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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. 

Objective. 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 I 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; 
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; 

IIoT is an Industrial Internet of Things; 
Probe_Rate is a frequency of probe requests; 
ROC is a Receiver Operating Characteristic; 
RSSI_Var is a signal level variance; 
S 1, 2, 3 is a scenario 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; 

ikA  is a fuzzy sets of the corresponding terms; 

b is a the second point of the trapezoid; 

kB  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; 

ix  is an input parameter; 

y is an output parameter; 

ij  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 WPA2 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. 

 
 
 

1 PROBLEM STATEMENT 
The input data are represented by a vector of observed 

parameters: 1 2 3 4 5 6{ , , , , , }X x x x x x x , where 1x =RSSI, 

dBm [–90,–30]; 2x =Auth_Fails [0,20]; 

3x =Traffic_Anomaly [0, 100]; 4x =Clients [0, 50];  

5x = RSSI_Var[0, 25]; 6x = Probe_Rate [0, 20].  

It is necessary to construct fuzzy membership func-
tions for each variable:  ( ) : 0,1ij i ix X  . 

The output variable is the network state risk level: 
 _ 0,1y Risk Level  , 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: 

1 1 6 6: ...k k k kR IFx A AND ANDx A THENy B   . 

Quality criteria include: 
– correctness of the fuzzy interpretation of network 

states; 
– consistency of results in MathCAD and 

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. 

 
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 IIoT. They developed several 
fuzzy inference systems for assessing overall risk. The 
model reflects real conditions of attacks and threats, but it 
is tailored to IIoT 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 IoT 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 
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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 IoT/IIoT, 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: 

 
0, ,

, ,

1, ,

, ,

0, .

ij

x a

x a
a x b

b a
b x c

d x
c x d

d c
x d


   


   
   


 

 (1)

 

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.  

 

 
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. 

 

 
Figure 2 – Membership functions of the number of failed au-

thentications 
 
When determining the percentage of anomalous traf-

fic, three linguistic terms were used: “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. 

 

 
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. 

 

 
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. 

 

 
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.  

 

 
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-

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 0 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. 

9
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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. 

 

 
Figure 8 – Block diagram of an algorithm that implements  

network analysis functions using fuzzy logic 

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 

 

 
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:  

 

_ max( 1( ), 2( )... 20( ))Com Rule Rule y Rule y Rule 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

y

y Com Rule y

Risk
Com Rule 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: 1x = –50; 2x = 2; 3x = 9; 4x = 35; 5x = 2; 6x = 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. 

 

 
а 

 
b 

Figure 10 – In the network under study, the status is “No risk” : 
а – implementation in MATLAB; b – implementation in 

MathCAD 
 
For the network state “Low Risk,” the results are 

shown in Fig. 11. Input data: 1x = –55; 2x = 9; 3x = 22; 

4x = 34; 5x = 16; 6x = 21. 

For the network state “Medium Risk,” the results are 
shown in Fig. 12. Input data: 1x = –60; 2x = 3; 3x = 15; 

4x = 24; 5x = 5; 6x = 25. 

For the network state “High Risk,” the results are 
shown in Fig. 13. Input data: 1x = –75; 2x = 15; 3x = 85; 

4x = 45; 5x = 19; 6x = 44. 

 
а 

 
b 

Figure 11 – In the network under study, the status is “Risk is 
low” : а – implementation in MATLAB; b – implementation in 

MathCAD 
 

 
а 

 
b 

Figure 12 – In the network under study, the status is “Risk Me-
dium” : а – 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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а 

 
b 

Figure 13 – In the network under study, the status is “Risk is 
high” : а – 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 

based on threshold 
value 

Fuzzy-logic risk 

S1 5% 0.18 
S2 62% 0.46 
S3 88% 0.82 

 
Table 2 – Stability of methods 

Method Mean alarm 
frequency 

Standard deviation 

Alarm frequency based 
on threshold value 

0.62 0.31 

Fuzzy-logic risk 0.47 0.08 

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

Network state 
index 

Threshold-based 
decision 

Fuzzy-logic algorithm 

1 0 0.32 
20 0 0.48 
40 1 0.66 
60 1 0.78 
80 1 0.86 

 
 

6 DISCUSSION 
As can be seen from Figs. 10–13, the results are iden-

tical across different software environments, as also dem-
onstrated in Table 4. 

 
Table 4 – Comparison of Results 

Network State 
MathCAD 

Result 
MATLAB 

Result 
Difference 

No Risk 0.298 0.298 0 
Low Risk 0.489 0.489 0 
Medium Risk 0.65 0.65 0 
High Risk 0.876 0.876 0 

 
Thus, the proposed algorithm correctly determines the 

risk levels. The results obtained in both software envi-
ronments match with an accuracy of 10⁻ ³ (the same pre-
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-

12



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2026. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2026. № 1 

 
 

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

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 I errors 
(missed attacks) will occur. Conversely, if the threshold is 
set too high, a large number of Type II 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 

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 I and Type II 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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AНОТАЦІЯ 
Актуальність. Зі зростанням використання безпровідних мереж Wi-Fi підвищується ризик атак, специфічних саме для них. 

Традиційні методи захисту які зазвичай використовують чіткі пороги, не відображають реальної невизначеності умов в яких функ-
ціонують безпровідні мережі. Через відкритість радіоканалу, нестабільність, розсіюваність та наявність шуму, перспективним на-
прямком є використання нечітко-логічних алгоритмів, що дозволяють враховувати неповноту та неоднозначність даних при оціню-
ванні ризиків безпровідних мереж Wi-Fi. 

Мета. Розробити нечітко-логічний алгоритм оцінювання стану Wi-Fi мереж, який дозволяє адаптивно визначати рівень ризику, 
аналізуючи параметри безпровідної мережі та приймати рішення щодо дій системи безпеки.  

Метод. Запропоновано нечітко-логічний алгоритм аналізу стану функціонування безпровідної Wi-Fi мережі, що базується на 
комплексному аналізі шести мережевих параметрів із використанням елементів нечіткої логіки. Алгоритм включає побудову функ-
цій належності для вхідних змінних, формування бази нечітких правил типу IF–THEN та механізм дефазифікації, що забезпечує 
отримання безперервної числової оцінки рівня ризику мережі. Для оцінювання ефективності запропонованого підходу проведено 
порівняльне імітаційне моделювання з класичним пороговим методом прийняття рішень. Дослідження виконано у середовищах 
MathCAD та MATLAB для взаємної перевірки працездатності алгоритму. Розглянуто три сценарії функціонування мережі, для 
кожного з яких змодельовано 100 станів мережі. 

Результати. Результати імітаційного моделювання збігаються з точністю до третього знаку в двох програмних середовищах 
MathCAD та MATLAB. Запропонований алгоритм коректно реагує на збільшення кількості невдалих спроб автентифікації та на 
аномальні зміни трафіку. Використання елементів нечіткої логіки дозволяє уникнути різких стрибків між рівнями ризику «низь-
кий», «середній», «високий», що зменшує кількість хибних тривог та мінімізує помилки першого роду. Модель успішно розрізняє 
нормальні зміни рівня сигналу та небезпечні. Запропонований алгоритм здатен сам реагувати на потенційні загрози: моніторинг, 
посилене логування, обмеження доступу, блокування клієнта та сповіщати адміністратору.  

Висновки. Запропонований у роботі нечітко-логічний алгоритм аналізу стану Wi-Fi мережі на основі нечіткої логіки дає змогу 
більш адекватно ухвалювати рішення щодо стану мережі. Використання нечіткої логіки дозволяє коригувати рішення залежно від 
зміни умов функціонування мережі у режимі реального часу та може бути інтегрована у системи виявлення вторгнень або розши-
рені засоби кіберзахисту безпровідних мереж. 

КЛЮЧОВІ СЛОВА: кібербезпека, Wi-Fi, системи виявлення вторгнень, нечітка логіка, оцінка ризику.  
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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 
ITU is an International Telecommunication Union; 
ITU-R is an International Telecommunication Union 

Radiocommunication Sector; 
MBC is a Meteor Burst Channel; 
MRC is a Meteor Radio Communication;  
SNR is a Signal-to-Noise Ratio; 
FSK is a Frequency Shift Keying; 
MSK is a Minimum Shift Keying; 
DSP is a Digital Signal Processors;  
FPGA is a Field-Programmable Gate Array;  
ARQ is an Automatic Repeat Request; 
DMF is a Digital Matched Filter; 
BS is a Base Station; 
SS is a Subscriber Station; 
EPMR is a Energy Potential of Meteor radio line; 
RSL is a Received Signal Level;  
PBS is a Preamble for Bit Synchronization; 

MRL is a Meteor Radio Line. 
 

NOMENCLATURE 
NINF is a length of the information (payload) field of 

the message packet; 
τm is a duration of a usable meteor trail; 
VINF is an information transmission rate; 
NSS is a length of the preamble for bit synchronization; 
NF is a length of the start-of-packet flag; 
Nτ is a length of the time field τ in the message struc-

ture; 
NKS is a length of the checksum field; 
NF* is a length of the end-of-message flag; 
NT is a length of the status (message type) field; 
PT is a radiated power of the transmitter; 
GR is a receiving antenna gain at the operating fre-

quency 
GT is a transmitting antenna gains at the operating fre-

quency  
PGN is a galactic noise power; 
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ΔFs, is a spectrum width; 
PSIGN 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). 

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 τtrail, 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 ≤τtrail; 

– 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. 

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-

quency, power, antenna gain 
Ensure sufficient energy 
potential for stable link 

2 Calculate energy potential 
(EPMR) 

Verify link budget and 
required SNR 

3 Set transmission parameters: 
data rate, message length, 
modulation 

Match parameters to me-
teor trail duration 

4 Optimize message structure: 
minimize overhead, combine 
address and sync flag 

Reduce transmission time 
within time window 

5 Apply hybrid synchronization: 
threshold + threshold-free 

Shorten sync time, increase 
reliability 

6 Generate and detect flags 
using digital matched filter 

Accurately detect message 
boundaries and address 

7 Transmit with majority voting Improve error resistance 
without complex codes 

8 Make final decision and verify 
checksum 

Deliver alert with required 
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 NF bits in length, message 
status information (T), the payload consisting of NINF in-
formation bits, a checksum (CS) of NKS bits, and an end-
of-message flag (F*). 

 

Length of information message

...

PBS

...

F

…j Nss1 1 2 3 NF

T INF

...1 NINFNT …..1 2 3

F*

…1 2 3 NF

Information packetBit length

KS

…1 2 3 NKS

Usable meteor trail duration

 
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 Aj, 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. 

 

Max A3 Max A3

Reset the counter 
and accumulator

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
t

t1 2 3 4 1 2 3 4 1 2 3 41 2 3  
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-

symbol preamble in a channel with a bit error probability 
of approximately Pbit~10−2, 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 NINF 
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 
maximum-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-

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 Pbit~10−1, 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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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 NINF is limited by 
the total message length, the data transmission rate, and 
the size of the “time window”. The value of NINF is de-
termined by the duration of a usable meteor trail 
τm\tau_m and the data rate VINF. It is given by the expres-
sion: 

 
).( 8FKSFSSINFmINF NNNNNVN   (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 

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 
PT×GT×GR 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 46.65 MHz yielded 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 
(10–30 dB). 

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. 

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} = 1 kW. 

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]. 

 
),lg(10)lg(f7.27)( ,MHz HzsGN FKdBWP  (2)

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

For a bit error probability in the range of 10−2 to 10−3, 
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 PGN is the 
galactic noise power. 

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

 
).( 8inf FKSFSSmTINF NNNNVNN  (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 τm=0.3 s, the selected data rate VINF, 
and the use of MSK modulation. The following values 
were assumed: NSS = NF = NF* = 32 bits, and NKS=8 bits. 

 
Table 1 – Length of the information packet and the required 

signal level at the receiving point 
Vinf,  
bit/s 

Length of information  
packet, bits 

Required signal level  
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 

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 

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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AНОТАЦІЯ 
Актуальність.  В особливих умовах (зокрема під час надзвичайних ситуацій), коли супутникові та наземні канали 

зв’язку стають вразливими або повністю недоступними, зв’язок через метеорні траси може ефективно виконувати роль ре-
зервного чи навіть основного каналу передавання інформації. Робоча дальність такого радіоканалу сягає до 2000 км, а від-
сутність «мертвих зон» забезпечує широку територіальну покритість, порівнянну з іншими видами дальнього радіозв’язку. 

Мета дослідження. Удосконалення методу передавання односпрямованих повідомлень через метеорні канали та алго-
ритму його реалізації, що дозволяють мінімізувати час доставки повідомлень при заданому рівні достовірності. 

Метод дослідження. Отримав подальший розвиток метод, що ґрунтується на мінімізації структури повідомлення шля-
хом об’єднання адресного поля та синхронізаційного прапору, а також вперше використовується гібридний алгоритм син-
хронізації, який поєднує порогову і безпорогову обробку сигналів. Для підвищення достовірності замість класичних ARQ-
методів застосовується алгоритм «більшості» при багаторазовому повторенні повідомлення. 

Результати дослідження. Запропоновано удосконалений метод передавання оповіщень через метеорні канали, що за-
безпечує мінімізацію часу доставки та високу достовірність приймання. На його основі розроблено протокол передавання, 
оцінено час доставки повідомлень і визначено способи синхронізації, що підтверджують ефективність методу. Практична 
цінність полягає у створенні алгоритму реалізації, придатного для впровадження на DSP та FPGA у системах оповіщення 
без залучення супутникових каналів. 

Висновки. Використання запропонованого методу та алгоритму реалізації у складі систем оповіщення дозволяє мінімі-
зувати час доставки коротких повідомлень при заданій достовірності та підвищити надійність зв’язку у складних умовах. 

КЛЮЧОВІ СЛОВА: система оповіщення, метеорний радіоканал, протокол передавання, синхронізація, час передаван-
ня, час доставки. 
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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 

AGTFI is an adaptive graph transformer; 
AP is an average precision; 
AUC is a receiver operating characteristic; 
CNN is a convolutional neural network; 
DTM is a Dual Trajectory Transformer; 
FN is a False Negative; 
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; 
MSE is a mean squared error; 
NN is a neural network; 
NFN is a neuro-fuzzy network; 
PR is a Precision-Recall; 
ROC is an area under the curve; 
RNN is a recurrent neural network; 
SDD is a Stanford Drone Dataset; 
TN is a True Negative; 
TP is a True Positive; 

YOLO is a You Only Look Once. 
 

NOMENCLATURE 

kTx ˆ  is a predicted value at future time T+k; 

xi – is a past observed values (length n); 
F is a model that based on the last n steps, predicts the 

next m positions; 
C is contextual information about the environment ob-

tained from maps, depth images, environmental graphs, or 
other sources; 

tI  is an input image at time t; 
CNN

tF  is a feature vector extracted by CNN; 

fd  is a dimensionality of CNN features; 

1th  is a previous hidden state; 

tx  is a position at time t; 

tv  is a velocity at time t; 

th  is an updated hidden state; 

hd  is a dimensionality of GRU hidden state; 
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tG  is a graph of agent interactions at time t; 

gd  is a dimensionality of GNN output; 

Th  is an aggregated hidden representation at time T; 

'ta  is an attention weight for time t'; 
GNN
tH '  is a GNN output at time t'; 

n is a length of temporal window; 
LMSE is an average squared error over m steps; 
xT+k  is a ground truth position; 
LLL  is a negative log-likelihood loss; 

,kT is a predicted mean and covariance; 
)(p 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 YOLOv11 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. 

Let us have a temporal sequence of video frames 
{I1,I2,...,IT}, in which the human positions in space are 
recorded as {x1,x2,...,xT}, where xR2 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: 

 

),,...,(ˆ,...,ˆ,ˆ 121 CxxFxxx TnTmTTT   . (1)

 
Each predicted point xt+iR2, 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 It is processed by a CNN to extract 
spatial features: 

 

fdR),(  CNN
tt

CNN
t FICNNF . (2)

 
Temporal dependencies and motion patterns are cap-

tured by a Gated Recurrent Unit (GRU), which aggregates 
past positions, velocities, and extracted spatial features: 

 

hd
1 R]),,,[,(   t

CNN
ttttt hFvxhGRUh . (3)

 
Interactions with the environment and other agents are 

modeled using a GNN over the graph Gt: 
 

gdGNN
ttt

GNN
t RHhGGNNH  ),,( . (4)

 
A spatio-temporal attention mechanism highlights the 

most significant historical states and graph nodes, weight-
ing their influence on trajectory prediction: 

 





T

nTt

GNN
ttT Hah

1'
'' . (5)

 
The model F is optimized to minimize the discrepancy 

between predicted and actual coordinates, for example 
using the mean squared error: 

 
2

21

ˆ
1 


 

m

k
kTkTMSE xx

m
L . (6)

 
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. 
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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 
YOLOv8 [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 

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 It 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 CNN
tF , which encodes the key characteristics of 

the frame: 
 

fdR),(  CNN
tt

CNN
t FICNNF . (7)

 

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 
Gt = (Vt, Et), the nodes Vt represent significant environ-
mental points or other agents, and the edges Et 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

k
kTkTkTLL xpL

1

),(log . (8)
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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). 
 

 
 

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 (6×3.60 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.f1 0.5677382319173363 

results.precision 0.42869527524924145 

results.recall 0.8402718776550552 

 

 
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). 
 

 
 

Figure 3 – ROC curve and area under the curve 
 

 
 

Figure 4 – Precision-Recall curve and Average Precision 

 

 
 

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). 
 

 
 

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-

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 I11, given by formulas (5) and (1), and I12, 
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 I21 (for-
mulas (6) and (1)) and I22 (formulas (6) and (2)). At the 
same time, I21 and I22 are less sensitive to the specific 
instance selection approach, whereas I11 and I12 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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AНОТАЦІЯ 
Актуальність. Завдання точного прогнозування руху людини в середовищі є критично важливим для застосувань у системах 

моніторингу, пошуку та навігації. Існуючим підходам часто складно інтегрувати просторову та часову динаміку траєкторій під час 
обробки потокового відео в реальному часі. 

Мета роботи. Розробити фреймворк на основі глибинного навчання, здатний прогнозувати рух людини шляхом поєднання оз-
нак на рівні об’єктів і просторово-часової інформації про траєкторії, отриманої з відеопотоків. 

Метод. Запропонований підхід інтегрує YOLO11 для детекції об’єктів, що дає змогу отримувати координати, швидкість, на-
прям руху та положення відносно оточення. Графова нейронна мережа моделює локальні й глобальні зв’язки між вузлами середо-
вища, агрегуючи ознаки з урахуванням структури місцевості та перешкод. Просторово-часова увага виділяє найрелевантніші мо-
менти траєкторії, підвищуючи точність передбачення. Модель обробляє послідовності кадрів із відеопотоків і в реальному часі 
прогнозує наступні позиції кожного відстежуваного об’єкта. 

Результати. Експерименти на відеопослідовностях із різними сценаріями руху, довжинами траєкторій і варіаціями швидкості 
показали високу точність прогнозування. Запропонований метод ефективно поєднує просторові та часові ознаки й перевершує 
базові моделі в задачах трекінгу та передбачення руху. 

Висновки. Отримані результати підтверджують придатність запропонованого фреймворку глибинного навчання для прогнозу-
вання руху людини в реальному часі у складних середовищах. Подальші дослідження можуть бути зосереджені на розширенні 
підходу до багатоагентних сценаріїв, оптимізації обчислювальної продуктивності та тестуванні на більших і різноманітніших набо-
рах даних. 

КЛЮЧОВІ СЛОВА: глибинне навчання, детекція об’єктів, траєкторія руху, прогнозування траєкторій людини, потокове 
відео, графові нейронні мережі, контекстно обізнане прогнозування руху, набір даних Stanford Drone, робота в реальному часі.  

 

36



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2026. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2026. № 1 

 
 

© Bilous N. V., Ivanichev V. O., 2026 
DOI 10.15588/1607-3274-2026-1-3  
 

ЛІТЕРАТУРА 
1. You Only Look Once: Unified, Real-Time Object Detection / 

[J. Redmon, S. Divvala, R. Girshick, A. Farhadi] // Proceed-
ings of the IEEE Conference on Computer Vision and Pattern 
Recognition, Las Vegas, Nevada, USA, June 27–30, 2016. – 
2016. – P. 779–788. DOI: 10.48550/arXiv.1506.02640. 

2. Simonyan K. Very Deep Convolutional Networks for Large-
Scale Image Recognition / K. Simonyan, A. Zisserman // In-
ternational Conference on Learning Representations. – 2015. 
– P. 1–14. DOI: 10.48550/arXiv.1409.1556. 

3. Comparison of CNN-Based Architectures for Detection of 
Different Object Classes / [ N. Bilous, V. Malko, M. Frohme, 
A. Nechyporenko] // Artificial Intelligence. – 2024. – Vol. 5, 
No. 4. – P. 2300–2320. DOI: 10.3390/ai5040113. 

4. DETRs Beat YOLOs on Real-time Object Detection / 
[Y. Zhao, W. Lv, S. Xu et al.] // Proceedings of the IEEE 
Conference on Computer Vision and Pattern Recognition, Se-
attle, Washington, USA, June 17–22, 2024. – 2024. – 
P. 16965–16974. DOI: 10.48550/arXiv.2304.08069. 

5. Redmon J. YOLO9000: Better, Faster, Stronger / J. Redmon, 
A. Farhadi // Proceedings of the IEEE Conference on Com-
puter Vision and Pattern Recognition, Honolulu, Hawaii, 
USA, July 21–26, 2017. – 2017. – P. 6517–6525. DOI: 
10.1109/CVPR.2017.690. 

6. Li Y. Improving real-time object detection in Internet-of-
Things smart city traffic with YOLOv8-DSAF method / Y. Li, 
Y. Huang, Q. Tao // Scientific Reports. – 2024. – Vol. 14. – 
Article number: 17235. – 15 p. DOI: 10.1038/s41598-024-
68115-1. 

7. Wang C.-Y. Scaled-YOLOv4: Scaling Cross Stage Partial 
Network / C.-Y. Wang, A. Bochkovskiy, H.-Y. M. Liao // 
Proceedings of the IEEE Conference on Computer Vision and 
Pattern Recognition, Nashville, Tennessee, USA, June 20–25, 
2021. – 2021. – P. 13029–13038. DOI: 
10.1109/CVPR46437.2021.01283. 

8. Jocher G. YOLOv8 : Overview / G. Jocher, A. Chaurasia, 
J. Qiu // Ultralytics Documentation, 2023. DOI: 
10.5281/zenodo.3908559. 

9. Bilous N. Search and Detection of People in the Water Using 
YOLO Architectures: A Comparative Analysis from 
YOLOv3 to YOLOv8 / N. Bilous. V. Malko, N. Moshenskyi 
// Automation 2024: Advances in Automation, Robotics and 
Measurement Techniques. AUTOMATION 2024. Lecture 
Notes in Networks and Systems, vol 1219. Springer, Cham. –
P. 233–255. DOI: 10.1007/978-3-031-78266-4_21 

10. A skeleton-based method for exercise recognition based on 
3D coordinates of human joints / [N. Bilous, O. Svidin, 
I. Ahekian, V. Malko] // IAES International Journal of Artifi-
cial Intelligence (IJ–AI), ISSN/e-ISSN 2089-4872/2252-8938, 
2024. – P. 1805–1816. DOI: 10.11591/ijai.v13.i2.pp1805-
1816 

11. Bilous N. Determination and Comparison Methods of Body 
Positions on Stream Video / N. Bilous, I. Ahekian, V. Kaluhin 
// Radio Electronics, Computer Science, Control. – 2023. – 
№ 2. – P. 52–60. DOI: 10.15588/1607-3274-2023-2-6 

12. OpenPose: Realtime Multi-Person 2D Pose Estimation using 
Part Affinity Fields / [Z. Cao, G. Hidalgo, T. Simon et al.] // 
IEEE Transactions on Pattern Analysis and Machine Intelli-
gence. – 2019. – Vol. 43, № 1. – P. 172–186. DOI: 
10.1109/TPAMI.2019.2929257. 

13. 3D human pose estimation in video with temporal convolu-
tions and semi-supervised training / [D. Pavllo, C. Feichten-
hofer, D. Grangier, M. Auli] // Proceedings of the IEEE Con-
ference on Computer Vision and Pattern Recognition, Long 

Beach, California, USA, June 16–20, 2019. – 2019. – 
P. 7753–7762. DOI: 10.48550/arXiv. 1811.11742. 

14. Social LSTM: Human Trajectory Prediction in Crowded 
Spaces / [A. Alahi, K. Goel, V. Ramanathan et al.] // Proceed-
ings of the IEEE Conference on Computer Vision and Pattern 
Recognition, Las Vegas, Nevada, USA, June 27–30, 2016. – 
2016. – P. 961–971. DOI: 10.1109/CVPR.2016.110. 

15. Graph Attention Networks / [P. Veličković, G. Cucurull, 
A. Casanova et al.] // Proceedings of the International Confer-
ence on Learning Representations, Vancouver, Canada, April 
30 – May 3, 2018. – 2017. DOI: 10.17863/CAM.48429. 

16. Yu B. Spatio-Temporal Graph Convolutional Networks: A 
Deep Learning Framework for Traffic Forecasting / B. Yu, 
H. Yin, Z. Zhu // Proceedings of the International Joint Con-
ference on Artificial Intelligence (IJCAI), Stockholm, Swe-
den, July 13–19, 2018. – 2018. – P. 3634–3640. DOI: 
10.24963/ijcai.2018/505. 

17. DERGCN: Dynamic-Evolving graph convolutional networks 
for human trajectory prediction / [J. Mi, X. Zhang, H. Zeng, 
L. Wang] // Neurocomputing. – 2024. – Vol. 569. – Article 
127117. DOI: 10.1016/j.neucom.2023.127117. 

18. Tailored meta-learning for dual trajectory transformer: ad-
vancing generalized trajectory prediction / [F. Huang, Z. Fan, 
X. Li et al.] // Complex & Intelligent Systems. – 2025. – 
Vol. 11. – Article no. 174. DOI: 10.1007/s40747-025-01802-
2. 

19. Adaptive Graph Transformer for Human Trajectory Prediction 
/ [S. Chen et al.] // Proceedings of the IEEE Conference on 
Computer Vision and Pattern Recognition, Seattle, Washing-
ton, USA, June 17–22, 2024. – 2024. – P. 1617–1628. 

20. Social GAN: Socially Acceptable Trajectories with Genera-
tive Adversarial Networks / [A. Gupta, J. Johnson, L. Fei-Fei 
et al.] // Proceedings of the IEEE Conference on Computer 
Vision and Pattern Recognition, Salt Lake City, Utah, USA, 
June 18–22, 2018. – 2018. – P. 2255–2264. DOI: 
10.1109/CVPR.2018.00240. 

21. SoPhie: An Attentive GAN for Predicting Paths Compliant to 
Social and Physical Constraints / [A. Sadeghian, V. Kosaraju, 
A. Sadeghian et al.] // Proceedings of the IEEE Conference on 
Computer Vision and Pattern Recognition, Long Beach, Cali-
fornia, USA, June 16–20, 2019. – 2019. – P. 1349–1358. 
DOI: 10.1109/CVPR.2019.00144. 

22. Bilous N. Research of Methods for Determining the Accuracy 
of Metrological Measurements / N. Bilous, A. Kozhevnikov // 
Technology Audit and Production Reserves, 3(2(65)). – 2022. 
– P. 18–23. DOI: 10.15588/1607-3274-2022-2-3 

23. Risk Analysis Method by the Extreme Data of Dependent 
Exogenous Variables / [N. Bilous, I. Tereshchenko, 
A. Tereshchenko et al.] // Journal of Automation, Mobile Ro-
botics and Intelligent Systems. – 2022. – P. 44–53. DOI: 
10.14313/JAMRIS/3-2021/18 

24. Social-BiGAT: Multimodal Trajectory Forecasting using 
Bicycle-GAN and Graph Attention Networks / [V. Kosaraju, 
A. Sadeghian, R. Martin-Martin et al.] // Proceedings of the 
Advances in Neural Information Processing Systems, Van-
couver, Canada, December 8–14, 2019. – 2019. – P. 137–146. 
DOI: 10.5555/3454287.3454300. 

25. Unified Spatial-Temporal Edge-Enhanced Graph Networks 
for Pedestrian Trajectory Prediction / [Li Ruochen, Q. Tanqiu, 
K. Stamos et al.] // IEEE Transactions on Circuits and Sys-
tems for Video Technology. – 2025. – P. 1–14. DOI: 
10.1109/TCSVT.2025.3539522. 

26. Stanford Drone dataset, 2016, https://cvgl.stanford.edu/ pro-
jects/uav_data/ 

37



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2026. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2026. № 1 

 
 

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

UDC 004.93 
 

LONG-DISTANCE CABBAGE DAMAGE AND PEST DETECTION 
METHOD USING YOLO11 

 
Khabarlak K. S. – PhD, Associate Professor of the Department of System Analysis and Control, Dnipro University 

of Technology, Dnipro, Ukraine. ROR: https://ror.org/05hkn5555. ORCID: https://orcid.org/0000-0003-4263-0871. 
Laktionov I. S. – Dr. Sc., Full Professor, Professor of the Department of Computer Systems Software, Dnipro Univer-

sity of Technology, Dnipro, Ukraine. ROR: https://ror.org/05hkn5555. ORCID: https://orcid.org/0000-0001-7857-6382. 
Gorev V. N. – PhD, Associate Professor, Head of the Department of Physics, Dnipro University of Technology, 

Dnipro, Ukraine. ROR: https://ror.org/05hkn5555. ORCID: https://orcid.org/0000-0002-9528-9497. 
Diachenko G. G. – PhD, Associate Professor of the Department of Electric Drive, Dnipro University  

of Technology, Dnipro, Ukraine. ROR: https://ror.org/05hkn5555. ORCID: https://orcid.org/0000-0001-9105-1951. 
 

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 

YOLO is a You Only Look Once family of single-
stage object detection models; 

RT-DETR is a Real-Time Detection Transformer, a 
transformer-based object detection model; 

TPE is a Tree-Structured Parzen Estimators hyper-
parameter optimization method. 

 
NOMENCLATURE 

M is an input image of shape W×H×C, where W,H,C 
are width, height and the number of color channels; 

Ф(x) is a detection neural network, that takes image M 
as an input and returns   detMax

0iD 
 predictions; 

  detMax
0iD 

 is a maximum number of possible detections 

for a given network; 
Di is a tuple with object detection information, which 

typically takes form (Shapei, ObjectnessScorei, 
ClassProbabilitiesi); 

f is a training loss function; 
mAP50–95 is a mean average precision detection met-

ric; 
p(x|y) is a TPE hyperparameter kernel density esti-

mate. 
INTRODUCTION 

Increasing plant yields per hectare is an important ag-
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 W×H×C, 

where W, H, C are width, height and number of channels. 
For RGB image C=3; let Ф(x) be a detection neural net-
work, that takes image M as an input, and returns   detMax

0iD 
 

tuples with information about predicted object bounding 
boxes, which typically takes form 
(Shapei,ObjectnessScorei,ClassProbabilitiesi), where 
Shape is defined depending on detection model as 
(left,top,width,height) or (centerx,centery,width,height) 
object bounding box coordinates, ObjectnessScore is a 
score whether this bounding box contains actual object, 
ClassProbabilities is a vector RK of class probabilities, 
where K is the number of classes. 

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 
illness 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-

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. 

 

 
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 number 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+IP102 
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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(a) PlantDoc (b) IP102 

Figure 2 – Distribution of image resolutions present in (a) PlantDoc and (b) IP102 datasets (Log-Log scale) 
 
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 IP102 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. IP102 
[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. IP102 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. 

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 
images 

# train object 
instances 

# test 
images 

# test object 
instances 

Crucifer 
Flea Beetle 

5 201 3 144 

Damaged 
Leaf 

7 91 3 43 

 
To give the neural network knowledge about different 

kinds of pests given a small training dataset of cabbage 
images, we extend the IP102 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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Figure 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+ 
IP102 

15185 3801 104 
min: 1, mean: 1.2, 
max: 86 

PlantDoc 2348 237 17 
min: 0, mean: 3.4, 
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 mAP50–95 
(mean average precision), which is a common choice. The 
following formula can be used to compute the metric 

 

IoU

50 95 ,IoU
IoU 1 1

1
mAP AP

i

NK

k
k iK N
 


   , (1)

 

where K is the number of classes, NIoU is the number of 
intersections over union thresholds (IoU), IoU is taken 
from 0.5 to 0.95 at 0.05  steps, APk,IoUi is the average pre-
cision for class k at the IoU threshold IoUi. 

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 ×Hsingle. 

2. 4×4 grid of resolution Wgrid×Hgrid is formed from 
these images. 

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: 
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where offsetXi,j, offsetYi,j are defined as follows: 
 

, single ,i joffsetX j W   

, single.i joffsetY i H   
(3)

 

4. mAP50–95 using formula (1) is computed on con-
structed images. 

In this work Wsingle=Hsingle=640, Wgrid=Hgrid=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 
l(x) and “good” hyperparameters g(x). Given a minimiza-
tion problem, the general density p(x|y) is defined as fol-
lows [27]: 

 

*

*

( ),  if .
( | )

( ),  if .

l x y y
p x y

g x y y

  


 (4)

 

where {xi} are hyperparameter observations, {yi}are the 
corresponding loss function values, y* is a quantile γ of 
the best observed y values, such that p(y<y*)= γ. 
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(a) PlantDoc (b) IP102 

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 
Model Family Sizes Considered 

YOLO v8 N, S, M, L, X 

YOLO v9 T, S, M, C, E 

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-

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 

In Fig. 4 we show mAP50–95 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 IP102 
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. 

 
Figure 5 – PlantDoc dataset: model mAP50–95 depending on the 

number of epochs 

 
Figure 6 – IP102 dataset: model mAP50–95 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. 

 

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 

(Train) 
mAP50–95 

(Validation) 

Cabbage+ IP102 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 full plant image processed by the model 
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(a) (b) 

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 11 11   
pixels on a 2016 2016  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–

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. 
 

ACKNOWLEDGEMENTS 
This research was carried out as part of the scientific 

project “Development of software and hardware of intel-
ligent technologies for sustainable crop production in 
wartime and post-war” (state registration number 
0124U000289) funded by the Ministry of Education and 
Science of Ukraine at the expense of the state budget. 

 
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: Kostiantyn Khabarlak: soft-
ware, data collection, writing – original draft preparation; 
Ivan Laktionov: writing – review and editing, funding 
acquisition; Vyacheslav Gorev: formal analysis, literature 
review; Grygorii Diachenko: method validation, writing – 
review and editing. 

Data availability: The manuscript has no associated 
data. 

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. 

45



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2026. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2026. № 1 

 
 

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

REFERENCES 
1. Laktionov I. et al. A comprehensive review of recent 

approaches and Hardware-Software technologies for 
digitalisation and intellectualisation of Open-Field crop 
Production: Ukrainian case study in the global context, 
Computers and Electronics in Agriculture, 2024, 
Vol. 225, P. 109326.  DOI: 
https://doi.org/10.1016/j.compag.2024.109326. 

2. Gong H., Ma X., Guo Y. Research on a target detection 
algorithm for common pests based on an improved 
yolov7-tiny model, Agronomy, 2024, Vol. 14, № 12. 
DOI: 10.3390/agronomy14123068. 

3. Teng Y. et al. MSR-RCNN: a multi-class crop pest de-
tection network based on a multi-scale super-resolution 
feature enhancement module, Frontiers in Plant Science, 
2022,  Vol. 13. DOI: 10.3389/fpls.2022.810546. 

4. Chakrabarty S. et al. Deep learning-based accurate detec-
tion of insects and damage in cruciferous crops using 
YOLOv5, Smart Agricultural Technology, 2024, Vol. 9,  
P. 100663. DOI: 
https://doi.org/10.1016/j.atech.2024.100663. 

5. Dai M. et al. A new pest detection method based on im-
proved YOLOv5M, Insects, 2023, Vol. 14, № 54. DOI: 
10.3390/insects14010054. 

6. Diachenko G.  et al. An improved approach to prediction 
of maize disease occurrence based on weather monitor-
ing and machine learning, Case of the forest-steppe and 
northern steppe of Ukraine, 2024, Vol. 12, № 4. DOI: 
10.22364/BJMC.2024.12.4.03. 

7. Bhargava A. et al. Plant leaf disease detection, classifica-
tion, and diagnosis using computer vision and artificial 
intelligence: a review, IEEE access : practical innova-
tions, open solutions, 2024, Vol. 12, pp. 37443–37469. 
DOI: 10.1109/ACCESS.2024.3373001. 

8. Khabarlak K., Diachenko G., Laktionov I. Feature 
knowledge distillation using group convolutions for effi-
cient plant pest recognition, Proceedings of the 12th In-
ternational Conference Information Control Systems & 
Technologies (ICST 2024). Odesa, Ukraine, September 
23–25 : CEUR workshop proceedings, CEUR-WS.org, 
2024, Vol. 3790, pp. 377–387. 

9. Girshick R.B. et al. Rich feature hierarchies for accurate 
object detection and semantic segmentation, 2014 IEEE 
Conference on Computer Vision and Pattern Recogni-
tion, CVPR 2014. Columbus, OH, USA, June 23–28, 
2014, IEEE Computer Society, 2014, pp. 580–587. DOI: 
10.1109/CVPR.2014.81. 

10. Ren S. et al. Faster R-CNN: Towards real-time object 
detection with region proposal networks, Advances in 
neural information processing systems 28: Annual con-
ference on neural information processing systems 2015, 
December 7–12, 2015. Montreal, Quebec, Canada, 2015, 
pp. 91–99. 

11. Redmon J. et al. You only look once: Unified, real-time 
object detection, 2016 IEEE Conference on Computer 
Vision and Pattern Recognition, CVPR 2016. Las Vegas, 
NV, USA, June 27–30, 2016, IEEE Computer Society, 
2016,  pp. 779–788. DOI: 10.1109/CVPR.2016.91. 

12. Bochkovskiy A., Wang C.-Y., Liao H.-Y.M. YOLOv4: 
Optimal speed and accuracy of object detection, CoRR, 
2020, Vol. abs/2004.10934. 

13. Jocher G. Ultralytics yolov5, 2020. 
14. Carion N. et al. End-to-end object detection with trans-

formers, ECCV 2020, Glasgow, UK, August 23–28, 2020 
: Lecture notes in computer science. Springer, 2020, 
Vol. 12346. pp. 213–229. DOI: 10.1007/978-3-030-
58452-8_13. 

15. Wu X. et al. IP102: A large-scale benchmark dataset for 
insect pest recognition, 2019 IEEE/CVF conference on 
computer vision and pattern recognition (CVPR), IEEE, 
2019. DOI: 10.1109/cvpr.2019.00899. 

16. Li A. et al. D3-YOLOv10: Improved YOLOv10-based 
lightweight tomato detection algorithm under facility sce-
nario, Agriculture (Nitra, Slovakia), 2024, Vol. 14, № 12.  
DOI: 10.3390/agriculture14122268. 

17. Khabarlak K. S. Faster optimization-based meta-learning 
adaptation phase, Radio Electronics, Computer Science, 
Control, 2022, № 1, P. 82. DOI: 10.15588/1607-3274-
2022-1-10. 

18. Nuthalapati S. V., Tunga A. Multi-domain few-shot 
learning and dataset for agricultural applications, 
IEEE/CVF International Conference on Computer Vision 
Workshops, ICCVW 2021. Montreal, QC, Canada, Octo-
ber 11–17, 2021, IEEE, 2021, pp. 1399–1408. DOI: 
10.1109/ICCVW54120.2021.00161. 

19. Wang X.  et al. Prior knowledge auxiliary for few-shot 
pest detection in the wild, Frontiers in Plant Science, 
2023, Vol. 13–2022. DOI: 10.3389/fpls.2022.1033544. 

20. Jocher G., Chaurasia A., Qiu J. Ultralytics YOLOv8, 
2023. 

21. Wang C.-Y., Liao H.-Y.M. YOLOv9: Learning what you 
want to learn using programmable gradient information, 
2024. 

22. Wang A. et al. YOLOv10: Real-time end-to-end object 
detection, CoRR, 2024, Vol. abs/2405.14458. DOI: 
10.48550/ARXIV.2405.14458. 

23. Jocher G., Qiu J. Ultralytics YOLO11, 2024. 
24. Zhao Y. et al. DETRs beat YOLOs on real-time object 

detection, IEEE/CVF Conference on Computer Vision 
and Pattern Recognition, CVPR 2024. Seattle, WA, 
USA, June 16–22, 2024, IEEE, 2024, pp. 16965–16974. 
DOI: 10.1109/CVPR52733.2024.01605. 

25. Singh D.  et al. PlantDoc: A dataset for visual plant dis-
ease detection, Proceedings of the 7th ACM IKDD CoDS 
and 25th COMAD. New York, NY, USA, Association for 
Computing Machinery, 2020, pp. 249–253. DOI: 
10.1145/3371158.3371196. 

26. Cubuk E. D. et al. AutoAugment: Learning augmentation 
policies from data, CoRR, 2018, Vol. abs/1805.09501. 

27. Bergstra J. et al. Algorithms for hyper-parameter optimi-
zation, Advances in neural information processing sys-
tems 24: 25th annual conference on neural information 
processing systems 2011, Proceedings of a meeting held 
12–14 December 2011. Granada, Spain, 2011, pp. 2546–
2554. 

28. Akiba T. et al. Optuna: a next-generation hyperparameter 
optimization framework, Proceedings of the 25th ACM 
SIGKDD international conference on knowledge discov-
ery and data mining,  2019. 

Received 01.08.2025. 
Accepted 15.01.2026. 
Published 27.03.2026. 

46



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2026. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2026. № 1 

 
 

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

УДК 004.93 
 
МЕТОД ВИЯВЛЕННЯ ПОШКОДЖЕНЬ ТА ШКІДНИКІВ КАПУСТИ З ДАЛЕКОЇ ВІДСТАНІ НА ОСНОВІ YOLO11 

 
Хабарлак К. С. – д-р філософії, доцент кафедри системного аналізу та управління, Національний технічний університет 

«Дніпровська політехніка», Дніпро, Україна. ROR: https://ror.org/05hkn5555. ORCID: https://orcid.org/0000-0003-4263-0871. 
Лактіонов І. С. – д-р техн. наук, професор, професор кафедри програмного забезпечення комп’ютерних систем, Націо-

нальний технічний університет «Дніпровська політехніка», Дніпро, Україна. ROR: https://ror.org/05hkn5555.  
ORCID: https://orcid.org/0000-0001-7857-6382. 

Горєв В. М. – канд. фіз.-мат. наук, доцент, завідувач кафедри фізики, Національний технічний університет  
«Дніпровська політехніка», Дніпро, Україна. ROR: https://ror.org/05hkn5555. ORCID: https://orcid.org/0000-0002-9528-9497. 

Дяченко Г. Г. – канд. техн. наук, доцент кафедри електропривода, Національний технічний університет «Дніпровська 
політехніка», Дніпро, Україна. ROR: https://ror.org/05hkn5555. ORCID: https://orcid.org/0000-0001-9105-1951. 

 
AНОТАЦІЯ 

Актуальність. Для забезпечення стабільного врожаю необхідно постійно контролювати стан рослин і вчасно вживати 
заходів для запобігання поширенню захворювань. Традиційні підходи базуються на ручному огляді рослин, в той же час для 
навчання нейронних мереж потрібні великі обсяги анотованих даних. Як ручний огляд, так і анотування даних вимагають 
експертних знань і потребують багато часу. Для навчання часто використовуються фотографії листя з близької відстані, 
оскільки їх легше знайти в Інтернеті. Однак це ускладнює оцінку поширення хвороб на великих ділянках. Капуста є однією 
з рослин, що широко вирощуються в Україні, але існує недостатня кількість досліджень, присвячені моніторингу здоров’я 
капусти. 

Мета. Метою цієї роботи є створення системи виявлення хвороб і шкідників капусти на основі нейронної мережі, яку 
можна навчити на невеликій кількості навчальних зображень. При виведенні система повинна виявляти шкідників на зо-
браженнях рослин на відстані цілої рослини. 

Метод. З огляду на те, що існуючі набори даних про хвороби рослин, такі як IP102 і PlantDoc, містять переважно знімки 
хворих рослин зблизька, мережі, навчені на таких наборах даних, страждають від відсутності узагальнення до зображень на 
відстані. Для вибору найкращої моделі виявлення об’єктів у роботі було проаналізовано найсучасніші архітектури виявлен-
ня об’єктів, а саме YOLO 8, 9, 10, 11 і RT-DETR. Для збільшення відстані виявлення запропоновано функцію втрат на декі-
лькох зображеннях для поліпшення пошуку гіперпараметрів на основі методу Tree-Structured Parzen Estimators (TPE). Крім 
того, для поліпшення якості виявлення було зібрано новий набір даних хвороб капусти в Дніпропетровській області Украї-
ни. Нові класи включають хрестоцвітну блішку (поширений шкідник у Дніпропетровській області) та пошкоджене листя. 
Коли шкідника не видно, але пошкодження листя є, визначити конкретного шкідника може бути неможливо. Тому ми вво-
димо додатковий клас пошкодженого листя, який фіксує загальне пошкодження рослин. Це також дозволяє відстежувати 
швидкість одужання рослин, коли вжито заходів для зупинення поширення шкідників. Ми поєднуємо зібрані зображення з 
більшим набором даних IP102, щоб збільшити кількість охоплених шкідників і сформувати новий набір даних 
Cabbage+IP102. 

Результати. 1) Пошук за допомогою TPE, використовуючи функцію втрат на кількох зображеннях, покращив YOLO 11 
M з 0,3642 до 0,3892 mAP50–95 на зображеннях, зроблених на відстані. 2) Зібраний набір даних дозволив виявляти пробле-
ми зі здоров’ям капустяних рослин на відстані, включаючи випадки, коли шкідника наразі не видно, але пошкодження є. 

Висновки. У цій роботі представлено систему виявлення шкідників капусти та пошкодженого листя на основі YOLO 11 
M. Архітектура детектора була обрана як найкраща під час аналізу 2 наборів даних. Розроблена система вимагає лише 7 
анотованих зображень капусти для навчання та виявлення шкідників і пошкодженого листя на зображеннях високої розді-
льної здатності (2016x2016) цілих рослин капусти. Кінцева модель може бути використана для моніторингу проблем зі здо-
ров’ям капусти, пошкоджень та швидкості загоєння за допомогою зображень, зроблених на відстані. 

КЛЮЧОВІ СЛОВА: сільське господарство, глибоке навчання, моніторинг здоров’я рослин, виявлення шкідників, оці-
нка пошкодження листя, YOLO 11, родина капустяні. 
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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. 

Objective. 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, ReLU, 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 
ANN – Artificial Neural Networks; 
DNN – Deep Neural Networks; 
ReLU – Rectified Linear Unit. 
 
 

NOMENCLATURE 
ˆ ( )jy k  – output signal of the j-th neuron of the neural 

network at the moment of discrete time; 
k  – discrete time; 
N – training sample size; 
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ψ ( )j  – nonlinear activation function of the j-th neu-

ron; 
( )ju k  – internal activation signal; 

γ 0j   – parameter defining the shape of the activation 

function; 
θ j  – bias signal (threshold); 

n  – number of input signals (dimension of input vec-
tors); 

jiw  – tunable synaptic weight at the i-th input of the  

j-th neuron; 
( )ix k  – signal at the i-th input of the neuron at time 

moment k; 
δ  – learning rule; 

( )jd k  – external training signal; 

β  – smoothing parameter; 

E  – objective function; 
η( )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  
( -functions) of the form [1]: 

 

γ ( )

1
ˆ ( ) ψ ( ( )) ,

1 j j
j j j u k

y k u k
e


 


 (1)

 
γ 0j   – 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 
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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 

chain rule of differentiation of complex functions and the 
gradient optimization procedure (δ  – learning rule). 

It is easy to see that the derivative of the σ– function 
(1) has the form 

 

 ˆ ˆψ ( ( )) γ ( ) 1 ( ) ,j j j j ju k y k y 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 ReLU (Rectified Linear Unit), which has the 
form: 

 
,  0,

ˆ ( ) ψ ( ( ))
0 otherwise.

j j
j j j

u u
y k u k

  


 (2)

 
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 

 
1, 0,

( ( ))
0 otherwise.

j
j j

u
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. 

50



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2026. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2026. № 1 

 
 

© Shafronenko A. Yu., Bodyanskiy Ye. V., Shafronenko Ye. O., Brodetskyi F. A., Tanianskyi О. S., 2026 
DOI 10.15588/1607-3274-2026-1-5  
 

 
Figure 1 – ReLU Activation Function 

 
It is not difficult to introduce a piecewise-linear func-

tion of the form: 
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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: 
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the graph of which is shown in Figure 3. 
 

 
Figure 3 – Piecewise-linear activation function protected from 

vanishing gradient 
 

The derivative of this function at ( ) 1ju k   has the 

form 
 

ψ ( ( )) ,j ju k а   

 
at the same time, by imposing a threshold а   , 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: 

 

 221 1
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The process of gradient optimization of criterion (3) 

by synaptic weights is implemented using the standard  
δ -rule [11], which in this case can be written as: 
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Procedure (4) can also be written in a simple form 
 

( 1) ( ) η( )δ ( ) ( )ji ji jw k w k k k x k   , 

 
and since 
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the learning process can be optimized for speed using the 
Kaczmarz-Withrow-Hoff algorithm [12–14], which in this 
case takes the form 
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The procedure with additional smoothing properties 

[15, 16] in a modified form can also be used: 
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where 0 β 1  . 

The quality of the learning process can be improved 
by additionally tuning the parameter а  at ( ) 1ju k  , 

while controlling the fulfillment of the inequality ε.а   
At the same time, at each tuning cycle of the neuron, the 
value is first adjusted ( )ja k  at ( ) 1ju k  , and then the 

synaptic weights are adjusted: 
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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. 
 

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 
DNNs. 

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. 
CNN3 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

1 
CNN

2 
CNN

3 
Average 
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 

ReLU 88.9 90.1 90.4 89.8 
LeakyReLU 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. 

 

 
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 ReLU 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. 
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AНОТАЦІЯ 
Актуальність. На цей час штучні нейронні мережі отримали широке поширення для вирішення багатьох задач опрацю-

вання інформації найрізноманітнішої природи і, перш за все, інтелектуального аналізу даних, завдяки своїм універсальним 
апроксимуючим можливостям і здатності до навчання своїх параметрів – синаптичних ваг. Процес навчання багатошарової 
мережі полягає у налаштуванні синаптичних ваг кожного нейрона за допомогою процедури зворотного поширення похибок, 
яка базується на ланцюговому правилі диференціювання складних функцій та градієнтної процедури оптимізації. На основі 
багатошарових персептронів були створені глибокі нейронні мережі, що довели свою ефективність при вирішенні багатьох 
дуже складних задач, пов’язаних з обробкою і синтезом зображень різноманітної природи, природномовних текстів, багато-
вимірних стохастичних і хаотичних послідовностей, включаючи аудіо та відеосигнали. На відміну від класичних трьошаро-
вих персептронів ГНМ містять десятки та сотні шарів, а кількість їх синаптичних ваг є співрозмірною або навіть перевищує 
кількість синапсів у біологічному мозку. Зрозуміло, що для цих нейронних мереж ефект зникаючого градієнта є вкрай не-
бажаним, тому замість традиційних стискаючих функцій тут використовуються зазвичай кусково-лінійні конструкції, най-
більш популярною з яких є, так звана, ReLU.  

Мета. Мета роботи полягає у запровадженні адаптивної активаційної функції для глибоких нейронних мереж на основі 
найбільш розповсюдженої кусково-лінійної функції ReLU (Piecewise linear ReLU). 

Метод. Запропонована нова налаштовна активаційна функція для глибоких нейронних мереж на основі найбільш розпо-
всюдженої кусково-лінійної функції ReLU, яка однак не відповідає умовам апроксимаційної теореми Дж. Цибенка, але за-
безпечує захист процесу навчання від небажаного ефекту зникаючого градієнта. 

Результати. Введено нову адаптивну кусково-лінійну функцію на основі ReLU (Piecewise linear ReLU), що одночасно є 
як стискаючою, так і захищеною від зникаючого градієнта. При цьому у процесі навчання у мережі налаштовуються не лише 
синаптичні ваги, але і параметри самої активаційної функції. Використання запропонованої функції дозволяє скоротити кі-
лькість нейронів та прихованих шарів у нейронній мережі, необхідний обсяг навчальних вибірок та час налаштування мере-
жі в цілому. 

Висновки. Введено у розгляд адаптивну стискаючу активаційну функцію на основі широко поширеної ReLU для глибо-
ких нейронних мереж, що одночасно забезпечує універсальні апроксимуючі властивості і в той же час мережа не потерпає 
від небажаного ефекту зникаючого градієнта. Запропонована процедура навчання з використанням цієї функції, що забезпе-
чує високу швидкодію та характеризується простотою чисельної реалізації. Додатковий контур налаштування параметрів 
активаційних функцій досить просто може бути введений у вже існуючі глибокі нейронні мережі, що використовують куско-
во-лінійні активаційні функції. 

КЛЮЧОВІ СЛОВА: адаптивна стискаюча активаційна функція, глибока нейронна мережа, ReLU, градієнтні процеду-
ри, навчальний сигнал.  
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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. 
Objective. 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 IEI 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 
CNN is a Convolutional Neural Network; 
IEI 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; 

mx  is an averaged binary feature vector of the 

recognition class 0
mX ; 

Z  is a recognition feature space; 
X  is a working binary training matrix; 

1f  is an operator for forming matrix Y ; 

2f  is an operator for forming matrix X ; 

EG  is an admissible domain of the information 

criterion function used for machine learning parameter 
optimization; 

)(,1 dK m  is a number of events where realizations of 

class 0
mX  are mistakenly not assigned to their own class;  

)(,2 dK m  is a number of events where alien 

realizations are mistakenly assigned to class 0
mX ; 

r10  is a sufficiently small number introduced to 
avoid division by zero; 

1D  is an average first-order confidence across the 

recognition class alphabet; 

  is an average second-kind error across the 

recognition class alphabet; 
B
ix  is an averaged structured binary feature vector 

defining the geometric center of the container for 
class iX ; 
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iR 	 is a radius of the hyperspherical container for 

class iX ; 

i  is a parameter equal to half the tolerance field 

width for recognition features; 

̂  is a normalized tolerance field over the recognition 
features; 

ijD is an inter-center Hamming code-based distance 

between class iX  and its nearest neighbor jX  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;  

iy  is a ground truth label; 

iŷ  is a model prediction;  

λ 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 (CNNs) 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. 

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 nz   in the feature space. The collection of such 
vectors forms a three-dimensional brightness matrix Z of 
dimensions ,chw   which serves as the input to the 
information-extreme classifier. For each recognition class 

XXi   the machine learning parameters are defined in 

the radial basis of the Hamming feature space: 
 

).,,( ii
B
ii Rx   (1)

 

At the same time, the machine learning parameters are 
subject to the following constraints: 

1) the value of the radius iR  must satisfy the 

inequality 
 

,iji DR   

2) the parameter i  is constrained to lie within the 

domain 
 

.̂i  
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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 BX  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 years, 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 

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 kk   convolutional kernel into separate 
depthwise and pointwise operations. This reduces the 

number of parameters from )( 2
outinCCkO  to 

)( 2
outinin CCCkO  . Formally, the spatial convolution 

operation for each channel is defined by Equation (2): 
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Figure 1 – Hybrid machine learning model architecture for the recognition system 

 

The use 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: 
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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: 
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Model weights are optimized using the AdamW 

algorithm. The total loss function, incorporating L2 
regularization, is defined as: 
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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 

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 ξ 
reconstructs recognition class containers in the radial 
basis of the feature space, forming, in the general case, a 

fuzzy partition 
M

~
. 

                       φ                  

           E                    Q    
                                        
                                         

M~                          γ 
                                               ν                                       
  F         X                 LI      

 
Figure 2 – Categorical model of information-extreme  

machine learning 
 

The operator θ projects the constructed fuzzy partition 
M

~
 onto the distribution of binary feature vectors of the 

binary training matrix X, while the operator ψ 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 LI  is formed, and the 

operator γ generates the set of accuracy metrics Q , 

where 2LQ  . The set F  corresponds to the feature 

vectors extracted by the convolutional neural network 
from raw input data. The operator ν	 performs the 

58



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2026. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2026. № 1 

 
 

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

transformation of features into a binary form X, which is 

subsequently used to construct fuzzy clusters M
~

. The 
operator φ 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: 
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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: 
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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 

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. 

 

 
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 64×64) 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 = 1e-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). 

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. 

 

 
a 

 
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 validation 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 

measures within the working domains exceed, 
respectively, the Type I and Type II error rates. 

At the same time, the optimal radii of the recognition 
class containers (given in code units) are as follows: 53 

for class 0
1X 	 – “Annual Crop”, 230 for class 0

2X  – 

“Forest”, 56 for class 0
3X   – “Highway”, 55 for class 0

4X  

– “Residential”, 56 for class 0
5X  – “Pasture”, and 55 for 

class 0
6X  – “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%. 

 

  
a b 

  
c d 

  
e f 

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

a – class 0
1X  “Annual Crop”, b – class 0

2X  “Forest”, c – class 0
3X  “Highway”,  

d – class 0
4X  “Residential”, e – class 0

5X  “Pasture”, f – class 0
6X  “Industrial” 
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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 
№ Architecture Features Classifier Accuracy Macro F1 Recall 

(min/max) 
Interpretability 

1 Raw pixels + SVM 64×64 grayscale SVM 47.3% 0.44 0.10 / 0.92  low 
2 Raw pixels + k-NN 64×64 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. 

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 δ 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 

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  

 

  
a b 

  
c d 

Figure 6 – Confusion matrixes for classification neural based models: 
a – CNN + Softmax, b – CNN + k-NN, c – 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 0
3X  (“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 + k-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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AНОТАЦІЯ 
Актуальність. Розв’язано актуальну задачу побудови інтерпретованої та адаптивної системи розпізнавання для 

семантичної сегментації супутникових знімків місцевості шляхом поєднання нейромережевих екстракторів з інформаційно-
екстремальним класифікатором . 

Мета роботи. Підвищення точності класифікації супутникових знімків місцевості шляхом розробки гібридної моделі 
машинного навчання, яка об’єднує глибоку згорткову нейронну мережу для відбору інформативних ознак та інформаційно-
екстремальний класифікатор, що дозволяє будувати високодостовірні вирішальні правила за умови перетину класів 
розпізнавання в просторі ознак. 

Метод. Запропоновано гібридну модель, яка поєднує ефективну екстракцію просторових ознак за допомогою згорткової 
нейронної мережи та інформаційно-екстремальну інтелектуальну технологію аналізу даних, яка базується на максимізації 
інформаційної спроможності системи розпізнавання в процесі машинного навчання. Водночас при екстракції ознак 
розпіхзнавання замість класичного Flatten використано GlobalAveragePooling для узагальнення ознак, а також впроваджено 
регуляризаційні механізми, зокрема вагове затухання та циклічне навчання. Оптимізація параметрів інформаційно-
екстремального машинного навчання виконується за модифікованим авторами інформаційним критерієм Кульбака, який 
розглядається як міра різноманітності класів розпізнавання. 

Результати. Побудована модель забезпечує високу точність класифікації (95%) при тестуванні, а також демонструє 
стабільність та підвищення оперативності нейромережевого екстрактора шляхом зменшення кількості епох його навчання 
завдяки застосованню регуляризації. За результатами інформаційно-екстремального машинного навчання визначено 
оптимальні геометричні параметри гіперсферичних контейнерів класів розпізнавання, що дозволяє побудувати 
високодостовірні вирішальні правила за умови перетину класів розпізнаванняс в просторі ознак.  

Висновки. Запропонована гібридна модель дозволяє для апріорно нечіткого розбиття в просторі ознак класів 
розпізнавання за сформованою в результаті екстракції ознак вхідною навчальною матрицею побудувати в процесі 
інформаційно-екстремального машинного навчання високодостовірні вирішальні правила.  

КЛЮЧОВІ СЛОВА: інформаційно-екстремальне машинне навчання, згорткова нейронна мережа, інформаційний 
критерій, оптимізація, гібридна модель, екстракція ознак розпізнавання, зображення місцевості. 

 
 
 

 
 

65



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2026. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2026. № 1 

 
 

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

ЛІТЕРАТУРА 
1. 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 

2. 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, 
№ 3. – P. 4257. DOI:10.32604/CMC.2022.023414 

3. 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, № 8. 
– P. 12699–12717. DOI:10.1007/S11042-022-13935-
4/METRICS 

4. 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, 
№ 384. – P. 1–24. DOI:10.3390/a15100384 

5. 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, № 86. – P. 1–
16. DOI:10.15588/1607-3274-2022-3-9 

6. Shelehov I. Information-extreme machine learning of an 
ophthalmic diagnostic system with a hierarchical class 
structure / I. Shelehov, D. Prylepa, Yu. Khibovska // 
Artificial Intelligence. – 2024. – Vol. 29, №3. – P. 114–125. 
DOI:10.15407/JAI2024.03.114 

7. Інформаційно-Екстремальний Метод Детектування 
М’яча В Системах Інтелектуального Відеоаналізу 
Волейбольного Матчу / [А. С. Довбиш, І. В. Шелехов, 
Д. В. Прилепа та ін.] // Вісник КрНУ імені Михайла 

Остроградського – 2024. – Вип. 5. – С. 41–51. 
DOI:10.32782/1995-0519.2024.5.6 

8. 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 

9. 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. 

10. 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 

11. 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 

12. 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 

13. 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 

 

66



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2026. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2026. № 1 

 
 

© Dumyn A. R., Shakhovska N. B., 2026 
DOI 10.15588/1607-3274-2026-1-7  
 

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/0542q3127. ORCID: https://orcid.org/0000-0002-6875-8534. 

 

ABSTRACT 
Context. Assessing text quality is essential for reliable AI 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. 
Objective. 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 
ASR is automatic speech recognition; 
OCR is optical character recognition; 
NLP is natural language processing; 
WER is word error rate; 
CER is character error rate; 
NLI is Natural Language Inference; 
WELER is weight-based error rate. 

 
NOMENCLATURE 

S is a number of substitutions; 
D is a number of deletions (word omitted); 
I is a number of insertions (extra word); 
N is a number of words in the template; 
Sc is a number of character substitutions; 
Dc is a number of omitted characters; 
Ic is a number of extra characters; 
Nchar is a total number of characters in the reference 

text; 
Sword is a number of word-level substitutions obtained 

from the Levenshtein alignment;  
Dword is a number of word-level deletions obtained 

from the Levenshtein alignment;  
Iword is a number of word-level insertions obtained 

from the Levenshtein alignment;  
Nword is a total number of words in the reference text; 
wS is an adjustable weighting factors for Sword; 
wD is an adjustable weighting factors for Dword; 
wL is an adjustable weighting factors for Iword; 
Schar is a numbers of character-level substitutions; 
Dchar is a numbers of character-level deletions;  

Ichar is a numbers of character-level insertions;  
Wwer is a weighted word error rate; 
Wcer is a weighted error rate in symbols; 
SemErr is a semantic error indicator; 
 is a normalized Wwer; 
 is a normalized Wcer; 
  is a normalized SerErr; 
Embinut is a vector of embeddings of the reference text; 
Emboutput is a vector of recognized text embeddings. 

 
INTRODUCTION 

Text quality assessment plays a crucial role in 
functionality of systems that work with text data. Espe-
cially artificial intelligence. In areas such as ASR, OCR, 
and NLP, accurate text quality assessment is fundamental 
to determining the effectiveness of the system. For exam-
ple, in ASR, it determines how accurately spoken words 
are converted to text, and in OCR, the correctness of text 
extraction from images. In NLP tasks related to text gen-
eration, processing, and quality assessment helps deter-
mine the correctness and coherence of the obtained result 
[1]. 

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 
(replacements, deletions, or insertions) required to trans-
form one sequence into another, WER works at the word 
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 AI 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-

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 

 

.
N

IDS
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 
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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 доларів”. 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 
“плисти” to “плести”, which is a homophone or “кит” to 
“кат”, 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 

 

C

CCC

D

IDS
CER


 . (2)

 
CER provides a more detailed error assessment than 

WER. For example, minor typographical errors, such as 
“опрацюваня” instead of “опрацювання”, 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-

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 RoBERTa 
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 

in banking, while word accuracy might be a priority for 
meeting transcription, and semantic relevance might be a 
priority for conversational AI. 

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 “погода” with “погоди” 
may be only a single word error, but completely change 
the meaning of the sentence. WER does not distinguish 
“Я люблю фрукт” from “Я люблю фрукти”. 

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, “соба-
ка вкусила хлопчика” and “хлопчика вкусила собака” 
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 “опроцювання” instead of “опрацю-
вання” has the same WER as “день” instead of “пень”, 
despite their radically different semantic consequences. 
Similarly, “самоповага” has the same WER as “само 
повага”. 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 доларів” 
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 Wwer includes differentiated 
penalties for substitutions, deletions, and insertions at the 
word level 

 

word

wordIwordDwordS
wer N

IwDwSw
W


 . (3)

 

Similarly to WWER, but at the symbol level, (4) is 
calculated. This will allow get a more detailed error as-
sessment 
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charIcharDcharS
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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-

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 
RoBERTa, and cosine similarity (5) 

 

  ,1,
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he
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
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where E and H are vector representations of reference and 
hypothetical text 
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where Embinut – vector of embeddings of the reference 
text; Emboutput – vector of recognized text embeddings. 

The general WELER formula is to use a weighted 
combination of the above components (7). 

 

,SemErrWWWELER cerwer   (7)

 
where , ,   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 
compo-
nent Granularity 

Customizable 
weighting fac-
tors Purpose/Benefit 

Weighted 
word error 
rate  

werW  

Word level Sw , Dw , Iw  Lexical accu-
racy, flexible 
penalization of 
different types of 
word errors 

Weighted 
error rate 
in sym-
bols cerW  

Character 
level 

Sw , Dw , Iw  Detailed error 
detection, sensi-
tivity to small 
typos, impor-
tance for nu-
merical data. 

Semantic 
error 
indicator 
SemErr  

Semantic 
Sentence 
Level 

In the internal 
scales of the 
model 

Preserving mean-
ing, understand-
ing context, 
taking into ac-
count the impact 
of low-level 
errors on seman-
tics. 

General 
WELER  

General  ,,  Comprehensive 
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 , ,  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  will be high to prioritize 
character accuracy. For general voice recognition,  and  
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. 
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where .;; 321 SemErrxWxWx iceriweri  	
Normalization can be performed to avoid the impact 

of differences in metric scales (9) 
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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: 

 

.  vv  (10)

 

The next stage is the interpretation of the weights 
based on the first principal component, i.e. the eigenvec-
tor (11) 

 

),,,(1 SemErrCERWER WWWW   (11)

 

where WWER, WCER, WSemErr are values corresponding to 
the largest . 

Obtained weights after normalization can be inter-
preted as the relative importance of metrics in the overall 
indicator, i.e.  

 
1,,,  SemErrcerwer www . 

 
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): 

 

  .|,,)( ktaskSemErrCERWERX iiii
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) 
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Accordingly, for each category, its own weight vector 

(7) will be obtained 
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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 =0.3, =0.3, =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. “Машина” and “Авто” 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. 

 
 
 
 

 

Table 2 – Examples of using WELER [17] 

#
Reference 
text 

Generated 
text WER CER SemErr WELER 

1 Привіт, світ! 
Як у вас 
справи? 

Привіт, 
світ! Як у 
вас справи? 

0 0 0 0 

2 Зараз чудова 
погода для 
прогулянки. 

Зараз чудо-
ва пригода 
для прогу-
лянки. 

0.2 0.0
571 

0.0771 0.108 

3 Я люблю 
програму-
вання на 
Python 

Я люблю 
програму-
вання на 
Pyton. 

0.2 0.0
645 

0.0685 0.1068 

4 Машина їде 
дуже швид-
ко по дорозі. 

Авто руха-
ється шви-
дко по 
дорозі. 

0.666
7 

0.5
758 

0.0108 0.377 

5 Українська 
мова дуже 
мелодійна 

Китайська 
кухня дуже 
смачна. 

0.75 0.5
483 

0.2993 0.5092 

6 Привіт, як 
справи? Усе 
добре! 

Привіт як 
справи Усе 
добре 

0.6 0.1
034 

0.0356 0.2253 

7 Він пішов 
до школи 
сьогодні. 

Він пішли 
до школи 
сьогодні. 

0.2 0.0
714 

0.0004 0.0816 

8 Котику-
муркотику з 
м’яким 
животиком. 

Де сметан-
ка що була 
тут ще 
зранку. 

1 0.8
889 

0.2604 0.6708 

9 Адреса: вул. 
Свободи, 10 

Адреса: 
вул. Свобо-
ди, 1O 

0.25 0.0
417 

0.0159 0.0939 

10 Автомобіль 
швидко 
рухався 
дорогою до 
міста Львів. 

До міста 
Львів доро-
гою швидко 
рухалося 
авто. 

0.857
1 

0.7
347 

0.0222 0.4864 

11 Розробка 
штучного 
інтелекту 
змінює світ. 

Розробка 
ШІ змінює 
світ. 

0.4 0.4
5 

0.0623 0.2799 

12 Щоб встиг-
нути потрі-
бно плисти 
за течією до 
сходу сонця. 

Щоб встиг-
нути потрі-
бно плести 
кошики до 
сходу сон-
ця. 

0.333
3 

0.1
818 

0.1538 0.2161 

13 Плисти 
вперед до 
сходу сонця. 

Плести 
кошики до 
сходу сон-
ця. 

0.4 0.2
414 

0.1596 0.2562 

 

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 
text 

Generated 
text WER CER 

Se-
mErr WELER 

1 Привіт, 
світ! Як у 
вас спра-
ви? 

Привіт, 
світ! Як у 
вас спра-
ви? 

0 0 0 0 

2 Зараз 
чудова 
погода 
для про-
гулянки. 

Зараз 
чудова 
пригода 
для про-
гулянки. 

0.2 0.0571 0.0771 0.108 

3 Я люблю 
програ-
мування 
на Python 

Я люблю 
програ-
мування 
на Pyton. 

0.2 0.0645 0.0685 0.1068 

4 Машина 
їде дуже 
швидко 
по дорозі. 

Авто 
рухається 
швидко 
по дорозі. 

0.6667 0.5758 0.0108 0.377 

5 Україн-
ська мова 
дуже 
мелодій-
на 

Китайсь-
ка кухня 
дуже 
смачна. 

0.75 0.5483 0.2993 0.5092 

6 Привіт, 
як спра-
ви? Усе 
добре! 

Привіт як 
справи 
Усе доб-
ре 

0.6 0.1034 0.0356 0.2253 

7 Він пі-
шов до 
школи 
сьогодні. 

Він піш-
ли до 
школи 
сьогодні. 

0.2 0.0714 0.0004 0.0816 

8 Котику-
муркоти-
ку з 
м’яким 
животи-
ком. 

Де сме-
танка що 
була тут 
ще зран-
ку. 

1 0.8889 0.2604 0.6708 

9 Адреса: 
вул. 
Свободи, 
10 

Адреса: 
вул. 
Свободи, 
1O 

0.25 0.0417 0.0159 0.0939 

10 Автомо-
біль 
швидко 
рухався 
дорогою 
до міста 
Львів. 

До міста 
Львів 
дорогою 
швидко 
рухалося 
авто. 

0.8571 0.7347 0.0222 0.4864 

11 Розробка 
штучного 
інтелекту 
змінює 
світ. 

Розробка 
ШІ змі-
нює світ. 

0.4 0.45 0.0623 0.2799 

12 Щоб 
встигну-
ти потрі-
бно плис-
ти за 
течією до 
сходу 
сонця. 

Щоб 
встигну-
ти потрі-
бно плес-
ти коши-
ки до 
сходу 
сонця. 

0.3333 0.1818 0.1538 0.2161 

13 Плисти 
вперед до 
сходу 
сонця. 

Плести 
кошики 
до сходу 
сонця. 

0.4 0.2414 0.1596 0.2562 

 

 
 

 

 
Figure 1 – Boxplot of the distribution of four speech recognition 

quality assessment metrics 

The proposed WELER metric exhibits a smaller 
spread than WER and CER, namely 0–0.8, with a me-
dian of about 0.3. The proposed metric balances be-
tween formal and semantic errors. In general, we can 
conclude that at the symbol level the system makes 
fewer errors than at the word level, and semantics is 
mostly preserved even when there are spelling or lexi-
cal errors. The combined WELER metric gives a more 
balanced assessment than WER or CER separately. 
Figures 2 and 3 show graphs of pairwise dependencies 
between the studied metrics. 

The analysis of the relationship between the tradi-
tional recognition metrics WER, CER, the proposed 
WELER metric and semantic errors SemErr demon-
strates different levels of correlation. In particular, the 
comparison of WER and SemErr shows that even with 
high values of errors at the word level of 0.8–1.0, the 
SemErr indicator often remains low, which indicates 
the possibility of preserving the meaning despite nu-
merous orthographic or syntactic deviations. The same 
is true for CER, where, although at high values of 0.8–
1.0 there are cases of significant semantic distortions 
>0.4, most of the data is concentrated in the range of 
low values SemErr <0.1. This allows us to conclude 
that errors at the symbol level do not always lead to the 
destruction of meaning, but their excessive number 
significantly reduces semantic accuracy. The closest 
relationship with SemErr is revealed by the combined 
WELER metric; a smooth increase in semantic errors is 
observed with an increase in its value, which confirms 
the higher correspondence of WELER to the level of 
content preservation compared to WER and CER. 
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Figure 2 – Pairwise dependencies between SemErr and other 

metrics 

 

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. 

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, 
=0.4) and weighting coefficients determined by applying the 
principal component method (=0.347, =0.3483, =0.3046). 

Table 4 – Examples of calculating the WELER metric with 
manually selected coefficients and using PCA [17] 

# Reference text Generated text WELER 
WELER 
(PCA) 

1 Привіт, світ! 
Як у вас спра-
ви? 

Привіт, світ! Як 
у вас справи? 

0 0 

2 Зараз чудова 
погода для 
прогулянки. 

Зараз чудова 
пригода для 
прогулянки. 

0.108018 0.112825 

3 Я люблю про-
грамування на 
Python 

Я люблю про-
грамування на 
Pyton. 

0.106754 0.112746 

4 Машина їде 
дуже швидко 
по дорозі. 

Авто рухається 
швидко по доро-
зі. 

0.377028 0.435193 

5 Українська 
мова дуже 
мелодійна 

Китайська кухня 
дуже смачна. 

0.509243 0.542481 

6 Привіт, як 
справи? Усе 
добре! 

Привіт як спра-
ви Усе добре 

0.225291 0.255112 

7 Він пішов до 
школи сього-
дні. 

Він пішли до 
школи сьогодні. 

0.081602 0.09442 

8 Котику-
муркотику з 
м’яким живо-
тиком. 

Де сметанка що 
була тут ще 
зранку. 

0.670843 0.736009 

9 Адреса: вул. 
Свободи, 10 

Адреса: вул. 
Свободи, 1O 

0.093865 0.10612 

10 Автомобіль 
швидко рухав-
ся дорогою до 
міста Львів. 

До міста Львів 
дорогою швидко 
рухалося авто. 

0.486422 0.560139 

11 Розробка шту-
чного інтелек-
ту змінює світ. 

Розробка ШІ 
змінює світ. 

0.279902 0.314533 

12 Щоб встигнути 
потрібно плис-
ти за течією до 
сходу сонця. 

Щоб встигнути 
потрібно плести 
кошики до сходу 
сонця. 

0.216085 0.225878 

13 Плисти вперед 
до сходу сон-
ця. 

Плести кошики 
до сходу сонця. 

0.25624 0.271503 
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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. 

 
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  and ) or semantic understanding for 
conversational AI (high ). 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 

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 AI systems. 
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AНОТАЦІЯ 

Актуальність. Оцінка якості тексту є важливою для надійного штучного інтелекту, який обробляє мову. В ASR 
вона відображає, наскільки точно мовлення стає текстом; в OCR – наскільки точно зображення перетворюють текст; а 
в NLP – наскільки правильними та зв’язними є виходи. 

Мета. Метою роботи є створення складної метрики для оцінки якості тексту. 
Метод. Класичні метрики WER та CER є вузькими: вони фіксують лише лексичні редагування, однаково зважу-

ють усі зміни, ігнорують контекст та семантику, і часто пропускають пунктуацію та регістр, маскуючи проблеми 
читабельності та типи помилок. апропонована метрика WELER інтегрує точний підрахунок помилок на рівні слів та 
символів, використовуючи відстань Левенштейна як основу, з передовими методами семантичної подібності, засно-
ваними на контекстному вбудовуванні. Це дозволяє WELER враховувати не лише те, що було неправильно 
розпізнано, але й те, наскільки ця помилка впливає на значення та розуміння тексту. Включення самоналаштовуваних 
ваг залежно від категорії тексту є ключовою особливістю WELER, яка дозволяє адаптувати метрику до конкретних 
вимог різних застосувань та областей, надаючи пріоритет тим аспектам якості, які є найбільш критичними для кон-
кретного завдання.  

Результати. Метрика WELER пропонується як ефективний підхід до оцінювання якості тексту. Її концептуальна 
основа полягає в інтеграції традиційного підрахунку помилок на словесному та символьному рівнях, заснованого на 
відстані Левенштейна, із сучасними методами оцінювання семантичної подібності, що використовують 
контекстуальні векторні подання. Такий підхід забезпечує більш комплексне відображення впливу помилок на 
змістову цілісність та інтерпретованість результатного тексту. 

Висновки. WELER, як і всі метрики, засновані на довідкових даних, спирається на точні та послідовні 
транскрипції, перевірені людиною. Помилки в довідкових даних можуть впливати на точність оцінки. Тому для 
складних метрик якість та репрезентативність цих даних є особливо важливими, оскільки семантичні та зважені по-
милки набагато чутливіші до якості анотації, ніж проста кількість слів. 

КЛЮЧОВІ СЛОВА: обробка природної мови, оцінка якості тексту, 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.  

Objective. 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 IAQS 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 application 

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; 
QLoRA is a quantized low-rank adaptation; 
SFT is a supervised fine-tuning. 

 
NOMENCLATURE 

Cold is a code fragment in the outdated version of 
ABAP; 

Cnew is a code fragment in the modern version of 
ABAP; 

Cnewi is an i-th candidate migration option; 
Fquality is an integral quality function; 
IAQSi 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; 
LSFT is a supervised fine-tuning loss function; 
LOR is an odds ratio-based loss function; 
Mfunc is a functional correctness metric (pass@1); 
MLLM(  ) is a large language model with parameters 

 ; 
Msem is a semantic-structural similarity metric; 
Msyn is a syntactic correctness metric; 
Q is a quality metrics vector; 
qfunc is a functional correctness; 
qsem is a semantic-structural similarity; 
qsyn is a syntactic correctness; 
r is a rank of adaptation matrices in LoRA; 
wsyn, wfunc, wsem are the weights of IAQS components; 
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yw is a selected (better) answer in a pair of 
preferences; 

yl is a rejected (worse) answer in a pair of preferences; 
  is a scaling coefficient in LoRA; 
  are the model parameters; 

* are the model optimal parameters; 
  is a weight factor (ORPO balance hyper-

parameter); 
p(y|x) is a probability of y reply generation for x input 

data; 
(.)  is a sigmoid function.  

 
INTRODUCTION 

The transition to the modern SAP S/4HANA software 
platform is currently a strategic initiative for many 
organisations both in Ukraine and around the world. SAP 
S/4HANA 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/4HANA platform. 

In [4], the authors analysed existing problems and 
developed a methodology for migrating of ABAP custom 
code based 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 

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/4HANA. 

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 IAQS 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 Cold be a code fragment in an outdated version of 

the ABAP language. MLLM(  ) is a large language model 
with parameters  , which performs code conversion: 
Cnew=MLLM(  ,Cold). 

The quality of the generated code fragment Cnew is 
evaluated using a vector Q with n metrics that reflect 
various aspects of quality and is defined as: 

 
Q=[qsyn, qfunc, qsem]. (1)

 
The problem is that evaluating the quality of program 

code using individual metrics is ineffective when 
migrating to new versions of computer systems. 

Therefore, an integral quality function Fquality 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: 

 
Fquality:Q[0,1]. (2)

 

81



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2026. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2026. № 1 

 
 

© Pozdnyakov О.А., Parkhomenko А. V., 2026 
DOI 10.15588/1607-3274-2026-1-8  
 

It is necessary to define and justify the function Fquality 
(IAQS) and develop a methodology for adjusting the 
parameters   of the model MLLM in order to find the 
optimal set of parameters  * that maximises the expected 
value of the value Fquality on the distribution of fragments 
of the legacy custom code: 

 

    oldLLMquality CMQFE ,maxarg* 


. (3)

 
Thus, this formulation defines:  
– the object of optimisation are the parameters of the 

model  *; 
– success criterion is a maximisation of the integral 

quality function Fquality; 
– 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 

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 ISO/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 
IAQS 
compo
nent 

ISO 25010  
characteristic 

Sub- 
characteristic 

Justification 

Msyn Functional 
suitability, 
maintainability 

Functional 
correctness, 
analysability 

Syntactically 
incorrect code 
cannot be executed 
or analysed 

Mfunc Functional 
suitability 

Functional 
correctness 

A direct measure of 
whether the code 
performs the task at 
hand 

Msem Maintainability Modifiability, 
reusability 

Code that is 
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 (Msyn). 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 (Mfunc). 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 (Msem). 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]: 

semsemfuncfuncsynsyn MwMwMwIAQS  , (4)

 
where wsyn+wfunc+wsem=1 and all weights wi≥0. 

For this study, an equal weighting approach 
(wsyn=wfunc=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: ΔW=BA. A direct pass 
through the modified layer is described by the formula: 

 
h = W0x + BAx, (5)

 
where xR^k is the input vector, W0R^(d×k) is the 
output weight matrix, BR^(d×r), AR^(r×k), 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 πref, which simplifies the training 
process.  

Direct optimisation of formula (3) via gradient descent 
is technically challenging because Fquality includes non-
differentiable components (syntactic correctness Msyn, 
functional correctness Mfunc (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 LORPO. This creates an indirect 
link between Fquality 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 yw and a term based on the odds 
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ratio, which penalises the undesired response yl and is 
defined as: 
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The first term  xyP w |log   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, IAQS 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 Cold several k=5 candidate 
migration options are generated using the model after the 
PEFT stage with sampling temperature variation. 

For each candidate Cnewi its score IAQSi is calculated 
according to formula (4). 

Pairs of preferences (Cnewi,Cnewj) are formed such that 
IAQSi>IAQSj. In this case, Cnewi becomes the “selected” 
response yw, and Cnewj – becomes the “rejected” response 
yl. 

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/4HANA 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 

with high IAQS, 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 IAQS component calculation methodology 
involves the following steps:  

– syntax checking using ABAP Parser (a component 
of ABAP Development Tools). The Msyn metric is 
calculated as the percentage of fragments without syntax 
errors;  

– validation of functional equivalence by dynamically 
executing code in the SAP S/4HANA environment. Sets 
of unit tests were prepared for each pair (old code – new 
code). Thanks to access to the SAP S/4HANA 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 Msem (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 
stage 

PEFT stage 
(QLoRA) 

Alignment 
stage (ORPO) 

Learning Rate 1e–5 2e–4 5e–6 
Batch Size 8 16 8 
Gradient 
Accumulation Steps 

4 2 4 

Epochs 1 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 
Length 

2048 2048 2048 

Warmup Steps 500 100 50 

ORPO   – – 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 IAQS assessment at each stage of fine-
tuning. The results are presented in Table 3. 

 
Table 3 – Results of model evaluation on the test sample 

Model 
Syntactic 

correctness 

(Msyn), % 

Semantic 
similarity 

(Msem) 

Functional 
correctness 

(Mfunc), % 

IAQS 
(w=1/3) 

Base Model 
(zero-shot) 

12.4 0.215 3.1 0.117 

After CPT 28.7 0.365 11.2 0.255 
After PEFT 
(QLoRA) 

78.3 0.724 64.8 0.718 

After 
Alignment 
(ORPO) 

82.1 0.761 68.5 0.756 

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 (Msyn) 
Semantic similarity (Msem) 

Functional correctness (Mfunc) 
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 (Msem) from 0.215 
to 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. 

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 Msem (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 Mfunc 
(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 Msyn (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 Msyn, +5.1% for Msem, +5.7% for Mfunc, 
this stage is critical for achieving high quality, as it trains 
the model to distinguish between “good” and 
“acceptable” code versions. 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 (wfunc=0.5, wsyn=0.3, 
wsem=0.2), while in projects with an emphasis on 
maintainability, semantic similarity (wsem=0.5, wfunc= 0.3, 
wsyn=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 IAQS 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 IAQS 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 

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/4HANA 
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 IAQS 
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 IAQS 
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 IAQS 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 
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account for performance, security, and energy efficiency 
aspects, and comparative testing of the proposed approach 
with existing methods in real SAP S/4HANA 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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AНОТАЦІЯ 
Актуальність. Автоматизація процесу міграції успадкованого користувацького коду при переході на нову версію 

системи S/4HANA за допомогою великих мовних моделей (LLM) є перспективним напрямом. Проте оцінка якості 
згенерованого коду залишається невирішеною проблемою, оскільки існуючі підходи використовують розрізнені метрики, 
що не дозволяють комплексно оцінити та забезпечити якість програмного коду для подальшого використання без 
додаткового доопрацювання. 

Мета роботи – підвищення ефективності процесу інтелектуального реінжинірингу комп’ютерної системи на основі 
методу комплексного оцінювання та забезпечення якості мігрованого користувацького ABAP-коду.  

Метод. Розроблений метод базується на двох ключових компонентах. Інтегральна метрика оцінки якості IAQS (Integral 
ABAP Quality Score) комплексно враховує синтаксичні, функціональні та семантичні характеристики коду та ґрунтується на 
положеннях міжнародних стандартів якості програмного забезпечення ISO/IEC 25010, ISO/IEC 25040, а також теорії 
композитних індикаторів. Триетапний підхід до донавчання LLM (Qwen 2.5 Coder 14B) включає безперервне попереднє 
навчання (CPT), параметро-ефективне донавчання (PEFT) та вирівнювання на основі переваг (Alignment) на основі 
алгоритму ORPO. При цьому використання розробленої метрики IAQS для формування набору даних переваг на етапі 
вирівнювання створює механізм керованого вдосконалення, а саме визначає напрямок адаптації LLM.  

Результати. Результати експериментальних досліджень демонструють, що реалізація розробленого методу дозволяє 
покращити як окремі показники якості програмного коду, так і інтегральну метрику оцінку якості IAQS в цілому. Фінальна 
модель, донавчена на основі запропонованого триетапного підходу, дозволила досягти високого значення IAQS (0.756), що 
демонструє суттєве підвищення у порівнянні з базовою моделлю (0.117). 

Висновки. Дослідження представляє новий проблемно-орієнтований підхід до автоматизованої міграції ABAP-коду при 
інтелектуальному реінжинірингу комп’ютерних систем. Запропонована інтегральна метрика IAQS є основою для створення 
формалізованої та об’єктивної системи оцінки якості програмного забезпечення, згенерованого LLM у контексті міграції 
успадкованого користувацького коду. Продемонстровано, що послідовне донавчання LLM на основі триетапного підходу з 
використанням IAQS забезпечує суттєве підвищення інтегрованого показника якості згенерованого програмного коду. 

КЛЮЧОВІ СЛОВА: якість програмного забезпечення, інтегральна метрика, великі мовні моделі, міграція 
успадкованого користувацького коду, донавчання 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. 

Objective. 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 
С is a set of software components (modules) that form 

the system SW; 
Ci is a specific component of the system SW, 

responsible for executing one or more functions; 
ci is an internal state or context of component Ci, 

which affects how the strategy selection function σ 
behaves; 

E is a situation space representing the full range of 
environmental and operational conditions in which the 
system may operate; 

Eexpected is a subset of situation space E that contains 
situations anticipated by the system designer; 

E\Eexpected is a 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; 

fi is a particular function from the set F, implemented 
by a specific component Ci; 

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; 
)( f

stableS  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; 

90



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2026. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2026. № 1 

 
 

© Bychkov O. S., Moroz M. V., 2026 
DOI 10.15588/1607-3274-2026-1-9  
  

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 

)( f
stableS ; 

σ 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 

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={C1,C2,…,Cn} that collectively implement 
a set of functions F={f1,f2,…,fr}. The system SW operates 
in an environment characterized by a situation space E, 
where each situation sE is an element of �k. 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)={ )()(
2

)(
1 ,...,, f

m
ff ooo } 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 fF under situation space E. Formally, for 
every function f, there exists a subset of stable states 

)( f
stableS  such that after a transient interval T, the state 

)( f
to  corresponding to function f satisfies formula (1): 

 

.,)()( TtSo f
stable

f
t   (1)

 

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 Ci 
to select a strategy from a set ST based on the current 
situation sE and its internal state (context) ci. This 
selection is formalized by a function σ:(s,ci)→st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 Eexpected  E that covers 
the range of anticipated conditions. Recognizing that 
E\Eexpected 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 

[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 Ci 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 

σ – then software system can maintain its output state 

within a predetermined stable set )( f
stableS . 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 

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. 

 

 
 

Figure 1 – An example of hierarchical module structure 
 

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. 

– IEventSubscriber. 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. 

– IStrategySelector. 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. 

– 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  
 

 
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. 

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. 

 

 

 
 

Figure 4 – The UML class diagram for Camera domain 
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Figure 5 – The UML class diagram for Movement domain 
 

 
 

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. 

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 
Between Objects) [22] 

4 
Low coupling; components 

interact solely via event types 
LCOM (Lack of 

Cohesion in Methods, 
LCOM4) [22] 

0.19 
High cohesion; modules 

encapsulate tightly related 
functionality 

RFC (Response for 
Class) [22] 

36 
Moderate response surface; 
limited and testable method 

complexity 
DIT (Depth of 

Inheritance Tree) [22] 
3 

Moderate abstraction depth due to 
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 (μs) 
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 

 

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 
Relative 
impact 

Adding a new event 
type 

Define a new event type, 
register subscribers, implement 

matching strategy 
Low 

Replacing tracking 
algorithm 

Add new strategy and register 
it; no changes to other modules 

Low 

Adding a notification 
module for alerting 

Implement a subscriber, 
subscribe to target events 

Low 

Introducing 
criticality-based 
prioritisation of 

events 

Extend event metadata, modify 
dispatch logic or event manager 

policies 
Medium 

Changing event 
routing policy (e.g., 
filtering, batching) 

Modify event manager internals 
or insert pre-processors 

Medium 

Adding a dynamic 
strategy selector that 

uses ML models 

Extend selector logic, integrate 
model loading, handle decision 

fallback 
Medium 

 
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 itself from 
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 

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. 
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AНОТАЦІЯ 
Актуальність. Сучасні програмні системи працюють у динамічних та жорстких умовах, де внутрішні та зовнішні збої, 

непередбачувані збурення, прямі атаки та обмеження ресурсів ускладнюють стабільне надання основних функцій. У таких 
умовах забезпечення функціональної стійкості, коли якість кожної функції системи залишається в межах заздалегідь 
визначеного стабільного діапазону, незважаючи на збої чи аномалії середовища, є критично важливим, особливо для 
систем, де безпека та висока доступність мають першорядне значення.  

Мета роботи – розробка та обґрунтування патерну проєктування, який забезпечує архітектурну основу для досягнення 
функціональної стійкості в програмних системах. Головний акцент робиться на наданні гнучкого рішення, яке сприяє 
динамічній адаптації при збереженні надійної роботи системи. 

Метод. Запропоновано новий патерн проєктування, який поєднує можливості динамічного вибору стратегії з перевагами 
слабкого зв’язку між компонентами, який забезпечується моделлю на основі подій. Цей патерн роз’єднує компоненти 
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системи, забезпечуючи взаємодію виключно через стандартизовані типи подій, та дозволяє кожному модулю обирати 
відповідну стратегію адаптації на основі його поточного контексту. Описаний патерн був використаний для побудови 
дизайну прикладу, спрямованого на впровадження функціональності стабільного трекінгу об’єктів для автономних 
квадроплатформ. Запропонований дизайн оцінювався за допомогою дизайн-метрик та якісних порівнянь з існуючими 
адаптивними підходами. 

Результати. Проведений аналіз показав, що патерн забезпечує значну модульність та адаптивність. Ключові об’єктно-
орієнтовані метрики свідчать про мінімальну взаємозалежність між модулями та чіткий розподіл обов’язків. 
Запропонований дизайн демонструє, що патерн підтримує динамічну адаптацію поведінки за рахунок гнучкого вибору 
стратегії і слугує засобом забезпечення функціональної стійкості, створюючи надійну архітектурну основу для програмних 
систем. 

Висновки. Наукова новизна цієї роботи є подвійною: по-перше, у дослідженні отримано новий патерн, що забезпечує 
динамічну адаптацію через контекстно-орієнтований вибір стратегії; по-друге, функціональна стійкість отримала 
подальший розвиток в області програмної архітектури шляхом заповнення прогалини між теоретичними концепціями 
стійкості та практичним проєктуванням систем. Запропонований патерн пропонує надійне, масштабоване та підтримуване 
архітектурне рішення з вагомими практичними наслідками для розробки адаптивних, стійких програмних систем. 

КЛЮЧОВІ СЛОВА: патерни проєктування програмного забезпечення, функціональна стійкість, обробка подій, 
адаптивна поведінка, автономні системи. 
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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. 
Objective. 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. 
 
 
 

NOMENCLATURE 
ASi is an alternative (architectural strategy) being 

evaluated; 
Contij is a contribution of ASi to QAj; 
E is a vector that contains effectiveness values; 
Easc is a sorted vector that contains effectiveness val-

ues; 
ei is an effectiveness of the i-th method in vector E; 
eaj is an effectiveness of the j-th method in sorted vec-

tor Easc; 
Emax is a 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; 
QAscorej is a weight assigned to QAj; 
q is a vector representing the reference method; 
ref is a vector representing the reference method; 
SA is a set of SA evaluation methods; 
SAopt is a set of optimal SA evaluation methods; 
Wi is a weight of the i-th criterion; 
σ is a sorting function by ascending value; 
  is an inverse function of σ; 
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  is a transformation function from SA to E; 

  is an inverse function of  . 

 
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.  

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={sa1, sa2, …, san} 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 SAopt  	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 

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-

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 

SA definition 
Does the method explicitly consider a 
particular definition of SA? 

How closely do the method’s definitions of SA and SA variation 
align with those considered in this paper? 

Specific goal What is the particular goal of the methods? 
Is the selection between structurally similar SA alternatives 
addressed by the method’s objectives? 

Quality 
attributes 

How many and which quality attributes 
are covered by the method? 

Are variation-specific QAs (e.g., complexity and performance) 
covered by the method? 

Applicable 
stage 

Which is the most appropriate develop-
ment phase to apply the method? 

Is the method applicable at the design stage of system develop-
ment? 

Input & output 
What are the inputs required and outputs 
produced? 

To what extent is the resulting technical documentation ready for 
direct use during implementation? 
Does the method facilitate trade-off analysis? 
Does the method identify a recommended architecture, or does it 
only provide additional information about the alternatives? 

Context 

Application 
domain 

What is/are the application domain(s) the 
method is mostly applied? 

Is the method validated or considered applicable in domains 
similar to the target system? 
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Сontinuation of Table 1 

Benefits 
What are the benefits of the method to the 
stakeholders? 

Does the method support the selection of the optimal solution? 
Does the method provide an approximate estimate of the effort 
required for system implementation? 

Involved 
Stakeholders 

Which groups of stakeholders are required 
to participate in the evaluation? 

Does the method require involvement of multiple stakeholders? 
How many actions or inputs are expected from stakeholders? 

Process support 
How much support is provided by the 
method to perform various activities? 

How much support is provided by the method to perform various 
activities? 

Socio-technical 
issues 

How does method handle non-technical 
(e.g. social, organisational issues)? 

Does the method address non-technical issues (e.g., social and 
organizational factors)? 

Stakeholders 

Required 
resources 

How many man-days are required? What 
is the size of evaluation team? 

How long does the application of the method take? 
What is the typical team size required to apply the method? 
How demanding are the architectural skills required from the 
users of the method? 

Method’s 
activities 

What are the activities to be performed 
and in which order to achieve the goals? 

What are the activities to be performed and in what order to 
achieve the goals? 

SA description 
What form of SA description is recom-
mended (e.g., formal, informal, particular 
ADL, views etc.)? 

Does the method provide a formal and detailed description of the 
architectural candidates? 

Evaluation 
approaches 

What types of evaluation approaches are 
used by the method? 

To what extent is the method subject to uncertainty? 
Are there any techniques applied to mitigate uncertainty? 
How much of the evaluation is grounded in quantitative metrics 
and experimental data versus expert assessment? 

Contents 

Tool support 
Are there tools or experience repository to 
support the method and its artefacts? 

Does the method offer tools to facilitate or partially automate its 
use? 

Maturity of 
method 

What is the level of maturity (inception, 
development, refinement or dormant)? 

What is the level of maturity (inception, development, refine-
ment or dormant)? 

Reliability 

Method’s 
validation 

Has the method been validated? How has 
it been validated? 

Has the method been validated? 
Has the method been applied specifically to architectural varia-
tions? 

 
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, L and 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 

vector’s elements are replaced with their quantitative 
equivalents.  
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6) The deviation of each candidate method from the 

reference method is measured using the Euclidean dis-
tance metric: 
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where wi 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): 
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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: 
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where ESA : and SAE  :'  are transformation 

functions, SA is the set of SA evaluation methods, ei 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 Easc. 

 
,,...,,)( 21 nasc eaeaeaEE   (2)

 
where ea1 ≤ ea2 ≤ … ≤ ean, ascEE :  is the sorting 

function by ascending value and EEasc  :' is an in-

verse function of  . 
10) Determining a vector Emax, consisting of elements 

whose values are close to the maximum value in vector 
Easc (ean). In most cases, this set will consist of a single 
element: 

 
.)(maxmax nj

j
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However, when the difference between ean and ean–1 

is not significant, the decision-maker should consider 
several options. In this case, the vector Emax will include 
multiple elements (Fig. 1). 
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where th is the value that defines the maximum allowable 
deviation from the maximum value at which eaj is still 
considered as one of the most effective values. 
 

 
Figure 1 – Set of most suitable results Emax. d1, d2 < th, d3 > th 

 

11) The output of the algorithm is a set SAopt  	SA, 
that contains the most suitable methods deriving from 
Emax: 
 

))('(' maxESAopt  . (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 

benefit of each architectural strategy is then computed 
using the following formula: 

 

 
j
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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: 
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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. 

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. Identification 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. Identification 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 
 

Criteria SAAM ATAM CBAM ALMA SQUASH PASA 
DSAV-

CQRSES 
How closely do the 
method’s definitions of 
SA and SA variation 
align with those con-
sidered in this paper? 

SA definition 
is left to 
users. 

SA definition 
is left to 
users. 

SA definition 
is left to 
users. 

Not provided. Not provided. Not provided. 

Specified 
definition for 

SA varia-
tions. 

Is the selection be-
tween structurally 
similar SA alternatives 
addressed by the 
method’s objectives? 

No. No. No. No. No. 

Different 
solutions 

applied to the 
same archi-
tecture are 

considered to 
address per-

formance 
issues. 

Yes. Method 
is developed 
for SA varia-

tions com-
parison. 

Are variation-specific 
QAs (e.g., complexity 
and performance) 
covered by the meth-
od? 

Just 
modifiability 
(complexity). 

Yes. Yes. 
Just 

modifiability 
(complexity). 

Yes. 
Just 

performance. 
Yes. 

112



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2026. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2026. № 1 

 
 

© Hruzin D. L., Lytvynov O. A., 2026 
DOI 10.15588/1607-3274-2026-1-10  
 

Сontinuation of Table 2 
Is the method applica-
ble at the design stage 
of system develop-
ment? 

Yes. Yes. Yes. Yes. Yes. Yes. 
Yes. 

 

To what extent is the 
resulting technical 
documentation ready 
for direct use during 
implementation? 

Informal 
description of 

candidates, 
list of scenar-
ios, experi-
mental docs 
and bench-
marks, if 
available. 

Informal 
description of 

candidates, 
list of scenar-
ios and iden-
tified risks. 

Informal 
description of 

candidates, 
list of scenar-
ios and iden-
tified risks. 

Informal 
description of 

candidates. 

Informal 
description of 

candidates, 
experimental 
docs, if avail-

able. 

Informal 
description of 

candidates 
and critical 
processes. 

Informal 
description of 

candidates, 
formal speci-

fication of 
their typical 
processes. 

Does the method facili-
tate trade-off analysis? 

No. Yes, manual. Yes, manual. No. 
Preparations 
for trade-off. 
Left to users. 

Between 
performance 

and costs, 
manual. 

Between 
performance 

and costs, 
automatic. 

Does the method iden-
tify a recommended 
architecture, or does it 
only provide additional 
information about the 
alternatives? 

Evaluates the 
modifiability 
parameters of 

the candi-
dates. Left to 

users. 

Identifies 
risks across 

multiple QAs. 
Left to users. 

Identifies 
risks across 

multiple QAs. 
Provides a 
cost/benefit 
assessment. 

Left to users. 

Evaluates the 
modifiability 
parameters of 

the candi-
dates.  Left to 

users. 

Evaluates 
multiple 

parameters of 
the candi-

dates.  Left to 
users. 

The selection 
of recom-

mended op-
tions is per-
formed man-
ually by the 
evaluator. 

Yes, based on 
performance 
and complex-
ity parame-

ters. 

Is the method validated 
or considered applica-
ble in domains similar 
to the target system? 

Various do-
mains, in-

cluding medi-
cal. 

Various do-
mains, in-

cluding medi-
cal. 

Various do-
mains, in-

cluding medi-
cal. 

Various do-
mains, in-

cluding medi-
cal. 

Verified on 
medical do-

main. 

Various do-
mains. 

Domains 
compatible 
with CQRS 

with ES, 
including 
medical. 

Does the method sup-
port the selection of the 
optimal solution? 

Yes. Yes. Yes. Yes. Yes. Yes. Yes. 

Does the method pro-
vide an approximate 
estimate of the effort 
required for system 
implementation? 

Yes, based on 
benchmarks. 

No. 

Not explic-
itly, based on 
costs evalua-

tion. 

Not explic-
itly, based on 
components 

to be 
changed. 

Not explic-
itly, based on 
experiments. 

No. 
Yes, based on 
experiments. 

Does the method re-
quire involvement of 
multiple stakeholders? 

Yes. Yes. Yes. Yes. 

No, only for 
discussion 

and clarifica-
tion of re-

quirements. 

No, only for 
discussion of 
requirements 
and scenarios. 

No, only for 
discussion of 
requirements. 

How many actions or 
inputs are expected 
from stakeholders? 

Participate in 
expert evalua-

tion of sce-
narios. 

Participate in 
expert evalua-

tion of sce-
narios. 

Participate in 
expert evalua-

tion of sce-
narios. 

Participate in 
expert evalua-

tion of sce-
narios. 

Formulate 
refined 

requirements. 

Formulate 
requirements 
and critical 
scenarios. 

Formulate 
requirements. 

How much support is 
provided by the meth-
od to perform various 
activities? 

Not explicitly 
addressed. 

Comprehensi
vely covered. 

Comprehensi
vely covered. 

Embedded in 
method 

description. 

Embedded in 
method 

description. 

Embedded in 
method 

description. 

Embedded in 
method 

description. 

Does the method ad-
dress non-technical 
issues (e.g., social and 
organizational fac-
tors)? 

Such issues 
briefly 

mentioned. 

Sufficiently 
provided. 

Sufficiently 
provided. 

Not explicitly 
addressed. 

Not explicitly 
addressed. 

Not explicitly 
addressed. 

Not ad-
dressed.  

Minimized, 
due to re-

duced com-
munication 
with stake-

holders. 

How long does the 
application of the 
method take? 

Apart from 
initial & post 
preparation, 3 

days. 

Apart from 
initial & post 
preparation, 2 

days. 

Apart from 
initial & post 
preparation, 2 
days (ATAM) 

and 3 days. 

Not specified. 

The method 
requires a 

considerable 
amount of 

time to col-
lect all the 

required data. 

1–2 weeks. 

Apart from 
initial & post 
preparation, 2 

days. 
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Сontinuation of Table 2 

What is the typical 
team size required to 
apply the method? 

4-person 
evaluation 

team & 
stakeholders. 

3-person 
evaluation 

team & 
stakeholders. 

3-person 
evaluation 

team & 
stakeholders. 

Not specified. Not specified. Not specified. 

2-person 
evaluation 

team & 
stakeholders. 

How demanding are 
the architectural skills 
required from the users 
of the method? 

High, for the 
expert judg-

ment and 
experiments. 

High, for the 
expert judg-

ment. 

High, for the 
expert judg-

ment. 

High, for the 
expert judg-

ment. 

High, for the 
expert judg-

ment and 
experiments. 

High, for the 
performance 
modeling and 

generating  
alternatives. 

Moderate, for 
experiments 
and use case 
documenta-

tion. 

What are the activities 
to be performed and in 
what order to achieve 
the goals? 

6 activities. 
9 activities in 

2 phases. 

9 activities in 
2 phases 

(ATAM) & 4 
activities 

performed 
over several 
iterations. 

5 activities 
carried out 

sequentially. 

4 activities & 
3 activities 
performed 

over several 
iterations. 

10 activities. 

4 activities & 
6 activities 
performed 

over several 
iterations. 

Does the method pro-
vide a formal and 
detailed description of 
the architectural candi-
dates? 

High-level 
description 
using ADL; 
focuses on 
identifying 

maintainabil-
ity-related 

risks. 

High-level 
description 
using ADL; 
emphasizes 
risks related 
to multiple 

QAs. 

High-level 
description 
using ADL; 
focuses on 
economic 
trade-offs 

between QAs. 

Supports 
formal de-

scription for 
complex 

architectures; 
emphasizes 

maintainabil-
ity-related 

risks. 

High-level 
description 
using ADL; 
experiments 

partially 
cover system 
behavior and 

processes. 

Provides 
detailed de-

scription and 
performance 
modeling of 
critical proc-

esses and 
components. 

Offers a 
formal de-
scription of 

SA processes, 
using ADL 
and activity 

models. 
 

To what extent is the 
method subject to 
uncertainty? 

Highly, due 
to its reliance 

on expert 
judgment. 

Highly, due 
to its reliance 

on expert 
judgment. 

Highly, due 
to its reliance 

on expert 
judgment. 

Highly, due 
to its reliance 

on expert 
judgment. 

Moderate, 
due to partial 
reliance on 
expert judg-

ment and 
remaining 

variability in 
the experi-

ments. 

Moderate, 
due to vari-
ability in the 

modeling. 

Moderate, 
due to possi-
ble inaccura-

cies in the 
source data 
(use cases) 
and remain-

ing variability 
in the ex-
periments. 

Are there any tech-
niques applied to miti-
gate uncertainty? 

Implicit. 

Implicit, extra 
iterations of 
architecture 

analysis. 

Yes, In V2 
extra itera-
tions and 

value bounda-
ries are add-

ed. 

Implicit. 
Implicit, 

within ex-
periments. 

Implicit, 
within per-
formance 
modeling. 

Implicit, 
within ex-
periments. 

How much of the eval-
uation is grounded in 
quantitative metrics 
and experimental data 
versus expert assess-
ment? 

Primarily 
expert 

judgement. 

Primarily 
expert 

judgement. 

Suggested to 
use statistics 
or real prices 
for costs if 
possible. 

Primarily 
expert 

judgement. 
Left to users. 

Primarily 
metrics and 
experiments. 

Primarily 
metrics and 
experiments. 

Primarily 
metrics and 
experiments. 

Does the method offer 
tools to facilitate or 
partially automate its 
use? 

Partially 
available. 

Not available. Not available. Not available. Not available. Not available. 
Partially 

automated. 

What is the level of 
maturity (inception, 
development, refine-
ment or dormant)? 

Dormant. Dormant. Dormant. Dormant. Refinement. Refinement. Development. 

Has the method been 
validated? 

Yes. Yes. Yes. Yes. 

Found a 
couple arti-
cles with its 
application. 

Found a 
couple arti-
cles with its 
application. 

For a couple 
of projects. 

Has the method been 
applied specifically to 
architectural varia-
tions? 

No. No. No. No. No. No. Yes. 

 
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 
DSAV-

CQRSES 
Ref Max 

How closely do the method’s defini-
tions of SA and SA variation align 
with those considered in this paper? 

3 L L L L L L M H L 

Is the selection between structurally 
similar SA alternatives addressed by 
the method’s objectives? 

5 N N N N Y/N Y Y Y N 

Are variation-specific QAs (e.g., 
complexity and performance) cov-
ered by the method? 

10 Y/N Y Y Y/N Y Y/N Y Y N 

Is the method applicable at the de-
sign stage of system development? 

10 Y Y Y Y Y Y Y Y N 

To what extent is the resulting tech-
nical documentation ready for direct 
use during implementation? 

1 Y/N Y/N Y/N Y/N N Y/N Y/N Y/N N 

Does the method facilitate trade-off 
analysis? 

7 N Y Y N Y/N Y/N Y/N Y N 

Does the method identify a recom-
mended architecture, or does it only 
provide additional information about 
the alternatives? 

2 N N N N N N Y Y N 

Is the method validated or consid-
ered applicable in domains similar to 
the target system? 

8 Y Y Y Y Y Y/N Y Y N 

Does the method support the selec-
tion of the optimal solution? 

10 Y Y Y Y Y Y Y Y N 

Does the method provide an ap-
proximate estimate of the effort 
required for system implementation? 

4 Y/N N Y/N Y/N Y/N Y/N Y Y N 

Does the method require involve-
ment of multiple stakeholders? 

4 Y Y Y Y Y/N Y/N N N Y 

How many actions or inputs are 
expected from stakeholders? 

7 H H H H M M L L H 

How much support is provided by 
the method to perform various ac-
tivities? 

5 L H H M M M M H L 

Does the method address non-
technical issues (e.g., social and 
organizational factors)? 

2 Y/N Y Y Y/N Y/N Y/N Y/N Y/N N 

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 
method? 

8 H H H H H H M M L 

Does the method provide a formal 
and detailed description of the archi-
tectural candidates? 

4 N N N Y/N N Y/N Y Y N 

To what extent is the method subject 
to uncertainty? 

4 H H H H M M M L H 

Are there any techniques applied to 
mitigate uncertainty? 

8 Y/N Y/N Y Y/N Y/N Y/N Y/N Y N 

How much of the evaluation is 
grounded in quantitative metrics and 
experimental data versus expert 
assessment? 

7 L L M L H H H H L 

Does the method offer tools to facili-
tate or partially automate its use? 

2 Y/N N N N N N Y Y N 

What is the level of maturity (incep-
tion, development, refinement or 
dormant)? 

6 H H H H M M L H L 

Has the method been validated? 6 Y Y Y Y Y/N Y/N Y/N Y N 
Has the method been applied spe-
cifically to architectural variations? 

6 N N N N N N Y Y N 

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 = 1, Y/N = 2, Y = 3. 

The weights for each parameter were determined 
based on the expert judgment of the DBB Software de-

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:

 

Reference vector: 
 ),,,,,,,,,,,/,,,,,,,,,/,,,,( YYHYHYLYMLMNYHLNYYYYYNYYYYHref  

).3,3,3,3,3,3,1,3,2,1,2,2,3,1,1,3,3,3,3,3,2,3,3,3,3(  

Maximum vector: 
 ),,,,,,,,,,,,,,,,,,,,,,,,(max NNLNLNHNLHLNLHYNNNNNNNNNL  

).1,1,1,1,1,1,3,1,1,3,1,1,1,3,3,1,1,1,1,1,1,1,1,1,1(  

Weights vector: 
).6,6,6,2,7,8,4,4,8,5,5,2,5,7,4,4,10,8,2,7,1,10,10,5,3(w  

DSAV-CQRSES vector: 
 ),/,,,,/,,,,,,/,,,,,,,,/,/,,,,( YNYLYHNYMYMLMNYMLNYYYYNYNYYYYMp CQRSESDSAV  

).3,2,1,3,3,2,2,3,2,1,2,2,2,1,1,3,3,3,3,2,2,3,3,3,2(  

Maximum distance to the Reference: 

]25,1[,54.22)(max)(max, 2   irefwrefD i
i

ii  

DSAV-CQRSES to the Reference distance: 

].25,1[,55.7)(),( 2    irefpwrefpD i
i

CQRSESDSAViCQRSESDSAV  

DSAV-CQRSES effectiveness: 

.67.0
54.22

55.7
1

)(max,

),(
1)(  

 refD

refpD
pessEffectiven

CQRSESDSAV
CQRSESDSAV  

Obtain an ordered vector Easc using formula (2):  
)}.(),(),(),(),(),(),({ CQRSESDSAVSQUASHPASACBAMATAMALMASAAMasc sasasasasasasaE   

 

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: 

}.{ CQRSESDSAVopt saSA   
 

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 

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 

}{ CQRSESDSAVopt saSA  , 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.. 
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AНОТАЦІЯ 

Актуальність. Дослідження проводиться в контексті створення та обґрунтування методології оцінювання архітектури 
програмного забезпечення в рамках варіацій Command Query Responsibility Segregation (CQRS) з Event Sourcing (ES) архіте-
ктури. 

Метою дослідження є оцінка та порівняння різних методів оцінювання архітектури програмного забезпечення з метою 
підтримки вибору оптимальної архітектурної варіації CQRS із ES для реальних проєктів. 

Метод. Для підвищення об’єктивності процесу ухвалення архітектурних рішень застосовуються різні методи оцінюван-
ня архітектури програмного забезпечення. Проте ці методи не є універсальними, оскільки відрізняються глибиною аналізу, 
спрямованістю та обсягом необхідних ресурсів. Завдання, що розглядається у цьому дослідженні, полягає у виборі між архі-
тектурними варіаціями CQRS з ES, які часто характеризуються високим ступенем структурної подібності та, відповідно, є 
складними для розрізнення за допомогою загальнопризначених методів оцінювання. Порівняння архітектурних варіацій 
потребує поглибленого аналізу, однак для більшості методів його проведення на практиці ускладнюється через часові та 
ресурсні обмеження. Запропонований підхід орієнтований на визначення найбільш доцільного методу оцінювання архітек-
тури ПЗ для підтримки процесу прийняття рішень щодо вибору між варіаціями CQRS з ES. Він ґрунтується на існуючому 
фреймворку класифікації та порівняння методів оцінювання архітектури. Окрім якісного аналізу, підхід включає кількісну 
оцінку ступеня придатності до конкретного проєкту, що забезпечує більш обґрунтоване та раціональне прийняття архітек-
турних рішень. 

Результати. Запропонований підхід було застосовано для порівняння кількох методів оцінювання архітектури ПЗ, зок-
рема Information Technology for Decision-making Support regarding CQRS with ES Architectural Variations (DSAV-CQRSES) – 
методу, спеціально розробленого для оцінки варіацій архітектури CQRS з ES.  

Висновки. Існуюча система порівняння архітектур програмного забезпечення не може бути безпосередньо застосована 
до архітектурних варіацій (відхилень архітектури, значущих для замовника). Запропонована модифікація фреймворку орієн-
товані насамперед на оцінювання варіацій архітектури CQRS з ES.  

КЛЮЧОВІ СЛОВА: архітектура програмного забезпечення, порівняння методів оцінювання, CQRS з Event Sourcing, 
архітектурні варіації.  
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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. 

Objective. 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 
TSP is a traveling salesman problem;  
CoG is a center of gravity. 

 

NOMENCLATURE 
n   is a number of cities; 

ijt   are the travel time between all pairs of vertices;  

T
 
is a matrix of ijt ; 

ijt   are the travel time between all pairs of vertices;  

X
 
is a binary matrix of transitions between vertices 

ijx ; 

ijx  are the elements of matrix X, which equal to 0 or 

1; 
i
  

is an index; 
j
 
is an index; 

A
~

 
is a fuzzy set; 

)(~ xA  
is a membership function; 

supp A
~

 is a  support of fuzzy set A
~

; 

ijt
 
are width of intervals of fuzzy travel time; 


 

is a parameter of optimization Bellman-Zadeh 
model; 

*1X
 
is an optimal values for first TSP; 
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*2X  is an optimal values for second TSP; 

1L
 
is a lower value of first TSP optimal solution;  

2L  is a lower value of second TSP optimal solution; 

1U
 
is an upper value of first TSP optimal solution;  

2U  is an upper value of second TSP optimal solution; 

1  
is a weight coefficient; 

2  is a weight coefficient; 

)(s
 
is a weight function; 

Cx
 
is a coordinate x of CoG of planar curve; 

Cy  is a coordinate y of CoG of planar curve; 

Cx

 
is a coordinate x of CoG of inhomogeneous  

curve; 

Cy  is a coordinate y of CoG of inhomogeneous  

curve; 
)(l

 
is a density function; 

L  is a length of membership function grafik;  
Z  is a required 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 

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 ijt  be-

tween all cities in the network what represented by a ma-

trix   njitT ij ,1,,   T={ ijt }, i,j= n,1 , reduced to de-

termining solution X = }{ ijx , ijx }1,0{ , i, j= n,1 , of the 

combinatorial optimization problem [4] 
 

min
1 1


 

n

i

n

j
ijij xtE  (1)

 
subject to the constraints 
 

1
1




n

j
ijx , i = n,1 , 1

1




n

i
ijx ,  j= n,1 , (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    xxA A ,
~

~ , where 

 1,0:~  XA  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  xA

~  for 

element Xx  indicates the degree to which x  belongs 
to the fuzzy set A (see Fig. 1). The interpretation of the 

membership degree  xA~  is a subjective measure of 

how well the element Xx  corresponds to the concept 

defined by the fuzzy set A
~

. 
 
 

 
Figure 1 – Example of a membership function 

 

It is noted that for any fuzzy sets A
~

and B
~

  )(~~ xBA  

))(),(max( ~~ xx BA  , )(~~ xBA ))(),(min( ~~ xx BA  . 

Definition 2. [14] A fuzzy set A
~

 is called convex if 
next inequality satisfied 

 
       yxyx AAA

~~~ ,min1   

 
for all  1,0,,  Xyx . 

A fuzzy set A
~

 is called normal if there exists Xx  
such that 1)(~  xA . 

Crisp sets A
~

 are called  -level sets of fuzzy set A
~

, 

where  1,0  is the height of fuzzy set A~  and  

supp A
~

=  0)(: ~  xXx A  is the support of fuzzy set 

A
~

. 
A fuzzy set A is considered unimodal if there exists 

only one element Xx  such that hxA  )(~ . 

Let us consider the universal set X to be the set of real 
numbers, i.e., RX  . 

Definition 3. [4] A fuzzy set A defined over the set of 
real numbers  is called a fuzzy number if it satisfies the 
following properties: 

I. the set A~  is convex in the sense of definition 2; 
II. the set A~  is normal; 
III. the membership function  xA

~  is upper semi-

continuous; 

IV. the support of the fuzzy number  Ap
~

sup  is a 

subset of the universal set R . 
Definition 3. [4] A triangular fuzzy number A~  is an 

ordered triplet of real numbers   321321 ,,, aaaaaa  , 

with an associated membership function )(~ xA  defined 

as: 

 21
12

1~ ,,)( aax
aa

ax
xA 




 ; 

 

 32
23

3~ ,,)( aax
aa

xa
xA 




 ; (3)

 xA
~  
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 31~ ,,0)( aaxxA  . 

 
Clearly, a triangular fuzzy number  321 ,, aaa  is a 

special case of a unimodal fuzzy set with a height equal to 
one [15] (see Fig. 2). 

 
Figure 2 – Example of a triangular fuzzy number 

 
 

It is well known [4], that triangular fuzzy number 
 221 ,, aaa  is called a left triangular fuzzy number if its 

membership function is defined as 
 

1~ ,0)( axxA  ;  ),(,)( 21
12

1~ aax
aa

ax
xA 




 ; 

 

2~ ,0)( axxA  , (4)

 
and a triangular fuzzy number  211 ,, aaa  is called a right 

triangular fuzzy number with the membership function: 

1~ ,0)( axxA  ; ),(,)( 21
12

2~ aax
aa

xa
xA 




 ; 

 

3~ ,0)( axxA  . (5)

 
Definition 5. [4] A trapezoidal fuzzy number A~  is an 

ordered quadruple of real numbers  ,,,, 4321 aaaa  

4321 aaaa  , with a membership function  xA
~  

defined as: 
 

 
























.,

;,1

;,

43
34

4

32

21
12

1

~

axaif
aa

xa
axaif

axaif
aa

ax

xA  (6)

 

Definition 6. A rectangular-trapezoidal fuzzy number 
A~  (see Fig. 3) is a special case of a trapezoidal fuzzy 

number  ,,,, 3211 aaaa 321 aaa  , where the member-

ship function  xA
~  defined as: 

 

 





















.,

;,1

;,0

32
23

3

21

31

~

axaif
aa

xa
axaif

axoraxif

xA  (6')

 
Figure 3 – Trapezoidal fuzzy number 

 
 

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 ],[ 21 aa  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 ],[ 32 aa , 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.  
 

 

 xA
~  

 xA
~
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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 nRx  that 
maximizes the objective function 

 

min,xcT  (7)

 
in the feasible solution space defined by the system of 
constraints 
 

bAx  , 0x , (8)
   

where T
nxxx ),...,( 1  – the vector of decision variables, 

T
nссс ),...,( 1  – the vector of coefficients of the 

objective function, ,,1,,1),( mjniaA ij   – the 

constraint coefficient matrix, T
mbbb ),...,( 1  – 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 

 

,
~

ZxcT   (9)

 
bAx ~ , 0x . (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 

be treated as particular cases of fuzzy relations “non-
strictly less” and “non-strictly greater”, respectively, over 

the set X = 1R  [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.  









A

c
 = D , 








b

Z
= p , and rewrite the constraints (9)–

(10) as follows:  
 

pDx ~ , 0x . (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 1,1),(  mixi . Without loss of generality, 

it can be assumed that all membership functions are 
monotonically increasing. Then, for any ]1,0[  the 

values  )(xi , 1,1  mi , can be interpreted as 

degrees of confidence with which the vector x  satisfies 

the crisp inequalities )(~

1




i

n

j
jij pxd , 1,1  mi  (where 

ijd  – matrix elements D , and )(~ ip  – are the values 

obtained based on the α-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: 

 
)(min)(

1,1
~ xx i

mi
P 


. (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)(minmax ~

01,10
xx Px

i
mix




. (13)

 
Let us define the type of membership functions )(xi , 

1,1  mi . The values of )(xi , 1,1  mi , should be 

equal to 0 if the constraints or objective function are 
significantly violated, and equal to 1 if they are 
completely satisfied. In addition, the functions are 

Constraints 

Objective function

Solution 
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assumed to increase monotonically from 0 to 1 on the 
interval [0,1], i.e.: 

 





































,,0

,],1,0[

,,0

)(

1

1

1

ii

n

j
jij

ii

n

j
jiji

i

n

j
jij

i

qpxd

qpxdp

pxd

x 1,1  mi , (14)

 

where iq , 1,1  mi , 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” ],[ iii qpp  , 

1,1  mi : 
 





































,,0

,,/)(1

,,0

)(

1

11

1

ii

n

j
jij

ii

n

j
jijiii

n

j
jij

i

n

j
jij

i

qpxd

qpxdpqpxd

pxd

x  

1,1  mi . (15)
 

Substituting (15) into (13), and after straightforward 
algebraic manipulation, we obtain the following decision-
making criterion for selecting the optimal solution: 

 














 


ii

n

j
jij

mix
qpxd /)(1minmax

11,10
. (16)

 
We introduce a new variable ]1,0[ , which 

corresponds to the minimal membership level of the fuzzy 

set of “solutions” P
~

 defined in (12) for the fuzzy model 

(11):  


ii

n

j
jij qpxd /)(1

1

.  

This yields the Bellman-Zadeh [10] optimization 
model 

 

.max
0


x
 (17)

 

under condition 
 

ii

n

j
jiji qpxdq  

1

,  1,1  mi , 0x . (18)

  

If the optimal solution of problem (17)–(18) is 

denoted by a vector ),( Ox , then Ox  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 

 


 

n

i

n

j
ijij xt

1 1

~ , (19)

 
where the travel times between nodes are given by a 

matrix Т ={ ijt }, i,j= n,1 , whose elements are triangular 

fuzzy numbers jiij tt ~~  , ),,(~
ijijijijij ttttt  , nji ,1,  , 

and the possible connection routes between cities are 

specified by the matrix X = }{ ijx , ijx }1,0{ , i,j= n,1  

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 

 

lZ = 
X

min 
 

n

i

n

j
ijij xt

1 1

, (20)

uZ = 
X

min 
 


n

i

n

j
ijijij xtt

1 1

)( , (21)

 
taking into account the constraints (2), respectively. The 
solutions yield the optimal values of the objective 
functions lZ  and uZ , 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*1 X
X

min 
 

n

i

n

j
ijij xt

1 1

,  

arg*2 X
X

min 
 


n

i

n

j
ijijij xtt

1 1

)( , 

 

respectively. Then we compute  
 

1L = ),min(
1 1

*2
 

n

i

n

j
ijijl xtZ , 1U = ),max(

1 1

*2
 

n

i

n

j
ijijl xtZ ,  

2L = ))(,min(
1 1

*1
 


n

i

n

j
ijijiju xttZ , 

2U = ))(,max(
1 1

*1
 


n

i

n

j
ijijiju xttZ , 

 

which represent, respectively, the lower and upper bounds 
of the optimal values of the objective functions 


 

n

i

n

j
ijij xt

1 1

 and 
 


n

i

n

j
ijijij xtt

1 1

)( . 

Then, the solution to the FuzzyTSP (19), (2) is 
obtained by solving the parametric Bellman-Zadeh 
optimization problem [10] of the following form:  

 


x

max  

,)()(

,)(

2
1 1

22

1
1 1

11

UxttLU

UxtLU

n

i

n

j
ijijij

n

i

n

j
ijij









 

 
 (22)

1
1




n

j
ijx , i = n,1 ,  1

1




n

i
ijx ,  j= n,1 , 

 

0ijx  or  1 for all nji ,...,2,1,  . 

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 

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: 

 

min,
1 1

1 
 

n

i

n

j
ijij xtF  (23)

min,)(
1 1

2 
 

n

i

n

j
ijijij xttF  (24)

 

where the values ijt , i,j= n,1 , are the elements of the 

matrix Т={ ijt }, i,j= n,1 , which represent the nominal 

travel times between all pairs of nodes in the 
transportation network. 

To obtain a compromise solution, we apply the 
convolution method. Let us introduce weight coefficients 

0, 21  : 1 + 12  , 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 ijt~ , i,j= n,1 . The 

solution of problem (8), (9) with two sets of fuzzy 

parameters ijt  and ijij tt  , i,j= n,1 , respectively, is 

sought as the optimal solution to a classical TSP of the 
form (1), (2) with the following weighted criterion: 

 

 2211 FFF

 
  

n

i

n

j
ijijij

n

i

n

j
ijij xttxt

1 1
2

1 1
1 )(  


 


n

i

n

j
ijijijij xttt

1 1
21 )}({ min , 

(25)

 

subject to the constraint (2). It is important to note that the 
resulting compromise solution depends on the chosen 
weight coefficients w1 and w2. 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 0)(  s , 

defined on the interval ]1,0[s , which satisfies the 

condition: 
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1)(
1

0

 dss . (26)

 
Let us formulate the optimality criterion in the fuzzy 

traveling salesman problem (19) using the weight 
function 0)(  s , ]1,0[s , as follows: 

 

 
 

dsxtsts
n

i

n

j
ijijij

1 1

1

0

})({)(  

 
 


n

i

n

j
ijijij xdststs

1 1

1

0

})()({ min . 

 

(27)

 

Assuming that 0)(  s  for all ]1,0[s , the integral 

in (27) evaluates the weighted average of the linear travel 

time functions ijij tst  , i,j= n,1 , with respect to the 

confidence levels specified by the weight function ω(x). 
In this formulation, the entire range of values within 

)(s , is used to derive defuzzified estimates for fuzzy 

travel times intervals ijij tst  , ]1,0[s , i,j= n,1 ,  

allowing the fuzzy TSP to be reduced to the classical 
problem (1), (2). 

It should be noted that defining an additional 
confidence function ω(x) may impose preferences for 

certain values ijij tst  , ]1,0[s , i,j= n,1 , , 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 )(~ ijijt tst

ij
 , 

]1,0[s , i,j= n,1  should be used.  

Let us denote )()()( ~ ijijijijtij tsttstsg
ij

 , 

]1,0[s , i,j= n,1 . Then for any arbitrary weight function 

0)(  s , ]1,0[s  )(s , values dssgs ij )()(
1

0
 , will be 

considered as the weighted average values for  each fuzzy 

triangular number ijt~ , i,j= n,1 . 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 ω(x), and the 
optimality criterion (12) )(s , ]1,0[s , and the 

optimality criterion (12) for the fuzzy traveling salesman 
problem becomes: 

 

 
 


n

i

n

j
ijij xdssgs

1 1

1

0

})()({ min .   (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 

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
~  321 ,, aaa  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: 

 

 
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








n

i
i

n

i
ii

x

xx

CoG

1

1 , (29)

 

where ix  are values from the universal set, and,  ix  is 

the membership degree of each value, i= n,1 , in the case 
of a continuous representation of the fuzzy number, the 
formula takes the form: 
 

 
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
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

3

1

3

1
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a

dxx

dxxx
CoG .  (30)

 

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 ( cx , cy ), using the formulas 
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(30)

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 
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is homogeneous. However, one can also assume that the 
curve has a variable density function )(l , Ll 0 , 

where the value of )(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 ]1,0[ . In this case, the position of 

the center of gravity of a continuous inhomogeneous 
curve is given by 
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By interpreting the density function ρ(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 l  on the curve through an 

arbitrary function )(l : ]1,0[1 R , Ll 0 , 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 

 
13 4 7 9 5 8 11 10 6 21  , (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: 

 
  ),75.05.18.1,,(~  jitttt ijijijij  (34)

 
where ji,  are the indices of the cities and ijt  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 і and j within the transport network, the 
weighted travel durations computed using 21  =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 lel  )( , Ll 0 ) 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  15.0 .   

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 
cx ). 

 

 
 

Figure 5 – An example of a transport network in the traveling salesman problem [4] 

129



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2026. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2026. № 1 

 
 

© Ivohin E. V., Gavrylenko V. V., Yushtin K. E., Ivohina K. E., 2026 
DOI 10.15588/1607-3274-2026-1-11  
 

Table 1 – Results of Solving the FuzzyTSP with Fuzzy Travel Duration Values in the Network [4] 

i j ijt  ijij tt   0.5 ijt +0.5 ( ijt + ijt ) CoG   cx  
cx  Ox  

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 11 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 11 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 156 396.3 354.15 245.6485 242.1097 241.212 
192.045 

 
6 DISCUSSION 

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-

triangular fuzzy numbers are employed. Various ap-
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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AНОТАЦІЯ 

Актуальність. Важливою сучасною проблемою є швидке відновлення та оптимізація управління логістикою. В 
залежності від поставленої задачі існує багато різних математичних методів та підходів до вирішення різних логісти-
чних задач, розв’язування яких набуває широкого практичного впровадження. Його конкретний зміст залежить від 
характеру проблеми та повноти наявних даних. Іноді для розв’язання відомих задач, однією з яких є задача комівоя-
жера, вдається знайти нетипові методики на основі поєднання декількох обчислювальних схем та методів.  

Ціль. Мета роботи – розробити алгоритми розв’язання нечіткої задачі комівояжера на основі реалізації методів 
параметричної оптимізації Беллмана-Заде, використання двокритеріального підходу із заданою ваговою функцією та 
уточнення схеми розрахунку центру ваги графіка функції належності для заданої щільності кривої. 

Метод. У статті розглядаються методи розв’язування нечіткої задачі комівояжера, що формулюється як задача 
знаходження маршруту відвідування заданої кількості міст без повторень з мінімальною тривалістю руху. Параметри 
задачі для формалізація невизначеності та неточності вхідних даних, пов’язаних з впливом суб’єктивності в оцінках 
тривалості, необхідних для переміщення між окремими містами проміжків часу, подаються у вигляді нечітких трику-
тних чисел. Розглянуто різні підходи, що дозволяють розв’язувати нечіткі задачі комівояжера. Формалізовано засто-
сування методу Белмана-Заде, методів з урахуванням уточнень дефазифікованих даних та методів на основі багато-
критеріального підходу. Проведено обчислювальні експерименти.  

Результати. Розроблено раціональні алгоритми розв’язання нечіткої задачі комівояжера на основі параметричної 
оптимізаційної моделі Беллмана-Заде, багатокритеріального підходу та методів уточнення результатів дефазифікації 
нечітких даних У проведених чисельних експериментах з розв’язання задачі комівояжера з нечітко заданою триваліс-
тю переміщень продемонстровано вплив різних варіантів дефазифікації нечітких вхідних даних на основі методу роз-
рахунку центра тяжіння (CoG), центру ваги однорідної та неоднорідної кривих, які визначаються функцією належно-
сті та заданими величинами надійності суб’єктивних даних. Проведено порівняння результатів, отриманих на основі 
вирішення чіткої задачі комівояжера, та результатів на основі дефазифікованих значень тривалості для нечіткої задачі 
комівояжеру, за ітогами якого підтверджено залежність розв’язку від способу дефазифікації.  

Висновки. У статті розглянуто метод формалізації алгоритму розв’язання нечіткої задачі комівояжера з мінімаль-
ною тривалістю руху за маршрутом на основі методу Белмана-Заде, методів з урахуванням уточнень дефазифікова-
них даних та методів на основі багатокритеріального підходу. Для формалізації невизначеності вхідних даних при 
оцінці тривалості переміщення між окремими містами транспортної мережі використовуються нечіткі трикутні числа. 
Зроблено висновок про доцільність використання нечітких чисел при розв’язанні нечітких задач комівояжера в реа-
льних умовах логістичних перевезень. 

КЛЮЧОВІ СЛОВА: нечітка задача комівояжера, нечіткі числа, суб’єктивне сприйняття тривалості, невизначе-
ність, методи розв’язування, багатокритеріальний підхід, дефазифікація.  

 
ЛІТЕРАТУРА 

1. Zadeh. L. A. Fuzzy sets / L. A. Zadeh // Information and 
Control. – 1965. – No. 8. – P. 338–353. 

2. Ghiani G. Introduction to Logistics Systems Planning 
and Control / G. Ghiani, G. Laporte, R. Musmanno. – 
John Wiley & Sons, Ltd, 2013. – 377 р. 
DOI:10.1002/9781118492185 

3. Davendra D. Traveling salesman problem: theory and 
applications / D. Davendra. – Books on Demand, 2010. – 
338 p. 

4. Optimization models of transport and network flows in 
the problems of supporting decision-making in informa-

tion management systems / [V. V. Gavrylenko, E. V. 
Ivohin, K. E. Ivohina, K. E. Yushtin] // In “Innovative 
trends in the development of information control systems 
and technologies”. – Under the general editorship of 
Doctor of Economics, Professor Ustenko S.V. – Kyiv, 
KNEU named after Vadym Hetman, 2024. – P. 233–255. 
https://ir.kneu.edu.ua/handle/2010/46976 

5. Kumar A. Methods for solving fuzzy assignment prob-
lems and fuzzy travelling salesman problems with differ-
ent membership functions / A. Kumar, A. Gupta // Fuzzy 
Information and Engineering. – 2011. – No. 3 (1). – P. 3–
21. 

132



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2026. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2026. № 1 

 
 

© Ivohin E. V., Gavrylenko V. V., Yushtin K. E., Ivohina K. E., 2026 
DOI 10.15588/1607-3274-2026-1-11  
 

6. Bellman R. E. Decision making in fuzzy environment / 
R. E. Bellman, L. A. Zadeh // Management science. – 
1970. – No. 17. – P. 144–164.  

7. Zimmermann H.-J. Fuzzy programming and linear pro-
gramming with several objective functions / H.-J. 
Zimmermann // Fuzzy Sets and Systems. – 1978. – No. 1. 
– P. 45–55. 

8. Christofides N. Vehicle routing in the traveling salesman 
problem / N. Christofides. – Lawler, Lenstra, RinooyKan 
and Shmoys, John Wiley eds., 1985. – P. 431–448. 

9. Fuling Тien Applying interactive fuzzy multi-objective 
Linear programming to transportation planning decisions 
/ Тien Fuling // Journal of information and optimization 
sciences. – 2006. – No. 27(1). – P. 107–126.   

10. Kosheleva O. Why Bellman-Zadeh approach to fuzzy 
optimization / O. Kosheleva, V. Kreinovich // Applied 
Mathematical Sciences. – 2018. – Vol. 12, No. 11. – P. 
517–522. 

11. Yushtin K. About defuzzification methods influence on 
fuzzy traveling salesman problem’s solving / K. Yushtin, 
E. Іvohin // Artificial Intelligence. – 2024. – No. 1 (98). – 
P. 64–72. DOI: 10.15407/jai2024.01.064 

12. Іvohin E. One approach to solving the fuzzy traveling 
salesman problem based on a multicriteria approach / 
E. Іvohin, V. Gavrylenko, K. Ivohina // Artificial Intelli-
gence. – 2025. – No. 2 (103). – P. 84–94. DOI: 
10.15407/jai2025 .02.084 

13. Ivohin E. A method for solving a single fuzzy multicrite-
ria traveling salesman problem / E. Іvohin, K. Yushtin // 
Artificial Intelligence. – 2024. – No. 4 (101). – P. 142–
150. DOI: 10.15407/jai2024.04.142 

14. Bablu Jana. Multi-objective fuzzy linear programming 
and its application in transportation model / Bablu Jana, 

Tapan Kumar Roy // Tamsui Oxford Journal of Mathe-
matical Sciences. – 2005. – No. 21(2). – P. 243–268. 

15. Kaufman A. Introduction to fuzzy arithmetic: theory and 
applications / A. Kaufman, M. M. Gupta. – Van Nostrand 
Reinhold Co. Inc., Workingham, Berkshire, 2003. – 351 
p. 

16. Zimmermann H.-J. Fuzzy set theory and its application /  
H.-J. Zimmermann. – Kluwer, Boston, 1992. – 525 p. 
DOI: 10.1007/ 978-94-010-0646-0 

17. Voskoglou M. G. Fuzzy sets, fuzzy logic and their appli-
cations / M. G. Voskoglou // Mathematics. – 2020. – 452 
p. DOI: 10.3390/ books978-3-03928-521-1 

18. Van Broekhoven E. Fast and accurate center of gravity 
defuzzification of fuzzy system outputs defined on trape-
zoidal fuzzy partitions / E. Van Broekhoven, B. de 
Baets// Fuzzy Sets and Systems. – 2006. – Vol. 157. – 
No. 7. – P. 904–918. 

19. Mendel J. Type-2 fuzzy sets made simple/ J. Mendel, 
J. Robert // IEEE Transactions on Fuzzy Systems. –
 2002. – No. 10 (2). – P. 117–127. DOI: 
10.1109/91.995115. 

20. Ivohin E. V. On the recursive algorithm for solving the 
traveling salesman problem on the basis of the data flow 
optimization method / E. Іvohin, V. Gavrylenko, K. Ivo-
hina // Radio Electronics, Computer Science, Control. – 
2023. – No. 3. – P. 141–147. DOI:10.15588/1607-3274-
2023-3-14 

21. Ivohin E. V. Solving the fuzzy traveling salesman prob-
lem using genetic algorithm with clustering by ward’s 
method / E. V. Ivohin, K. E. Yushtin // Conference Intel-
ligent Transport Systems: Ecology, Safety, Quality, 
Comfort: ITS ESQC-2024: proceedings, Springer, 2024. 
– Vol. 1. – P. 199–210. DOI: 10.1007/978-3-031-87376-
8

 

133



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2026. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2026. № 1 

 
 

© Kis Y. O., Shcherbyna Y. M., Kunanets N. E., Yarymovych Y. A., 2026 
DOI 10.15588/1607-3274-2026-1-12  
 

UDC 004.421.2:519.6:004.89 
 

A STUDY OF THE PERFORMANCE OF ANY-ANGLE THETA* 
ALGORITHMS ON WEIGHTED GRID MAPS FOR ROUTE PLANNING 
 
Kis Y. – Post-graduate student of the Department of Discrete Analysis and Intelligent Systems, Ivan Franko Na-

tional University of Lviv, Ukraine. ROR: https://ror.org/01s7y5e82. ORCID: https://orcid.org/ 0009-0009-7816-237X. 
Shcherbyna Y. M. – PhD, Professor of the Department of Discrete Analysis and Intelligent Systems, Ivan Franko Na-

tional University of Lviv, Ukraine. ROR: https://ror.org/01s7y5e82. ORCID: https://orcid.org/ 0000-0002-4942-2787. 
Kunanets N. E. – Dr. Sc., Professor of the Department of Information Systems and Networks, Lviv Polytechnic Na-

tional University, Lviv, Ukraine. ROR: https://ror.org/0542q3127. ORCID: https://orcid.org/0000-0003-3007-2462. 
Yarymovych Y. A. – Post-graduate student of the Department of Information Systems and Networks, Lviv Polytech-

nic National University, Lviv, Ukraine. ROR: https://ror.org/0542q3127. ORCID: https://orcid.org/0009-0006-1391-3214. 
 

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 
AI – Artificial Intelligence; 
A* – A-star algorithm; 
API – Application Programming Interface; 
GIS – Geographic Information System; 
SCM – Supply Chain Management; 
WGM – Weighted Grid Map; 
UML – Unified Modeling Language; 
ms – milliseconds. 
 

NOMENCLATURE 
s is a node corresponding to the point of departure;  
S  is a set of grid cells; 
N  is a number of nodes; 

rW  is a road weight coefficients; 

,i jR  is a risk factor for each cell; 

,i jT  is a traffic intensity; 

( )T P  is a travel time; 

E  is an efficiency and safety indicator; 
P  is a logistics cost parameters; 
g  is a node corresponding to the firearms store (des-

tination); 
D  is an optimal path; 
L  is a path length; 

 ,L s g  is a set of all feasible routes between s and g 

that do not pass through forbidden or hazardous cells; 
V  is a set of grid cells (nodes); 

,i jv  is a set of grid cells (nodes)  indexed by coordi-

nates (i,j);  

,i jd  is a road quality coefficient (road surface condi-

tion); 

,i jr  is a risk factor (e.g., presence of checkpoints, 

crime level); 
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,i jt  is an average traffic;  

,i jp  is a logistics cost (fuel, duties, etc.);  

  is a weight for road surface condition;  

  is a weight for risk level;  

  is a weight for traffic density;  

  is a weight for surveillance or control measures; 

maxr  is a maximum allowable risk of a cell;  

  is a set of cells designated as risk zones or re-
stricted areas; 

  is a congestion impact coefficient;  

avgv  is a 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 
(i,j); 

kv  is a k-th node (vertex) in the grid representing a 

specific position or cell; 

1kv   is a k+1-th node in the path or in the visibility 

sequence; 

,i jv  is a node is assigned a weight (traversal cost);  

 C P  is a weighted length (cost) of a path P ; 

1( ),k kC v v  ) is a transition cost between nodes kv  and 

1kv  ; 

, 1k kw   is an averaged weight of the cells crossed by 

the segment [ kv , 1kv  ]; 

)( kw v ) is a weight of node kv . 

 
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 

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 AI 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 , rW , ,i jR , ,i jT , P , 

, , ,    , ,s g . 

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 rW . 

( )C P  is a function of road quality, risk factor, traffic, 

and logistics costs: 
 

1

,
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( )T P  depends on average traffic and speed con-

straints:  
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1( , )k klength v v   is the Euclidean distance between 

nodes kv  and 1kv  . E depends on minimization of cost 

and risk under time constraints: 
 

max( )T P T , , max.i jr r  (3)

 
The problem reduces to finding a path *P  such that: 
 

( , )
* ( )arg min

P L s g
P C P


 . 

 

Mathematical modeling of these parameters enables 
the construction of optimal, safe, and realistic routes on 
weighted grid maps. This justifies the need to investigate 

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. 
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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., 
50×50 meters). Each cell carries a weight ,j iw , which is 

computed using a composite function: 
 

,, , , ,  ,j ij i j i jj ii pw d tr         (4)

 
represent road conditions, security risk, traffic intensity, 
and surveillance density respectively, while , , ,     are 

tunable coefficients based on scenario-specific priorities 
(e.g., minimizing risk in high-value cargo delivery). 

, , , 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 AI-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 AI-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-

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  (5)
 

,i jV v   is the set of grid cells (nodes) indexed by 

coordinates (i,j); E V V    is the set of edges connect-
ing adjacent nodes (in Theta*, connections in arbitrary 
directions are allowed if the conditions of direct visibility 

137



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2026. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2026. № 1 

 
 

© Kis Y. O., Shcherbyna Y. M., Kunanets N. E., Yarymovych Y. A., 2026 
DOI 10.15588/1607-3274-2026-1-12  
 

are satisfied); :C V V 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 ,i jv  is assigned a weight (traversal cost) 

,( ) 0i jw v  , determined by the conditions of the terrain 

and safety. Start and goal nodes ,s V g V  . For each 

grid cell ,i jw  we define its weight as (4). 

We define the cost function of a route. Let the path P 
be a sequence of nodes 0 1( , , )kP v v v  , 0 startv s  is a 

start node, with the goal n goalv v . The weighted length 

of the path is defined as: 
 

     1
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1
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( • )
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k
k

k
k

k
k

w v w v
C P v v








     (6)

 

1 kkv v    is the Euclidean distance between the cen-

ters of the grid cells (for Theta*, both diagonal and arbi-
trary directions are taken into account). 1,k kv v   is a any 

pair of adjacent nodes between which there is direct visi-
bility in the grid.  

Objective (optimality criterion) іt is required to find a 
route. 

And minimizes the total cost: 
 

1

1
0

min
( , ),

k

k k
k

C v v
p





  (7)

 
where the transition cost is  
 

1 1 , 1( , ( , )) • .k k k k k kC v v length v v w    (8)

 
It is required to find a path P* that satisfies 

 

 
min

( ),
,

P arg C P
P L s g

 


 (9)

 

 ,L s g  for which ( )w v   . A path is considered 

feasible if: 
 

 1, ,k kk visibility v v true   і , maxi jr r . 

 
For any pair of consecutive nodes 1)( ,k kv v  , a clear 

line-of-sight without intersecting obstacles is required. In 
this case ,k k Pv v   . 

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): 

 

 
1

1
,

0

( )
( )

,k
k k

i j
avgk

length v v
T P t

v





    . (10)

 

It is required to (3). The generalized formalized prob-
lem can be expressed as follows: 

 
1

1
0

min
( , )

n

k k
k

C v v
P





  (11)

 
subject to   max , max, i jT P T r r  , 

1, )( kk
truevvisibility v   . 

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. 

 

 
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 vertex s. All neighboring vertices 

1 2 8[ , , ]...s s s  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 +∞), update this value to the newly calculated 
one and update the parent vertex with vertex s . 

 
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. 

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. 

 

 
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. 

 

 
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 
sqrt(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   ,  ,  'parent 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. 

 

 
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 

denoted by the name of their top-left vertex. For instance, 
the cell enclosed by vertices 1,  2,  1A A B , and 2B  is re-
ferred to as 1A , and its weight is denoted as weight ( 1A ). 
The distance between two vertices is represented as 

1 2( , )c s s . 

In the first case, the path proceeds from the starting 
vertex ( 2starts B ) to the goal vertex ( 1goals A ) 

within the same cell, i.e., diagonally. In this scenario, the 
path length equals ( 2, 1)c B A , 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) 

 

( 2, 1)* ( 1)c B A weight A . 

 
Figure 6 – The line represents the path found  

by the any-angle algorithm 
 

In the second case, the movement occurs from the 
starting vertex ( 2starts B ) to the goal vertex (sgoal = 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) 

 

( 2, 2) ( ( 1) ( 2))
.

2

c B A weight A weight A
 

 

In the third case, the movement proceeds from the 
starting vertex ( 1starts B ) to the goal vertex 

( 1goal As  ) along the edge between one unblocked cell 

and one blocked cell, which is again a horizontal or verti-
cal move. In this scenario, cell 0A  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) 

 

( 1, 1) ( 1)c B A weight A . 
 

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 ( 1start Cs  ) to the goal vertex 

( 6goal As  ) 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 
( 0 1 6, ,...l l l ). The length of each segment is denoted as 
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1( , )n nc l l  , 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 1C  to 6A  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: 

0 1( , ) ( 1).c weight Bl l   

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] 

 А* 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] 

 А* 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. 

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., 10×10 or 50×50 
meters – depending on the selected scale). 
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Figure 7 – Paths generated by the algorithms: a – A*, b – A* with smoothing, c – Theta* 

 

 
Figure 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 , , ,     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. 

 
Figure 9 – Visualization of a Weighted Grid Map  

(Lviv Region – simulated) 
 

The coefficients , , ,     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 0.5  , since road quality is important 
but not critical; 3.0  , indicating risk is treated as a 

critical factor; 1.5  , reflecting moderate importance of 

traffic; and 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 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    ), 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 , ,    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  

,i jr  can be derived from satellite imagery and classified 

as follows: 
– asphalt , 1.0i jr  ; 

– cobblestone  , 1.5i jr  ; 

– dirt road , 2.5i jr  ; 

– impassable section ,i jr     (blocked). 
 

Table 4 – Example of Weights for Weapon Delivery  
(High-Risk Scenario) 

Parameter Priority Level 
Weight 

(Expert-Based) 
Road Condition r Medium α = 0.2 
Risk Level t High β = 0.4 
Traffic s Low γ = 0.1 
Surveillance v High δ = 0.3 
Road Condition r Medium α = 0.2 

 

The risk level parameter ,i jt  defines the likelihood of 

cargo loss or obstacles along the route. For instance: 
– low risk (central areas) , 0.5i jt  ; 

– medium risk (suburbs, industrial zones) , 1.0i jt  ; 

– high risk (border or high-crime zones) 

, 2.0 3.0i jt   . 

The average traffic parameter ,i js  based on Google 

Traffic data, reflects possible delays caused by congestion 
or high road occupancy: 

– free-flowing traffic  , 0.8i js  ; 

– moderate traffic , 1.2i js  ; 

– heavy traffic 1. , 1.8i js  . 

The surveillance/control parameter ,i jv , derived from 

municipal safety maps, indicates the presence of surveil-
lance cameras, checkpoints, or patrol units: 

– no surveillance , 0.5i jv  ; 

– moderate control , 1.0i jv  ; 

– high surveillance (restricted access zones)  

, 2.5i jv  . 

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 AI-based 
systems for risk assessment or decision-making. 

 

 
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, AI, 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 GISDataProvider 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. 

 

 
Figure 11 – Route Planning Module Integration 

 

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 (α, β, γ, 
δ) 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-

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. 
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АНОТАЦІЯ 

Актуальність. У статті розглядається дослідження алгоритмів пошуку шляхів вільного напряму, зокрема алгоритму 
Theta*, та оцінюється їхня ефективність на зважених сіточних картах з метою визначення оптимальних маршрутів для 
доставки товарів до магазину зброї. Це дослідження виконане в ширшому контексті розробки інформаційної системи для 
відстеження та управління продажем і логістикою зброї в складних умовах. Одним із головних мотивів є те, що методи 
будь-якого кута (any-angle) здатні генерувати більш реалістичні та природні маршрути порівняно з класичним алгоритмом 
A*. 

Мета. Метою дослідження є аналіз ефективності трьох алгоритмів, заснованих на Theta*: Basic Theta*, Lazy Theta* і 
Strict Theta*, як на однорідних, так і на зважених квадратних сітках, із особливим акцентом на показниках часу виконання та 
вартості шляху. Робота спрямована на узагальнення застосовності цих алгоритмів до зважених середовищ і пропозицію 
удосконалень, придатних для реальних сценаріїв планування маршрутів. 
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Метод. Представлено принципи роботи алгоритму A*, трьох варіантів Theta*, а також технік згладжування маршрутів 
після обчислення. У дослідженні описано перехід від незважених однорідних квадратних сіток до зважених і акцентовано 
увагу на складності обчислення точних вартостей маршрутів при застосуванні методів будь-якого кута. Візуалізація 
поведінки алгоритмів була реалізована за допомогою рушія Unity. Показники ефективності вимірювалися окремо для 
однорідних і зважених сіток, щоб забезпечити порівняльний аналіз. 

Результати. Отримані результати включають порівняльну оцінку алгоритмів Basic Theta*, Lazy Theta*, Strict Theta* та 
класичного A*. Аналіз виявив умови, за яких кожен алгоритм працює ефективно, а також фактори, що обмежують їх 
застосовність у зважених середовищах. Показано, що довжина маршруту та його вартість можуть суттєво відрізнятися на 
зважених сітках, що призводить до нових міркувань щодо оптимізації на основі вартості. На основі експериментів 
запропоновано узагальнення алгоритму Basic Theta* для підвищення його придатності до зважених квадратних сіток, а 
також окреслено можливе розширення алгоритму Strict Theta* для цього контексту. 

Висновки. Результати дослідження показують, що, хоча алгоритми будь-якого кута забезпечують більш плавні та 
реалістичні маршрути, їх ефективність у зважених середовищах залежить від ретельної адаптації функцій вартості. 
Дослідження підкреслює їхню цінність не лише для моделювання складних віртуальних середовищ і поведінки агентів у 
іграх та робототехніці, а й для практичних застосувань у логістиці, зокрема в розробці інформаційної системи для 
відстеження та управління продажем зброї. Запропоновані алгоритмічні удосконалення можуть сприяти підвищенню 
ефективності планування доставки та управління ланцюгами постачання, у тому числі моделюванню маршрутів доставки 
зброї в умовах воєнного часу. 

КЛЮЧОВІ СЛОВА: пошук шляху, планування маршруту, квадратна сітка, алгоритм будь-якого кута, вартість шляху, 
зважена сітка, Theta*. 
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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 

аbstract 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; 

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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sAttr 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; 
sResponseClasses1 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. 

 

 
Figure 1 – The inheritance relationship 

 

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. 

 

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. 

 

 
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={cCod1, … , cCodn}, 

 
as well as a set of class groups linked by some relations 
 

mGrC={GrC1, … , GrCk}. 
 

Each group has the form: 
 

GrCi = <Rel, {<cCod1, Role>, …, < cCodm, 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. 
 

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]. 

 

 
Figure 4 – Class (class group) search scheme) 

 
 
 
 

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 = {DictEntry1, … , DictEntryk }. 
 
Each entry is represented as a tuple:  

 
DictEntryi = <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:   
 

c = < cHead , sMeth,  sAttr , sKeyword >, (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, 
version>, 

(3)

 
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: аbstract 
– 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 аbstract 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 name 

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>, (7)

 
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>, 

(8)
 

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 

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=cCodei, 
then the input operation is cancelled. If a match of class 
names is found cNew.cName=c.cNamei, 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.funci.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. sKeyword  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, sRKeyword >, 

 
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,  

 
RKeywordj = DictEntryi 

 
then sRKeyword is being updated with synonyms for this 
keyword.  
 

sRKeyword  sRKeyword  DictEntryi.sSynonymi. 
 
Based on the comparison of sRKeyword with the lists 

of class keywords, a preliminary set of candidate classes 
for the response to the request sResponseClasses1 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 cPurposei class and its fPurposei,j  methods for 
each class from sResponseClasses1. 

As a result, a response to the request is received in the 
following form: 

 
sResponseClasses1  sResponseClasses2 =  

={ClassCode1, … , ClassCodeq}, 
 
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 

analyser, and the TerEx [24] software product was used to 
extract keywords. 

 

 
Figure 5 – Scheme of loading a class into a repository 

 
Figure 6 shows the process of searching for a class in 

the repository. Based on a keyword search, a set of 
classes, sClasses1, 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 
sClasses2. 

 

 
Figure 6 – Searching for classes in the repository 

 
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. 

 

 
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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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. 

 

 
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. 

 
 
 

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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AНОТАЦІЯ 

Актуальність. Використання раніше розробленого коду, зокрема, програмних класів та груп класів, пов’язаних відно-
синами спадкування, агрегації та композиції в об’єктно-орієнтованих технологіях, істотно скорочує час проектування про-
грамного забезпечення.  

Мета роботи.  Проблеми виникають при необхідності зберігання класів різного призначення. У цьому випадку найме-
нування класу не може бути його характеристикою для пошуку. Створення спеціальної структури, що пов’язує ім’я класу з 
його призначенням, істотно ускладнить сховище класів. Крім цього, якщо деякий клас пов’язаний відносинами з іншими 
класами, то необхідно зберігати поряд з класом його зв’язки, що може суттєво ускладнити як розміщення класу у сховищі, 
так і надалі його пошук. Метою роботи є створення спеціального сховища програмних класів, в якому клас представлений 
моделлю, що дозволяє визначити його призначення, можливі зв’язки з іншими класами та роль у цих зв’язків.  

Метод. Розроблено математичну модель програмного класу, яка дозволила визначити призначення класу та можливі 
зв’язки з іншими класами. Запропоновано метод автоматизованого розміщення та пошуку окремих класів, а також груп 
класів у сховищі класів. Запропоновано модель сховища для розміщення як окремих класів, так і груп класів, пов’язаних 
відносинами спадкування, агрегації та композиції. Розроблено механізм автоматизованого додавання окремого класу або 
групи класів до сховища, а також пошуку та видалення окремого класу чи групи класів. 

Результати. Для апробації запропонованих рішень розроблено програму ClassCеll. Проведено експерименти для визна-
чення часу та якості виконання операцій розміщення та пошуку класів та груп класів у сховищі. Результати показали 
суттєве скорочення часу на пошук класів порівняно з відомими бібліотеками.  

Висновки. Запропонований метод автоматизованого розміщення та пошуку класів на основі моделі класу дозволяє 
підтримувати версії класів, суттєво скоротити час на пошук потрібного класу та пов’язаних з ним класів. Метод може бути 
використаний для класів на різних об’єктно-орієнтованих мовах.  

КЛЮЧОВІ СЛОВА: об’єктно-орієнтоване програмування, клас, пошук класу, композиція, успадкування, агрегація, 
групи класів, синтаксичний аналіз.  
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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.  
Objective. 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 
DDD is a Domain Driven Design; 
FUSP is a fuzzy use case size points; 
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; 
UCP is an Use-case point; 
USP is an Use-case Size Point; 
TAF is a Technical Adjustment Factor; 
EAF is an Environmental Adjustment Factor; 
NL is a natural language; 
DTO is a data transfer object; 
RTP is a Representative Test Project; 
MVP is a minimum valuable product; 
CRUD is a set of create, read, update and delete op-

erations; 
API is an Application Programming Interface. 

 
NOMENCLATURE 

MRE  is a magnitude of relative error; 
ˆiy  is a predicted value; 

iy  is a known real value; 

i  is an iteration; 
n  is a number of iterations; 
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%; 

TPA  is a total complexity of actors; 
TPPrC  is a total complexity of the preconditions; 
PCP  is a complexity of the main scenario; 
TPCA  is a total complexity of the alternative scenar-

ios; 
TPE  is a total exceptions complexity; 
TPPoC  is a total complexity of postconditions; 
UUSP  is a numer of Unadjusted Use-case size points; 

iw  is a weight of the i-th Technical / Environmental 

Adjustment Factor; 

iv  is a degree of domination of the i-th TAF / EAF; 

 A x  is a degree of membership of element x in 

fuzzy set A, which in our case is defined by a trapezoidal 
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; 

1t   is an index of the previous iteration; 
t
Rk  is an actual ratio of effort t

RE (person-hour) to 

FUSPt  for t-th iteration; 
1

max
tE  is a predicted maximum effort needed to realize 

1FUSP  t in the next iteration; 
1

min
tE    is a predicted minimum effort needed to realize 

1FUSP  t in the next iteration; 
1

avg
tE   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 

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. 

 
ˆi i

i
i

y y
MRE

y


 , (1)

 

1
n

ii
MRE
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
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 
1

1,if  ;1

0, otherwise.

n
i

i
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n 


 


  (3)

 
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

Effort
Productivity


 . (4)

 
The question of measuring software size is not trivial, 

and different metrics can be used, e.g. LOC, FP, Halstead 
Metrics, McСabes 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

    


. (5)

 

 
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 2 

Average [6;10] 4 

Complex ≥ 10 6 

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 
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Step 2. TAF can be calculated using Table 2 by Equa-
tion (6) 

 
14

1

0.65 0.01 i i
i

TAF w v


 
    

 
 . (6)

 
Step 3. EAF can be calculated using Table 3 by Equa-

tion (7) 
 

5

1

0.01 i i
i

EAF w v


   . (7)

 
Step 4. The final value for a use-case is given by 

Equation (8): 
 

   USP UUSP TAF EAF   . (8)

 
The use of the classification tables does not allow a 

gradual change from one complexity category to another. 
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 
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): 

 

     : 0;1AFz x A x    , (9)

 
Table 2 – Technical factors 

Factor Requirement Influence Weight 

F1 Data communication I1 2 

F2 Distributed processing I2 1 

F3 Performance I3 1 

F4 Equipment utilization I4 1 

F5 Transaction Capacity I5 1 

F6 On-line input of data I6 0.5 

F7 User efficiency I7 0.5 

F8 On-line update I8 2 

F9 Code reuse I9 1 

F10 Complex processing I10 1 

F11 Easiness of deploy I11 1 

F12 Easiness operation I12 1 

F13 Many places I13 1 

 
Table 3 – Environmental factors 

Factors Description Influence Weight 

E1 Formal development process existence I1 1.5 

E2 Experience with the application being developed I2 0.5 

E3 Experience of the team with the used Technologies I3 1 

E4 Presence on an experienced analyst I4 0.5 

E5 Stable requirements I5 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  . (11)
 

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 

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. 
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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 

Baseline Step 
Condition Action 

Capacity 
Number of 

steps 
Entity 

1.Command validation 1a: Validation failed 1a1: Notify 1 3 0 
2.Fetch data 2a: Object doesn’t exist 2a1: Notify 1 3 1..* 
3.Check timestamp 3a: Timestamp is not valid 3a1: Notify 1 3 0 
4. Check simple rules 4a: Check simple rules failed 4a1: Notify 0..* 0..* 0 
5. Check average rules 5a: Check average rules failed 5a1: Notify 0..* 0..* 0..* 
6. Check complex rules 6a: Check complex rules failed 6a1: Notify 0..* 0..* 1..* 
7. Check data integrity 7a: Check data integrity failed 7a1: 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-

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. 

 

 
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) 
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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 

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) 

 

1 1
max max
t t tE k FUSP  , (16)

 

1 1
min min
t t tE k FUSP  , (17)

 

1 1
avg avg
t t tE k 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. 

 

1MVP  1Proj 

2MVP  2Proj 

nMVP  nProj 

Class A

ARTP 

...

 
Figure 4 – Representative test project definition 

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. 
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Figure 5 – Application service oriented architectural variations 
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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 

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. 
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Figure 7 – Main entities of RTP and their relationships 
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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  
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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 

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 CustomerId 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 (CarId field), and Work entity has two references 
to check: WorkerId (who performs the work), OrderId 
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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 CustomerId 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 ip  – lower 

value of the linguistic ter iT  in the classification (Table 1, 

section Main and alternative scenarios); 

 1 / 2 i i in p p   ;  1i ia n  ;  1i ib p  . 

 
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 1;5    1 3.5 – 6 4 

Simple 6;10    6 8.5 3.5 11 6 

Average 11;15    11 13.5 8.5 16 8 

Complex 16;20    16 18.5 13.5 21 12 

Very complex 21;  21 23.5 18.5 – 16 

 

13.5 16 18.5 2120
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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:  0.0322MMRE   
and   0.0831TAF EAFMMRE   . 

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 

Prediction (manhours) 
Coefficients (manhours per FUSP) for next iteration effort 

estimation  FUSP Total FUSP Fact (manhours) 

min max avg min max avg 
14.4 14.4 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 

Prediction (man-
hours) 

Coefficients (manhours per FUSP) for next iteration effort 
estimation  

FUSP with 
TAF, EAF 

Total FUSP Fact (manhours) 
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 4.9 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 
adjustment 

Standard method without classification 
with adjustment 

Iteration 
FUSP 

(unadjusted) 

Prediction 
(manhours) 
Classified 

FUSP (adjusted) 
Prediction 
(manhours) 
Unclassified 

Fact Effort 
(manhours) 

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.  
 

6 DISCUSSION 
Based on the approaches reviewed, the set of condi-

tions to form rigorous Use Case description rules adapted 

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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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.  

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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AНОТАЦІЯ 
Актуальність. У статті розглядається проблема оцінки трудовитрат при міграції між варіаціями архітектури DDD із ви-

користанням методу, що базується на специфікаціях вимог, з метою підвищення передбачуваності процесу міграції програ-
много забезпечення. 

Мета роботи – запропонувати ефективний метод оцінки трудовитрат на основі аналізу Use Case. 
Метод. По-перше, запропоновано набір правил для строгої формалізації Use Case, адаптованих під потреби оцінки тру-

довитрат у розробці програмного забезпечення. По-друге, представлено метамодель модифікованого Use Case і метод кла-
сифікації Use Case на основі фреймової моделі подання знань. Такий строгий опис дозволяє точніше оцінювати Use Case за 
допомогою методу FUSP та створювати окремі предиктори для кожного класу Use Case. По-третє, метод використовує істо-
ричні дані з попередніх ітерацій того самого проєкту та ґрунтується на трьох трендах: оптимістичному, песимістичному та 
середньому. 

Результати. Результатом є набір функцій, що використовуються для прогнозування трудовитрат (у людино-годинах), 
необхідних для наступної ітерації, окремо для кожного класу Use Case. 

Висновки. Метод FUSP було адаптовано для підвищення точності прогнозування трудовитрат при міграції між варіаці-
ями архітектури DDD, із застосуванням підходу, заснованого на специфікаціях вимог. Розроблено набір умов для форму-
вання правил опису Use Case, адаптованих до задач оцінки трудомісткості міграції програмного забезпечення. Запропоно-
вано метамодель модифікованого Use Case та метод класифікації Use Case на основі фреймової моделі подання знань. Сфо-
рмульовано алгоритм побудови індивідуальних предикторів для кожного класу Use Case та відповідної оцінки трудовитрат. 
Коефіцієнт перетворення FUSP у людино-години базується на трьох трендах, що формуються і оновлюються за результата-
ми попередніх ітерацій: найпесимістичніше передбачення визначається верхньою межею, найоптимістичніше – нижньою, а 
основна оцінка – це середнє між ними. Ці коефіцієнти використовуються для прогнозування трудовитрат у людино-годинах, 
необхідних для наступної ітерації для кожного класу Use Case. Результати експерименту, проведеного на тестовому проєкті 
RTP цього класу ПЗ, показали, що середня відносна похибка запропонованого методу становить 0,0343, а стандартного – 
0,1094. Отримані результати свідчать про те, що класифікація Use Case разом із їхнім строгим описом за запропонованими 
правилами, а також модифікація методу шляхом розділення логіки прогнозування відповідно до класів Use Case дозволяє 
досягти більшої точності та може ефективно використовуватись для оцінки трудовитрат при міграції архітектурних варіацій 
DDD. 

КЛЮЧОВІ СЛОВА: Use Case Point, оцінка трудовитрат програмного забезпечення, 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.   

Objective. 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; 
UTAUT2 is a unified theory of acceptance and use of 

technology; 
TMIS is a telemedicine information system. 

 

NOMENCLATURE 

tH  is a Health Status at time t; 

tS  is a Vector of patient vital signs at time t; 

tC  is a Vector of patient context parameters at time t; 

O  is a Ontology-based Context; 

tA  is a New assertions incorporated into the ontology 

at time t; 

R  is a Set of SWRL rules applied for reasoning; 

tr  is an Aggregated risk score derived from patient 

data; 

tz  is a Notification zone classification;  

RY  ,  is a 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; 
PP _,_   is a Patient’s latitude and longitude; 

SS _,_   is a Hospital’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 Fig. 1.  

 
Figure 1 –  Features of Remote Patient Monitoring System 

 

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 τY (Yellow) 

and τR (Red).  
– A set of hospitals, Ho, with their geographic coordi-

nates ϕS,λS.  
Now, the problem to find as presented as follows: 
– The patient’s inferred health status at time t, Ht.  
– A quantitative risk score, rt.  
A notification zone classification, zt ∈ 

{Green,Yellow,Red}, based on comparison of rt with τY 
and τR. 

In the case of a critical alert (zt=Red), get the nearest 
hospital H* to the patient’s location (ϕP, λP). 

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 tH  as a function of het-

erogeneous vital signs tS  and ontology-based contextual 

information O :  
.),( tt HOSf   

 
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, 

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 IoT [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, 
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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 IoT 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 

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. 

 

 
Figure 2 – Proposed Framework 

 

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 tC  such as [age, medical history, 

health record, location, activity, and vital signs tS  

through the Reayah app, the underlying function F  trans-
forms the information into new assertions tA  that are 

integrated into the ontology in real time. The rule-based 
inference engine in the ontology determines the estimated 

health status tH , risk score tr , and notification zone tz  

 
,),(: ttt ACSf   ,}1_{ tAtOO   

),,(),,( ROfzrH ttt    },Re,,{ dYellowGreenz
t
  

 
Zone mapping: dzt Re  if Rrt  ; Yellow if 

RrY t  ;  Green if  Yrt  .  

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 tS , the patient’s 

context tC  via the mobile app  then the tA  is determined. 

The SWRL-enabled model evaluates the rules to infer 
abnormal status and calculate a risk score )( tr . The noti-

fication   zone   then   assigned   to   one   of   three  zones  
 

 
Figure 3 – Activity diagram of Reayah platform 
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 (green/yellow/red) based on thresholds ),( RY  . The 

knowledge base is continuously updated, and notifications 
are sent to doctor and family members. In red cases, the 

nearest hospital )( *H  is determined 

))._,_(),_,_((minarg_* SSPPdH HoS    
 

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. 
 

 
Figure 4 – Data flow of the proposed platform 

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 IoT, EEG@HOME, and the 
RNS System, are examples of epilepsy disease remote 
monitoring. The system for epileptic patients using IoT 
sends notifications to the patients, providing a unique 
level of reassurance. Conversely, Leiden Headache Clinic 

  

 
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.  

 
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). 

 

 
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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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 

System 
Disease 
Type 

Technology Used 
Architectu

re of the 
system 

Method used Limitations 
Contact-

based 
system 

RPM for pregnant 
patients [10] 

Diabetics 
disease. 

Bluetooth, 
MyChart app, and 
Electronic Health 
Record. 

3-tiered 

Replaced the conventional 
paper-based method of 

monitoring blood glucose 
with an Electronic Health 

Record 

The scope of the study was 
limited to pregnant women. 

No. 

Diabeo System [9] 
 

Diabetics 
disease. 

Mobile 
application on 

Android and iOS 
platforms and a 

web portal. 

3-tiered. 
Machine learning 

algorithms. 
The accuracy rate is not 

available. 
Yes. 

A prototype for 
monitoring diabetes 

patients [40] 

Diabetics 
disease. 

Clinical Decision 
Support System, 
knowledge base, 

and HER. 

4-tiered. 

Clinical Decision Support 
Systems (CDSS) and 

Electronic Health Records 
(EHR). 

The architecture in this 
study does not encompass 

a real system of remote 
patient monitoring. 

No. 
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Сontinuation of Table 1 

Nelli hybrid system 
[15] 

 

Epilepsy 
disease. 

Video camera and 
microphones. 

1-tiered. 
Machine learning 

techniques. 

Data were collected only 
from one recording, and 

the study targeted a group 
less prone to seizures. 

Finally, patients with non-
motor seizures were not 

evaluated. 

No. 

Monitoring system 
for epileptic patients 

using IoT 
[14] 

Epilepsy 
disease. 

MATLAB and 
IoT devices. 

1-tiered. Fuzzy logic. 

Insufficient accuracy of the 
sensors employed for 
identifying epileptic 

seizures. 

Yes. 
 

EEG@HOME [16] 
Epilepsy 
disease. 

Wearable sensor 
device, EEG 

recording, and 
mobile app (Seer 

app; Seer 
Medical). 

2-tiered. 

ANT Neurowas is used to 
record EEG, self-report 

self-reporting sensors, and 
the app collects data 

related to seizing 
occurrence app. 

Fewer number of 
participants. 

No. 

The RNS System 
[17] 

Epilepsy 
disease. 

Tablet, Patient 
Data Management 
System (PDMS). 

3-tiered. 

The physician utilizes a 
tablet to configure 

detection and stimulation 
settings, as well as access 
and review data from the 

neurostimulator.  The data 
monitor for the patient’s 

home. 

Lack of security. No. 

Leiden Headache 
Clinic E-diary[20] 

Headache 
disease. 

Electronic diary 
and tablet. 

1-tiered. 
A web-based survey was 
sent to the patient through 

email. 

There is an absence of a 
reliable method to assess 

patient acceptance. 
Yes. 

RELAXaHEAD app 
[21] 

Headache 
disease. 

RELAXaHEAD 
app, electronic 

diary, and 
smartphone. 

1-tiered. 

Self-reported specific 
details about patients’ 

headaches, sleep-related 
questions, and medications 

The limited sample size 
and absence of a reliable 
method to assess patient 

acceptance. 

Yes. 

H-Diary [22] 
Headache 
disease. 

Web server, 
Oracle, JAVA, 

PHP5, JavaScript, 
HTML, and CSS. 

3-tiered. 

The patient enters data 
through daily diaries that 
contain a questionnaire 
consisting of yes and no 

questions. 

The absence of a 
mechanism to assess 
patient acceptance. 

No. 

Remote clinical 
monitoring of heart 

patients [41] 

Cardiova
scular 
disease.   

De novo 
pacemakers, 
implantable 

cardiac 
defibrillators, and 
follow-up device 

care. 

1-tiered. 

Scheduled and 
unscheduled in-person 

interrogation before 
discharge and remote 

interrogation post-
discharge 

The limited sample size 
and the absence of a 

mechanism to assess the 
utility of interrogations. 

Yes. 

DSS for remote 
patient monitoring 
of heart disease [2] 

Cardiova
scular 
disease.   

Deep neural 
network models 

and the rule-based 
model. 

1-tiered. 

The database was split into 
three sets: train, validation, 
and test, with a distribution 

ratio of 4:1:1. 

The capacity for the model 
was reduced. 

No 

Amrita Spandanam 
[42] 

Cardiova
scular 
disease.   

IoT devices, Wi-
Fi and cellular 
data, mobile 

phones, and the 
Cloud. 

5-tiered. 

Sensors collect data and 
then analyze it. The 

severity is measured using 
Consensus Abnormality 

Motif technology and other 
algorithms, and the results 

are sent to the medical 
team to take the correct 

action. 

The limited sample size. Yes. 

ECG android 
application [25] 

 

Cardiova
scular 
disease.   

SQL,Bluetooth, 
IOIO 

Microcontroller, 
MATLAB. 

3- tiered. 

The app leverages 
microcontroller 

technology, signal 
processing algorithms for 
ECG wave analysis, and 
communication protocols 

to ensure secure and 
private data transfer. 

The app was run on 
Android only. 

No. 
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Сontinuation of Table 1 
An early-warning 
system for remote 

monitoring of 
COVID-19 patients 

[28] 

COVID-
19 
disease. 

SQL and NoSQL, 
data mining. 

Machine learning 
models and 
blockchain. 

3- tiered. 
Data acquired from sensors 

are analyzed on cloud 
servers. 

The accuracy of the sensor 
data was not examined. 

 
Yes. 

An electronic 
platform to monitor 
Covid-19 patients 

[29] 

COVID-
19 
disease. 

Cooza simulator, 
IoT, artificial 
intelligence 

techniques, and 
Wi-Fi. 

3- tiered. 

The collected data was 
analyzed using CAF and 
KMCCA methods. It was 
then classified using SVM 

and KNN. 

The model needs more 
energy. 

No. 

Self-management 
mobile app for 
chronic kidney 

disease [32] 

Chronic 
kidney 
disease. 

NVivo software 
and smartphones. 

1-tiered. 

Patient self-management, 
recommendations for 

adherence to medication 
regimens, avoidance of 

further nephrotoxic insults, 
and maintenance of diet. 

The limited sample size. Yes. 

Remote dialysis 
monitoring system 

[31] 

Chronic 
kidney 
disease. 

Video camera, 
monitor, 

microphone, and 
technology 

communication. 

1-tiered. Home dialysis network. The limited sample size. No. 

Glucose Monitoring 
Platform [35] 

Fainting 
and loss 
of 
conscious
ness 

Different 
continuous 

glucose monitor 
devices and 
Bluetooth. 

1-tiered. 

Observed a detailed view 
of each patient’s glucose 
evolution and other met-
rics, automatically up-

loaded daily to the plat-
form. 

The limited sample size. No. 

RPM for agitated 
patients [33] 

 

Fainting 
and loss 
of 
conscious
ness 

Microsoft Kinect, 
computer 

game graphics, 
and IBM SPSS. 

1-tiered. 

Designed a detection 
system to identify the 

position of the patient in 
three-dimensional space. 

The accuracy of the sensor 
data was not examined. 

Yes. 

The CDSS system  
[34] 

Fainting 
and loss 
of 
conscious
ness. 

LabVIEW and 
MATLAB. 

3- tiered. 
The system utilizes fuzzy 

rules for modeling and 
simulation. 

There is an absence of a 
mechanism to test and 

assess the system’s accu-
racy. 

Yes. 

Remote pain 
monitoring [15] 

Fainting 
and loss 
of 
conscious
ness. 

Sensing devices, 
Wi-Fi, cloud 

server, computer, 
or a smart device 

4- tiered. 

This device utilizes a facial 
surface electromyogram 
(sEMG) to monitor a pa-

tient’s pain intensity. 

The accuracy of the sensor 
data was not examined. 

No. 

Color Me Healthy 
application [36] 

Cancer 
disease. 

Game-based 
application, 

JavaScript, and 
tablet. 

 

1-tiered. 

Self-report, a checklist of 
general symptoms, and 

children express their pain 
experiences. 

The accuracy of the sensor 
data was not examined. 

Yes. 

Monitoring cancer 
patients remotely 

during the COVID-
19 [39] 

Cancer 
disease. 

Cellular-enabled 
tablet, Resideo 

Life Care 
Solutions 
software, 

Bluetooth-enabled 
devices 

1-tiered. 

Patients measure their vital 
signs regularly; this data is 
integrated with electronic 

health records. 

The system is implemented 
for a small number of 

patients in one healthcare 
system. 

No 

Activity Monitoring 
application [37] 

Cancer 
disease. 

Smartphone 
Galaxy S5 mini, 

SIM card, the 
bracelet Everion, 

1-tiered. 
The patient is at home 

filling out a daily symptom 
questionnaire. 

The limited sample size 
and the absence of a 

mechanism to test and 
assess the acceptance of 

wearable devices. 

Yes. 

The ASyMS 
application [38] 

 

Cancer 
disease. 

Android mobile 
phone 

1-tiered. 

Electronic symptom 
questionnaires to assess the 

presence, severity, and 
distress levels associated 
with various symptoms. 

There is an absence of a 
mechanism to test and 

assess the acceptance of 
the application. 

Yes. 

Current study General  
Flutter, Laravel 

and Protégé 
1-tiered. 

The patient enters his vital 
data daily, compared with 

the semantic web rules, 
and medical advice is sent. 

The limited sample size. Yes 
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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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AНОТАЦІЯ 
Актуальність. Дистанційний моніторинг пацієнтів (RPM) відіграє ключову роль у трансформації охорони здоров’я, за-

безпечуючи безперервне відстеження здоров’я в режимі реального часу поза межами традиційних клінічних середовищ. Як 
наріжний камінь цифрових медичних послуг, RPM сприяє проактивним та профілактичним підходам до догляду.  

Мета роботи. Ця стаття має на меті дослідити концепцію RPM, переглянути існуючі системи та запропонувати нову 
архітектуру платформи для підвищення ефективності, доступності та якості надання медичної допомоги.  

Метод. Використовуючи якісний аналітичний метод, дослідження розглядає системи RPM, адаптовані до конкретних 
умов. Воно класифікує ці системи за режимом роботи, контактним чи безконтактним, та оцінює їхні технології, архітектури 
та пропоновані послуги. Крім того, воно представляє запропоновану онтологічну платформу RPM, що включає міркування 
на основі правил для посилення прийняття клінічних рішень.  

Результати. Аналіз охоплює застосування RPM для таких станів, як діабет, епілепсія, головний біль, серцево-судинні 
захворювання, серцева недостатність, COVID-19, хронічна хвороба нирок, рак та непритомність. Він визначає сильні та 
недоліки існуючих систем та ілюструє, як запропонована архітектура вирішує ці проблеми, надаючи персоналізовані, 
масштабовані та ефективні рішення для моніторингу.  

Висновки. Дослідження підкреслює зростаючу важливість RPM в охороні здоров’я та представляє інноваційну, 
онтологічно орієнтовану платформу для покращення надання послуг та результатів лікування пацієнтів. Подальші зусилля 
будуть зосереджені на клінічній валідації та оцінці ефективності в реальних умовах. Ця робота надає цінну інформацію для 
медичних працівників, розробників та політиків, які вдосконалюють рішення для дистанційної допомоги. 

КЛЮЧОВІ СЛОВА: біомедична телеметрія, хвороби, фреймворк, медичні інформаційні системи, телемедицина. 
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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. 

Objective. 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: biometrics, biometric template, biometric template protection, one-way transformation, biohashing, elliptic curve 
cryptography, finite fields. 

 

ABBREVIATIONS 
AAD is an average absolute deviation; 
EER is an equal error rate; 
FAR is a false acceptance rate; 
FRR is a false rejection rate; 
MLP is a multilayer perceptron; 
RNG is a random number generator; 
ROI is a region of interest. 

 
NOMENCLATURE 

B is a pseudorandom orthonormal matrix used in 
biohashing; 

Bblock i is an i-th diagonal block of block matrix B; 

Bi 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; 
bi is an i-th element of b; 
blayer i is a number of nonzero blocks in i-th layer; 

Fi, θ(x, y) is a value of pixel at position (x, y) of i-th 
region of ROI tiling after applying Gabor filter with angle 
θ; 

Fx is a Sobel filter for estimating gradient along x-
axis; 

Fy is a Sobel filter for estimating gradient along x-
axis; 

f() is a nonlinear transformation; 
fcustom() is a custom nonlinear transformation defined 

in this work; 
G is a Gabor filter; 
Gx is a gradient estimation along x-axis; 
Gy is a gradient estimation gradient along y-axis; 
H(a, b) is a hamming distance between binary vectors 

a, b; 
l 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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mi is a dimensionality of an output of i-th layer of 
MLP-hash or its modifications; 

Nfa is a number of false acceptances; 
Nfr is a number of false rejections; 
Nta is a number of correct authentications; 
Ntr is a number of correct rejections; 
n is a dimensionality of biometrics feature vector; 
nc is a number of circles breaking the ROI; 
nd is a number of directions breaking the ROI; 
ng is a number of Gabor filters used; 
ni is a number of pixels in the i-th region of ROI tiling; 
np 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); 
Pi is a pseudorandom permutation used in i-th layer; 

Pi, 1 is a pseudorandom permutation used before 
projection of i-th layer; 

Pi, 2 is a pseudorandom permutation used after 
projection of i-th layer; 

Pi, θ is an average of pixel values in the i-th region of 
ROI tiling after applying Gabor filter with angle θ; 

pi is a number of pseudorandom projections used in 
parallel in i-th layer; 

  is the set of all real numbers; 
rinner is a radius of an innermost circle in ROI; 
rROI is a radius of ROI; 
S(a, b) is a cosine similarity of vectors a, b; 
T is a threshold of a classifier; 
t is a secret token; 
Vi, θ is an AAD in the i-th region of ROI tiling after 

applying Gabor filter with angle θ; 
vx(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; 
yi,block j  is a part of vector yi corresponding to the j-th 

block; 
γ is an eccentricity of a Gabor filter; 
Δk(i, j) is a k-th orientation difference at position  (i, j) 

restricted by range 






2

π
,

2

π
; 

),( jik  is a k-th orientation difference at position  

(i, j); 
θ is an angle of a Gabor filter; 
θ(i, j) is an orientation at position (i, j); 
θk(i, j) is an orientation at k-th neighbour of position 

(i, j); 
λ is a wavelength of a Gabor filter; 
µx is a standard deviation of elements within x; 
σ is a standard deviation of a Gabor filter; 
σx is a standard deviation of elements within x; 
τ is a binarization threshold; 

ψ 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 lose 
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  	 n  and secret token t and 
producing b  	{0, 1}m, 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  	 n , t 
Output: b{0, 1}m  
1. Generate pseudorandom matrix B using t as seed 
2. Apply Gram-Schmidt process to B 
3. y ← B · x 
4. for i = 1 to m do 
      4.1. if yi < τ then bi ← 0 
      4.2. else  bi ← 1 
      4.3. end if 
5. end for 
6. return b  
Several improvements to base biohashing are 

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 l 
pseudorandom projections using matrices Bi of 
size mi × mi − 1, m0 = n, ml = m. 

Algorithm 2 – MLP-hash 

Input: x  n , t 
Output: b  	{0, 1}m  
1. y0 ← x  
2. for i = 1 to l do 

      2.1. Generate pseudorandom matrix Bi using t as 
seed 

      2.2. Apply Gram-Schmidt process to Bi 

      2.3. yi ← f(Bi · yi − 1) 
3. end for 
4. for i = 1 to m do 
      4.1. if  yi < τ then bi ← 0 
      4.2. else  bi ← 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. 

 









.0if

;0if0
)(ReLU

xx

x
x  (1)

 
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]): 
 

1
minmax

min
2

...,,1...,,1

...,,1 









i
ni

i
ni

i
ni

xx

xx
; 

 
2) l2-normalization (so that the length of a normalized 

vector equals 1): 
 

x

x
; 

 
3) statistical normalization (so that mean of elements 

in vector is 0 and standard deviation is 1):  
 

x

xx

σ

μ
, 

 
where µx is the mean of elements of x and σx is the 
standard deviation of elements in x. It should be noted 
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that μ and σ 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: 
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where Bi, block j is a pseudorandom orthonormal matrix of 

size 
i

i

i

i

b

m

b

m

layer

1

layer

 , m0 = n, ml = m. It should be noted 

that both mi and  mi − 1  must be divisible by blayer 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 Bi 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: 

 
)f( 11,2,  iiiii yPBPy , 

 
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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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: 
 

)f( 1 iiii yPBy . 

 
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 × n by vector of size n 
consists of m × n products and m × (n − 1) sums, so it has 
time complexity O(mn). In comparison, multiplication of 
the simplified matrix of size m × 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 

b

n

b

m
  by vector of size 

b

n
, which means that it has time 

complexity 







b

mn
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 





  n

b

mn
O . To generate an 

orthonormal matrix of size m × n, m × n random numbers 
need to be generated and then Gram-Schmidt process 
needs to be applied. Gram-Schmidt process for matrix of 
size m × 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 × n requires 
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arithmetic operations and therefore has a time complexity 
O(m2n), ignoring the difference between addition, 
subtraction and multiplication. For a simplified matrix 

with b blocks only 
b

mn
 numbers must be generated, and 
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Gram-Schmidt process on one matrix of size 
b

n

b

m
  has 











3

2
O

b

nm
 time complexity. Generation of a random 

permutation has O(n) time complexity. In summary, 
generation and usage of the original pseudorandom 
projection has time complexity O(m2n), while generation 
and usage of simplified projection has time complexity  











 n

b

mn

b

nm
2

2
O . 

The simplification of matrices reduces not only time 
complexity of the method, but also space complexity. The 
projection matrix of size m × 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 × n by 
vector of size n produces vector of size n. For a modified 

method, only 
b

mn
 numbers are required to represent a 

projection matrix and Gram-Schmidt process needs to 

store only 
b

n
 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 × n has space complexity O(mn), generation and 
usage of simplified projection has space complexity 







  nnm

b

mn
lnO . 

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  	 n , t 
Output: b  	{0, 1}m  
1. y0 ← x 
2. for i = 1 to l do 
      2.1. Initialize yi 
      2.2. Apply a pseudorandom permutation to yi − 1 

with seed t 
      2.3. for j = 1 to blayer i do 
            2.3.1. Generate pseudorandom matrix Bi, block j  

using t as seed 
            2.3.2. Apply Gram-Schmidt process to Bi, block j 
            2.3.3. yi, block j ← Bi, block j · yi − 1, block j 
      2.4. end for 

      2.5. normalize yi 

      2.6. yi = f(yi)  
3. end for 
4. Apply a pseudorandom permutation to yl with  

RNG seed t 
5. for i = 1 to m do 
      5.1. if  yi < τ  then bi ← 0 
      5.2. else  bi ← 1 
      5.3. end if 
6. end for 
7. return b 
The proposed modification is tested with several 

different nonlinear transformations, including ReLU, 
Leaky ReLU, tanh and a custom function with sine 
component (2), which is denoted as fcustom in this work. 
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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 mi × mi − 1 with pi orthonormal matrices of 
size mi × mi − 1pi − 1 (note that dimensionality of yi − 1 
increases as well), multiplying yi − 1 by each of them and 
concatenating results into vector of size mi × pi. Note that 
with this modification being implemented spaces 
augmentation can still be removed from some layers if 
unnecessary by just setting the corresponding pi to 1.This 
modification can also be extended to simplified 
projections proposed in this work by generating bipi 

blocks of size 
i

ii

i

i

b

pm

b

m 1  per each layer matrix instead 

of bi, multiplying each yi − 1, block j by pi of these blocks and 
concatenating resulting vectors. In this work this 
modification is used only to increase layer sizes for 
computational speed testing. 

 
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 
300×300 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: 
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producing gradient estimations Gx and Gy along the x and 
y axes respectively. These are used for computing 
components of orientation field within non-overlapping 
windows of size w × w: 
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These components are then blurred using a Gaussian filter 
and then orientation is computed as: 
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Another value computed from image gradient is the 
gradient magnitude: 
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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 θk(i, j), k = 1, 2, ..., 8. Differences 
between them are calculated as 
δk(i, j) = θk + 1(i, j) − θk(i, j) for k = 1, ..., 7, 
δ8(i, j) = θ1(i, j) − θ8(i, j), and changed to choose the 
smaller angle between directions (since directions of 
fingerprint ridges are ambiguous and may be changed by 
± π without changing their meaning): 
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Poincare index is computed from these differences as: 
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For closed curves (and closed 8-connected 

neighbourhood) Poincare index takes one of these values: 

1,
2

1
,0,

2

1
 , with values different from 0 corresponding 

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 rROI centered at the pivot 
point and separated into sectors by nc concentric circles 

having radiuses ROI
innerROI

innerinner ...,,
1

, r
n

rr
rr

c 


  

(region bound by rinner is not used because it is highly 
sensitive to changes in pivot position) and by nd directions 

defined by angles 
d

d

d n

n

n

)1π(2
...,,

π2
,0


, partitioning ROI 

into (nc − 1)nd 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: 
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where θsinθcos' yxx  , θcosθsin' yxy  . In this 

work, γ = 1 (so that gaussian component is radially 
symmetric), ψ = 0 (so that cosine wave peaks at line 
crossing the filter center), σ = 5 (chosen empirically), 
λ = 10 (chosen empirically to roughly match waves 
formed by ridges) and θ takes ng different values to form a 

Gabor filter bank: 
g
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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 θ and each ring sector of ROI an 
average absolute deviation from mean is calculated as: 
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AAD is considered 0 if the sector is located outside of 
image. The feature vector of a fingerprint consists of these 
AAD values and have length (nc − 1)ndng. 

In this work, nc = 5, nd = 8 and ng = 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, l2, statistical and without 
normalization) and different nonlinear transformations 
(ReLU, leaky ReLU, tanh, fcustom). 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. 

||||
),S(

ba

ba
ba




 . 

 
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: 
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FAR, or false acceptance rate, is the fraction of imposter 
authentication attempts that are considered genuine by 
classifier: 
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
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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 nT 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 
(FRRi,FARi), i = 1, ..., nT. Let ic be the smallest index at 
which FRR < FAR. Then EER is approximated as: 
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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: l = 3, mi = 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. 

 

 
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 fcustom 

None 0.001450 0.001272 0.010925 0.007313 

min-max 0.000089 0.001272 0.001450 0.004884 

l2 
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 fcustom 

None 0.260111 0.208829 0.275921 0.223456 

min-max 0.305886 0.295050 0.283323 0.310211 

l2 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 fcustom 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 

with MLP-hash with simplified projections in stolen token 
scenario 

 ReLU leaky ReLU tanh fcustom 

None 0.000089 0.015898 0.014716 0.014716 

min-max 0.054983 0.029342 0.021940 0.016433 

l2 
0.000089 0.015898 0.004706 0.010925 

statistical 0.001628 0.012999 0.018328 0.010925 

 
Table 4 – EER values of classifier based on Hamming distance 

with MLP-hash with simplified projections in stolen token 
scenario 

 ReLU leaky ReLU tanh fcustom 

None 0.276455 0.208829 0.204034 0.211259 

min-max 0.378307 0.296767 0.271126 0.241695 

l2 
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 fcustom 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. 
 

 
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 p1 = np, which multiplies its output size 
by np as well, and other layers output size is multiplied by 
np. 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 np, each row – to 

certain value of b 
 1 2 4 8 16 

1 0.009750 0.017471 0.107659 1.512096 7.540924 

2 0.004071 0.009447 0.037941 0.198579 1.952194 

4 0.003696 0.007272 0.019800 0.056675 0.395279 

8 0.003670 0.006958 0.014189 0.043949 0.118840 

16 0.003275 0.006494 0.013236 0.027612 0.066130 

 
6 DISCUSSION 

As can be seen from Table 2 and Table 4, applying l2-
normalization or statistical normalization reduces EER in 
most cases. From the same tables it can be seen that using 
leaky ReLU, tanh or fcustom leads to smaller EER in most 
cases. While using tanh or fcustom, 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, fcustom) has 1.33 times smaller EER than 
with original parametrisation (no normalization, ReLU) 
and 1.14 times smaller EER than with base biohashing. In 
this same scenario, the most optimal parametrisation with 
simplified matrices (statistical normalization, fcustom) 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 np = 1 it is 2.39 times 
faster with just b = 2), and the difference in speed is 
increasing with increasing block number (for np = 1 and b 
= 16 modified method is 2.98 times faster) and it is more 
significant for bigger layer sizes (for np = 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 l2 or statistical 
normalization improves EER of the classifier using 
protected templates (for example, with statistical 
normalization and fcustom EER is 1.14 times smaller than 
without normalization and with fcustom and 1.33 times 
smaller than without normalization and with ReLU). 
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 

the method from O(m2n) to 





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


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complexity difference is also shown by experimental 
results, with the modified method being 2.39 times faster 
for np = 1, b = 2 and 114.03 times faster for np = 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 fcustom 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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AНОТАЦІЯ 
Актуальність. Біометричні дані нерідко використовуються для аутентифікації або ідентифікації. Однак такі дані 

є вразливими і не є замінюваними у разі викрадення. У літературних джерелах запропоновано кілька методів 
створення захищених біометричних шаблонів, одним з яких є біогешинг. Однак лінійність біогешинга може бути 
його вразливістю. MLP-hash є схожим методом, що додає нелінійні перетворення. Цей метод модифікується у даній 
роботі. 

Мета роботи. Метою даної роботи є розроблення модифікації MLP-hash, що є швидшою за оригінал та дозволяє 
більш чітке розділення користувачів за їх шаблонами. 

Метод. Дана робота зосереджена на модифікуванні MLP-hash, варіації біогешингу з нелінійними перетвореннями. 
однією з запропонованих змін є застосування нормалізації перед застосуванням нелінійного перетворення у кожному 
шарі MLP-hash. Іншою запропонованою зміною є спрощення псевдовипадкових матриць, що використовуються у 
кожному шарі MLP-hash. Кожна така матриця замінюється на блочну матрицю, у якій блоки, що лежать на діагоналі, 
є ортонормальними матрицями, а решта блоків заповнюються нулями. Кожен ненульовий блок генерується з 
використанням користувацького секретного токена. Для того щоб зробити вплив кожного ненульового блоку менш 
локалізованим, перед кожним множенням на матрицю та після всіх шарів додаються псевдовипадкові перестановки. 
Псевдовипадкові перестановки також генеруються з використанням користувацького секретного токена у якості сіда. 
Застосування запропонованого методу близьке до застосування оригінального MLP-hash та біогешинга: метод 
приймає користувацький секретний токерн та біометричний вектор фіксованої довжини та повертає бінарний вектор 

199



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2026. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2026. № 1 

 
 

© Onai M. V., Kosenko O. V., 2026 
DOI 10.15588/1607-3274-2026-1-16  
 

фіксованої довжини з такою ж або меншою розмірністю. MLP-hash з блоковими матрицями порівняно з оригіналом 
при застосуванні різноманітних способів нормалізації та різноманітних нелінійних перетворень. 

Результати. Програмно реалізовано запропоновану модифікацію, оригінальний MLP-hash та біогешинг. 
Порівняно швидкодію та точність розділення користувачів з використанням цих методів на векторах характеристик, 
виділених з відбитків пальців з використанням фільтрів Габора. 

Висновки. Проведені експерименти показали збільшення швидкодії та здатності розділення користувацьких 
шаблонів у результаті підстановки запропонованих блочних матриць та підвищення здатності розділення 
користувацьких шаблонів у результаті застосування нормалізації. Крім того, проведено порівняння застосування 
різних методів нормалізації та різних нелінійних перетворень. Практична цінність розробленого методу полягає в 
тому, що він є швидшим та може бути використаний у складі програмного забезпечення, користувачі якого очкують 
на відсутність затримок, зберігаючи при цьому складність інвертування. Перспективи подальших досліджень 
включають тестування розробленого методу з іншими біометричними модальностями, іншими нелінійними 
перетвореннями та техніками нормалізації та аналіз складності інвертування розробленого методу у порівнянні з 
MLP-hash та біогешингом. 

КЛЮЧОВІ СЛОВА: біометрія, біометричний шаблон, захист біометричних шаблонів, одностороннє 
перетворення, біогешинг, еліптична криптографія, скінченні поля. 
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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;  
AI is an Artificial Intelligence;  
ANN is an Artificial Neural Network;  
CCS is a Cartesian Coordinate System;  
CI/CD is a Continuous Integration / Continuous De-

livery;  
DevOps is a Development and Operations;  
DM is a Data Mining;  
EAI is a Explainable Artificial Intelligence;  
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;  

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  

Δ is an adjustment parameter;  

]][[ ji  is an adjustment parameter component for j-th 

impact factor of personal multifactor portrait of i-th sub-
ject;  

);( ],[],[
Dest

ji
Dest

ji   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 ],[ ji ;  
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);( ],[],[
Currr

ji
Currr

ji   is a component current coordinates 

(in the PCS) of the j-th impact factor of the i-th subject’s 
personal multifactor portrait;  

FCSP[j](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;  

Fsubj[i] 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;  

PCoPsMfSE[j] is a parametric characteristics of a mul-
tisubjective multifactorial environment of the supported 
software complex;  

);( ],[],[
C

ji
C

ji yx  is a component current coordinates (in 

the CCS) of the j-th impact factor of the i-th subject’s 
personal multifactor portrait;  

);( ],[],[
D

ji
D

ji yx  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 ],[ ji ;  

2
],[ jixc  is a х-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);  

2
],[ jixd  is a х-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);  

2
],[ jiyc  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);  

2
],[ jiyd  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 

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[i]=[FCSP[j](Obj)] 
(i [1..n], j [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: PCoPsMfSE[j] (j=[1..m]), де 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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(1)

 

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 Fsubj[i] 
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:  

– HCA;  
– ABC;  
– FA;  
– PSO;  
– GA;  
– ACO;  
– ANN;  
– SVM;  
– HA.  
In scope of research [2], author analyzed a batch of 

works related to application of AI 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 AI 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 AI.  

Continuing an overview, authors of research [5] ex-
plore key aspects of AI 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.  

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:  
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At the same time, various/different systems of distri-
bution of the value of the correction parameter Δ – 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 Δ.  

The polar coordinate system variant declares the ad-
justment parameter Δ as follows (3):  
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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:  
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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 Δ 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):  
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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; kv  – k-th vector (from the declared set 

of vectors) of influence onto the researched subject’s per-

sonal multifactor portrait; 1k
k  – the angle between the 

vectors kv  та 1kv .  

The main feature of the considered variant of the ad-
justment parameter Δ 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 Δ 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):  
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The main feature of the considered variant (based on 
the Archimedes spiral) of the correction parameter’s Δ 
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 Δ 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 Δ), are considered.  

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:  

 

'

)]([
'

1
][][

][ nn

ObjFCSPFsubj

PCoPsMfSE

nn

i
ji

j 




 , 
(7)

 

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.  

 
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-
ics of the polysubject distribution of impact factors 

(within the framework of currently researched multisub-
jective multifactorial environment).  

 
 

 
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 

for the personal multifactor portraits of all subjects – team 
members of the investigated support environment. In turn, 

the last row (“Average”) of Table 1 contains the average 
values for all considered impact factors.  
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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 Factor 4 Factor 5 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 

1 
Factor 

2 
Factor 

3 
Factor 

4 
Factor 

5 
Factor 

6 
Factor 

7 
Factor 

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:  
Δmin=–0.083–(–0.061);     Δmax=0.103–0.085  

min/ 
max 

aver–
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 
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-

jective multifactorial environment (that represents the 
technician team of the supported software product).  

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 

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)  

 
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 
 

209



p-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2026. № 1 
e-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2026. № 1 

 
 

© Pukach А. І., Teslyuk V. M., 2026 
DOI 10.15588/1607-3274-2026-1-17  
 

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-

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 Δ 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 Δ 
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 

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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АНОТАЦІЯ  
Актуальність. Розглянуто задачу корекції полісуб’єктних мультифакторних середовищ підтримки програмного забез-

печення (комплексів, систем, продуктів, тощо), необхідної для забезпечення можливості коригування суб’єктивізації сприй-
няття об’єкта підтримки (підтримуваного програмного комплексу, або процесів його комплексної підтримки), зумовленого 
дією відповідних факторів впливу. Об’єктом дослідження є процес корекції полісуб’єктних мультифакторних середовищ 
підтримки програмного забезпечення (комплексів, систем, продуктів, тощо). Предметом дослідження є методи та засоби 
корекції полісуб’єктних мультифакторних середовищ підтримки програмного забезпечення (комплексів, систем, продуктів, 
тощо).  

Метою роботи – є розроблення методу корекції полісуб’єктних мультифакторних середовищ підтримки програмного 
забезпечення (комплексів, систем, продуктів, тощо).  

Метод. Запропоновано розроблення методу корекції полісуб’єктних мультифакторних середовищ підтримки програм-
ного забезпечення (комплексів, систем, продуктів, тощо), що дає змогу здійснювати необхідні коригування суб’єктивізації 
сприйняття досліджуваного об’єкта підтримки (в якості якого може виступати як безпосередньо саме підтримуване програ-
мне забезпечення, а також процеси дотичні до його комплексної підтримки) відповідними суб’єктами взаємодії (як прямої, 
так і опосередкованої), котрі безпосередньо забезпечують та здійснюють цю комплексну підтримку досліджуваного про-
грамного продукту, з метою забезпечення можливостей подальшої автоматизації й інтелектуалізації цієї підтримки.  

Результати. Результатами роботи розробленого методу є моделі відкоригованих полісуб’єктних мультифакторних сере-
довищ підтримки програмного забезпечення (комплексів, систем, продуктів, тощо), отриманих врезультаті розв’язання ре-
левантної науково-прикладної задачі коригування середовищ даного класу. Розроблений метод забезпечує можливість до-
слідження процесів колективної суб’єктивізації сприйняття (зумовленої дією наявних факторів впливу) об’єктів комплекс-
ної підтримки відповідними суб’єктами, що безпосередньо забезпечують та реалізують цю підтримку, а також дає змогу 
здійснити подальшу автоматизацію та інтелектуалізацію цієї комплексної підтримки програмних продуктів саме в даному 
функціонально-процесуальному сегменті. В якості практичної апробації розробленого методу, наведено результати 
розв’язаної прикладної практичної задачі визначення та подальшої корекції факторів впливу максимального розбалансуван-
ня полісуб’єктного мультифакторного середовища команди підтримки досліджуваного програмного комплексу.  

Висновки. Розроблений метод вирішує поставлену задачу корекції полісуб’єктних мультифакторних середовищ під-
тримки програмного забезпечення (комплексів, систем, продуктів, тощо). Водночас, отримані результати практичної апро-
бації розробленого методу підтверджують його функціональність при вирішенні спектру науково-прикладних задач на ос-
нові процесів колективної суб’єктивізації сприйняття об’єктів підтримки (як підтримуваного програмного забезпечення, так 
і процесів дотичних до його комплексної підтримки), які (ці задачі), в свою чергу, входять до кластеру більш глобальної 
науково-прикладної проблеми автоматизації й інтелектуалізації комплексної підтримки програмних продуктів.  

КЛЮЧОВІ СЛОВА: програмний продукт, комплексна підтримка, фактори впливу, автоматизація, корекція, полі-
суб’єктне мультифакторне середовище, нейронні мережі, багатошаровий перцептрон.  
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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 
x (t) – n-dimensional state vector; 
u (t) – m-dimensional control vector; 

)(tA  – matrices of size parameters n × n; 

)(tB  – matrices of size parameters n × m respectively; 

F (x, u) – quality functional; 
H (x, u) – Hamilton function; 

K – gravitational parameter of the Earth; 
r(n) – radius-vector of the center of mass of the space-

craft;  
F[N] – sum of external forces; 
m [kg] – mass of the spacecraft; 
IX, IY, IZ  (kg m2 – the main central moments of inertia 

of the spacecraft;  
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ωi – projections of the angular velocities and the mo-
ments of the spacecraft;  

ψ – Euler angles (roll) rotation of the apparatus around 
its transverse axis x; 

φ – Euler angles (pitch) rotation of the apparatus 
around its longitudinal axis x; 

θ – Euler angles (yaw), rotation of the apparatus 
around its transverse axis y which runs from one wing to 
the other; 

 mNMi   – control moments; 

 mNMiз   – perturbing moments; 

Т [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; 
)(ti  – variables determined from the solution of the 

conjugate system; 
α – coefficient in the equations of motion; 
β – coefficient under control actions; 
ε[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; 
λ – 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); 

ai
j and bi

j  – coefficients, corresponding the coordinates 
of the center of that cicle arc, which is the optimal 
trajectory of switching; 

Ri
j  – coefficients that determines the radius of the 

circle arc; 
xT  – spacecraft angular motion variables; 

jf  – coefficient at λj 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-

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]:  

 

.
22

2
F

r

r

r

K

dt

rd
m


  (1)

 
In this paper the equations of rotational motion of the 

spacecraft are described by the Euler dynamic equations 
look like [5, 6]: 

  ;


 XYZZY
X

X MII
dt

d
I

 

  ;


 YYZZY
Y

Y MII
dt

d
I  

  .


 ZXYZX
Z

Z MII
dt

d
I  

(2)

dt

d

dt

d
coax





 sincos ; 

;cossin
dt

d

dt

d
coay







.sin
dt

d

dt

d
z





  

(3)

 
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 ),,( zyxIM i   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 

);;(0 MMMIIYIzx zy   

– the perturbing forces of the ipM   in comparison 

with the control moments can be ignored 
),,(0 zyxiMip  ; 

– the angular velocity of the spacecraft around the 
symmetry axis 0x is constant )cconst)(( 0  xx t . 

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-

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: 
 

;
)(

;; 021 I

II
axx x

xzy



 

./;; 21 MMu
M

M
u

I

M
z

y   

(4)

 

Taking into account (4), the system (2) will take the 
form: 

);()(
)(

11
1 tutax
dt

tdx


 
(5)

).()(
)(

22
2 tutax
dt

tdx


 
(6)

 

The boundary conditions of the optimization problem 
are: 

 

0)()(;)0(;)0( 21202101  TxTxxxxx . (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: 
 

.1)(;1)( 21  tutu
 

(8)

 

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 u1(t) and u2(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 x10, x20 to a given final state, 
defined by some area | x1(T) | ≤ ε, | x2(T)| ≤ ε, and mini-
mize the quality functional: 
 

   
T

i iK dttukI
0

2
1 ,)(  

.0,  kfixednotT  
(9)

 

In other words, the task 1 is to extinguish sharp devia-
tions of the angular velocities ωy and ωz 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: 
 

;;;; 4321  xxxx zy  

.;
)(

0 I

M

I

II x
x 


  

(10)
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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: 

 

12
1 uax

dt

dx
 ;

 

21
2 uax

dt

dx
 ; 

41
3 cxx

dt

dx
 ; 

32
4 cxx

dt

dx
 . 

(11)

 

We accept as boundary conditions: 
 

).4,3,2,1(0)(;)0( 0  iTxxx iii  (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 
 

,0)()(;)0(;)0( 21202101  TxTxxxxx
 

.)(),(
0


 dtQuuGxxuxF TT

 

(13)

 

Task 2 is formulated as follows: to find the optimal 
values of the control u1, u2, 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 

controlling the attitude of a spacecraft, and the concepts 
of the nonlinear control theory H<sub>∞</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→∞, 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 >, Tmin, when k→∞ 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: 

).()( 22212121 uaxuaxuukH   (14)

 

It follows from the analysis of the Hamiltonian (14) that 
the controls that minimize it satisfy the following condi-
tions: 

;1)(,0)(  tiftu ii  (15)

;1)(),()(  tiftsigtu iii  
(16)

  ;1)(,10  tiftu ii  
(17)

.1)(,0)(1  tiftu ii  
(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 )(),( 21 tutu  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→−1,1… 
(19)
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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 

1/,1/ 21  uu  and, excluding z in the obtained 

solutions, obtain circles on the phase plane (αx1, αx2), 
which are described by equations: 
 

  ;;2)()12( 1
22

12
2

21 uuuaxuiax   (20)
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2
21





uu

uiaxuax

 

(21)

 

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 )~,~( 21 xx  

 

,
arctg

;sincos~
;sincos~

122

211
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
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k

axaxx

axaxx

 
(22)

 

i.e. they are described as arcs of circles    
 

      .~~ 22
21

2
2

i
j

ii
j

i
l

i
j Rubxux   (23)

 

On Fig. 3 the disabling curves of one of the control ac-
tions in the sequence (19) are denoted as 

).4,3,2,1...(0 iLKQ i
j

i
j

i
j  Here are the values of optimal 

controls for each of the regions of the phase plane   
).,( 21 axax  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 

also shows the optimal phase trajectory, which is a spiral 
from point ),( 1020 axaxA  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. 

 

 
Figure 3 – Phase portrait of the optimal control system 

 
In task 2 the controls 21,uu  are determined by a linear 

combination of deviations xi (i=1,…,4), i.e: 
 

  );2,1;4,...,1( kixpu ikik  (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: 
 

.BuAx
dt

dx
  (25)

 
Without losing the generality of the results obtained 

below, we use the principle of superposition to determine 

the required coefficients ).2,1;4,...,1(  kipki    

Step 1. Accept .),( 10,1 uuuu    It is 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: 
 

;xpu T  (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.: 
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(27a)

or 
 

   ....)( 00
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Characteristic determinant of the closed system (25) 

has next form: 
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Define the unknown parameters 

),1;1,0(, ninjdc jji   using the undetermined coeffi-

cients method [23]. To do this, we put ),1(0 nipi    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 λ determine the unknown coeffi-

cients )01( njdi   in the expressions for the charac-

teristic polynomial of the closed system for the corre-
sponding powers of λ. In the next n steps, setting sequen-

tially one of the coefficients ),1( nipi   equal to one 

while others remain zero and explanded the characteristic 
determinant, we obtain expressions for the unknown pa-

rameter cji for the corresponding power )1,0(  njj  

in the characteristic polynomial of the closed system: 
 

),( ijji dfc   (29)

 
On the other hand, the characteristic polynomial of the 

closed system (25) with desired roots n ,..., 21  has the 

form: 
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As a result, taking into account (27b), (29), (30) to de-

termine the feedback coefficients, we obtain a system of 
linear algebraic equations: 
 

  ,1,...,, dpccccol TTT   (31)

 
where    .,...,,1,...,1,1 021011 ddddi nnnn    

According to this approach, for the chosen poles 

41,...   of a closed optimal stabilization system, the con-

trol u1 is defined as: 
 

414112 ..., xpxpu  . (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 u1 

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: 

 

.4... 4241112 xpxpu   (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) α = β =с= 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 21,uu . 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) at α = β = 1, the 

dynamics of the transition process was simulated from the 
given initial conditions 

    0)0(;0)0(;/04)0(;/03)0( 4321  xxsxsx  to zero 

final ones  sTxTx /00)()( 21   (Fig. 4). 
 

 
a 

 

 
 

b 
Figure 4 – Phase portraits and phase trajectories of the transient 
process in the absence (Fig. 4a) and presence (Fig. 4b) of delay 

in the control loop 
 

Also, for the initial ones 
    ,0)0(;0)0(;/04)0(;/03)0( 4321  xxsxsx  and 

final  sTxTx /00)()( 21   conditions, based on equa-

tion (11), modeling of the dynamics of the transient proc-
ess in the time domain was carried out (Fig. 5 and Fig. 6), 
if there is an error in assessing the state spacecraft. Here 

ijn xz , , and the real time realt  is determined through 

the model modt   as tttreal 02.002.0 mod  . 

 
Figure 5 – Continuous self-oscillations x3, x4 

 

 
Figure 6 – Continuous self-oscillations x1, x2 

 

For task 2, the system of equations (11) was simulated 
with the values  sc /02.0;1   with initial con-

ditions that were final for task 1, i.e. 
   sTxsTx /02.0)(;/02.0)( 21  ; and finite zero coordi-

nates 0)()()()( 4321  xxxx   At the same 

time, a version of the optimal control actions u1 and u2 
was synthesized, obtained for the desired spectrum of 
roots    2,1,5.0,1.0,,, 4321   based on the 

above modal approach. Graphs of transient processes are 
shown in Fig. 7a, b. 

 

 
a 
 

 
b 

Figure 7 – Transient graphs: a) x3, x4; b) x1, x2 
 

6 DISCUSSION 
With all the obvious advantages of the synthesized op-

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 1u  and 2u . 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 1x  and 2x  , 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 1x  and 2x  at t ≈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. ).4,2,2,1(0)0(1  ix  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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АНОТАЦІЯ 
Актуальність. Проблема підтримки кутової орієнтації космічного апарата є критичною, особливо в умовах імпульсних зовні-

шніх збурень, що спричиняють різкі відхилення кутових швидкостей. Актуальність розв’язання цієї задачі визначається обмеженим 
запасом палива на борту, зокрема для класу космічних апаратів, призначених для забезпечення штучної гравітації, де точне та ефе-
ктивне керування має першочергове значення. 

Мета роботи. Основною метою цієї роботи є мінімізація споживання енергетичних ресурсів (палива) для стабілізації кутового 
положення певного класу космічних апаратів. Ця мета досягається шляхом послідовного виконання двох взаємопов’язаних за-
вдань: 1) демпфування різких відхилень кутових швидкостей космічного апарата; 2) стабілізації кінцевого кутового положення. 

Метод. Запропоновано двоетапний підхід. Для розв’язання першого завдання (демпфування) синтезується оптимальне керу-
вання з використанням комбінації принципу максимуму Понтрягіна та методу фазової площини. Це дозволяє побудувати оптима-
льні криві перемикання, які однозначно поділяють фазову площину на області з відповідними значеннями оптимальних керувань. 
Для розв’язання другого завдання (стабілізації) використовується модальний підхід на основі запропонованого методу невизначе-
них коефіцієнтів, що забезпечує задані динамічні показники перехідних процесів стабілізації. 

Результати. Було проведено моделювання динаміки кутового руху космічного апарата. Результати моделювання підтверджу-
ють високу ефективність використання запропонованого комбінованого підходу для розв’язання задачі стабілізації кутового поло-
ження космічного апарата після значних зовнішніх збурень. 

Висновки. Спільне застосування принципу максимуму Понтрягіна та методу фазової площини для паливно-ефективного дем-
пфування кутових швидкостей, з подальшою реалізацією оптимального закону стабілізації на основі запропонованого методу неви-
значених коефіцієнтів, є ефективною процедурою керування орієнтацією та стабілізацією космічного апарата з мінімальними ви-
тратами палива. 

КЛЮЧОВІ СЛОВА: осесиметричний КА, принцип максимуму, фазова площина, оптимальні лінії перемикання та відключен-
ня, модальний синтез, метод невизначених коефіцієнтів. 
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