of automation of
the components of software products’ complex support, as
well as in the research direction of the process(-es) of
perception subjectivization of supported software com-
plexes. Based on the analysis, the following interpreted
results and conclusions have been obtained, presented
below. In particular, the most common and basic areas of
automation of comprehensive support for any software
product(s) are: testing automation, DevOps automation,
and automation of request processing (both external and
internal).

The authors of the work [1] carried out a comprehen-
sive comparison (specifically in the context of software
testing automation) of such known Machine Learning and
Data Mining algorithms as:
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—HCA;

- ABC;

-FA;

- PSO;

- GA;

- ACO;

— ANN;

-SVM;

- HA.

In scope of research [2], author analyzed a batch of
works related to application of Al in software testing and
debugging, as well as the prospects for the application of
artificial intelligence in these areas, and provided a brief
summary of the methodologies, methods and approaches
currently used in this field, in particular:

— using deep learning for creating test cases;

— usage of EAI for debugging;

— using reinforcement learning for test set optimiza-
tion;

— usage of NLP for requirements assessment;

— use of artificial intelligence for test automation and
continuous testing;

— and finally — usage of CI/CD, in order to simplify
the whole process.

Authors of research [3] investigate the application of
machine learning methods to increase the efficiency of
software testing automation systems, based on a method-
ology that includes a comparative analysis of conven-
tional testing methods with an integrated approach to ma-
chine learning, measuring performance through accuracy,
execution speed, and resource utilization indicators, and,
as a result, — authors confirm a significant increase in test-
ing efficiency with using machine learning approach,
methods and means.

The study [4] evaluates various Al techniques (includ-
ing ML and NLP) and their application for test cases crea-
tion, software testing process optimization, and software
defect(s) prediction, and the obtained results — highlight
the efficiency and quality improvements achieved through
software testing using Al.

Continuing an overview, authors of research [5] ex-
plore key aspects of Al and ML usage in DevOps, espe-
cially such kind of usage as: automated source code qual-
ity analysis, as well as predictive analytics for deployment
and self-healing systems, and also study of tools and
technologies that facilitate DevOps based on artificial
intelligence, including, in particular, relevant machine
learning frameworks (such as TensorFlow), and observa-
tion platforms (such as Datadog).

The work [6] explores the contribution of artificial in-
telligence to various aspects of DevOps, including source
code management, CI/CD pipelines, deployment infra-
structure, software testing infrastructure, logging mecha-
nisms, data analysis tools, and comprehensive reporting
systems, and also studies the impact of artificial intelli-
gence on team communication, collaboration, and work-
flow orchestration in DevOps environments.

Authors of research [7] have conducted a systematic
literature review using the PSALSAR Framework as a
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tool for researching these relevant sources of information
based on the SCOPUS database (including the Elsevier,
Research Gate, and Semantic Scholar databases), starting
from 2012 to 2022, which represents a comprehensive
picture of usage of an artificial intelligence and machine
learning technologies precisely in the context of automa-
tion of users’ request(s) processing.

In the context of work [8], the integration of Apache
Kafka (which is an existing platform for instant data
streaming) with complex machine learning methods is
considered — in order to ensure adaptive change(s) and
improve customer support responses, which allows to
significantly improve the efficiency and customization of
contacts with customers (end users).

However, in the context of existing researches, there is
no appropriate analysis (as well as, in fact, synthesis) of
relevant methods and means of correction a multisubjec-
tive multifactorial environments for supporting software
complexes, for which appropriate automation technolo-
gies (of their comprehensive support) are being imple-
mented, including: testing, DevOps, or processing re-
quests (and/or appeals) from clients/customers and end
users.

In turn, this leads to the emergence of an appropriate
relevant actual scientific and applied problem of correc-
tion of multisubjective multifactorial environments of
software complexes’ support, necessary to provide the
possibility(-ies) for correction the perception’s subjectivi-
zation of the support object (the supported software, as
well as related processes of its complex support), caused
by the influence of numerous relevant existing impact
factors.

3 MATERIALS AND METHODS

The formation of a multisubjective multifactorial sup-
port environments (for software complexes’ comprehen-
sive support) is carried out on the basis of relevant per-
sonal multifactor portraits of separate subjects [9], who
directly “shape” (i.e. form) the researched support envi-
ronment. Thus, a multifactor portraits of support subjects
(e.g. support personnel), in fact, — constitute an elemen-
tary structural and functional component of the relevant
researched multisubjective multifactorial support envi-
ronments of software complexes.

Accordingly, all corrections of the support environ-
ment are carried out directly through these structural and
functional elementary components, which are — the rele-
vant personal multifactor portraits of the existing subjects
of each particular researched support environment. In the
context of the conducted research, two variants of adjust-
ment models (of the researched multisubjective multifac-
torial environments of software complexes’ comprehen-
sive support) have been developed and proposed, pre-
sented below.

In particular, one of the model options involves ad-
justment of the researched multisubjective multifactorial
support environment — by direct adjustment of personal
multifactor portraits of those subjects (e.g. support per-
sonnel) who form this support environment.
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The main advantage of this option is the absence of
need to encapsulate any additional (e.g.: “new”, “non-
native”, “external” or “foreign”) subjects, maintaining, in
such way, the conservatism and integrity of the re-
searched environment(s).

This particular version of the model (of adjusting mul-
tisubjective multifactorial environments of software com-
plexes comprehensive support) is represented by the fol-

lowing expression (2) given below:

PCoPsMfSE; =12 ,
n

@

At the same time, various/different systems of distri-
bution of the value of the correction parameter A — are
possible.

In particular, within the framework of this research,
the following variants have been developed and proposed,
based on:

1) the PCS;

2) the CCS;

3) a vector system;

4) the Archimedes spiral.

Let’s consider in more detail each of the proposed
variants of systems for distributing the value of the cor-
rection parameter A.

The polar coordinate system variant declares the ad-
justment parameter A as follows (3):

A1 = PR R — G el il @3)

The main feature of the variant which is based on the
polar coordinate system — is its advantages in solving
situations and tasks when the adjustment of the compo-
nent of required impact factor (of the investigated sub-
ject’s personal multifactor portrait) is easier (and/or more
convenient) to interpret as a vector of the deviation angle
between the current and target values of the researched
impact factor, since in this case there is no need to inter-
pret such a relationship by using more complex trigono-
metric equations.

Another variant which is based on the Cartesian coor-
dinate system is a little bit similar to the previous one,
with the only significant difference consisting in a fact
that the target and the current coordinates (of the compo-
nent of j-th impact factor of the i-th subject’s personal
multifactor portrait) are actually given in the Cartesian
coordinate system, and, in particular, can be represented
by expression (4) below:

A1 = OF 1Y ) — O, 33V ) - (4)

The main feature of the option which is based on the
CCS - is its advantages in solving tasks and situations in
which the adjustment of the required impact factor’s com-
ponent can be carried out with a minimum set of iterations
of simple movement between balancing points with pre-
viously known (given) exact coordinates.
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The variant which is based on the vector system —
represents the distribution of the value of correction pa-
rameter A as the interference of decomposition vectors of
the components representing impact factors of personal
multifactor portrait of the researched subject, and is de-
scribed by the following expression (5):

m-1
A1 = 3 FH) 002+ M)® 2V Vg -cosEl™). (5)
k=1

where m — number of interference vectors; k — current
interference vector’s pointer counter; Fr — the recursive
function of the interference of the current and the next
vectors of the set; v, — k-th vector (from the declared set

of vectors) of influence onto the researched subject’s per-

sonal multifactor portrait; a'ﬁ*l — the angle between the

vectors Vi Ta Viyq -

The main feature of the considered variant of the ad-
justment parameter A value distribution — is its advan-
tages in solving those adjustment problems where the
adjustment parameter is most expedient and/or convenient
to be displayed precisely as an interference (superposi-
tion, or summation) of vectors representing appropriate
decomposition components of the impact factors of the
researched subject’s personal multifactor portrait.

The variant which is based on the Archimedes spiral —
actually represents a radial coordinate system, where the
distribution of correction parameter A value is possible
only within the framework of its existence on the plane
(or in space) of the concentric circles of the Archimedes
spiral, the transition between which is possible only along
a radial trajectory, which, in fact, describes the dynamics
of the: correction parameter’s value distribution (relative
to the investigated object and the subject); as well as the
existing impact factors.

Accordingly, this variant of the adjustment parame-
ter’s distribution can be described by the following ex-
pression (6):

Ay j = (\/Xd[%n + Ydﬁj])—(\/xc[zi,n +yefjp)- (6)

The main feature of the considered variant (based on
the Archimedes spiral) of the correction parameter’s A
value distribution — is its advantages in solving a cluster
of problems related to the correction of those multisubjec-
tive multifactorial environments in which the trajectory of
change (e.g. dynamics) of impact factors has a spiral (or
radial, or concentric) form, due to the peculiarity of their
interaction both: with each other, as well as with the sub-
ject and the object of the researched environment.

Thus, the proposed variants of the adjustment parame-
ter’s A value distribution (for the above-presented model
option, which provides the adjustment of the researched
multisubjective multifactorial support environment by
direct adjusting the particular personal multifactor por-
traits of those subjects who form this environment, which
is implemented through corresponding adjustment pa-
rameter A), are considered.
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While another model option involves adjusting exist-
ing researched multisubjective multifactorial support en-
vironment by encapsulating (into this environment) addi-
tional new subjects with such personal multifactor por-
traits, which would ensure a shift in the common/general
portrait of the entire environment (into which they are
encapsulated) in the required vector/direction.

In turn, main advantage of this option is the preserva-
tion of the primary (original) portraits of already existing
subjects that form the researched environment, that is
ensuring a conservatism in relation to these subjects.

Accordingly, this version of the model for adjusting
multisubjective multifactorial environments (of software
complexes’ comprehensive support) is represented by
expression (7) below:

n+n'

PCOPSMfSE[J] ==l - ,
n+n

where n' — number of additional new subjects, encapsu-
lated into existing currently researched multisubjective
multifactorial environment of complex support, necessary
for appropriate adjustment(s) of this environment.

U]

4 EXPERIMENTS

The experiment consists of the constructing a multi-
subjective multifactorial environment (for the researched
support object), which is performed on the basis of the
preliminary constructed personal multifactor portraits [9]
of each of the subjects who form this entire environment.
After that, the obtained multisubjective multifactorial
environment is analyzed for necessity of its correction(s),
and the required (appropriate) option and variant of cor-
rection are selected (in accordance to the characteristics of
both the environment itself and the correction tasks) in
order to select the most optimal option and variant. At the
final stage of the experiment, the obtained identification
results are presented in an arbitrary (convenient) form.

5 RESULTS

The main task/purpose of the developed method, pre-
sented in this research, is obtaining an adjusted multisub-
jective  multifactorial  environment according to
set/predefined requirements (assessments, criteria, tasks,
etc.). Let’s consider obtained results on the example of
solving a practical applied task of determination and fur-
ther correction the impact factors of maximum imbalance
of the researched multisubjective multifactorial environ-
ment (representing the technician team of the supported
software product).

Figure 1 below presents a visualization of personal
multifactor portraits of all subjects — team members of the
investigated support environment. It should be also noted
that such visualization actually represents nothing more
than an expanded form of representation of the researched
multisubjective multifactorial environment itself, with a
detailed palette of all its constituent components of de-
composition (both impact factors and subjects which

“shape”/form it).
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Figure 1 — Visualization of personal multifactor portraits of all subjects — team members of the investigated support environment.

In turn, the following Figure 2 represents the dynam-  (within the framework of currently researched multisub-
ics of the polysubject distribution of impact factors jective multifactorial environment).

0.250
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0.200 *— Factor 2
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Figure 2. — Visualization of the dynamics of the polysubject distribution of impact factors (within the framework
of currently researched multisubjective multifactorial environment)

Table 1 below displays the numerical data obtained the last row (“Average”) of Table 1 contains the average
for the personal multifactor portraits of all subjects —team  values for all considered impact factors.
members of the investigated support environment. In turn,
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Table 1 — Numerical data obtained for the personal multifactor portraits of all subjects — team members of the investigated support
environment

Factor 1 | Factor 2 | Factor 3 | Factor4 | Factor5 | Factor 6 | Factor 7 | Factor 8

Subject 1 0.091 0.053 0.144 0.084 0.217 0.087 0.153 0.171
Subject 2 0.094 0.208 0.184 0.197 0.069 0.148 0.042 0.058
Subject 3 0.119 0.141 0.102 0.212 0.098 0.181 0.082 0.065
Subject 4 0.133 0.072 0.129 0.171 0.161 0.164 0.091 0.079
Subject 5 0.112 0.157 0.135 0.078 0.133 0.186 0.094 0.105
Subject 6 0.223 0.149 0.087 0.112 0.127 0.132 0.093 0.077
Subject 7 0.096 0.139 0.202 0.082 0.114 0.075 0.167 0.125
Subject 8 0.101 0.235 0.145 0.173 0.112 0.083 0.104 0.047
Subject 9 0.087 0.192 0.128 0.186 0.061 0.156 0.119 0.071
Subject 10 0.196 0.081 0.132 0.062 0.122 0.155 0.134 0.118
Subject 11 0.103 0.144 0.105 0.174 0.081 0.241 0.061 0.091
Subject 12 0.236 0.059 0.156 0.117 0.164 0.084 0.041 0.143
Average 0.133 0.136 0.137 0.137 0.122 0.141 0.098 0.096

At the same time, Table 2 below presents correspond-
ing calculation results of the differences in values of each
of the impact factors (for each separate subject’s individ-

ual multifactor portrait) from the average value (of the
same impact factor among all these subjects).

Table 2 — Calculation results of the differences in values of each impact factors (for each separate subject’s individual multifactor
portrait) from the average value (of the same impact factor among all these subjects)

Factor Factor Factor Factor Factor Factor Factor Factor
1 2 3 4 5 6 7 8
Subject 1 —0.042 -0.083 0.007 —0.053 0.095 —0.054 0.055 0.075
Subject 2 —-0.039 0.072 0.047 0.060 —-0.053 0.007 -0.056 | -0.038
Subject 3 -0.014 0.005 -0.035 0.075 -0.024 0.040 -0.016 | -0.031
Subject 4 0.000 | -0.064 | -0.008 0.034 0.039 0.023 —0.007 —0.017
Subject 5 -0.021 0.021 -0.002 —0.059 0.011 0.045 -0.004 0.009
Subject 6 0.090 0.013 -0.050 | -0.025 0.005 —0.009 -0.005 | -0.019
Subject 7 -0.037 0.003 0.065 | -0.055 -0.008 | -0.066 0.069 0.029
Subject 8 -0.032 0.099 0.008 0.036 -0.010 | -0.058 0.006 | -0.049
Subject 9 —0.046 0.056 —0.009 0.049 -0.061 0.015 0.021 | -0.025
Subject 10 0.063 | -0.055 -0.005 -0.075 0.000 0.014 0.036 0.022
Subject 11 —-0.030 0.008 -0.032 0.037 -0.041 0.100 -0.037 | -0.005
Subject 12 0.103 -0.077 0.019 —-0.020 0.042 —-0.057 -0.057 0.047
*recommended values of adjustment parameter: min/ aver—
Amin=-0.083—(-0.061); Amax=0.103-0.085 max age
Min -0.046 —0.083 -0.050 -0.075 -0.061 —0.066 -0.057 —0.049 -0.083 | -0.061
Max 0.103 0.099 0.065 0.075 0.095 0.100 0.069 0.075 0.103 0.085

At the same time, the last two rows (“Min” and
“Max™) of Table 2 contain (appropriately): the minimal

jective multifactorial environment (that represents the
technician team of the supported software product).

and the maximal values present in each column of the
previous rows of the same table (i.e., among the values of
the obtained differences of each of the impact factors).
Among all the results obtained (and presented in Ta-
ble 2) of the differences between the values of each of the
impact factors and the average value of the same impact
factor, in the context of given practical applied task (de-
termination and further correction the impact factors of
maximum imbalance of the researched multisubjective
multifactorial environment representing the technician
team of the supported software product) — the maximum
level of interest is represented by those values that repre-
sent two key indicators, namely: the minimum difference
value, as well as the maximum difference value. Because
these values, actually, indicate those impact factors which
bring the maximal imbalance within the framework of the
expanded representation form of the researched multisub-
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Accordingly, correction of these indicators makes it
possible to ensure an increase in the balance level of the
entire investigated multisubjective multifactorial envi-
ronment of the researched software complex’s support
team. At the same time, the recommended value of the
adjustment parameter will be the difference between the
current value (of one of the two key indicators) and the
corresponding arithmetic mean value (for the same key
indicator).

Figure 3 below provides a corresponding graphical in-
terpretation, visualized in the form of a relevant histo-
gram, of the data from Table 2, which represents the re-
sults of calculating the differences in values between each
of the impact factors and the average value of the same
impact factor.
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Figure 3 — Visualization of calculation results of the differences in values between each of the impact factors
and the average value of the same impact factor.

Besides that, it is also possible to additionally estab-
lish a certain (necessary or expedient) threshold deviation
value (both in the absolute and relative scales), above
which the value of the corresponding impact factor of the
relevant subject will be considered as critically affecting
the imbalance of the investigated multisubjective multi-
factorial support environment — and, therefore, requires
correction(s).

Thus, for example, based on the data represented
above in Table 2, as well as in Figure 3, the identified
impact factors which have been considered as such that
should be corrected (in the context of given / “being
solved” practical applied task of determination and further
correction the impact factors of maximum imbalance of
the researched multisubjective multifactorial environment
representing the technician team of the supported soft-
ware product) are the following:

— factor 1 within subject 12;

— factor 2 within subject 1;

— factor 2 within subject 12;

— factor 2 within subject 8;

— factor 5 within subject 1;

— factor 6 within subject 11;

— factor 1 within subject 6;

— factor 4 within subject 10.

Thus, determining the relevant impact factors influ-
encing the maximum imbalance of the existing multisub-
jective multifactorial environment (of the researched
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software complex’ support team), as well as determining
the recommended value of the correction parameter of
these impact factors — both together provide the possibil-
ity of their further correction using the developed method
for correction of multisubjective multifactorial environ-
ments of software complexes’ support.

Figure 4 below presents a visualization of calculation
results of the differences in values for all considered im-
pact factors (from the average value of the same impact
factor) after the relevant correction(s) have been done for
the previously determined impact factors (of maximal
unbalancing of the investigated multisubjective multifac-
torial environment representing the research software
complex’ support team).

Therefore, as follows from the obtained results of the
histogram visualized in Figure 4, as a result of performed
correction and application of the developed method, — a
reduction of the differences (between the values of each
of the impact factors and the average value of the same
impact factors) was ensured.

For a more clear understanding of the significance of
obtained results, — Figure 5 below presents: the absolute
values of the differences for each of the identified impact
factors (for which correction has been applied), as well as
the differences between the minimal / maximal values and
the corresponding arithmetic mean value.
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Figure 4 — Visualization of calculation results of the differences in values for all considered impact factors (from the average value of
the same impact factor) after the relevant correction(s) have been done for the previously determined impact factors (of maximal
unbalancing of the investigated multisubjective multifactorial environment representing
the research software complex’ support team)
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Figure 5 — Comparison visualization between differences’ values before and after correction of the identified maximal imbalance’s
impact factors of the researched multisubjective multifactorial environment
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Thus, as a result of applying the developed method
(for correction of multisubjective multifactorial environ-
ments of software complexes’ support) for solving the
given relevant example practical applied task (of determi-
nation and further correction the impact factors of maxi-
mum imbalance of the researched multisubjective multi-
factorial environment representing the technician team of
the supported software product) a significant improve-
ment(s) in the indicators of the difference between the
values of each of the identified “maximum imbalance”
impact factors and the corresponding arithmetic mean
values of these same factors, have been obtained.

In particular, the following specific improvement
achievements have been obtained:

— for factor 1 within subject 6 — 80% improvement;

— for factor 1 within subject 12 — 67% improvement;

— for factor 2 within subject 1 — 77% improvement;

— for factor 2 within subject 8 — 57% improvement;

— for factor 2 within subject 12 — 31% improvement;

— for factor 4 within subject 10 — 43% improvement;

— for factor 5 within subject 1 — 50% improvement;

— for factor 6 within subject 11 — 20% improvement;

— in the context of the minimal deviation value — 59%
improvement;

— in the context of the maximal deviation value — 61%
improvement.

In addition, the developed method can be used (both
in the context of solving the given practical applied tasks,
as well as in general) using a recursive (cyclic) approach,
where (at each separate cycle of recursion) the determina-
tion and correction of the corresponding necessary impact
factors are implemented, thereby providing the possibility
of “branching”, parallelization and research of alternative
variants of a multicriterial optimization (including balanc-
ing, for example) of any studied multisubjective multifac-
torial environments.

6 DISCUSSION

Research [10] confirms an importance of taking into
account the impact factors (in particular, such global
groups of factors as: human and social, as well as techni-
cal) on such processes of comprehensive software support
as Requirements Engineering. It provides some idea(s)
about the importance’s distribution structure (of the influ-
ence of each of the categories of declared impact factors
onto these processes), forming a more or less holistic pic-
ture of the environment for interaction of various subjects
involved in these processes.

Another research [11] provides a clear list of key fac-
tors that affect the productivity of teams who provide and
implement such a component of comprehensive software
product support as Agile. At the same time, the peculiar-
ity of this research is that it studies the factors that influ-
ence the productivity of entire teams (i.e., groups of sub-
jects), but not a separate individuals.

At the same time, research [12] proposes a model
(which is based on three dimensions and twelve key fac-
tors) that significantly affect Agile software development,
and the results of the conducted research provide structur-
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ing an Agile environment(s) by taking into account all
critical factors of success. At the same time, the presence
of dimensions allows to adapt the proposed model in ac-
cordance with such important parameters of the devel-
oped and supported software products as their: size, na-
ture and financial constraints.

So, absolutely all of the above studies, unfortunately,
do not reveal the issues of forming, or, even more so: cor-
recting environments based on these present and declared
impact factors, while, to a greater extent, they just focus
their main attention on these factors as a separate compo-
nents, regardless of their integration with each other, and
with the researched object(s).

However, at the same time, absolutely all of these
studies confirm the criticality of the need of considering
and taking into account factors influencing various proc-
esses, which (those processes) are the components of
comprehensive support for software products.

While the developed and presented in current research
method for correction of multisubjective multifactorial
environments of software complexes’ support allows not
only to take into account these impact factors (by the way:
without any restrictions on their set, equally processing
each necessary and previously declared set of factors), but
also to combine them into more significant components —
a multisubjective multifactorial environments, but also: to
provide the possibility(-ies) of correcting such environ-
ments, thereby influencing the quantitative and qualitative
indicators of comprehensive support of the investigated
supported software products and complexes.

As a further application of the developed method, we
see its perspectives and promises both in solving a num-
ber of relevant practical applied tasks and problems, in-
cluding, in particular, the problems of identifying and
further correcting problematic factors of influence and/or
subjects of the studied multisubjective multifactorial sup-
port environments, as well as scientific problems of intel-
lectualizing the processes of software complexes’ auto-
mated support of various both existing and developed
software products.

Thus, given the wide range of relevant and related
practical and/or applied problems, the feasibility of fur-
ther investigation in the considered direction is pretty
justified. Furthermore, the proposed method can be
adapted for use in other areas of science which study and
research any polysubject (or heterogeneous) multifactor
environments, such as, for example: socionics, conflictol-
ogy, social psychology, etc.

CONCLUSIONS

The method for correction of multisubjective multifac-
torial environments of software complexes’ support has
been proposed, developed and represented in this re-
search. A key scientific & applied problem, which has
been successfully resolved by the proposed method, — is
the problem of correction of a multisubjective multifacto-
rial environments of software complexes’ support is con-
sidered in this research, necessary to provide the possibil-
ity(-ies) of adjusting the perception’s subjectivization of
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the support object (the supported software, as well as re-
lated processes of its complex support), caused by the
influence of relevant impact factors.

Input data for the proposed method — are individual
multifactor portraits of those researched subjects, who
form the corresponding investigated multisubjective mul-
tifactorial support environment, as well as the correspond-
ing tasks, defined for correcting this environment.

Two variants of models for adjusting the researched
multisubjective multifactorial environments (of software
complexes’ comprehensive support) have been intro-
duced, namely:

— variant by direct adjusting the personal multifactor
portraits of those existing subjects who already form this
environment;

— as well as a variant of adjustment the entire envi-
ronment by encapsulating (into this environment) addi-
tional new subjects with such personal multifactor por-
traits that would ensure a “shift” in the portrait of the en-
tire environment (into which they will be encapsulated) in
the required correction vector/direction.

Besides that, additional variants of the correction pa-
rameter’s A value distribution’s system have been pre-
sented, in particular: based on the polar coordinate sys-
tem; based on the Cartesian coordinate system; based on
the vector system; and based on the Archimedean spiral,
and their main features and practical advantages have
been given as well.

The developed method provides the possibility(-ies)
for studying the processes of collective perception’s sub-
jectivization (caused by the influence of various existing
impact factors) of objects (of software complexes’ com-
prehensive support) by the relevant subjects (e.g.: support
personnel) who directly provide and implement this com-
prehensive support, and also makes it possible to further
automate this complex support of software products in
scope of the considered functional and procedural activity
segment.

The scientific novelty consists in development of
method for correction of multisubjective multifactorial
environments of software complexes’ support, which en-
sures possibility(-ies) for researching the factors influenc-
ing the processes of complex support of various software
products, and also provides opportunities for further intel-
lectualization of the automation processes of such com-
prehensive support. The practical significance consists
in development of basic models for adjusting the re-
searched multisubjective multifactorial environments (of
software complexes’ comprehensive support), as well as
related variants of the necessary and suitable distribution
system(s) for the value(s) of the adjustment parameter A
for its better adaptation to the given tasks.

Prospects for further research consist in the design-
ing of an extra specialized dedicated algorithmic and soft-
ware supply for modeling the correction processes (for
example, balancing, and others) of the studied multisub-
jective multifactorial environments (of software products’
and complexes’ comprehensive support), as well as in
further application of the developed method in solving a
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range of relevant practical applied problems and tasks,
including, in particular, the problems of identifying and
further correcting problematic factors of influence and/or
subjects of the studied multisubjective multifactorial sup-
port environments, as well as scientific tasks and prob-
lems of intellectualizing the processes of automation of
the software products’ and complexes’ comprehensive
support.
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METO/ KOPEKIIi MOJICYE’€EKTHUX MYJbTU®AKTOPHUX CEPEJOBHIIL MIATPUMKHU ITPOTPAMHOI'O
3ABE3NNEYEHHS (KOMIIJIEKCIB, CUCTEM, MPOJAYKTIB, TOLO)

Ilykau A. 1. — xaHz. TexH. HayK, acUCTeHT Kadenpu ABromaTnzoBanux Cucrem Ynpasininas [Heruryty Komn’rorepanx Hayk Ta
Inpopmauniiinux ~ Texuosoriii  Hauionamsnoro  YuiBepcutery  «JIpBiBcbka  Ilomitexnika», JIeBiB, VYkpaina. ROR:
https://ror.org/054203127. ORCID: https://orcid.org/0009-0001-8563-3311.

Tecaoxk B. M. — n-p TexH. Hayk, mpodecop, 3aBimyBau kadeapu AproMmaTm3oBaHux CucreM YmnpaBmiHHS [HCTHUTYTY
Komm’rotepanx Hayk Ta Indopmaniitanx Texnomnoriit HamionansHoro YHiBepcutery «JIpBiBcpka Ilomitexnika», JIbBiB, YkpaiHa.
ROR: https://ror.org/054293127. ORCID: https://orcid.org/0000-0002-5974-9310.

AHOTAIIA

AxTyanbHicTh. Po3rimiHyTO 3agady Kopekiii nonicy®’eKTHHX MyJNbTH(AKTOPHUX CEPEeNOBHIN IMATPUMKH HPOrpaMHOTo 3abe3-
neyeHHst (KOMILUIEKCIB, CHCTEM, MPOJYKTIB, TOIO), HEOOXIAHOT st 3a0€e31eYeHHs MOYKIIMBOCTI KOPUI'YBaHHs Cy0’ €KTUBI3aLIT ClIpHii-
HSTTS 00’ €KTa miATPUMKH (MiATPEMYBAHOTO MPOrPAMHOTO KOMILIEKCY, a00 MpOIEeCiB HOro KOMIUIEKCHOI MATPUMKH), 3yMOBICHOTO
Ji€ro BiAMOBiAHUX (akTOpiB BIUIMBY. O6’€KTOM JOCIIZKEHHS € TPOLEC KOPEKIii Hoicy0’eKTHUX MyJIbTH(HAKTOPHUX CEpeIOBHIL
MATPHUMKH [IPOTPaMHOro 3abe3nedeHHs (KOMIUIEKCIB, CHCTEM, NPOIYKTiB, Tomio). IIpeAMeToM JOCiIKeHHsI € METOAN Ta 3aco0u
KOpEKIIii Momicy0’ eKTHUX MyIbTH()AKTOPHUX CEPEIOBHUII MiATPUMKH MPOTPaMHOT0 3abe3rnedeHHst (KOMIUIEKCIB, CHCTEM, TPOAYKTIB,
TOIIIO).

MeTto10 po6OTH — € PO3pOOIECHHST METORY KOpEKIii Momicy0’eKTHUX MYJIbTH()AKTOPHHUX CEpelOBHI IIATPUMKH IPOTPaMHOTO
3abe3rneyennst (KOMIUIEKCIB, CHCTEM, TIPOYKTIB, TOIIO).

Metopa. 3anporoHOBaHO PO3POOJIEHHST METOAY KOpEKIii Moicy0’eKTHUX MyJIbTH(AKTOPHUX CEPEOBHMIL MiATPHUMKHU IIPOTpaM-
HOro 3a0e3rnedyeHts (KOMIUIEKCIB, CHCTEM, TPOAYKTIB, TOIO), IO Ja€ 3MOT'Y 3IiliCHIOBATH HEOOXIiqHI KOPUTYBaHHS Cy0’ €KTUBI3aIlil
CIIPHMHSATTS JOCTIKYBAHOTO 00’ €KTa MiATPUMKH (B SIKOCTI SIKOTO MOKE BUCTYIIATH SIK GE3M0CEPENHBO caMe MiATPUMYBaHe Iporpa-
MHE 3a0€3MeUeHHs], a TAKOX MPOIIECH JOTHYHI 10 HOr0 KOMILIEKCHOI I ATPUMKH) BiIMOBIAHUMHE CY0’€KTaMu B3aeMOJIii (SIK mpsMof,
TaK i OmOCepeAKOBaHOI), KOTpi Oe3mnocepeHb0 3a0e3nedyoTh Ta 3AiHCHIOITh M0 KOMIUIEKCHY MiATPUMKY IOCIiKYBAaHOTO MPO-
TPaMHOTO MPOIYKTY, 3 METOO 3a0e3MeYeHHs MOKINBOCTEH MOAAJBIIOI aBTOMATH3AaMIil i iHTeNeKTyasi3arii miel maATpUMKH.

Pe3yabsTaTn. PesynpraTamMu po6oTH po3po0IICHOTO METOMY € MOJIENi BiJKOPUTOBAHHX IONICY0’ €KTHUX MYJIbTH()AKTOPHHX cepe-
JIOBHIL[ MiATPUMKH IPOTpaMHOro 3abe3reyeHHs (KOMILIEKCIB, CHCTEM, MPOJYKTiB, TOIIO), OTPUMAHUX BpPE3yJbTaTi po3B’s3aHHS pe-
JIEBAaHTHOI HAayKOBO-IIPHKJIAJHOI 3a/1a4i KOPUTYBAHHS CEPEIOBHIL JAaHOTO Kiacy. Po3pobnenuii meroxn 3abe3mneuye MOXIUBICTD J0-
CITIPKCHHS MIPOLECiB KOJICKTHBHOT Cy6’€KTHBI3allil CIIPUIMHSTTS (3yMOBJICHOT /1i€l0 HassBHUX (DaKTOPIB BIUIMBY) 00’ €KTIB KOMILIEKC-
HOT MATPUMKH BiJIOBIAHUMHU Cy0’eKTamu, 110 Oe3rmocepeiHbo 3a0e3MedyroTh Ta peasi3yloTh L0 MiATPUMKY, a TaKOXK A€ 3MOTy
3IIHCHATH MOJAJbIIy aBTOMATH3ALlI0 Ta IHTEJICKTyali3alio i€l KOMIUIEKCHOI MiATPUMKH MPOTPAMHUX MPOAYKTIB caMe B JTaHOMY
(YHKIIOHANBEHO-TIPOLIECYATbHOMY CErMEHTi. B sSKOCTi MpakTHYHOI ampodarii po3poOJIeHOro MeTOdy, HAaBEACHO pe3yJbTaTH
PO3B’s3aHOI MPUKITAJHOT MPAKTHYHOI 3a1a4i BU3HAYCHHS Ta MOJAIBINOT KOPEKLii (aKTOpiB BILIMBY MAKCHMAIBHOTO Po30aIaHCyBaH-
HS IIOJTiCY0’ €KTHOTO MYJBTH(AKTOPHOTO CEPEAOBUINA KOMAH/IH I ITPUMKH JOCIIPKYBAaHOTO IIPOTPAMHOTO KOMILIEKCY.

BucnoBknu. Po3pobnennii MeTos BHpillye IOCTaBIeHy 3aJady KOPEKIil MONiCy0’ €KTHUX MyJIbTU(AKTOPHUX CEPEeJOBHII Iif-
TPUMKH TIPOrpaMHOro 3abesneyeHHs: (KOMIUICKCIB, CHCTEM, MPOAYKTIB, TOlO0). BoaHoUac, oTpuMaHi pe3ysibTaTi MPaKTHYHOI arpo-
Garii po3po6ICHOr0 METOY MiATBEPKYIOTh HOro (GyHKIIOHAJIBHICTH IIPU BUPIIICHHI CIEKTPY HAayKOBO-NPUKJIAJHUX 3a4a4 Ha OC-
HOBI IPOIIECIB KOJIEKTUBHOI Cy0’ €KTHBI3aMLil COPUAHATTS 00’ €KTIB MATPUMKH (SIK [ ITPUMYBAHOTO [IPOrPAMHOr0 3a6e3MeUeHHs, TaK
i mpolueciB JOTHYHUX O WOr0 KOMIUIEKCHOI MiATpUMKH), siKi (1 3a1a4i), B CBOIO Yepry, BXOASATH JO KiacTepy OLbII rio0aibHOT
HAYKOBO-TIPHKJIAJAHOT MpoOIeMH aBTOMATH3aIli] i 1HTeNeKTyani3alii KOMIUIEKCHOT MiATPIMKH IPOTPAMHUX MPOXYKTiB.

KJIFOYOBI CJIOBA: mporpaMHHii HTPOAYKT, KOMIUICKCHA MiATPUMKA, (AKTOPH BIUIMBY, aBTOMATH3allis, KOPEKIis, IMOi-
cy0’exTHEe MyNbTH(AKTOPHE CEepeIOBUIIE, HEHPOHHI Mepexi, OaraTomapoBHuii IepHIenTPoH.
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ABSTRACT

Context. The problem of maintaining the angular orientation of a spacecraft is critical, especially when subjected to impulsive
external disturbances that cause sharp deviations in angular velocities. The relevance of solving this problem is determined by the
limited fuel supply on board, particularly for the class of spacecraft designed to provide artificial gravity, where precise and efficient
control is paramount.

Objective. The main objective of this work is to minimize the consumption of energy resources (fuel) for the stabilization of the
angular position of a specific class of spacecraft. This goal is achieved through the sequential execution of two interrelated tasks:
1) damping sharp deviations in the spacecraft’s angular velocities; 2) stabilizing the final angular position.

Method. A two-stage approach is proposed. To solve the first task (damping), optimal control is synthesized using a combination
of Pontryagin’s maximum principle and the phase plane method. This allows for the creation of optimal switching curves that divide
the phase plane into regions with corresponding optimal control values. To solve the second task (stabilization), a modal approach
based on a proposed method of indeterminate coefficients is used, which ensures the specified dynamic characteristics of the tran-
sient stabilization processes.

Results. Modeling of the dynamics of the spacecraft’s angular motion was carried out. The simulation results confirm the high
effectiveness of using the proposed combined approach for solving the problem of stabilizing the angular position of the spacecraft
after significant external disturbances.

Conclusion. The joint application of Pontryagin’s maximum principle with the phase plane method for fuel-efficient damping of
angular velocities, followed by the implementation of an optimal stabilization law based on the proposed method of indeterminate
coefficients, represents an effective procedure for controlling the orientation and stabilization of a spacecraft with minimal fuel con-
sumption.

KEYWORDS: axisymmetric spacecraft, maximum principle, phase plane, optimal switching and disconnection lines, modal
synthesis, method of undetermined coefficients.

NOMENCLATURE K — gravitational parameter of the Earth;
X (t) — n-dimensional state vector; r(n) — radius-vector of the center of mass of the space-
u (t) — m-dimensional control vector; craft;
At) — matrices of size parameters n x n; F[N] — sum of external forces;
B(t) — matrices of size parameters n x m respectively; m [kg] — mass of the spacecraft;

Ix. Iy 1z (kg m? — the main central moments of inertia

F (x, u) — quality functional; of the spacecraft;

H (x, u) — Hamilton function;
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— projections of the angular velocities and the mo-
ments of the spacecraft;

y — Euler angles (roll) rotation of the apparatus around
its transverse axis X;

¢ — Euler angles (pitch) rotation of the apparatus
around its longitudinal axis x;

0 — Euler angles (yaw), rotation of the apparatus
around its transverse axis y which runs from one wing to
the other;

M;[N - m] — control moments;

M;, [N -m] — perturbing moments;

T [s] — time interval of the stabilization process;

Tmin [S] — stabilization time in a system that is optimal
in terms of minimizing the time of the transient process;

yi(t) — variables determined from the solution of the
conjugate system;

o — coefficient in the equations of motion;

B — coefficient under control actions;

g[rad/s] — specified area for the final state of angular
velocities;

k — weighting coefficient in the quality functional,

c[rad/s] — constant angular velocity of the spacecraft;

A — roots (poles) of the characteristic polynomial of
the closed system

G - diagonal matrices with constant coefficients of the
corresponding dimension , penalizes deviations from the
target state (zero angles and velocities);

Q - diagonal matrices with constant coefficients of the
corresponding dimension, penalizes the expenditure of the
control resource (fuel);

a'jand b'; — coefficients, corresponding the coordinates
of the center of that cicle arc, which is the optimal
trajectory of switching;

RY, - coefficients that determines the radius of the
circle arc;

x' — spacecraft angular motion variables;

fj — coefficient at 1j in i-th considered determinant.

INTRODUCTION

At present, space technology is represented by a wide
range of vehicles that differ in their intended use, overall
weight characteristics, and the composition of onboard
equipment. New tasks solved by spacecraft put forward
high demands on onboard systems, in particular, the atti-
tude control and attitude stabilization system. Since the
accuracy of stabilization of the angular position of space-
craft is significantly affected by external disturbances, in
particular, vibrations of attached elastic elements, such as
solar panels, antennas, etc., as well as the damping of the
angular oscillations of the spacecraft after separation from
the launch vehicle or upper stage. it is necessary to im-
prove the methods and algorithms for controlling the ori-
entation and stabilization of the spacecraft, taking into
account the specifics of the tasks it solves [1-3].

Energy consumption is one of the most important
characteristics of the spacecraft control systems. Accord-
ingly, the consumption of the working body of the en-
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gines to maintain the required angular position of the
spacecraft in the control mode of its orientation should be
minimal. This problem is quite relevant for modern cos-
monautics, and its solution based mainly on the methods
of the theory of automatic control, and, in particular, the
methods of optimal control. It should be noted that, in
contrast to the task of minimizing the time of transients,
three-level control with zero control value zone is imple-
mented in fuel consumption optimization tasks [4].

To implement these tasks, the most effective control
system, which most often used in practice, is the active
control system for jet nozzles. The control moment in this
system occurs when the mass of the working fluid ejected
from the nozzle of a small jet engine, the axis of which
does not pass through the center of mass of the spacecraft.
The control torque depends on the flow rate of the work-
ing fluid, as well as on the size of the lever acting on the
engine’s tractive effort.

The specified position of the spacecraft is determined
in a certain coordinate system, the direction of the axes of
which in space known in advance. This coordinate system
called the basic reference system. Axes of this system
must be set on board the spacecraft using special devices
and devices. The second Newton’s law used to create the
equations of motion of the centers of mass of the space-
craft [1]:

r =

In this paper the equations of rotational motion of the
spacecraft are described by the Euler dynamic equations
look like [5, 6]:

do
Ix - th +oy -0z (I -1y)=> Mx;
day
(12 =1y )= My; 2

IY —+(DY 0z -
2 Mz.

dt

d
Iz %H‘)x oz -(ly =1y )=

=coa@ COoS\y - @—sm (pd—w
dt dt

0} —coaed—w—sin cos d—e 3
y dt MRS 3)
do do

®,; :E— sin \VE

The object of study is an axisymmetric cylindrical
spacecraft, a simplified diagram of which with the loca-
tion of jet engines is shown in Fig. 1. Angular control

moments Z M; (I = x,y,z) creates by jet engines.
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Figure 1 — Location of jet engines on an axisymmetric
spacecraft
Introduce the following assumptions:
— spacecraft is axisymmetric with respect to the axis

Ox(lz=1Y =1;My =M, =M);
— the perturbing forces of the My,

with  the control
Mip =0(i=x,Y,2);

— the angular velocity of the spacecraft around the
symmetry axis 0x is constant (my (t) = wyg =const=c).

Such assumptions may be due to the creation of artifi-
cial gravity on the spacecraft. The idea of artificial gravity
due to the rotation of an axisymmetric cylindrical space-
craft based on the principle of equivalence of the force of
gravity and the force of inertia. In other words, if the inert
mass and gravitational mass are equal, it is impossible to
distinguish which force acts on the body-the gravitational
or inertia force, i.e. the centrifugal force will “push” the
astronaut away from the center of rotation, and he will be
able to stand on the “floor”.

This article considers the problem of maintaining the
angular orientation of the spacecraft during sudden devia-
tions of the angular velocities from impulsive external
disturbances. Its solution is proposed to be carried out
with the sequential execution of two interrelated tasks that
guarantee the minimization of fuel consumption for con-
trol:

— damping sudden deviations of the angular velocities
of the spacecraft (task 1);

— stabilization of the angular position of the spacecraft
(task 2).

The relevance of this problem statement is obvious,
since the spacecraft have a limited supply of fuel.

It should be noted that this approach is explained by
the fact that in practice, due to the presence of measure-
ment errors and delays in the processing of control sig-
nals, it is impossible to reduce strictly to zero the impulse
perturbations of the angular velocities. In real conditions,
with relay control, this leads to the occurrence of un-
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damped self-oscillations at the end point of control, and,
moreover, does not guarantee the preservation of the
original angular orientation of the spacecraft.

1 PROBLEM STATEMENT
Task 1. To solve task 1, only the system of equations
(2) is considered. The system of equations (2) is sufficient
to describe the angular movements of the spacecraft, if the
influence of internal moments acting on it can be ignored
[3, 5, 6].
Introduce the following notation:

(I_Ix)
|

X1=(x)y;X2=COZ;a=0)X0 )
4
B—M'u —ﬂ'u =M, /M @
|’ 1 M 2 z :

Taking into account (4), the system (2) will take the
form:

% =axy (t) +Buy (t); ()
% = ax, (t) + Buy (t). (6)

The boundary conditions of the optimization problem
are:

% (0) = Xq0; X2 (0) = X20; X (T) =X (T) =0. (7

Finally, as is customary in many works on optimal
control, we will consider normalized controls for the con-
venience of analyzing the results obtained:

Jug ()] < Ljup (1) <1 (®)

Task 1 of the optimal fuel consumption damping of
sharp deviations of the angular velocities of the spacecraft
is formulated as follows: to determine from the permissi-
ble range (8) the control actions uy(t) and u,(t) and the
boundary conditions (7) that ensure the transfer of the
system (5), (6) at the stabilization time interval 0 <t <T
from an arbitrary initial state X9, Xo0 to a given final state,
defined by some area | xi(T) | < &, | Xo(T)| < &, and mini-
mize the quality functional:

Iy = jg [k + 32 | (t)\]dt,

T —not fixed,0 <k <co.

©)

In other words, the task 1 is to extinguish sharp devia-
tions of the angular velocities o, and ®, from their zero
values.

Task 2. To solve task 2 the system of equations (2)
and (3) for the spacecraft (Fig. 1) is considered under as-
sumptions (4) and the following notation:

X| =0y Xp =07;X3 =V, Xq =¢;

(-1, M
| P= I
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Taking into account (10) and the values of trigonomet-
ric functions for small values of their parameters, system
(2), (3) takes the form:

dxq
—==aXy +PuUy;
o 2 +Bu
dditz =—ax; +pu,;
(11)
dﬁ:x +CXy;
at
dxy
—* =Xy —CX3.
at 2 —CX3
We accept as boundary conditions:
Xi (0) = Xjo; % (T) =0(i =1,2,3,4). (12)

We also assume that system (11) is completely con-
trollable and completely observable. To assess the quality
of transient processes of spacecraft orientation stabiliza-
tion, we will use a quadratic functional of the form

X (0) = X10; X2 (0) = X0; % (T) = X (T) =0,

F(x,u) :fgo(xTGx+uTQu)dt. (13)

Task 2 is formulated as follows: to find the optimal
values of the control uy, u,, which transfer the system (11)
from the given initial values of the variables to the final
ones according to the boundary conditions (12) and
minimize the functional (13).

2 REVIEW OF THE LITERATURE

Quite a lot of works are devoted to the problems of
optimal control of space vehicles. In particular, in [7], an
optimal control law was obtained that stabilizes the pro-
gram motion of the spacecraft. The stabilizing properties
of the proposed regulators are proved by the Lyapunov
method. In [8], an approximate optimal method for stabi-
lizing the relative motion of a spacecraft is proposed,
based on the dynamic programming method and the aver-
aging method. In [9] the problem of control efficiency
was solved with priorities in managing based on Pon-
tryagin maximum and the mathematical apparatus of qua-
ternions. In [10], a block diagram was developed for
monitoring the angle of rotation of the steering mecha-
nism and its angular velocity for the operation of disturb-
ing forces. In [11], an anti-perturbing inverse control
scheme for the movement and rotation of a rigid space-
craft with external disturbances and drive limitation was
implemented. In [12], the maneuver of satellites with a
minimum orientation time is studied using Control Mo-
ment Gyros (CMG) gyroscopes. In [13], an optimal en-
ergy-saving problem for a rendezvous mission based on
linear-quadratic optimization is considered. In [14], a con-
trol law with output feedback was proposed for the prob-
lem of spacecraft reorientation based on the Lyapunov
method. In [15], a significant control of the engine switch
was implemented for an accurate study of the spacecraft.
The article [16] proposes a PID controller architecture for
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controlling the attitude of a spacecraft, and the concepts
of the nonlinear control theory H<sub>oo</sub> are ap-
plied to obtain stability properties.

It should be noted that despite the significant number
of articles related to the control of the angular motion of
spacecraft, in contrast to the problem of linear quadratic
optimization and minimum transient time, there are prac-
tically no articles on the problems of optimizing fuel con-
sumption during orientation and stabilization of the angu-
lar position of spacecraft. In this sense, we can note the
work [17], which considers the problem of the optimal
turn of the spacecraft. Turnaround time is kept to a mini-
mum, as is the functionality that matters in terms of fuel
consumption.

This article proposes algorithm for stabilizing the ini-
tial orientation of a spacecraft in the event of sudden dis-
turbances based on the sequential solution of the above
two interrelated tasks.

3 MATERIALS AND METHODS

The choice of functional (9) is scientifically attractive
in the sense that it provides the necessary compromise
between the fuel consumption and the stabilization time
of the angular position of the spacecraft by the given
value k. In this case, for k=0, the problem of pure fuel
consumption is solved, and for k—oo, the problem of
minimizing the transition process time is solved. It should
be noted that in the case of pure fuel consumption, when
k=0 in the functional (9), the condition for existence of
optimal control is the condition T >, Ty, When k—oo in
functional (9).

To solve the task 1 use the mathematical apparatus of
the maximum principle (in our case, the minimum princi-
ple) [4, 9] and the phase space method (in our case, the
phase plane) [18, 19, 24]. According to the minimum
principle [4], the Hamiltonian of this task has the form:

H = K+ Bug| + Bluz| + w1 (axp +Bug) + wo (-axp +Buy). (14)

It follows from the analysis of the Hamiltonian (14) that
the controls that minimize it satisfy the following condi-
tions:

uj (t) = 0,if [y ()| <1, (15)

u; (t) = —sigs; (1), if jy; (t)| <L, (16)
0<u;(t)<Lif [y () =-1; 17
—1<uj (1) <0,if |y ()] =1. (18)

Due to the non-degeneracy of this problem, which is
quite easy to justify in accordance with [4], conditions
(17) and (18) are excluded from consideration. The opti-
mal values of the control actions uq(t),u,(t) from (15),

(16) are clearly illustrated in Fig. 2, from which it follows
that the following control sequences are optimal

...=.1.-1--1,0-»-1,1-0,1--1,1-0,1
—-1,1-1,0-1, -1-0,-1—--11...
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Figure 2 — Optimal sequence of values of control actions

It should be noted that [4] provides a strict justifica-
tion for the structure of optimal fuel consumption proc-
esses with three-level control. Moreover, as in our case, in
the presence of complex-conjugate roots, the number of
switches depends on the initial conditions. By entering
the inverse time z=T-t, integrate the system for
U =+/-1Lu, =+/-1 and, excluding z in the obtained
solutions, obtain circles on the phase plane (ox;, 0xy),
which are described by equations:

(20)
(21)

[aXl— (2| —1)BU2]2 + (aXZ +BU1)2 = ZBZ;U]_ =-Uu;

(axy - Buy)?faxy - (2i —1)puy P =
= 2B%u; = —up = +/-1.

The area of turning off one of the control actions in
sequence (19) can be found as the locus of displaying the
points of the switching lines found above for the time-
optimal control system (Fig. 3). Omitting intermediate
mathematical calculations, the optimal disabling curves of
one of the controls in the sequence (19) are determine in
the coordinate system (Xg, X»)

Xq = axq COSQ + ax, sing;
Xy = aXy COS( + aXq Sin @;

22
_ arctgp 22)
k+p '
i.e. they are described as arcs of circles
(& +aiuf P+ +bius = (RLF. (23)

On Fig. 3 the disabling curves of one of the control ac-
tions in the sequence (19) are denoted as

OQiJ-KELij...(i =1,2,3,4). Here are the values of optimal
controls for each of the regions of the phase plane
(axq,axy). The value of the coefficient k in the functional

(9) is selected based on the practical requirements for fuel
consumption and stabilization time. In addition, Fig. 3
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also shows the optimal phase trajectory, which is a spiral
from point A(axyg,ax%g) to the origin. It consists of arcs

of a circle with a center and radius determined by the
values of optimal controls from the area of the phase
plane, where the point of the current values of the angular
velocities of the spacecraft is located.

Ay

Figure 3 — Phase portrait of the optimal control system

In task 2 the controls uq,u, are determined by a linear
combination of deviations xi (i=1,...,4), i.e:

Uk ZZ pkiXi(i:].,...,4;k 21,2); (24)

It is known that the main problem of the analytical
design of optimal controllers is the absence of a direct
relationship between the coefficients of the functional and
the dynamic indicators of transient stabilization processes.
Therefore, in this paper, it is proposed to use the modal
synthesis of optimal control based on the method of
indefinite coefficients [20], which in this article is
generalized to the vector case of control using the

superposition principle. Write system (11) in the
following vector form:
dx
— = AX+ Bu. 25
m (25)

Without losing the generality of the results obtained
below, we use the principle of superposition to determine

the required coefficients py(i=1,...,.4,k =12).
Step 1. Accept (u=upg),up =u. Itis known that for

completely observable systems of the form (25) in the
case of a quadratic performance criterion (13), the extre-
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mal control u is a linear state function. We write control
of the system (25) in vector form:

u=p'x; (26)

To determine the vector of feedback coefficients p,
we use the modal approach proposed by the authors in
[20] based on the method of indeterminate coefficients.

Modal synthesis is based on the fact that the vector of
feedback coefficients P can be chosen in such a way that
the poles of the closed system (25) will be located at
given arbitrary points that provide the required dynamic
properties of transient processes of stabilizing the angular
orientation of the spacecraft [21, 22].

In the general case, it was proved in [20] that the un-
known coefficients in the optimal control law (26) enter
linearly into the expression for the coefficients of the
characteristic polynomial of the closed system (25), i.e.:

n
H(O)=A" +(ch—1,i p; +dn_1jx”1 +o
i-1
n (27a)
“{Zco,i p; + do}

i=1
or

HO) =" + 6105+ dpy p L4+ (6 Prdy)  (27D)

Characteristic determinant of the closed system (25)
has next form:

det(n) =‘A+ B, - |‘x -

diq +blp1—k...a1j pj...aln +b_|_n

28
aJ,+bJp1a”+bjpj—kajn+bjpn ( )
ant + 0y Pre@pj + Py Pj.@nn — A

Define the unknown parameters

Cji,d (] =0,n-1Li =1,_n) using the undetermined coeffi-

cients method [23]. To do this, we put p; =0(i =1,_n) in
the characteristic determinant (28) at the first step and
explanded characteristic determinant (28) by one of the
known numerical methods [23]. The coefficients found
for different powers of A determine the unknown coeffi-

cients d; = (j =01-n) in the expressions for the charac-

teristic polynomial of the closed system for the corre-
sponding powers of A. In the next n steps, setting sequen-

tially one of the coefficients p; = (i =1,_n) equal to one

while others remain zero and explanded the characteristic
determinant, we obtain expressions for the unknown pa-
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rameter c;; for the corresponding power A = (j=0,n-1)
in the characteristic polynomial of the closed system:

cji = (fj—dj), (29)

On the other hand, the characteristic polynomial of the
closed system (25) with desired roots A;,A,,...A, has the

form:

n n-1 .
FO) =T -2)= Y10 +27. (30)
i=1 j=0

As a result, taking into account (27b), (29), (30) to de-
termine the feedback coefficients, we obtain a system of
linear algebraic equations:

colle”,e7,..c" Jp=1-4, (31)

where i =(Ly_1,1h_1,-10)d = (dpy_q,dp_2,.., dg :
According to this approach, for the chosen poles
A1,...A4 Of a closed optimal stabilization system, the con-

trol ul is defined as:

Uy, PyyX + oo+ PrXy- (32)

The resulting controls (32) and (33) are components of
the optimal vector control (26).

Step 2. We close system (25) to the found control ul
from (32). We accept u=(0,u2, 0,..., 0), u2=u. Similarly to
step 1, using the modal approach based on the method of
uncertain coefficients, we obtain for the same poles the
optimal control u2 in the form:

U = Pr1Xg +...+ p244X4. (33)

4 EXPERIMENTS
Without losing the generality of the results obtained,

to simulate the optimal stabilization problems considered
above, the following values of the parameters of equa-
tions (5), (6), (11) a = p =c= 1 were accepted.

The simulation was aimed at research in order to con-
firm the effectiveness of the proposed combined approach
to the angular stabilization of the spacecraft, as well as the
impossibility of maintaining the original angular orienta-
tion only by solving task 1. In addition, the processes of
angular stabilization were studied in the presence of errors
in assessing the state of the spacecraft and delays in the
control loops uq, U, . The simulation was carried out in the

Mathcad environment. Evaluate the process of angular
stabilization of the spacecraft when the values of angular
velocities enter the region of specified values of task 2.
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5 RESULTS .

For task 1, based on equations (5), (6) ata =p=1,the *

dynamics of the transition process was simulated from the

given initial conditions

%, (0) =3[0/ s} x,(0) = 4[0/5] x3(0) = 0; x4(0) =0 to zero
final ones x (T) = x,(T)=0[0/s] (Fig. 4).

o (4.6

u: =-1
Uz =-1
A(Qx10, CiX20)

Figure 6 — Continuous self-oscillations Xy, x,

For task 2, the system of equations (11) was simulated
with the values o.—f =c =1¢=0.2[0/s] with initial con-
ditions that were final for task 1, i.e.
o ¥ (T) <0.2[0/s] x,(T) < 0.2[0/s]; and finite zero coordi-
nates X (o0) =Xy () = Xg(®) = X4(0) =0 At the same
time, a version of the optimal control actions u; and u,
was synthesized, obtained for the desired spectrum of
roots {Ay,A2,A3,h4}=1{-0.1,-0.5-1-2} based on the
above modal approach. Graphs of transient processes are
shown in Fig. 7a, b.

Figure 4 — Phase portraits and phase trajectories of the transient a
process in the absence (Fig. 4a) and presence (Fig. 4b) of delay
in the control loop

Also, for the initial ones K
x1(0) =3[0/} %, (0) = 4[0/ s} x3(0) = 0;x,(0) =0,  and jj.‘.‘ y 7
final X (T)=x,(T)=0[0/s] conditions, based on equa- ‘% s e e
tion (11), modeling of the dynamics of the transient proc- . Wil 1
ess in the time domain was carried out (Fig. 5 and Fig. 6), b
if there is an error in assessing the state spacecraft. Here Figure 7 — Transient graphs: a) X3, X4, 0) X1, X2
Zy,j =X, and the real time tyoy is determined through 6 DISCUSSION
the model t,, as tyeq =0.02y0q =0.021 With all the obvious advantages of the synthesized op-

mo real — ¥ moa — M .

timal fuel consumption law for stabilizing the angular
position of the spacecraft (task 1), in which, by choosing
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the value of k in (9), it is possible to vary between the
time of the transition process and fuel consumption, in
real conditions with relay control in the region of zero
coordinates undamped self-oscillations may occur in the
presence of unaccounted errors in assessing the state of
the spacecraft (Fig. 5) and/or delay (Fig. 4b) in the forma-
tion of optimal control actions u; and u,. The error in

assessing the state of the spacecraft is simulated by ap-
proximating the optimal switching curves with straight
lines. In Fig. 6 for greater clarity the presence of self-
oscillations x; and x, , the scale of Fig. 5 along the ver-

tical axis. In addition, the use of only the algorithm of
task 1 does not guarantee the preservation of the original
angular orientation of the spacecraft in the region of zero
values x; and x, att =4c. (Fig. 5). When implementing

task 2, it is possible to avoid the occurrence of undamped
self-oscillations, ensure the specified dynamic properties
of transient processes in the region of zero coordinates
and restore the stable initial angular orientation of the
spacecraft, i.e. x(0) =0(i =12,2,4). Thus, the combined
approach proposed in the article to solving the problem of
optimal stabilization of the angular position of the space-
craft allows to optimally damp sudden deviations in angu-
lar velocities in terms of fuel consumption and to main-
tain the initial orientation of the spacecraft.

CONCLUSION

This article discusses the problem of maintaining the
angular orientation of a spacecraft during sharp deviations
of angular velocities from pulsed external disturbances.
Its solution is proposed to be carried out by sequentially
performing two interrelated tasks: damping sharp devia-
tions in the angular velocities of the spacecraft (task 1);
stabilization of the angular position of the spacecraft in
the region of zero coordinates (task 2). As part of the so-
lution to task 1, based on the methods of the Pontryagin
maximum principle and the phase space (in this case, the
phase plane), optimal switching curves were synthesized
that unambiguously divide the phase plane into regions
with the corresponding values of optimal controls. To
solve task 2, a modal approach based on the method of
undetermined coefficients is proposed. This approach
makes it possible to provide specified dynamic indicators
of transient processes for stabilizing the angular position
of the spacecraft.
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AHOTALSA

AxTyanbHicTb. [IpoGiiemMa migTpUMKH KyTOBOI Opi€HTalii KOCMIYHOrO anapaTa € KpUTUYHOI, 0COOJIMBO B YMOBAX IMITYJIbCHUX 30BHi-
IIHIX 30ypeHs, 0 CIPUYUHSIOTH Pi3Ki BIAXMUICHHS KyTOBHX IIBUIKOCTEIl. AKTyalIbHICTb pO3B’3aHHA 1€l 3aja4i BU3HAYAETHCSA OOMEKEHUM
3aracoMm InajuBa Ha OOpTy, 30KpeMa Juls KJlacy KOCMIYHHX arapariB, IPU3HAYEHHX JUIsl 3a0e3MeUeHH s IITYYHOI rpaBiTalii, e To4He Ta ede-
KTHBHE KEPYBaHHS Ma€ IIEPIIOYEeproBe 3HAYCHHS.

Merta poGotu. OCHOBHOIO METOIO L€l poOOTH € MiHIMI3aLlisl CIIOXKUBAHHS HEPreTHYHHUX pecypeis (manmsa) unst crabinisauii KyToBOro
MOJIOKEHHS TEBHOIO KJacy KOCMIYHMX amapaTiB. L[ mMera mocsiraeTbesi HMUISIXOM IOCIIZOBHOTO BHKOHAHHS JIBOX B3a€MOIIOB’SI3aHHUX 3a-
BAaHb: 1) nemn(yBaHHs pi3KUX BiAXHIECHb KYTOBHX IIBHIKOCTEH KOCMIYHOro anapara; 2) cTabiisalii KiHIeBOro KyToBOr0 MOJ0KEHHSI.

Mertoj. 3anpornoHOBaHO ABOCTANHMHA Mmiaxin. J[isi po3B’si3aHHs epruoro 3aBaaHHs (IeMIyBaHHS) CHHTE3Y€EThCSI ONTHMAIBHE Kepy-
BaHHA 3 BUKOPHCTaHHAM KOMOIHaIii NpHHIUIY MakcuMyMy [loHTpsriHa Ta MeTony ¢a3oBoi mromunu. e mo3Bonsge moOyMyBaTH ONTHMA-
JIbHI KPUBI MEPEMHUKAHHSI, SIKi OHO3HAYHO MOAUIAIOTH (ha30BYy IUIOMIMHY HA 00ACTI 3 BiAMOBIIHMMHU 3HAUYCHHSIMH ONTHMAIIBHUX KEPyBaHb.
Jist po3B’si3aHHs Apyroro 3aBaaHHs (CTabinizaiii) BAKOPHCTOBYETHCS MOJAIBHHUI Ti/Xi HA OCHOBI 3allPOMIOHOBAHOTO METOJy HEBH3HAUE-
HUX KoeQili€eHTiB, 110 3a0e3neuye 3aaHi JMHaMI4HI TOKa3HUKH MTEPEXiTHNX MPOLEciB cTadiizaii.

Pe3yabTaTu. byno npoBeneHo MOJEIIOBaHHS AWHAMIKKM KyTOBOTO PyXy KOCMIYHOro amapara. Pe3ynbTaTH MOJETIOBaHHS MiATBEPIKY-
I0Th BUCOKY €()eKTHBHICTh BUKOPHCTAHHS 3alPONOHOBAHOTO KOMOIHOBAaHOT'O MiJIXOMy Ul PO3B’sI3aHHS 3a/1a4i ctabinizaii KyToBOro moso-
JKEHHs1 KOCMIYHOTO anapara Iicis 3HaUHUX 30BHILIHIX 30ypeHb.

BucnoBku. CrinpHe 3aCTOCYBaHHS NPUHIUITY MakcuMyMy [ToHTpsTiHA Ta MeToxy (ha30BOI ITOMIMHY JUIS TATMBHO-C()CKTHBHOTO JIEM-
n(yBaHHs KyTOBHUX LIBHIKOCTEH, 3 MOJAIBIIO0 peai3allie€lo ONTUMAaIbHOTO 3aKOHY CTabimi3allii Ha OCHOBI 3a[IPOIMTOHOBAHOTO METO/Y HEBH-
3HaYeHUX KOe]ili€HTIB, € e()eKTHBHOK MPOLETYypPOI KEPYBaHHS OPIEHTAII€I0 Ta cTallli3alliel0 KOCMIYHOTO anapara 3 MiHIMaJbHUMH BH-
TpaTaMH IaJIuBa.

KJIIOYOBI CJIOBA: ocecumerprunuii KA, npuHIunm MakcuMyMy, (pa3oBa IUIOIIMHA, ONTUMAIIBHI JIiHI IepeMUKaHHS Ta BiIKIIOUCH-
Hsl, MOJTAITBHUHN CUHTE3, METO/I HeBU3HAUCHUX KOC(III€HTIB.
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Peectpartist cy0’exta y cepi ApyKOBaHUX Meia:
Pimenns HanionansHoi pagu Ykpainu 3 nutans tene6adeHns i pagiomonnenss Ne 3040 sig 07.11.2024 poky
Inentudikarop menia: R30-05582

ITionucano do opyky 25.02.2026. @opmam 60x84/8.
Ianip ogpc. Pizoep. opyk. Ym. opyk. apk. 26,04.
Tupaxc 300 npum. 3am. Ne 116.

69063, m. 3anopiscocs, HY «3anopisvka nonimexuika», opykapus, eyn. JKykoscvkoeo, 64

CBiZoTBO Cy0’€KTa BUIABHUYOI CIIPABU
JIK Ne 6952 Bijg 22.10.2019.
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